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Abstract

It is essential to know the relationship between the inflow rate and the performance of a
production well. It describes the flow rate at the bottom of the well in function of the applied
pressure head. The process is influenced by the parameters of the producing well, the reservoir in

production and the production fluid.

In a cased and perforated well, the reservoir fluid flow takes place through the perforation
channels before it flows into the well. Thus the parameters of the perforation (penetration depth,
phase angle, perforation interval, radius of perforation channels and the crushed zone), have a
great effect on the relationship between the flow rate and the well performance. The very first
examination on this phenomenon dates back to the mid 70’s. Several equations have been
developed to describe the pressure drop through the perforation. However, numerous assumptions

are applied in the derivations of these equations, which result in significant loss of accuracy.

A new equation has been derived in this study by applying the most accepted methods, i.e. the
equation of McLeod and the one of Tariq and Karakas. The complex method takes all of the
perforation parameters and their effects into account to provide more accurate results. The effect
of different perforation parameters on the productivity of oil and gas producing wells are also

demonstrated.



1 Introduction

It is assumed that the primary function of the well is to connect the reservoir to the surface. The
accurate physical description of a well is essential. For optimal production, the well design
requires some complex engineering considerations. Optimal production yields maximum return on

the investment.

1.1 Inflow Performance Relationship

The functional relationship between the production rate and the flowing bottom hole pressure is
the Inflow Performance Relationship or IPR. Its pressure range is defined between the average
reservoir and atmospheric pressure. The flow rate corresponding to the atmospheric flowing

bottom hole pressure is called the absolute open flow potential (AOFP), of the well.
Darcy’s Law

The first equation that describes the fluid flow through a porous media was proposed by Henry

Darcy.

7.08x10 3 koh(Dr—DPw§s)
do = Te
HoBo[In(£2)-0.75+s|

(1.1)

Darcy’s Law assumes laminar steady-state flow, therefore it is only valid at low filtration
velocities. Correction must be applied at large filtration velocity, which is usually referred to as

Forcheimer’s equation.



1.1.1 Jones method

Jones, Blount and Gaze presented a new IPR equation which is based on the Forcheimer’s

equation ™;

For oil wells:
Pr — Pwrs = aqo” + bqy, (1.2)
2.30x10714xBB2
— 230 hzrwxﬁ P (1.3)

_ uoBo[ln(0.472{:—;})+st]

7.08x10~3xkoh (1.4)
For gas wells:
P — pazfs = aqu + bqy, (15.)
_ 3.16X10712xBy,Tz
¢= Rry (1.6
1.424x103 1, Tz|In(0.472{2€ )+
o ] o

kgh

Where, “a” is the turbulent correction factor and “b” represents the Darcy flow term. If factor “a”

vanishes then one gets Darcy’s equation.

This method can be used for both oil- and gas wells and the measurement of the coefficients (a
and b) can be performed by flow tests. The AOFP can be calculated by applying the quadratic

formula:

AOFp = /b +4axpr (1.8)

2a

For gas wells p, must be replaced with p,%.



1.2 Skin factor

The skin factor (s) represents the pressure difference between the ideal and actual flowing

wellbore pressure,

i.e. the additional pressure loss in the near-wellbore region (Aps), due to the

formation damage, and other flow restrictions at the inlet of the well (see Figure 1.1)

Pressure

[Source: http://blog.del
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Figure 1.1 Pressure profile of damaged and undamaged vertical well
phianballistics.com/2014/05/the-perforators-guide-to-formation-damage-part-1-measuring-formation-
damage-as-total-skin/]

The total skin is the composite of all non-ideal conditions which affect the flow into the wellbore,

and it can be described with the following main components:

St = Sqam t Spart + Sdaev + Sperf t Saperf + Sgraver + Zpseudoskin (1.9)

The last term on the right-hand side of Eq. (1.9) represents an array of pseudoskin factors. These

effects are mostly mechanical, i.e. they are the results of obstructions or phase- and rate-dependent

(Sturp) effects. Terms of Eq. (1.9) are the followings:



St: Total skin factor (Horner skin),

Sdam: SKin due to formation damage (positive). This component can be removed with
matrix treatment.

Spart: Skin due to limited perforation height (positive). This results from the well which is
not perforated along the complete reservoir interval.

Seev: Skin due to wellbore deviation (negative). In case of high deviation angles, the well
productivity increases in line with the increment of the open section to inflow.

Spert: SKin due to perforation channels (positive or negative). It depends on their size and
phasing,

Sapert: SKin due to the reduced permeability of the crushed zone in the vicinity of
perforations (positive). The uncertainty of corresponding parameters (permeability of the
crushed zone, actual depth of perforation) is high, therefore the estimation of this
component is difficult

Sgarve: SKin due to the gravel pack (generally positive). Theoretically its value can be
negative in case of increased effective wellbore radius (in underreamed, open hole, gravel
packed wells).

Stwrb: SKin due to turbulent (non-Darcy) flow. This is instrumental in mainly gas wells
(positive). This is the result of inadequate number of perforations which often generates

flow convergence.



2 Perforation skin

Conductive tunnels are created by perforations to connect hydrocarbon reservoirs to the steel-

cased wellbore which lead to the surface. However, this perforation process can significantly

reduce the permeability of the rock nearby the perforation channels. In the previous chapter it was

shown, that the damage and the perforation parameters — penetration depth, phase angle,

perforation interval, radius of perforation channels — have significant effect on the pressure drop

near the wellbore and therefore, on production. Thus, optimization of these parameters and

mitigation of the induced damage are important aspects of the perforation process.
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Figure 2.1: Perforation parameters
[Source: http://www.halliburton.com/public/lp/contents/Books_and_Catalogs/web/TCPCatalog/2005TCPcatalog
/PerforatingSolutions_catalog.pdf]

The effect of perforation design on the fluid flow into the wellbore was investigated by several

authors. The most widely applied methods were proposed by McLeod™, and by Karakas and

Tariq B,



2.1 McLeod method

McLeod assumed that perforations are small wells in the reservoir and used the Jones method to

calculate the pressure drop across them. He applied the following equations:

For oil wells:
2
Purs —pur = (5] +bGL), (2.1)
2.30><10-14xﬁB§p(ri—ri)
a= = = (2.2)
Ly
uoBo[ln:—;]
- 7.08x1073XLykp’ (2.3)
For gas wells:
2
pigs = vy = a () + b6, (2.4)

3.16><10-12x[3ygTz(i—i)

a = p Tel 2.5.

