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Several analytical solutions have been _developed for predicting the inflow
performance relationship (IPR) for horizontal wells. However, the horizontal well
does not always fully penciratc.across the reservoir. When it penetrates only a part of
the reservoir, it causes seme degree of*lﬂow restriction, creating extra pressure loss.
This additional pressure dfop/is known ::axs'.skin of partial penetration or limited entry,
Spp- The pseudo steady state solutions hqlve been presented for determining the partial
penetration skin. Threg simplliﬁéd,equagipr;s namely, (1) Joshi et al., (2) Babu &
Odeh, and (3) Goode & Kuchuk, are avai]’lg:ﬂilé for caleulating the productivities of the
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their mathematical and the boundary condﬂaerfs used. Another tool to determine the
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determine skin factor due to partial penetration using the reservoir simulation in order
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CHAPTER1

INTRODUCTIONS

Recent advances in drilling and ci);tn}]etion has resulted in a rapid increase in
the number of horizontal well drilled each y{af_r_gund the world. The major purpose
of a horizontal well is to enhance Jcservdir contact and thereby enhance well

productivity. As an injeetion el

) lorig horizental well provides a large contact area

and therefore enhances w mjectivit)\] which is highly desirable for enhanced oil

recovery (EOR) appligatio -
In general, a herizont ell.is di;illed pafallel to the reservoir bedding plane

while a vertical well intersegts the res'crvéjr b'eddihg plane at 90°. A typical horizontal

Frl ddd

well project is different from a vertical well‘project because productivity of a well

Ll

+ o .
depends upon the well length. _Moieové'g!ﬂ;e well length depends on the drilling
technique that is used to drill fﬁeﬁell. Thg’g’;'_gzﬁs essential that reservoir and drilling
engineers work together to ch'goséfthe appﬁp&a{e drilling technique which will give

£

the desired horizoq;a well length. — |
The horizontal well length usually varies from 000 to 5000 ft. Therefore,

horizontal well does Tot always fully penetrate across the reservoir. In some cases, it
can penetrate.only a part.of the reseryoir and.cause some.degree of flow restriction,
creating extra pressure.loss. This additional pressure droplis krdown as skin of partial

penetration or limited entry, s,5. Generally, -we are interested only in the

§.
pseudgsteady-state: condition, land neglect the transient of the skin effect. It is often
useful to estimate the size of the partial penetration skin factor, since it can be

subtracted from the apparent skin to determine whether the well is actually damaged.

Actually, most wells do not penetrate the producing formation
perpendicularly. Instead, there is a certain angle between the normal to the formation

plane and the well axis, such as when a vertical well penetrates a dipping formation or



when a directionally drilled well penetrates a horizontal formation. These kinds of

wells are called “slanted or deviated well”.

As horizontal and deviated well technology have developed, many analytical
equations for determining inflow performance and its skin factors have been proposed
based on different assumptions. It is often useful to estimate the size of the partial
penetration skin factor, since it can be su_bt!acted from the apparent skin to determine
whether the well is actually damagéd. Thiér-‘,{ptﬁy'aims to determine skin factor due to
partial penetration for b(_)th horizontaljlnd deVT:t:ﬂ Yvell using reservoir simulation
and compare it with values-détcrmined by various methods under different well and

reservoir conditions. "ths’(

performance of horiz

fluid conditions. / £ f2 280
, : ?E:
1 ot

_calculatgd from the study can then be used to evaluate

lls drilled in various ranges of wellbore, reservoir, and

1.1 Outline of Methodo

ECLIPSE100 reseryoir siinulation:

i

%{;ﬁwfre is used to simulate and match the
P mndne ol ;#J

history pressure drop of the well-The following shows the procedure for this study:

L

e

e -

A £

e — o

1. Build the reservoir model with a partial pcnctt;;;i-ngilwell.

2. Build the same reservoir model with the fully penetrating well model.
3. Compare pressure-historiesjobtained from the twosreservoir models.
4. Adjust the skin factor into the fully penetrating well model.

