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Introduction

The analysis of several datasets in Task 3 provided evidence that there is a significant damage to the formation in almost all cases when injection was in the matrix mode. The method used would only look at the overall skin or the equivalent impairment of permeability as an average in the flooded region.

This work was undertaken to obtain more quantitative description of the damage and also to be able to relate it to some measurable data. The model does not solve the solids transport and therefore it more empirical compared to the WID model1,2. However, it contains several parameters, which can be related to laboratory data, and it also separates the effect of the completion skin. It has been so far very successful in matching field data. 

It is hoped that the model can be used to relate the history matched damage model coefficients to reservoir properties and water quality. In addition, the model is very suitable for implementation in standard reservoir simulators.

Assumptions and Model Formulation

The basic assumptions of the model are:

· radial flow

· steady-state flow between wellbore radius rw and fixed outside radius re at any time

· fixed reservoir pressure pe which is maintained at the outside radius re
· vertically homogeneous model of thickness h

· piston-like displacement of reservoir fluid by water

· a simple model of permeability reduction described below

The model uses both the observed injection pressure pi  and injection rate Qi as input data. The injection pressure is used directly and at any given time the pressure difference (p(t) = pi(t) – pe is used as boundary condition for the calculation. The model than calculates predicted injection rate Qic(t) which is compared to the field data Qi and history matched by varying the damage parameters.

The permeability damage is calculated using a simple equation 

k/k0 = 1 /[ 1 + ( (V/A )n]







(1)

where k and k0 are the damaged and initial (undamaged) permeability, V is the total flow volume through the cross-sectional area A and ( and n are the empirical parameters of the model. Note that since V is in m3 or ft2 and A in m2 or ft2, the dimension of  ( is (1/m)n or (1/ft)n and therefore its value depends on the set of units one works in.

The definition by Eqn. (1) is clear in case of 1-D radial flow considered here because the velocity vector is perpendicular to flow area. It is more complex in the general 3-D flow situation considered in simulators and will have to be modified for that purpose. The form of Eqn. (1) is based on laboratory data of Arco3 and on the intuitive requirement that the damage to permeability should asymptotically decline. However, the equation does indicate that the permeability goes to zero as Q goes to infinity. If it is required that the limit of k/k0 is a nonzero value, the  equation must be modified.

The exponent n is introduced to add flexibility (shape factor). An illustration of the dependence of the damage ratio on the two model parameters is shown in Fig.1 and 2. Increasing value of ( will increase damage at all times. Decreasing the exponent will cause more damage at early time and less at late time.
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Fig.1.
Damage variation at constant exponent n=1 as a function of (.
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Fig. 2.
Damage variation as a function of shape exponent n for constant ( = 0.4.

Formulation of the Model

The model is in an Excel spreadsheet, driven by a VB macro. Solution proceeds in time increments (ti = ti-ti-1 generated by a simple time stepping algorithm which user can change in the VB macro. At a new time ti the radius of water invasion ri is calculated from plug flow:

(h(ri2 – rw2)((Swmax-Swi) = Vinji 






(2)

where Vinji is the cumulative injection volume up to time ti calculated from the solutions for the previous increments. The radii rj , j=1,…,i thus define a 1-D finite difference grid as shown on Fig. 3. 
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Fig. 3.

Schematic of the computational procedure.

The injection rate Qic at the time ti can be now calculated. In each grid element j the new permeability kji at the current time ti is evaluated using Eqn. (1) based on new throughput across the left boundary of the block. Then the pressure drop across each element is

(pji = Qic [ (B ln(rj / rj-1)/ 2(h ]/kji  = Qic Cj / kji  



(3)

where the constants Cj are independent of time. Similarly, the pressure drop across the uninvaded part is

(pR = Qic [ (B ln(re / ri)/ 2(h ]/k0  = Qic CRi  




(4)

Since the total pressure drop is known, i.e.,

(p(t) = ( (pji + (pR = Qic [( Cj / kji  + CRi ]




(5)

which can be solved for Qic :



Qic = (p(t) / [( Cj / kji  + CRi ]






(6)

Then the calculation can proceed to the next time step. In addition, one can calculate the average permeability in the invaded zone by equating the sum of the pressure drops to a homogeneous region with permeability kavgi :


( (pj = Qic [ (B ln(ri / rw)/ 2(h ]/ kavgi  





(7)

Incorporating a Drilling/Completion Skin

Many wells already have large positive skin prior to PWRI (or any) injection. Ignoring the skin would lead to gross overestimation of the magnitude of the plugging. Since the present model does not include any radial variation of undamaged permeability, this effect is treated by including the skin in the conventional fashion as a discontinuous pressure drop at the wellbore radius. The initial value of the skin S is a user input and skin can be modified at the time of workovers. To incorporate skin S in the model, Eqn.(6) is modified as


Qic = (p(t) / [( Cj / kji  + CRi + Cskin]





(6a)

where  Cskin = S (B / 2(h ]/k0 . The initial value of the skin can be modified as a result of workovers on the well (see below).