L% ( )
1.424x103u,Tz ln:—c
b= sl (2.6)
Lypkp

These equations can be combined together with the Jones IPR equation as follows:

For oil wells:

Pr — Pwr = 4q° + Bq, (2.7)

_4 BZp(1+2)

A=5359x%10 4}1%,(”—(% (2.8)
UoBo|In(0.472 Tel)+As+s er

B = 141.24 x (o472 +astsn f]. (2.9))

kh



For gas wells:

p? — pur = Aq* + Bq, (2.10.)
A =73628 x 1072 120D (2.11)
hpk*=%ry,
UgTz(In( 0.472 Ze DNt As+s er
B = 141.24 x " %;}) P f], (2.12)
ln(:—c)
Spers = e (2.13)
A=-2 T (2.14.)

- L%,n?al-zm'
The derivation of the equations is given in Appendix A.

2.2 Method by Karakas and Tariq

Karakas and Tariq presented a semi-analytical solution for the skin calculation in perforated
completions. They have quantified the wellbore and vertical-flow effects by accurate finite-
element simulations. They have showed that the skin effect which is caused by perforations (sp) is
a combination of four different effects as follows: horizontal skin (su), vertical skin (sy), wellbore

skin (swp), and crushed zone-effects (sc):

Sp =Sy + Sy +Sypt s (2.15)

sy = In (:TW) (2.16.)

Swp(0) = c1(8)e2@rwp (2.17)

sy = 10%h)~'rh), (2.18.)
_ Ok _ Te

Se = L, (kp 1) In (rp) (2.19)

The applied variables and constants (rwe, fop, ho, C1, C2, &, b) are explained in details in

Appendix B.



2.3 Complex method

The previously presented methods investigate the effect of perforation design on the inflow from
different aspects. They are the most widely accepted methods to calculate the pressure drop
through the perforations. However, both of them fail in certain cases. The equation proposed by
McLeod does not include the phase angle; Karakas’ and Tariq’s solution does not include the
turbulent effect of the perforations.

| propose a new method, which takes all of the effects into account, which are due to perforations:

For oil wells:

Pr — Pws = Aq” + Bq, (2.20))
A =5359 x 10~ % 2.21)
B = 141.24 x “"B"[ln(o'wig_vi})mﬂ’”]. (2.22)
For gas wells:

pf — by = Aq” + Bq, (2.23)
A =73628x 1072 % (2.24.)
B = 141.24 x ““’Tz[ln(o'wig_;})+AS+SM], (2.25.)
where sy is the total skin by perforations and As is the skin by other effects.

Spt = Sperf + Sy + Sy + Sup (2.26)

Some of the variables need further discussion or modification for a better accuracy.



2.3.1 Crushed-zone permeability

Klotz et al pointed out that the permeability of the crushed-zone is less than the wellbore
permeability, which has been reduced by drilling fluid and cement filtrates. For example, if the
permeability in the vicinity of the wellbore is 40% of the reservoir permeability, the permeability

of the compacted zone may be 10% of the former one, or 4% of the latter one.!"

2.3.2 Modification of the perforation tunnel — and crushed zone radius

In the presented equations the shape of perforations are assumed to be cylindrical, but in most
cases the perforations are conical. Therefore, | correct the radius of the penetration and the crushed

zone. The full detailed explanation of the modifications is given in Appendix C.

Correction of the perforation radius rp:

T

g
— | =
S ERas

Figure 2.2: Correction of the perforation radius r,

The surface area of the cone using the uncorrected radius and the surface area of the cylinder

applying the corrected radius must be equal. The modified perforation tunnel radius r’, is given

by:

r /7‘2+L2
NPT (2.27))

2Ly

I —
=

| assume that the length of the conical zone L, is much larger than the uncorrected radius (rp) and
therefore simplify Eq 2.27. to:

IR

rl

T;
y =2 (2.26.)



Modification of the crushed zone radius r.:

L. IL.

ey

Lp+rd -ry

5 i % ; = i 9

Ie

Figure 2.3: Modification of crushed-zone radius

The crushed zone radius is corrected in such a way that the volume of the crushed zone is kept
constant (shaded regions in Figure 2.3). | consider two cases: (1) when the crushed zone length
and the perforation tunnel length are equal, and (2) when the crushed zone length is longer by rc-

. In both cases | get:

ré-rh
3

=

+ 12, (2.27)

Investigations showed that the thickness of the crushed zone is between 0.5-0.75 inch.[? Hibat A

hivatkozasi forras nem talalhato., Hiba! A hivatkozasi forras nem talalhato.]

10
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Figure 2.4: Changes of r¢>-r,” as a function of L, for different r, values (r.-ry=0.5in)

r-r,=0.75in
0.45 e L

0.44 e

: 0:43 //

4
041 |
0.4 +
0.39 . . . . .
0.5 1 1.5 2 2.5 3
L, [f]
—0,3 =04 0,5

Figure 2.5: Changes of r¢’-r,’ as a function of L, for different ry values (r.-r,=0.75in)

Karakas and Tariq pointed out that the perforation tunnel radius must be modified with
considering the anisotropic effect.®! Muskat argued that the solution of the isotropic formation can
also be used for the anisotropic formations, providing that the dimensionless height and
perforation radius are modified accordingly. In anisotropic formations, the dimensionless spacing
is modified by the square root of the anisotropy ratio. In addition, the flow into perforations in the
vertical plane is elliptical in anisotropic formations. Therefore the effective perforation radius in

an anisotropic formation ist® "

11



e = (2) (1 + \[g) (2.28.)

Including all of the corrections yields the following equations for the perforation and crushed zone

radius:

r_ (T’ k
e’ = () (1 + é) (2.29)
Tee = Tpe T 7¢ — Ty, (2.30.)