5.'Repeat sicp 3 and|4 until the ‘pressure’histories'are matched:

6.Change the factor such as well length, wellbore diameter, and fluid

properties.
7. Determine the skin factor from different scenarios.

8.Obtain the skin factor from each scenario and compared to the various

methods.



1.2 Thesis Outline
This thesis consists of 6 chapters as outlined below:
Chapter 1 introduces the main idea and concepts of this work

Chapter 2 reviews previous studies on partial penetration skin for horizontal

~and deviated wells.

Chapter 3 describes the basi | basic p'rinciples and theories used

in application of equati well pe re program (PROSPER) and

reservoir snmulatlon (EC Ill“ ( pination of partial penetration skin

ﬂ’lJEJ’J‘l’IEWl‘iWEJ’]ﬂ'ﬁ
Q‘imﬂﬁﬂ‘iﬂd NﬂW’JVIEJWﬂEJ



CHAPTER 11
LITERATURE REVIEW

Since the beginning of petrol‘cun,fl;pr duction, wells have been drilled and
completed through only a fraction of the o@nation to avoid contact with the

water zone that may underline the gil or t_he"g—afs_ zone or perhaps because of

difficulties in controllingsmiid circulation in the pay Zone.

skin factor. The study dealt Wlﬂa—dlfferen@nds of the impairment in productivity

caused by a skin. The authors eon&deredia- well in_which part of the productlve

4
formation is blocked-of]

of parts of the prdér.uctlve zone by blank casing. They solved the productivity
analytical formulatnon»ﬁsmg numerical integration and provided a table of values for a
function of the fractional penetration, G (b).Fhey concluded that better productivity is
obtained from an interval open in the middle of a'productive zone than from the same
open interval located at either top or bottom of the.zone. Additionally, the larger the
number of intervals'for a given total penetration ratio, the higher the productivity will
be.

As the horizontal wells have been increasingly used in field application,
pressure transient solutions for horizontal wells in the finite and infinite reservoirs
have been discussed. Mutalik, Godbole, and Joshi ® presented a 'pseudo-steady flow
equation to forecast the production from horizontal wells in rectangular drainage

areas. The equation was developed from the solution for a fully penetrating infinite



conductivity vertical fracture and is applicable for wells located either centrally or off-
centrally in the areal plane. Analytical pressure transient solutions were used to
calculate the shape factor, C4 ), and the corresponding equivalent skin factor, gy p.
The use of this equivalent pseudo-skin factor provides a method to predict the inflow
performance relationship curve for horizontal wells. The results showed that the
horizontal well pressure response asymptotically approaches that of fully penetrating,
infinite-conductivity vertical fracture at v,ei&{]g,rge values of dimensionless well
length, L, for centered as.well as off-centercd W’Jls in a rectangular drainage area.

-
They concluded that the performance of a horizental well can be predicted from that

of a fully penetrating, infinite-conductivity vertical fracture.
Babu and Ode/::cntcd an\ieq_uation for pseudosteady-state flow for a

horizontal well that is_easy 'iq useé and has an identical form to the well-known
l.l' — i
productivity equation for a/ vertical w%ll.r;Application of the equation requires
T t

determination of two efs (1)a geometric factor that accounts for the effect of

a
permeability anisotropy, Wwel Idéaﬁioh. anj;;hé relative dimensions of the drainage
¥ add LI Y
volume and (2) the skin catised by restricted entry, which accounts for the effect of
the well length. The solution to Epartial-;ﬁ%rential equation for a finite reservoir

it el
that describes the flow behavior of a horizontal well and, that preserves the physics is

very complex. Theéaﬁihors reduced the complex solution fé} simplified equation for
calculating productivit“;y with requirement that the drainaEe volume is approximately
box-shaped. Because _t_ﬂe simple equation was derived fran complicated expressions,
it is not exact: Imymast casesiwherel the) well (penetration «is, >50%, the error in the
productivity calculation’is less than3%. The error' may increase to 10% as penetration

decreases.

