
Productivity and Injectivity of Horizontal Wells 

Contract NO. DE-FG22-93BC14862 

Department of Petroleum Engineering 
Stanford University 
Stanford, CA 94305 

Contract Date: March 10, 1993 
Anticipated Completion: March 10, 1998 

Principal Investigator: 

Co- Inves t igat ors: 

Research Associate: 

Administrative Assistant: 

Technical Project Manager (DOE): 

F. John Fayers 

Khalid Aziz 
Thomas A. Hewett 

Sepehr Arbabi 

Marilyn Smith 

Thomas B. Reid 
_ -  

;.? 
--.i 

# 4.- - -  
- 9  \ r  c. 1 

_ >  -- rn*: 
- *  c-2 

:, / Quarterly Report /, -3 .* - -A," 
c 

f 2  

1-3 
.-- :+: Reporting Period: January 1, 1995 - March 31, 1995 
-- * .- 
.--  

"U.S./DOE patent clearance is not required prior to the 
publication of this document" 

MASTER 



DIS CLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



f 

Summary of Technical Progress 

Progress has been made on all the active Tasks (Tasks 1,2,3,4, and 8) during the last quarter. 
Some significant advances are as follows: 

Two forms of special algebraic approximations to pressure and saturation equations have 
been developed for the generalized Voronoi gridding code. These have been coded in C++ 
language and have been checked out in comparison with Eclipse simulator results for some 
simplified cases, to check the validity of the two formulations and their coding 
implementation. 

Testing of the use of streamline methods to compute modified coarse grid boundaries for 
very heterogeneous problems has continued. Very fast semi-analytical two-phase solutions 
along the streamlines have been successfully used to compute more robust two-phase 
pseudos for the modified coarse grid blocks. The resulting breakthrough times and build-up 
of water/oil ratios are much better predicted than with conventional renomalization 
schemes. 

Studies on factors contributing to skin effects, and their computation, have been completed 
and written up as a report. This report is summarized below. 

The Annual Project Review Report to DOE has been completed and despatched. 

Skin Factor Calculations for Vertical, Deviated, and 
Horizontal Wells (Task 2) 

Figure 1 shows a typical well completion and illustrates perforation geometry, the 
damaged zone caused by drilling fluids, the crushed zone surrounding the perforation tunnel, 
casing pipe, and the cement behind the pipe. The skin factor used in the above equations can be 
calculated as follows. This skin which is referred to as laminar skin, occurs because of near- 
wellbore damage to the formation or limited entry and is constant for all flow rates. 

with contributions from skins due to perforations (sp), mud invasion(sd), crushed zone(&, 
partial penetration(spp), and well deviation( so ). 
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Figure 1 : Perforation Geometry 

Calculation of Perforation Skin (sp) 

sp is the perforation skin. It is the skin caused due to the convergence of the flow lines 
into the perforations at the wellbore. Karakas and Tariq [l] have presented a semi-analytical 
expression for the calculation of the perforation skin, which they divide into components: the 
plane flow effect, SH; the vertical converging effect, SV; and the wellbore effect swb. Figure 2 
illustrates some parameters in this model. Using a three-dimensional fmite-element model, they 
formulated the dependency of perforation skin (sp) on the angular perforation phasing (@ ), the 
perforation length &perf) and the well radius (rw). 

The total perforation skin is given [2] as 

rWa (4 ) ' is the effective wellbore radius and is a function of the phasing angle '$ . The skin 
due to the plane flow ' SH ' is obtained using the effective well radius ' concept developed for 
vertical fractured wells by Prats [3]. 
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Figure 2: Perforation Skin Calculation 

The constant ' a$ ' depends on the perforation phasing and can be obtained from Table 1.  The 
numerical values for ' a+ ' were obtained by the authors [l] using f~ite-element simulations. 
This skin effect (sH) is negative (except for Q = 0), but its total contribution is usually smaU [2] 
(see example in Appendix). 

where hD = 

a = al logrD + a2 
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and b = brD + b, (9) 

al, a2, bl, are all functions of the perforation phasing and are given in Table 1. For large 
values of hperf (less number of shots per foot), ' sv ' can be large. ' sv ' values can be rrrrmrmzed 
with deep penetrating perforators andor high shot density perforating guns [2]. 

. .  . 