12



3 Effects of the perforation parameters on the productivity

To validate the proposed new method | have applied it on theoretical oil and gas wells. In the first
case it was assumed that the wells were completed with open hole. In the second case | assumed
perforations. In both cases, the inflow performance curves were plotted with two different
permeability values. Data of the theoretical oil and gas wells can be found in
Appendix D

IPR curves for oil wells (k=500 mD)

N

£ \ \

: N

. N\ T~

) AN N

[ 5000 10000 15000 20000 25000 30000 35000 40000
4, [bpd]
e Open hole == Perforated

Figure 3.1: IPR curves for oil wells k=500 mD
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IPR curves for oil wells (k=10 mD)
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Figure 3.2: IPR curves for oil wells k=10 mD
IPR curves for gas wells (k=500 mD)
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Figure 3.3: IPR curves for gas wells k=500 mD
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IPR curves for gas wells (k=10 mD)
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Figure 3.4: IPR curves for gas wells k=10 mD
The figures show that productivity drops significantly in case of perforated wells, especially in gas
wells. Sensitivity tests were performed in order to take the effect of perforation parameters into

account.

3.1 Sensitivity tests

In Section 1 it was shown that the absolute open flow potential of a well can be calculated by
applying parameters “a” and “b”. The productivity of two wells can be compared by their AOFPs.

This can be used for investigating the effects of perforation parameters on the productivity.

First, the well’s AOFP is calculated in case of open hole completion (assuming that the skin is
zero) and second perforated completion using different perforation parameters. In the next step,
the ratio of the open hole and the perforated completion is plotted in function of the variable
parameter. 20 values for each parameter were used in the investigation. Table 3.1. shows the first

and last values:

15



Variable Starting value |End value
Shot density [spf] 2 3
o 0.1 0.6
Perforation length [ft] 0.15 2.85
Perforation tunnel radius [in] 0.09 0.36

Table 3.1: Variable parameters of the perforations

The results of the tests (graphs and tables) are presented in Appendix E for oil wells and in
Appendix F for gas wells.

Note that the results represent the percentage of the open hole completed well’s absolute open

flow potential. Its primary importance is summarized as follows:

- The AOFP percentage can be more than 100% if the perforated well has a better
productivity than the open hole completed well. Figure E.3 represents this case, which
indicates that the performance of wells with sufficiently long perforation channels is better
than the one of wells with open hole completion.

- Low permeability yields better results than high permeability. This finding can be
explained by the open hole completed well having lower AOFP.

The ratio of the crushed zone permeability and the permeability of the surrounding rock, was
specified by previous authors ), and its value is between 0.1 and 0.4. 0.4 is for underbalanced
perforated wells. Greater values can only be achieved by stimulation, which is indicated with a

dashed red line in the plots.

To demonstrate the extent of the different perforation parameters’ effects on the productivity, the
following tables represent the calculated AOFP % using both starting and end parameter values in
case of ®=90°

16



il wells k=500 mD
] AOFP %
Variable
At starting value | At end value | Increment
Shot density 31.5 77.9 46.4
o 39.5 72.9 334
Perforation length 13.9 100.4 86.5
Perforation tunnel radius 48.5 74.3 25.8
Oil wells k=10 mD
. AOFP %
Variable
At starting value | At end value | Increment
Shot density 49.3 90.2 40.9
a 59.9 83.5 23.6
Perforation length 284 110.4 82.0
Perforation tunnel radius 69.2 85.7 16.5

Table 3.2: Extent of the perforation parameters’ effects on the productivity (oil wells)

Gas wells k=500 mD
] AOFP %
Variable
At starting value | At end value | Increment
Shot density 13.9 48.7 34.9
o 17.8 a6.7 28.9
Perforation length 5.3 70.6 65.3
Perforation tunnel radius 23.0 46.9 238
Gas wells k=10 mD
_ AOFP %
Variable
At starting value | At end value | Increment
Shot density 14.5 50.2 35.7
] 18.6 48.1 29.5
Perforation length 5.5 72.2 66.7
Perforation tunnel radius 24.0 48.3 24.2

Table 3.3: Extent of the perforation parameters’ effects on the productivity (gas wells)

It can be seen that the most important parameter of the perforation is the length of perforation

channels.

3.2 Productivity with proper perforation design

To investigate the cumulative effect of perforation parameters on the productivity, investigations
were performed using a good quality perforation design with the following parameters:

17



- Perforation length : 2 ft

- Shot density: 6 spf

- aparameter: 0.4

- g parameter: 1

- Phase angle: 90°

- Perforation tunnel radius: 0.3 in

- Crushed zone radius: 0.8 in
The following table represents the calculated AOFP % of the wells:

AOFP %

Oil well | Gas well

k=500 mD| 104.4 80.5
k=10mD | 111.1 81.9

Table 3.4: Productivity of optimally perforated wells

In order to compare theoretically perforated wells (with the perforation design of theoretical wells)

and optimally perforated wells | plot the following figures:

IPR curves for oil wells (k=500 mD)
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Figure 3.5: Joint effect demonstrating IPR curves (oil k=500 mD)
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IPR curves for oil wells (k=10 mD)
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Figure 3.6: Joint effect demonstrating IPR curves (oil k=10 mD)
IPR curves for gas wells (k=500 mD)
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Figure 3.7: Joint effect demonstrating IPR curves (gas k=500 mD)
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IPR curves for gas wells (k=10 mD)
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Figure 3.8: Joint effect demonstrating IPR curves (gas k=10 mD)

The importance of good perforation design is clearly indicated by the tables and figures.

20



4 Conclusion

The examination of the effects of perforation parameters on the productivity of hydrocarbon wells

results in the following conclusions:

- Best productivity can be achieved with the application of 90°phase angle.

- In case of gas wells, the effect of phase angle on productivity is negligible.

- The perforation length has the greatest effect on the productivity; furthermore the radius of
the perforation tunnel has the smallest one. The consequence of the mechanics of the
perforation process is that they are not independent; therefore long perforations are more
preferred than wide ones.

- | have showed in Chapter 3 that good perforation design is essential for increasing
reservoir quality.

- In case of oil wells, better productivity can be achieved by proper perforation design than
by open hole completion.

- It is more difficult to achieve a good productivity in gas wells by proper perforation design
because the large energy loss of transient flows. Thus, it is very important to achieve a low
A value (high L,*xng%).