Goode and’Kuchuk'“"presentéd formulas for evaluating mflow- performance
of a horizontal well in a rectangular drainage region bounded above and below. The
upper boundary may be either sealed to flow (no flow) or at constant pressure (e.g.,
gas cap). The well can be placed anywhere within drainage volume and be of any
length. The inflow-performance formulas for horizontal wells presented make certain
limiting assumptions about the well relative to the size of the drainage region, the

formation thickness, and the well location. For no-flow boundary, if the well is not



long compared with the scaled reservoir thickness, the distance from the well to any
lateral boundary must be large relative to the distance from the well to the top and
bottom boundary. The authors also provided a simple equation for calculating the
inflow performance of a short well (compared to the drainage area). They concluded
that, these new inflow performance formulas for horizontal wells with and without a
constant-pressure boundary can be applied to horizontal wells of arbitrary length

producing from a closed rectangular region'}a?fg;bitrary aspect ratio where the well is

-

placed at any location within the region.
-

Actually, most wclls do not penetrate the producing formation

perpendicularly. Instcad, | ‘i 4 ce in angle between the normal to the formation
Such as

plane and the well ax whena ertical well penetrates a dipping formation or

when a directionally drille ell penetrates a horizontal fonnatlon Roemershuser and

Hawkins®®, studied” steady stﬁte ﬂow }Jmaa reservoir producmg through a fully

penetrating slanted smg an el‘cbtrlcal model. They considered a circular

rhAy 42

reservoir of finite extentan conc_luded tbci} the slant of fully penetrating well causes
an increase in the well pn6du§1w1ty compqrec;rwnth a vertical well. The increase in

well productivity results from rhe decreage in the resistance to flow around the

- __‘—..

wellbore due to the increase in the producmg interval J;«rea exposed to flow. This

increase in well prg:ductmty indicates that a fully pcnctra Jing slanted well creates a

negative skin effect.

Cinco-Ley, Ramey and Miller  studied unsteady-state performance of
slanted well:' They presented -analytical ‘solution for | dimensionless pressure
distribution ckéated by a fully penetrating, directionally drilled well. And they also
calculated-pseude=skin factors due torslanted wellsy They goneluded that the slant of a
fully penetrating well'creates a negative skin effect that is-a function of angle of slant

and formation thickness.

Besson ") provided a method to estimate the productivity of well with respect
to any angle of slant and anisotropy of permeability. The well pressure decline curves
were generated by a semi-analytical in-house simulator. These led to a geometrical
pseudo-skin factor which was matched for slanted wells with an analytically-derived

equation. An unrestrictive approach of anisotropy is possible through a spatial



transformation from real medium into equivalent isotropic medium. The equation of
the pseudo skin factor is modified according to this transformation. The study show
that the performance of the horizontal and slanted wells can be studied through the
definition of a geometrical pseudo-skin factor, long-time performance is the same as

for a fully penetrating vertical well with a wellbore skin factor.

calculation of mechanical skin effect due foslz ased on dimensionless reservoir
thickness, deviation angle; and in They compared the results of

o Cinco.et.al . The results suggested that

calculated mechanic

the previous assu p i’sm\ atly. overestimate the absolute

magnitude of the skin

AULININTNEINS
RINNIUUNIININY



CHAPTER III

THEORIES AND CONCEPTS

This chapter presents the basic es and theories used in application of
equations, well performance software prog SPER) and reservoir simulation
(ECLIPSE 100) for determination of ial pene n skin factor for horizontal and

———
deviated wells. First, ) ' ith vertical, horizontal and
deviated wells are int skin are introduced; then,
concept of the partial tal and deviated wells are

described. Each method

3.1 Well Inflow Perform

This Skin factor hasa sign [ o rvoir inflow performance. The

concept of well inflow perfo
= ,J‘;l‘.-"f" 3 .
inflow performance ﬂthh are inflow | ertical and the horizontal

wells, and the inflow performan: tion-used-inECIPSE 100 are described.