The skin due to the wellbore effect is given as [2], 

r W  where rwD = 
Lperf + r w  

The constants ' c1 ' and ' c2 ' are also given in Table 1. These constants are obtained from 
numerical simulations. This skin ' Swb ' was found to be signrfcantly larger for Oo phasing than 
the multi-directional phasings. 
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Figure 3: Partial Completion of a Well 

Calculation of Damage Zone Skin (sa) 

Due to the flow of drilling mud into the formation, the permeability around the wellbore 
' be the permeability and ' rd ' the radius of this damaged zone. If the well is is reduced. Let ' 
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completed along the entire length of the formation, then the Hawkin's formula [4] can be used 
to calculate the resulting skin. 

Now if the well is completed only partially as shown in Figure 3 then Jones et al. [5] suggested 
that Hawkin's formula can no longer be used since the flow into the well is no longer radial. 
Based upon the results from their numerical model they presented an adaptation of Hawkin's 
formula that can be used when the well is partially completed. It is as follows: 

hp ' is the length of the perforated interval. This result theoretically applies only when ' hp ' is 
small compared with ' h ' (total bed thickness) and when the perforated interval is in the center 
of the productive zone. But the authors suggested that for most cases of practical interest these 
restrictions can be ignored. 

Calculation of Crushed Zone Skin ( s a )  

The crushed zone around each perforation has a thickness of about 0.5 inches [6-8 3. The 
permeability of this zone can be smaller or larger than the near-wellbore permeability, depending 
on whether compaction or collapse occurs. The equation for laminar skin through the crushed 
zone can be derived from the radial flow equations [6] and is given as 

where 'rp ' is the radius of the perforation. ' r, ' and ' 
crushed zone. When & = 
and hence sa ' becomes zero. 

' are the radius and permeability of the 
then no additional damage was done due to the crushed particles 

Calculation of Partial Penetration Skin (spp) 

A positive skin results from a partially penetrating well. The necessary theoretical 
development is presented by Nisle [9] and in another paper by Brons et al. [lo]. This skin is 
calculated from 
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where 

(16) 3 G( b)=2.948 - 7.363 b+ 11.45 b2 - 4.675 b 

and ' b ' is the fractional penetration of the well. Equation (1 6 )  was determined numerically [ 1 13 
by the same authors as in Ref. [6] .  

Calculation of Well Deviation Skin ( se ) 

A deviated well gives negative skin. It is due to the increase in the producing-interval 
area exposed to flow. Cinco et al. [4] developed a pseudo skin factor which gives the difference 
between the dimensionless pressure created by a slanted well and that created by a vertical well. 
They suggested that standard well-test analysis methods are valid to analyze transient pressure 
data of a slanted well during the pseudo-radial flow period because the pressure-time 
relationship for this case is similar to that of a vertical well. However, the calculation of skin 
factor must be modified because of the difference between the pressure of a slanted well and the 
pressure of a vertical well. For slant angles from 0 to 75 degrees, and - > 40, the skin for a 

deviated well was evaluated as 

h 

T W  

where 

and 
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Non-Darcy Flow 

Non-Darcy flow occurs primarily in the near-wellbore region where fluid velocities are 
high. While this effect is usually negligible for single phase oil flow, it becomes important for 
gas flow at the wellbore. The equation for calculating the non-Darcy flow coefficient for gas 
flow comprises three components: crushed zone, damaged zone, and near-wellbore reservoir 
rock [ 121. 

where 

2.6 *10 lo 
P =  kl .2 

p is the turbulence factor. 

Pressure Drop Due to the Gravel Pack 

To prevent formation loss at the wellbore, wells are usually completed with gravel pack. 
This causes additional pressure drop to the flow of formation fluids. This pressure drop is a 
result of two components: gravel in the perforation tunnel and gravel between the liner and the 
casing. 

For a gas well, the pressure loss through the gravel pack can be calculated [ 13,141 by, 

2 where ' kg ' is the gravel permeability in mD and pt, = n x r 
p ,  
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and 

Pwperf 2 -Pwliner 2 = 
1424 gzTq&( 

o.5+ Dq .) 
k d  

2.22*10 - '5P Y gkg (y ) where D= 
hPV g 
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Appendix: An Example Problem 

Consider a well completed in a reservoir with the following properties: 

Pay zone thickness h = 30 ft 
Perforation thickness hp = 10 ft 
Wellbore radius rw = 0.4 ft 
Damaged zone radius rd = 1.4 ft 
Perforation radius rp = 0.19 ft 
Compacted zone radius r, = 0.19+0.5=0.69 ft 
Absolute permeability of the pay zone k = 200 mD 
Absolute permeability of the damaged zone 
Absolute permeability of the compacted zone bz = 5 mD 
Absolute horizontal permeability k~ = k = 200 mD 
Absolute vertical permeability kv = 20 mD 
Length of the perforation Lperf = 0.75 ft 
Number of perforations per foot np = 52 
Fractional penetration of the well b = 0.2 
Well slant angle e = 150 

= 50 mD 

Skin due to the Perforations (sp) 

The computer code is run for the cases given in Economides et al. 121 and the results in 
example 5-4 and Table 5-4 of that reference were exactly reproduced. From these examples, it 
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was understood that sv was the major contributor to sp. In example 5-4, ~ ~ 4 . 3 ,  while SF-0.4 
and S W b d .  1. We next consider the sensitivities of these skins by using the values given above. 