21



Nomenclature

Pwfs
Qg

Go
fe

Fe

F95)
lw
fwb

rWE

Turbulent term
Turbulent term for perforation

Darcy flow term
Darcy flow term for perforation

Formation volume factor of oil
Net thickness of the formation
Dimensionless perforation spacing
Perforated interval

Permeability of oil

Permeability of crushed zone
Perforation tunnel length

Shot density
Average reservoir pressure
Flowing bottomhole pressure in wellbore

Bottomhole flowing pressure at sandface
Gas flow rate into the well

Oil flow rate into the well
Radius of crushed zone

Radius of drainage

Radius of perforation tunnel
Dimensionless perforation radius
Wellbore radius

Dimensionless well radius
Effective wellbore radius
Crushed-zone effects

Horizontal skin caused by perforations
Skin effect caused by perforations
Total skin

Vertical skin caused by perforations
Wellbore skin caused by perforations
Temperature

Supercompressibility

Ko/k

Biott coefficient

[bbl/stb]
[ft]

[-]

[ft]
[mD]
[mD]
[ft]
[shot/ft]
[psia]
[psia]
[psia]
[Mcf/d]
[stb/d]
[in]

[ft]

[in]

[-]

[ft]

[-]

[ft]

[°R]
[]
[]
[ft"]

Ya
&4

Gas specific gravity

Spacing between perforations
hy/h

Phase angle

Perforation's impact on turbulent term

Viscosity of gas
Viscosity of oil

Fluid density
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Appendix A: Incorporation of McLeod’s equation into the Jones method

For oil wells:

b,
br — pr = (al + ( p) >q + (bl n5th>q

pr — Pwr = Aq* + Bq

a
A=a +—2
(nsxhp)
=b
1 nsxhp

For gas wells the left part of Eq. A.l. changes to p,>-puf.

2 1 1
A = 5359 x 10~% =222 i+&l

2}1,1.201 2 12,1201
hpk Tw  Lpnsa

Let’s define A as the impact of the perforation on the turbulent term!

Tw_Tw
/1 Tp Tc
L%nszal.zm

With this the A become:

A=5359x 10780 [ 4 2]

2121
h3k1.20 Tw

A = 5359 x 1042020+

hZ Kkl 2017"

Let’s define AS as St-Sperf!

. Ko 0[1 Tp]
B uoBo[ln(0-472{ﬁ})+AS] 7.08x10-3xLpkp
N 7.08x10~3xkh nsxhy

_ uoBo[ln(0.472{:—Vi})+st]

7.08x1073xkh

(A1)

(Al

(A.lIL)

(A.IV.)

(A V)

(AV1)

(AVIL)

(AVIIL)

(A.IX))

(AX)
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Solving Eq.A.X. For s;:

HoBo Tw

-3
Sp = Bx7.08X107°Xkh —In <0472 (2))

Substituting Eq. A.I1X. In Eq. A.XI.:

ln(ﬁ)—kh
rp/Lpkp

ngxhy

Se =As +

Let syt be the skin component caused by the perforation!

Sperf = St — As

ln(r—c)
p

Sperf - nSLpae
B = 14124 X #oBo[ln(0.472§§})+As+sperf]
For gas wells:

A= 73628 X 10-2%
ugTz[ln(O.472{:—;})+As+sperf]
kh

B =141.24 x

(A.X1.)

(AXIL.)

(AXIIL)

(AXIV.)

(AXV.)

(AXV1.)

(AXVIL.)
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Appendix B: Constants and variables used in the Karakas and Tarig method

Tw

ro =
wD
Lp+Trw

s k
— p H
m=(2) i
P \%4
1

rwe(e) = {ZLp'

6 =0°

Qg (rw + Lp), otherwise

a = a;logioryp + a;

b= blrpD + b,

=] Ol Cq Co a4 8y b, by

0° (360°)| 0.250 | 1 6x10" | 2675 | -2.081 | 0.0453 | 51313 | 1.8672
180° | 2500|26x1072 | 45632 | -2.025 | 0.0943 | 3.0373 | 18115
120° | 0648 |g6Ex107 | 5320 | -2.018 | 0.0634 | 16136 [ 1.7770
90° 0726|1.0=107| 6155 | -1.905 | 0.1038 | 1.5674 | 1.6935
60° 0813 | 3.0=10*| 7509 | -1.898 | 0.1023 | 1.3654 | 1.6490
45° 0.860 | 46x10°| 8.791 | -1.788 | 0.2398 | 1.1915 | 1.6392

Table B.1 Constants used in the Karakas and Tarig method

(B.1.)

(B.11.)

(B.111.)

(B.IV.)

(B.V)

(B.VL)
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Appendix C: Modification of perforation tunnel — and crushed zone radius

Modification of ry:

Acone =TT X1y X (|12 + L3

_ /;
Acylinder - erLpT[

Acone = Acylinder
T X1, X 17 + L3 = 2ryL,m
p ,rpz+L§,

A
T‘ =
p 2Ly,

As L, is at least ten times bigger than r, from Eq 5.:

IR

! ™
Tp >

Modification of r.:

First case:

2 2
ey TpTLy a2 )2
— T, =T L, — 1, Ly

ré¢-rh
3

T, =

2
+ Ty

Second case:

2
rem — 12 Il _ aar2
. (Lp + 7 rp) L, =1, n(Lp + 1 1) 1, Ly
2 3 2 2
re e _Tre  Telp a2y _ 03, a2y a2
s+ 3 3 T lp=r +r'ly—1m
2 3 2 2 3 12,1
re re TpTe ™ 12 Tc 2 TeTp
—+ - -t ==+ -
3 3L, 3L, 3 Ly Ly
3 2 g3 a2
T, Tp?é T, Tec 1
<, 2= & = P=Qhecause L, » 1}
3Ly’ 3Lp' Ly’ Ly
2 2
re—n,
= C3 L4 rp’z

(C.1

(C.11.)

(C.11.)

(C.IV.)

(C.V.)

(C.VI.)

(C.VIL)

(C.VIIL)

(C.IX.)

(C.X.)

(C.XI.)