3.1.1 Vertical Well Inflow:Performance

verel] b 5 b T THUVAT i o0

performance. The equation describing the behavior.ef its inflow performance is based

ool RTRFIR R RBAR U



do = kh(pr — Pur) G.1)
° 141.2u,B,[In(r./7,) — 0.75 + 5]
where
q, = oilrate, STB/day
= permeablllty, '
= reservoir thi x\\ //
Pr = reservo ....——"
 ——
Pwr =
Ho =
B, =
Ty, =
r, =
s =

The mﬂow:ﬁerfonniﬁcefdf’ thr.‘ i'r'" ontal-well was explained by several

studies. There are: thiee simplified-equations-avaiable for calculate pseudo-steady

i
state productivities o: netration skin for single-

(;jonzgntal | Ljpe
phase flow. These equations were introduced by (1) Joshi, (2) Babu & Odeh and (3)

Goode & Kﬁ,ﬁﬁ ﬁwﬁ (ﬂ gw o be bounded in all
directions an t ated’in E‘L}Iﬁ unded drainage area.
A fluid of shgq ht but constant compressibility is produced through the horizontal well.

e RARA R TEU IRV crocs e

neglected. It is also assumed that the length of the horizontal wellbore is much larger

than the thickness of the formation. The pressure in the reservoir prior to producing

the well is uniform and equal to p;. The well is produced at a constant rate q.
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Figure 3.1 illustrates the horizontal well configuration associated with the

analytical solution.

<Ny

PESE SN

xe = half the side of drainage ar ich is parallel to the horizontal

Yo = he side of drair s perpendicular to the
horizontal we -7

Xy = .the dlsta.nce from the hori ontal well mid- pomt to the closet

wﬁcg‘om ﬁonzcgal welEkJ) the close boundary in the
. ammmmumq LU0 Y e

boundary

L = welllength, fi
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3.1.2.1 Joshi et al. ®

For rectangular drainage areas with 2x,/(2y,) = 1 to 20, Joshi et al. reported
the shape factors and the corresponding equivalent skin factor sc, for horizontal
well located at various positions within the drainage volume. The skin factors sc4

!

e area with ratios of sides, 2x,/(2y,) =1, 2

/

for centrally located wells within draina

and 5 are plotted in Figures 3.2 t re summarized in Table 3.1.

The following equation e the inflow performance of a

horizontal well:

3.2)

where

. Flm:ﬂt,mﬁmmmﬂi
akmm%ﬁ‘mwﬂﬂmaa

skin factor of an infinite-conductivity, fully penetrating
fracture of length L
= —In[L/4r,]

Scan = shape-related skin factor

= ln ’CA,ref/CA
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C, = shape factor for a horizontal well
C; = shape factor for a fractured vertical well
C' = shape factor conversion constant
= 1.386
L, = dimensionless length

(L/2m) ko Jly

square drainage area.

penetrations in a squ

AULINENINYINT
AMIAN TN ING 1Y



Table 3.1: Shape factors, C,, for horizontal wells with various well penetrations and

different rectangular drainage areas. ”

L/(2x.)

Lp 02 04 0.6 0.8 1

(D xe/ye =1

1 0.0163 o&‘y//o 0034 0.0020 0.00085
5 0.9813 \ 0.4406  0.27730
10 I 44&‘153& ﬂ 0.7616  0.50100
20 6o 456 | 0.9673  0.65060

50 9175 27 10909  0.74350
100 6738, 11260 0.77100
(2) Xe/Ye = 2 ll[
i 0.0044 337 0100 0.00061 _ 0.00025
ey J \
5 0.5868 ;q:séigo}, L 04230 030510 0.19000

10 0.9531 pggﬂé?“' ., 0.7664 © 0.58525  0.38100
20 1.173¢ 22l 0.78250  0.52120
50 1.2986 _ 0.91090  0.61450