Handling of Workovers

Workovers (e.g., acid treatments) can be represented in the model by removing a part or all of the accumulated damage at the time of the workover. Also, it is possible that, because of the changes in the pore structure, the damage “law” changes after the workover, which can be reflected in new values of ( and n. In the implementation, user must specify the “fraction of damage removed”, Fdr, and the size of the treatment Vtr in m3 or bbls. Then the radius to which the treatment penetrated is calculated and for all blocks within this radius, the cumulative volume in Eqn. (1) is modified as


(V/A )mod = (V/A ) (1- Fdr )






(8)

Therefore, if Fdr = 1, the permeability is restored to k0, and if Fdr = 0, the treatment has no effect on k.

In addition, operational change such as filter size change can be represented by changing the values of ( and n. 

All workovers are entered as input data in a table. For each, the input consists of the time of the workover, size (volume) of the treatment Vtr , fraction of damage removed Fdr , new skin after treatment Str and new values of ( and n. For filter changes, since this does not remove damage or modify skin, the data should be entered with an arbitrary volume, same skin, and the new values of damage parameters. 

Finally, one could use a negative skin to model a fracture. This will give directionally correct response, but the accuracy of it has not been tested.

Testing: Gulf Of Mexico (Ref. 3) Data

The data for the wells has been taken from Wennberg (Ref. 3). All 5 wells were simulated with the model. As an example, consider the well No. 39. This well had an initial skin of 250, an acid stimulation at about 25 days and a filter change at 40 days (coarser filtering). In order to match the data, initial values of ( = 0.0534 and n=1 were used. After the stimulation, the skin was decreased to 50 and ( changed to 0.071. After the filter change, ( was further increased to 0.097 and n was slightly decreased to 0.98.  The workover data for the match is shown in Table 1.

Schedule of Acid Treatments


Time of Treatment
(days)
Treatment Volume
(bbls)
Fraction of Damage Removed
New Skin
New alpha
New n
Comments

25
18
0.7
50
0.0172
1


40
18
0
50
0.0979
0.98
Filter change

Table 1.
Input data for a match of Gulf of Mexico Well No. 39

The match of the observed rates is shown in Fig. 4. Note that the pressure data is honored exactly, but the model uses interpolation between input values. The variation of the permeability with radius at the end of the simulation, and the variation of the average permeability as a function of time are plotted in the sheets “output_vs_r” and “output_vs_t” and are shown in Fig. 5.

The matches for other wells were of similar quality, including those that were not matched very well using the WID model (note however that the WID matches tried to use one consistent set of physical plugging parameters2). The match parameters are summarized in Table 2. All matches are shown in Appendix 1.
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Fig. 4.
Match of the injection rate for  well  A39,  Gulf of Mexico data.
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Fig. 5.
Other plots for well A39, Gulf of Mexico data.
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Table 2.
Parameters for the matches of the 5 Gulf of Mexico wells

Discussion

There are several obvious shortcuts in the model: 

First, since the same Eqn. (1) is used for all blocks, it means that the water, which already passed through some porous media still has the same plugging capacity. In reality the water is being stripped of solids and therefore the ( and n should be a function of the previous history of the water element which arrives at a given location. This is what a full solids transport model is trying to solve. What it means to the present model is that the actual plugging is larger closer to the wellbore and less further away, thus making the permeability reduction profile even more drastic.

Secondly, the effect of workovers is handled in the same “average” manner. In reality damage removal will again have some profile with radius as the acid is being spent.

Finally, the changes in the damage coefficients after filter changes can produce step change in permeability. Again, this could be fixed by applying the damage law (1) in an incremental fashion.

In spite of these shortcuts, the model seems remarkably realistic on the data tried so far.

Possible Extensions

Some of the extensions of the model are trivial and can be included at modest effort. These include:

· variable reservoir pressure

· multilayer  solution assuming no vertical communication

· model driven from prescribed rate rather than pressure history

Other, more involved enhancements include the incremental form of the damage accumulation equation and tracking the previous history of the water.
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Appendix 1

Matches of the 5 Gulf of Gulf of Mexico wells with the present model
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[image: image7.wmf]Gulf of Mexico well A10
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[image: image8.wmf]Gulf of Mexico well A36
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[image: image9.wmf]Gulf of Mexico well A39
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[image: image10.wmf]Gulf od Mexico well A42

7000

7200

7400

7600

7800

8000

8200

8400

8600

8800

0.00

50.00

100.00

150.00

200.00

250.00

300.00

350.00

time (days)

BHP

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

Injection rate

Obs Psf

Psf (interpolated)

Obs Q

Qcalc

Qcalc previous

Recalc