(C.XI1.)
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Appendix D: Basic data of the wells

Gas wells
Completion| Open hole | Perforated | Openhole | Perforated
P, [psil 3000.00 3000.00 3000.00 3000.00
k [mD] 10.00 10.00 S00.00 S00.00
r. [ft] 1000.00 1000.00 1000.00 1000.00
k, [mD] 10.00 10.00 S00.00 S00.00
k, [mD] 1.00 1.00 50.00 50.00
T [R"] 630.00 630.00 630.00 630.00
I 0.89 0.29 0.29 0.89
I, [cP] 0.02 0.02 0.02 0.02
¥: 0.64 0.04 0.04 0.04
ry [ft] 0.29 0.29 0.29 0.29
h [ft] 25.00 25.00 25.00 25.00

25041.81

323840.76

106682.62

Table D.1 : Basic data of Gas wells
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Qil wells

Completion| Open hole | Perforated | Open hole | Perforated
k [mD] 10.00 10.00 500.00 500.00
r. [ft] 1000.00 1000.00 1000.00 1000.00
P, [psi] 3000.00 3000.00 3000.00 3000.00
k, [mD] 10.00 10.00 500.00 500.00
k, [mD] 1.00 1.00 50.00 50.00
API density 45.38 45.38 45.38 45.38
I, [cP] 0.75 0.75 0.75 0.75
B, 1.16 1.16 1.16 1.16
r, [ft] 0.29 0.29 0.29 0.29
25.00 25.00

h [ft]

25.00

25.00

37782.81

22126.73

Table D.2: Basic data of oil wells
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Appendix E: Sensitivity test results for oil wells

Dependency on shot density

100

_ _ [ _
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Figure E.1: Oil well’

31



Qil well's dependency on shot density

Variable

%

k=500 mD

k=10 mD

ns

[}D

180°

120°

o0°

60°

45°

[}D

180°

120°

o0°

60°

45°

2.00

31.16

3173

31.61

32.03

31.50

3213

4810

50.15

49.73

51.31

49 31

51.70

2.33

3521

3595

3583

36.25

3565

36.30

52.45

5494

54.55

5598

53.93

56.16

2.67

38.96

39.90

39.79

40.19

39.55

40.19

56.21

5915

58.79

60.08

58.02

60.08

3.00

42 44

4361

43.51

43.89

4321

43.84

59.47

62.86

62.56

63.72

61.67

63.55

3.33

4567

47.07

46.99

4736

46.64

4725

62.31

66.16

6592

66.96

64.95

66.65

3.67

48.66

50.32

50.25

50.60

49.87

50.44

64.81

69.10

68.93

69.87

67.90

69.44

4.00

5142

53.35

53.31

53.64

52.89

53.44

67.02

71.74

71.64

72.50

70.58

71.96

4.33

53.99

56.19

5617

56.50

5573

56.24

68.98

7412

74.09

74.87

73.03

74.26

4.67

56.36

58.84

58.86

5917

58.40

58.88

70.73

7627

76.32

77.04

75.26

76.36

5.00

58.56

61.32

61.38

61.68

60.91

61.35

72.29

78.22

78.35

79.02

7731

78.28

5.33

60.60

63.65

63.75

64.04

63.28

63.67

73.70

80.00

80.21

80.84

79.20

80.05

5.67

62.49

65.83

6597

66.25

65.50

65.86

74.97

81.63

81.92

82.51

80.94

81.69

6.00

64.25

67.87

68.05

68.33

67.59

67.91

76.12

83.12

8349

84.06

82.56

83.21

6.33

65.88

69.78

70.01

70.28

69.56

69.85

7716

8449

8494

8549

84.07

8463

6.67

67.40

71.57

71.85

7213

71.42

71.67

78.12

85.76

86.29

86.82

85.47

8595

7.00

68.81

73.26

73.58

73.86

73.18

73.39

78.99

86.93

87.53

88.06

86.78

87.18

7.33

7012

74.84

7521

7549

74.84

75.02

79.79

88.01

88.70

89.21

88.01

88.34

7.67

71.34

76.32

76.75

77.03

76.40

76.55

80.52

89.02

89.78

90.29

89.16

8943

8.00

7248

7772

78.20

78.49

77.88

78.00

81.20

89.95

80.79

91.31

90.24

90.45

Table E.1:

QOil well’s dependency on shot density

32



Dependency on o
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Figure E.2: Oil well’s productivity dependency on a
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Qil well's dependency on o

