Introduction:

A method is presented whereby the injection history of a well may be interpreted in terms of the quality of the injected water.

Background:

Water quality ratio can be determined by on-site corefloods or by a membrane filter test.  It defines the quality of injected water in terms of the concentration of the suspended solids in the water and the properties of the external or internal filter cake.

The water quality ratio is:
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where:

RWQ
water quality index (darcies),

c
density of filter cake formed from the suspended solids (consistent units),

kc
permeability of filter cake formed from the suspended solids (darcies),


water density (consistent units), and,

W
suspended solids concentration.

This is for external filtration.  All terms are "primed" for internal filtration.  For internal filtration:
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where:

'c 
the particulate density in the invaded zone 

(cc gm of particulates or cake per cm3 of invaded formation rock), and,

k'c
permeability of the invaded zone (darcies).

For external and internal filter cake:
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where:


fraction of the total particulates in the external cake, and,


fraction of the total particulates in the internal cake.

The recommendation was for on-site coreflood tests.  Membrane testing is only used for relative comparison and if there are correlations available.  The assumptions of this procedure for half-life prediction are:

1. The calculation of half-life is based on a representative water quality ratio.

2. The arbitrarily assigned geometry and injection conditions approximate field conditions.

3. The water quality ratio was determined by a method simulating conditions in the injector.

4. The formation is homogeneous and has the same permeability as the core used.

5. Constant pressure injection.

6. Constant injection water properties.

7. Uniform flow radially and vertically.

8. Openhole

9. Uniform filter cake builds in a manner like a coreflood test.

Since there are so many assumptions, the water quality ratio is often used for monitoring purposes.  An effective wellbore is used to avoid inputting diameters, perforations, permeability, porosity variations, etc.  "The effective or equivalent properties are simply those that fit the mathematical description of the injection well performance.  For an overall time, T, the volume of water injected is:
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where:

VW
injection wellbore volume


ratio of the injection rates at time T and at time 0,

kF
effective or equivalent reservoir permeability,

re
outer radius, and,

r*W
effective or equivalent wellbore radius.

Rearranging:
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A plot of the reciprocal term versus the total volume is a straight line with intercept 1 and its slope is a measure of the injection water quality.  With some assumptions and units conversions:
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An example is shown in Figures 1 and 2.
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Figure 1.
1/ versus water injected for a 200 md formation and a wellbore volume of 88.4 ft3.
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Figure 2.
 versus water injected for a 200 md formation and a wellbore volume of 88.4 ft3.

This methodology has been applied to Saudi Aramco seawater floods.  In this particular situation, the injection pressure and the differential pressure were relatively constant.  Under these circumstances:


[image: image9.wmf]0

0

0

0

0

0

0

1

1

1

1

II

V

II

II

R

V

II

R

V

II

II

II

II

P

q

P

q

q

q

T

WQ

T

T

WQ

T

T

T

T

T

+

g

=

+

G

=

+

G

=

=

ï

ï

þ

ï

ï

ý

ü

ï

ï

î

ï

ï

í

ì

D

D

=

=

l


A plot of 1/IIT versus VT is linear with a slope of .  VT was speculated to be approximately constant for each ARAMCO well.

"Data from two injectors, monitored over a period of seven years, are presented in Figures 3 and 4 (the years are noted).  Times are indicated when acid jobs were carried out to restore well injectivity lost by particulate plugging.  The value of the slope of 1/IIT plotted versus VT after or before the acid jobs is noted.  For both wells the slopes decrease with time.  During the years covered by these data, the injection water quality generally was improving through better corrosion and bacteria control.  On the assumption that II0 did not change, the improvement in water quality (i.e., increasing RWQ) would account for the slope decrease.  The improvement in water quality is not evident in the plots of injectivity index versus volume injected."

C.C. McCune, February 1990
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Figure 3.
Injectivity Index and Reciprocal Injectivity Index - Saudi ARAMCO Well 2.
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Figure 4.
Injectivity Index and Reciprocal Injectivity Index - Saudi ARAMCO Well 2.

Theory:

"According to this parameter [Water Quality Ratio] the greater the water quality ratio, the less is the tendency of the water to damage by suspended solids plugging.  Through a series of coreflood tests the water quality ratio is related to the filtration level, which in turn provides a guide for choosing the filtration equipment needed in the field under construction."

"It is shown that waters with ratios less than 10 would be expected to cause extreme plugging.  Above 100 only minor plugging is expected."

"The quotient of the formation permeability divided by the water quality ratio is an indication of the relative damage caused by the plugging solids; i.e., the larger this value, the greater the damage.  [NOTE THE NEXT STATEMENT]  A high permeability formation will suffer a greater relative loss of injectivity than a low permeability formation when injected with the same water."

Coreflood measurements, with duplicates, are run at constant differential pressure and wellbore temperature.  Figure 5 indicates a standard laboratory core flood where progressively larger solids were run through the sample (in this case, a carbonate).
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Figure 5.
A filtration test with progressive relaxation of filtration.  McCune advocated only using one filter size after establishing a baseline with 0.45 micron filtration.  Only one filter size change is made in each test in the method advocated by McCune.

In McCune's proposed test, only one filter size change is made.  Other filtration specifications are checked on new samples to avoid cumulative effects from other previously injected solids.  The water quality ratio is determined from this measurement.  The larger this number, the less damaging.

The water quality ratio is:
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where:

RWQ
water quality index (darcies)

c
density of filter cake formed from the suspended solids (consistent units),

kc
permeability of filter cake formed from the suspended solids (darcies),


water density (consistent units), and,

W
suspended solids concentration.

By plotting 1/k versus the volume injected, the linear slope is the reciprocal of the product of the core volume and the water quality ratio.

All terms are "primed" for internal filtration.  For internal filtration:
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where:

'c 
the particulate density in the invaded zone 

(cc gm of particulates or cake per cm3 of invaded formation rock), and,

k'c
permeability of the invaded zone (darcies).

For external and internal filter cake:
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where:

V
throughput,

VTC
core volume

kF
formation baseline permeability (darcies),

k
plugged permeability (darcies),


fraction of the total particulates in the external cake, and,


fraction of the total particulates in the internal cake.

"A significant difference is obvious between the filtration specification (water quality ratio) determined by the proposed method and a zero plugging specification.  The results of a coreflood carried out at a level of filtration where no plugging occurs (no external or internal filter cake), when plotted as the reciprocal permeability versus throughput volume has a zero slope and, therefore, an infinite water quality ratio ... In actual practice zero plugging is rarely if ever achieved.  The objective of setting a water quality ratio is to establish a value, which, while accepting some degree of plugging defines a practical parameter to use in the choice and operation of filtration equipment."

Membrane tests are also carried out and correlated with the corefloods.

McCune reported a range of water quality ratios (Table 1).

Table 1. Likely Range of Water Quality Ratios

Term
Range

Filter Cake Density
1.5 - 2.0 gm/cm3

Water Density
0.8 - 1.2 gm/cm3

Filter Cake Permeability
10-5 - 10-4 darcies

Weight Fraction Suspended Solids
10-6 - 5 x 10-5 (1 - 50 mg/l)

Water Quality Ratio
0.25 - 250 darcies

McCune also argued against using half-life predictions because of all the uncertainties.  If it is necessary to forecast half-life, water quality ratio dependent values were presented.

For external cake or internal cake only:
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where:

VW
wellbore volume in the injection interval (ft3),

Q0
initial injection rate (BLPD),

kF
formation and core permeability (darcies), and,

T1/2
half-life (years).
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