1100 ;.33322 0.64380
(3) xe/ye = -..‘l . 2l ] —.1
1 0.0002 . 00019  0.0003 0.00011

0.0859.  0.1490 4.0.18690 02111  0.12410

o] Ui 71654 | e

0.2120 0. 3;822 0. 54]20 0. 5609 0.35270

Qﬁ'l YD IUIVIIN TN e

13
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Shape factors Cf for different fracture penetrations in a square drainage area
and a rectangular drainage area are listed in Tables 3.2 and 3.3, respectively. Shape
factors for off-centered fractured wells in a rectangular drainage area are given in
Tables 3.4 and 3.5.

Table 3.2: Shape factors, Cf, for fracture cal wells in a square drainage area. @

ntrally in a rectangular

Xp/x, 1 2 S 5 10 20

o1 || 202" | 4100 7] 95Ty 103 0.0026 0.000005

03 |71.820 1.3611 0.836 0.2860 | 0.0205 | 0.000140

W"]@ﬁ_ 4 ] . . 010550

0.7 | 1320 [ 1.1100 | 0.880 | 0.5960 | 0.3000 | 0.122600
1.0 | 0791 | 0.6662 | 0.528 | 0.3640 | 0.2010 | 0.106300




Table 3.4: Shape factors, Cy, for off-centered fractured vertical wells. @ (x,, represents the

distance of the fracture center from the nearest x boundary)

Influence of y,, /¥y, *

 Yw/Ye
xp/x. 025 05 1.0

Xe/Ve =1
2.0200
1.8220
1.6040
13170
0.7909

1.4100
1.3610
e
S QA 1.2890
(\Vy AT 1.1105
L0 0.6660

sl

Xe/Ye = o4

P

V. 02110

m 0.3 - 0.2864

¢ a 0.5 0.@8 0.38110 0.4841

UEINENINIINS o
RINNINANTINETAE




Table 3.5: Shape factors, Cy, for off-centered fractured vertical wells. @ (y,y represents the

distance of the fracture center from the nearest 'y boundary)

Influence of y,,/y, *
Yw/Ye
Xg/xe 025 0.5 1.0

2.0200

1.8200

1.6000

.0680 1.4098

980 1.3611

1.5470 1.2890

0.0828 0.2110

0.2540 0.2864

0.7634 0.6050

Vi

X
]

AULINENTNEINS
RINNIUUNIININY
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Shape-related skin factors for horizontal wells, scs (base upon a square

reference area), are tabulated in Table 3.5 and are plotted in Figures 3.2 through 3.4.

5

s_.“.‘.:: =L/ (2xe) = 0.8

3] \\— ﬁ
i \ A |/ (2xe) = 0.6
; ‘: ‘E??:’I \\ w—/(2xe) = 0.4
E { 'ji. 11.. ST =L/ (2xe)=0.2
i f/n’n::: s i

100

h'f/

—|/ (2xe) = 1.0

Shape-related skin factor, S¢, ,
N

Figure 3.2: Shape related ski fd%t iy Scansfor a horizental well in square drainage area
20

ﬂ‘lJEJ’JVIEJ'ﬂ‘ﬁWEJ’]ﬂ‘i
QW’]@NﬂiﬂJ UA1AINYAY
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3

T

& 3

-E o

-5 -

g 2]

o

$

]

é 1
1

Figure 3.3: Shape

(4

—L/(2xe) = 1.0
|/ (2xe) = 0.8
|/ (2xe) = 0.6
—|/ (2xe) = 0.4

L/ (2xe) =0.2

100

»H

U

Eed skin factor, S¢,

Shape-|
=i

e

goLT
WIRN

1
1

10

Dimensionless Length, L,

— |/ (2xe) = 1.0

|| =—L/(2xe)=0.8

|/ (2xe) = 0.6
L/ (2xe) = 0.4
L/ (2xe) =0.2

100

Figure 3.4: Shape related skin factor, Sca , for a horizontal well in square drainage area