Variable

%

k=500 mD

k=10 mD

o

[}D

180°

120°

90°

60°

45°

I:}D

180°

120°

90°

60°

45°

0.10

38.57

39.63

39.65

3977

39.48

39.64

56.90

60.42

60.49

60.88

59.68

60.45

0.13

4298

4433

44 36

44 .50

4413

44 34

61.10

6520

6528

65.75

64 58

6524

0.16

46.60

4822

4826

48.43

47.98

45.24

6417

68.73

68.83

6934

68.04

68.78

0.18

49 65

51.52

51.56

51.76

21.24

51.54

66.51

71.45

71.55

7211

70.69

71.50

0.21

52.25

54.36

54.40

54.63

54.05

54.38

68.36

73.60

73.71

74.30

72.79

73.65

0.24

54 .51

56.64

56.88

57.13

56.49

56.86

69.85

75.34

75.46

76.08

74.50

75.40

0.27

56.49

59.02

59.07

59.35

58.64

59.04

71.08

76.79

7691

77.55

75.91

76.64

0.29

58.24

60.96

61.02

61.31

60.56

60.99

7211

78.00

78.13

78.80

77.09

78.06

0.32

59.80

62.70

62.76

63.07

62.27

62.73

72.98

79.04

7917

79.85

78.10

79.10

0.35

61.19

64 27

64.33

64.66

63.81

64.30

73.73

79.93

60.07

80.77

78.98

79.99

0.38

62.46

65.68

65.75

66.10

65.20

65.72

74.39

80.71

80.85

81.56

79.73

8077

0.41

63.60

66.98

67.05

67 .41

66.47

67.01

74.96

81.39

81.53

82.26

80.40

81.46

0.43

64.64

66.16

68.23

68.61

67.63

66.19

7547

62.00

62.14

62.89

80.99

8207

0.46

65.59

69.24

69.32

69.71

68.69

69.28

75.93

82.54

82.69

63.44

81.52

82.61

0.49

66.47

70.24

70.32

70.73

69.67

70.27

76.33

83.03

83.17

63.94

81.99

83.09

0.52

67.27

71.16

71.24

71.67

70.58

71.20

76.70

83.46

6361

64.38

62.42

83.53

0.54

68.02

72.01

7210

72.53

1.4

72.05

77.03

63.86

64.01

64.79

82.80

83.93

0.57

68.71

72.61

72.69

73.34

72.19

72.85

77.33

64.22

64.37

85.16

83.16

64.29

0.60

69.35

73.55

73.64

74.10

72.92

73.59

77.61

84.55

64.71

85.50

63.48

84.62

Table E.2: Qil well’s dependency on a

34



DependencyonlL,

_ _ _ _ _ _ _ | _ _ _
_ ] _ _ _ _ _ Z 5. e o
| .””“. _ _ _ _ _ EE222FE B
_ _ _ _ _ _
L LY _ L L] .
_ _ _ _ _
_ _ _ _ _
_ _ _ _ _
| | o | | | T T
[ I _ - _ J_ _ - _J__1__
_ xRy _ _ _ _ _
_ _ _ _ _ _ _ _
_ _ _ _ _ _ _ _
_ _ _ _ _ _ _ _
R R _ o ] [ R R
_ _ _ Ol _ _ _
_ _ _ E _ _ _
_ _ _ =1 _ _ _
_ _ _ il _ _ _
-

| _ — J [ R R
_ _ _ _ _ _
_ _ _ _ _ _
_ _ _ . _ _
_ _ _ ._ _ _
| _ 1 _ o ]
_ _ _ _ _ _ | . _ _
_ _ _ _ _ _ _ s _ _
_ _ _ _ _ _ _ _ ey _
_ _ _ _ _ _ _ _ _ T _ _
| | | | | | | | | | | |

_ _ _ | _ _ _
] 8 2 3 2 3 =

% 440V

s productivity dependency on perforation length

Figure E.3: Oil well’

35



Qil well's dependency on perforation Iengm

Variable

Yo

k=500 mD

k=10 mD

L

[}D

180°

120°

a0°

60"

45°

[}D

180°

120°

a0°

60"

45°

0.15

13.61

13.61

13.83

14.01

13.95

14.02

26.35

2758

27 67

2882

2842

2892

0.30

24 81

2536

2533

2558

2538

2554

4137

43.74

4362

44 81

43.89

4459

0.45

3426

3522

3516

3546

3511

3534

51.52

5485

54 66

5572

54.47

5527

0.60

4228

43.71

43.65

43.96

43 .47

43.76

59.00

63.15

6298

63.91

62.44

63.32

0.75

4914

51.07

51.03

51.34

50.73

51.08

64.83

69.71

69.63

70.44

68.84

69.76

0.80

55.06

57.49

57.50

57.80

57.09

57.50

69.57

7510

7514

75.86

74.18

7513

1.05

60.20

63.13

63.21

63.50

62.71

63.16

73.54

79.67

79.84

80.49

7877

79.75

1.20

64.70

68.11

68.286

68.57

67.71

68.21

76.95

8362

83.95

84.55

82.80

83.81

1.35

68.66

72.55

7281

73.09

72.18

7272

79.93

87.11

87.58

88.15

86.40

8743

1.50

7219

76.53

76.88

7717

76.22

76.79

82.58

80.22

80.87

91.40

89.66

80.71

1.65

75.33

80.11

80.56

80.85

79.87

8048

8495

83.05

83.85

9437

92 64

93.71

1.80

78.16

83.35

83.91

8420

83.21

83.84

87.11

9563

96.59

97.08

8538

06.47

1.95

80.72

86.30

86.97

8727

86.26

86.93

£9.09

98.00

8912

8962

97.94

89.05

2.10

83.05

89.00

89.78

80.09

89.08

89.77

90.91

100.21

101.48

101.98

100.33

101.45

2.25

85.19

91.49

8237

9269

91.68

9239

9260

102.27

103.68

104.19

102.57

103.72

2.40

87.14

83.76

9477

89510

89410

9483

9418

104.20

105.76

106.28

104.70

105.86

2.55

88.95

85.01

87.00

g7.34

06.35

7.1

05 .66

106.02

107.72

108.25

106.71

107.89

2.70

8063

g7.89

99.09

89 44

08.46

9924

87.05

107.74

108.58

11013

108.62

109.82

2.85

9219

99.74

101.04

101.40

100.44

101.24

98.37

108.38

111.36

111.92

110.45

111.66

Table E.3: Oil well’s dependency on perforation length
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k=10 mD

Y% d40%

r, [f]

s productivity dependency on perforation tunnel radius

Figure E.4: Oil well’
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Qil well's dependency on perforation tunnel radius