SV (the vertical converging efsect) 
SPF k v / k H  = 10 kV/kH = 5 k V k H  = 1 
0.5 21 15.6 7.6 
1 10.1 7.5 3.6 
2 4.7 3.5 1.6 
4 2.1 1.5 0.7 
8 0.8 0.6 0.2 
20 0.2 0.1 0.03 
40 0.03 0.02 0.002 

The above Table shows that 'SV' becomes a small number for perforation densities higher than 4. 

&(the plane flow effect) 

Phasing Angle rw=0.2 rw=0.4 rw=0.8 
0 (360) 0.07 0.8 1.5 
180 -0.9 -0.4 0.03 
120 -1.1 -0.6 -0.2 
90 -1.2 -0.7 -0.3 
60 -1.35 -0.85 -0.45 
45 -1.4 -0.9 1 -0.5 1 

So this skin is generally small and almost always negative. 

Swb(the wellbore effect) 

rW = 0.25 Lpe$ = 0.75 Lpe$ = 2.0 
0.2 0.5 0.3 0.2 
0.4 0.8 0.4 0.25 
0.8 1.2 0.6 0.3 

This skin is also small for all these cases and the reduction is not much as the perforation length 
is increased. Also this skin increases as the wellbore radius is increased, because it is the skin 
caused due to the presence of the wellbore. 

10 



Skin due to the Damaged Zone (sa) 

The values given in the paper by Jones et al. IS] are reproduced by the computer code. 

The skin caused by the damaged zone can be calculated from Eq. (13) as 

(1.4 -0.4)](:: - - 1  ) In- 1.4 
10.0 10.0 0.4 

= 11.05 

Now if h = 5 mD, then sd = 143.65 (an increase of 13 times) 
So, permeability reduction (b) has a larger effect on the skin than the penetration of damage 
(rd). The penetration of damage 'rd' is in the logarithmic factor and hence its effect is less 
pronounced. 

Skin due to the Crushed Zone ( s a )  

The example given in the appendix of Mcleods paper was reproduced by the computer code. 

The skin caused by the crushed zone can be calculated from Eq. (14) as 

- - 
(0.75)(52 ) 

= 35.71 

If the crushed zone permeability is same as the damaged zone permeability (i.e., hp=h) then sdp 

becomes zero, which is not very surprising. 

Skin due to Well Deviation (so ) 

The skin caused due to the deviation of the well can be calculated from Eqs. (17)-( 19) as 
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h, = = -F= 30 200 237.17 
fw 0.4 20 

1.865 

se = -($T -($) l o g 1 0 ( ~ )  

(4;:) 2.06 - (4:;) - 1.865 ( 2yb17) log10 - = - -  

= -0.016 

while is small when e = 150, se = -1.79 when 8 = 65.90 (example in Thomas et al.'s [15] 

paper). 

Calculation of JO 

Figure 2 in Thomas et al. [15] is exactly reproduced by the computer code. The results are 
shown in Figure 4 

Numerical Comparison of Various Skin Factors 

= 0.76 
= o  
= 0.41 
= 1.16 
= 11.05 
= 35.7 
= 14.3 
= -0.02 
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Figure 4: Well Flowing Pressure vs. Oil Rate 

Table 1: Constants For Perforation Skin Effect Calculation 

Perforation- a1 a2 bl b2 C1 c2 
Phasing 
Angle 

0 (360) 0.250 -2.091 0.0453 5.1313 1.8672 1.6E-1 2.675 
180 0.500 -2.025 0.0943 3.0373 1,8115 2.6E-2 4.532 
120 0.648 -2.018 0.0634 1.6136 1.7770 6.6E-3 5.320 
90 0.726 -1.905 0.1038 1.5674 1.6935 1.9E-3 6.155 
60 0.8 13 -1.898 0.1023 1.3654 1.6490 3.OE-4 7.509 
45 0.860 -1.788 0.2398 1.1915 1.6392 4.6E-5 8.791 
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