(xe/}'e) =5.%



Table 3.5: Shape related skin factors, scpp, for horizontal wells for various well penetrations

and different rectangular drainage areas. ”

L/(2x.)
Lp 0.2 0.4 0.6 0.8 I
(1) xe/ye =1
I 3.772 4.439 4557 4.819 5.250
2 2321 2732 | [/ A7 3.141 3.354
3 1.983 2240, 7437 2.626 2.832
5 1,724 1,891 1.948 2.125 2.356
10 1536 "1 644! 1.703 1.851 2.061
20 1 ;m/ 1.5265' 1.598 1.733 1.930

50 1.4/ A/ Aan = 1586 1.672 1.863
100 .4}/ £ /1458 | 41533 1.656 1.845

i v Y
@xe/ye=2 £ FF 0

e

1 1435 | "d4,';$78 7 thr:5.025 5420 5.860
2 2.8408 73010 ~===3.130 3.260 3.460
3 2380 245% 2610 2730 2.940
5 w9820 20200 | 2.150m g2310  2.545
10 ;;j 740 1.763 1.850 :_J .983 2.198
20 11635 1.651 1720 7 1839  2.040
50 1.584 1.596 1650  1.762 1959
100 572 1,582 11632 1.740 1.935
() xe/Ye7 5
| 5,500 5270 5.110 5140 7. 5440
2 31960 3720 3540 | | [3.65007 ()3.780
3 3.440 3.190 3.020 3020 3.250
5 2.942 2667  2.554 2493 2758
10 2.629 2343 2.189 2155 2399
20 2491 2.196 2,022 2044 2236
50 2.420 2.120 1.934 1925  2.150

100 2.408 2.100 1.909 1.903 2.126
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3.1.2.2 Babu & Odeh ©®

In this method, a horizontal well problem is treated as a problem similar to
that for a partially penetrating vertical well. If a partially penetrating vertical well is
turned sideways, it will result in a partially penetrating horizontal well. Babu & Odeh

- derived the following equation for horizontal well pseudo-steady state flow.

(3.3)

34 |

hdrgnta Y

the ve 7 al.plane
2 %
(A, —'Z&h) ft

e B K 1A 5 W) T e st o

horizontal welﬂn the areal plane. s,5 = 0 when L = 2X,.

ARIANN I lIVITJﬂEJ']ﬂEJ
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3.1.2.3 Goode & Kuchuk

Goode & Kuchuk derived the inflow equation based on an approximate
infinite-conductivity solution, where constant wellbore pressure is obtained by
averaging pressure values of uniform-flux solution along the well length. The derived

equation is expressed as

(3.5)

F is a dimensi  and depends upon y,,/(2y,), x.,/(2x.),
L/(4x,) and (y./x,) in{Tak Y lue of s, is calculated using

(3.6)

It is impo ﬁ?ﬁf_}" ote t thave B,, i.e., the formation

volume factor term. lﬁ:ce, to obta y for su@ce conditions, the B, term '

must be added in the degoainator of equatiw3.5).

AULINYNTNYINT
RINNIUNRINYAE
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Table 3.6: Values of dimensionless function, F, for calculation of productivity of horizontal
wells (Method: Goode & Kuchuk).

5 fle

Y/ (2y,) = 050, x,,/(2x,) = 0.50

Y/ (2y,) = 0.25,x,,/(2x,) = 0.25

b L/(4x,) f— j’;: L/(4x,)
N Y 0.1 0.2 0.3 0.4 0.5 N 1 02 0.3 0.4 0.5
0.25 3.80 211 1.09 0.48 0.26 0.25 9.08 7.48 6.43 5.65 5.05
0.50 3.25 1.87 1.12 0.69 0.52 0.50 6.97 5.56 4.71 4.12 3.71
1.00 3.62 2.30 1.60 1.21 1.00 6.91 5.54 4.76 424 390
2.00 4.66 3.34 2.65 ; 00 8.38 7.02 6.26 5.76 5.44
4.00 6.75 5.44 474 // 11.97 1061  9.85 9.36 9.04

y"./(Zy,) =0.25,x . Yw/(z.va) = 0.50, xw/(zx') =025

Yo lke s ; :._. ) L/(4x,) »