Variable

%o

k=500 mD

k=10 mD

Iy

I:I_D

1807

120°

90°

60°

45°

D_O

1607

1207

90°

60°

45°

0.08

47.25

48.94

48.97

4922

48.50

4920

6562

70.49

70.57

71.34

69.19

71.26

0.11

49 68

51.57

51.61

51.87

51.14

51.79

6710

7218

72.29

73.04

70.97

72.81

0.12

51.83

53.91

53.96

54.23

53.48

54.10

68.38

73.66

73.78

74.51

72.53

74.16

0.14

53.76

56.02

56.07

56.35

55.59

56.17

69.51

7498

7510

75.81

73.90

75.35

0.15

55.51

57.94

57.99

58.28

57.52

58.05

70.53

76.16

76.29

76.96

7515

76.42

017

57.10

59.70

59.76

60.05

59.28

59.77

71.45

7723

7737

76.05

76.27

77.39

0.18

58.56

61.32

61.38

61.68

60.91

61.35

72.29

78.22

78.35

79.02

77.31

78.28

0.20

59.92

6283

62.69

63.19

62.43

6282

73.06

7913

79.26

79.92

78.26

79.10

0.21

61.17

64.24

64.29

64 .60

63.64

6418

73.78

79.98

60.10

80.75

79.15

79.66

0.23

62.34

65.55

65.61

65.92

6517

65.46

74.44

80.76

60.88

81.53

79.98

80.57

0.24

63.43

66.78

66.84

67.16

66.41

66.65

75.05

81.50

81.62

82.26

80.76

81.24

0.26

64.46

67.94

68.00

68.32

67.58

67.77

75.63

82.20

82.31

62.94

61.49

81.87

0.27

65.42

69.04

69.10

69.42

68.69

68.83

76.17

82.85

62.96

83.59

62.18

82 46

0.29

66.33

70.08

7013

70.47

69.74

59.84

76.68

83.48

83.58

64.20

6264

83.02

0.30

67.18

71.06

71.12

71.45

70.74

70.79

77.16

64.06

84.16

84.78

83.46

83.55

0.32

67.99

72.00

72.05

72.39

71.68

71.69

77.62

64.62

84.72

85.34

64.05

84.06

0.33

68.76

72.89

72.94

73.29

72.59

72.55

78.05

85.16

85.24

85.87

6462

84.55

0.35

69.49

73.74

73.79

74.14

73.45

73.37

78.46

85.67

85.75

86.37

85.16

85.01

0.36

70.19

74.55

74.60

74.95

74.28

74.15

75.84

66.15

66.23

66.85

65.67

65.46

Table E.4:0il well’s dependency on perforation tunnel radius
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Appendix F: Sensitivity test results for gas wells

Dependency on shot density
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Figure F.1: Gas well’s productivity dependency on shot density
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(53as well's dependency on shot density

Variable

%

k=500 mD

k=10 mD

ns

[}D

180°

120°

80°

60°

45°

DD

180°

1207 | 90°

60°

45°

2.00

13.85

13.85

13.85

13.85

13.85

13.85

14.49

14.51

14.50]114.52

14.50

14.52

2.33

16.10

16.10

16.10

16.10

16.10

16.10

16.83

16.85

16.84)16.85

16.84

16.85

2.67

18.32

18.33

18.33

18.33

18.32

18.33

19.13

19.15

19.15(18.16

19.14

19.16

3.00

20.51

20.52

20.52

20.52

20.52

20.52

21.39

21.42

21.42|121.43

21.41

21.43

3.33

22 68

22.69

2269

22.69

22 68

22 .69

23.62

23.66

23.65(23.66

23.64

23.66

3.67

2461

2482

2482

24.82

24 61

2482

25.80

2585

25.85(25.86

25.64

25.85

4.00

26.90

26.91

26.91

26.91

2691

26.91

27.94

28.00

28.00{28.01

27.99

28.01

4.33

28.95

28.97

2897

28.97

28.97

28.97

30.04

3011

30.11[30.12

30.10

30.12

4.67

30.97

30.99

30.99

30.99

30.98

30.99

32.10

32.18

32.18(32.19

3217

32.18

5.00

32.94

32.96

32.96

32.96

32.96

32.96

34.10

34.20

34.20)34.21

34.19

34.20

5.33

24 .87

34.90

34.90

34.90

34.89

24.90

36.06

36.17

36.17136.18

36.16

36.17

5.67

36.76

36.79

36.79

36.79

36.78

36.79

37.97

38.09

38.10(38.11

38.08

38.10

6.00

38.60

38.63

38.63

38.63

38.63

38.63

39.83

39.97

39.98(39.99

39.96

39.97

6.33

40.40

40.43

40.43

40.43

40.43

40.43

41.64

41.79

41.60(41.81

41.79

41.80

6.67

4215

42.18

4219

42.19

4218

4218

43.40

43.57

43.58(43.59

43.56

43.57

7.00

43.85

43.89

43.69

43.90

43.69

43.89

45.11

45.30

45.31[45.32

45.29

45.30

7.33

45.51

45.55

45.56

45.56

45.55

45.55

46.77

46.97

46.99(47.00

46.97

46.98

7.67

4712

4717

4717

47 17

4717

47 17

48.38

48.60

48.62|458.63

4860

48.61

8.00

48.69

48.74

48.74

48.74

48.74

48.74

49.95

50.18

50.20{50.21

50.19

50.19

Table F.1: Gas well’s dependency on shot density
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Dependency on o
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Figure F.2: Gas well’s productivity dependency on o
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Gas well's dependency on a

Variable

%o

k=500 mD

k=10 mD

o

D_ID

180°

1207

90°

60”

45° | 0°

180”

120°

90°

60°

45°

0.10

17.78

17.79

17.79

17.79

17.79

17.79118.58

16.61

18.61

18.61

16.60

16.61

0.13

20.48

20.49

20.49

20.49

20.49

20.49121.37

21.41

21.41

21.41

21.40

21.41

0.16

22.92

22.93

22.93

22.93

22.93

22.93123.88

23.92

23.93

23.93

23.92

23.92

0.18

2515

25.16

25.16

25.16

2516

2516|2616

26.22

26.22

26.23

26.21

26.22

0.21

2721

27.22

27.22

27.22

27.22

27.22128.27

28.33

28.34

28.34

28.32

28.33

0.24

2912

29.14

29.14

29.14

29.14

291413023

30.30

30.30

30.31

30.29

30.30

0.27

30.92

30.94

30.94

30.94

30.94

30.94]32.05

32.14

32.14

32.15

32.13

32.14

0.29

32.62

32.63

32.63

32.64

32.63

32.63|33.77

33.87

33.87

33.88

33.85

33.87

0.32

34.22

34.24

34.24

34.24

34.23

34.24135.39

35.50

3550

35.51

35.48

35.50

0.35

35.74

35.76

35.76

35.76

35.75

35.76]36.93

37.04

37.04

37.05

37.02

37.04

0.38

37.18

37.20

37.20

37.21

37.20

37.20]38.38

38.50

38.50

38.52

38.48

38.50

0.41

38.56

38.58

38.58

38.59

38.58

38.58|39.77

39.90

39.90

39.91

39.88

39.90

0.43

39.87

39.90

39.90

39.90

39.89

39.90141.09

41.22

41.23

41.24

41.20

41.22

0.46

41.13

41.16

41.16

41.16

41.15

41.16|42.35

42.49

42 50

42 51

42.47

42.49

0.49

42.33

42.37

42.37

42.37

4236

42.37|43.55

43.71

43.71

43.73

43.68

43.71

0.52

43.49

43.52

43.52

43.53

43.52

43.52|44.70

44 .87

44 87

44.89

4485

44 .87

0.54

44 60

44 .64

44 64

44 .64

4463

44 6414581

45.98

45.99

46.01

45.96

45.99

0.57

4567

4571

4571

45.71

4570

45.71|46.88

47.06

47.06

47.08

47.03

47.06

0.60

46.70

46.74

46.74

46.74

46.73

46.74]47.90

48.09

48.09

45.11

48.06

48.09

Table F.2: Gas well’s dependency on o
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Figure F.3: Gas well’s productivity dependency on perforation length

43



Gas well's dependency on perforation Iengm

Variable

%o

k=500 mD

k=10 mD

L

|:|_l:\‘

180°

120°

90°

60°

45°

D_l:\‘

180°

1207

90°

60°

45°

0.15

5.26

526

526

526

5.26

5.26

5.54

554

554

555

554

5.55

0.30

10.44

10.45

10.45

10.45

10.45

10.45

10.95

10.97

10.97

10.97

10.97

10.97

0.45

15.54

15.55

15.55

15.55

15.55

15.55

16.25

16.28

16.27

16.28

16.27

16.28

0.60

20.52

20.52

20.52

20.53

20.52

20.52

21.39

21.43

21.43

21.43

21.42

21.43

0.75

2533

25.34

25.34

25.35

2534

2535

26.34

26.39

26.39

26.40

26.38

26.39

0.90

29.97

2998

2998

29.98

29.98

29.98

31.07

31.15

31.15

31.16

31.14

31.15

1.05

34.40

24 .42

2442

34.42

34.41

34.42

35.58

35.68

35.69

35.70

36.67

35.69

1.20

38.61

28.63

26.63

38.63

38.63

38.63

39.85

39.98

29.98

29.99

29.96

39.98

1.35

42.59

42 62

42 62

42.62

42 .62

42.62

43.87

44.03

4404

44 .04

44. M

44.03

1.50

46.34

46.37

46.38

46.38

4637

46.37

47 65

47.83

47.84

47.85

47.82

47.84

1.65

49 85

49.89

49.90

49.90

4989

49.90

51.18

51.39

51.41

51.42

51.38

51.40

1.80

53.14

53.19

53.19

53.19

53.19

53.19

54.47

o4.71

9473

o475

54.70

54.73

1.95

56.20

56.26

56.26

56.27

56.26

56.26

57.54

57.80

a7 .83

5785

57.80

57.83

210

59.05

59.11

59.12

59.12

59.11

59.12

60.39

60.68

60.71

60.73

60.68

60.71

2.25

61.70

61.77

61.77

61.78

61.77

61.77

63.02

63.34

63.38

63.40

63.35

63.38

2.40

64.15

64.22

64.23

64 24

64.23

64.23

65.47

65.81

65.86

65.88

65.83

65.86

2.55

66.43

66.50

66.51

66.52

66.51

66.52

67.73

68.10

68.15

68.17

68.12

68.16

270

68.53

6661

68.62

68.63

68.62

68.63

69.83

70.22

70.28

70.29

70.25

70.28

2.85

70.48

70.56

70.58

70.58

70.57

70.58

71.76

7218

72.24

72.26

7221

72.25

Table F.3: Gas well’s dependency on perforation length

44



Dependencyonr,

% d40%

r, [in]

Figure F.4: Gas well’s productivity dependency on perforation tunnel radius

45



Gas well's dependency on perforation tunnel radius

Variable

%o

k=500 mD

k=10 mD

r

|:|_l:\‘

180°

120°

90°

60°

45°

D_l:\‘

180°

1207

90°

60°

45°

P
0.08

23.04

23.05

23.05

23.05

23.05

23.05

24.01

24.06

24 06

2407

24.05

24.07

0.11

24.94

24 95

24 95

2495

24.95

24.95

25.96

26.02

26.02

26.02

26.00

26.02

0.12

26.72

26.73

26.73

26.73

26.73

26.73

27.78

27.84

27.84

27.8%

27.83

27.85

0.14

28.40

28.41

28.41

2841

28.41

28.41

2949

29 56

29.56

29.57

29.54

29 56

0.15

2998

30.00

30.00

30.00

30.00

30.00

31.10

31.18

31.18

31.19

3117

31.18

017

31.50

31.51

31.51

31.52

31.51

31.51

32.64

32.72

3273

32.74

32.71

32.73

0.18

32.94

3296

3296

32.96

32.96

32.96

34.10

34.20

2420

24.21

34.19

34.20

0.20

34.33

3435

2435

24.35

24.35

24.35

35.51

35.61

2561

25.62

35.60

3561

0.21

35.66

25.69

25.69

25.69

25.68

35.69

36.86

36.97

26.97

26.98

26.95

36.97

0.23

36.95

36.98

36.98

36.98

36.97

36.97

38.15

38.27

38.28

38.29

38.26

38.27

0.24

38.19

38.22

38.22

38.22

38.22

38.22

39.41

39.53

39.53

39.55

39.52

39.53

0.26

39.39

39.42

2942

39.42

39.42

39.42

40.61

40.75

40.75

40.76

40.74

40.74

0.27

40.56

40.59

40.59

40.59

40.58

40.58

41.78

41.92

41.93

41.94

41.91

41.92

0.28

41.68

41.71

41.71

41.72

41.71

41.71

4291

43.06

43.07

43.08

43.05

43.05

0.30

4278

42 81

42 81

4281

42 81

42 .81

44.01

4417

44 17

4418

4416

4416

0.32

43.84

43.87

43.87

43.88

43.87

43.87

45.07

4524

45.24

45.26

4523

4523

0.33

44 87

44 91

44 .91

44 91

4491

44 .91

46.10

46.28

46.28

46.30

4627

46.27

0.35

45.88

4592

4592

45.92

45.91

45.91

4711

47.29

47.29

47.31

47.28

47.28

0.36

46.86

46.89

46.90

46.90

46.89

46.89

48.08

48.27

48.28

48.29

48.26

48.26

Table F.4:

Gas well’s dependency on perforation tunnel radius
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