%
¢ 0.1 0.2 L 0.2 0.3 0.4 0.5
0.25 4.33 2.48 g5 6.94 5.98 5.26 4.70
0.50 3.89 242 4.83 4.02 3.47 3.08
1.00 4.47 313 . 450 3.73 3.23 2.90
2.00 6.23 4.91 5.38 4.62 4.12 3.81
4.00 9.90 7.46 6.71 6.21 5.89

»

3.7



23

Figure 3.5 illustrate ' f >d/s | configuration associated with the

analytical solution.

nced PROduction and System
PERformance analy‘ software ace, design and optimization
program which is p of the lntegrated Production Modelling Toolkit (IPM). The
software ca gf ti for horizontal wells.
Reservoir ﬂlﬁ lﬁie ﬁrﬁ Ej wmlﬁfm% odule and the inflow
performance re atlon (IPR) can be generated using IPR DATA module.

QENSIAINSBAINGIE B o e

penetrainon available in PROSPER: Babu & Odeh and Goode & Kuchuk. However,

these two equations cannot be used for deviated wells.
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3.1.5 Inflow Performance in ECLIPSE 100 Reservoir Simulator '?

- In ECLIPSE 100, the inflow performance relationship is written in terms of
the volumetric production rate of each phase at stock tank conditions as a function of

transmissibility, mobility, and pressure difference around the wellbore.

(3.8)

where

Ap.j
m the formation into the
Twj
ij
P; is the nodal pres,surc-m grid blo k containing the connection.
Pw‘ st

H,; s the gll bore pr¢ tﬂgconnection and the well’s

bottom hele-datum depth. P4 H,; is thus the pressure in the well at

Aickibia. i SN T
> WSS S A

grid, thls factor can be calculated by using the formula:

cOkh

In(r,/r,) + s ‘B2

wj =



where

~ kh

The pressurefequivalent
from the well at whlcmthc local pre

25

is a unit conversion factor
(0.001127 in field units, 0.008527 in metric units, 3.6 in lab units)

is the angle of the seg onnecting with the well, in radians. In a

Cartesian grid i | &-’-‘2 ), as the connection is assumed

ess of the connection. For

the geometric mean of the
)1/2

is the “pre ivalent fad block, defined below

is the skin factor -

“‘“’ defined as the distance
cqual to the ﬂdal average pressure of the

block. In a Cartesian grid, we use Peaceman’s formula, which is applicable to

rectangular ﬂ %E]nf}l?ﬁ &}ﬂm‘ﬁa%&]aﬂﬂ ‘§>tropic The vertical

well is assumied to penetrate the fuII thlckness of the block, through its center,

”m"ﬂTW’*’lﬂﬁ’?T?m AN El'la El

1/2 1/2

o) +o5() ]

= 0.28- 74 —

® +@)

(3.10)
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where D, and D, are the x- and y- dimensions of the grid block, and k,and k,, are

the x- and y- direction permeabilities.

In case of horizontal well, the well may penetrate the block in either the x- or

y direction. Appropriate components of permeability and block dimensions are

substituted in equation (3.10) and (3 (Q,?»r a well penetrating in the x-direction, for
1/2

example, the quantities k,, k%

skh = Dy(Kyk,)

3.2 Fundamental of Ski
The idea of ski intre to petroleum industry by Hurst ' and
van Everdingen '?. Th that fora gi e, the measured bottom-hole

flowing pressure w. y. This indicated to them

that there was an addi retical calculation. This is

shown in Figure 3.6.

ged well pressure

EJV]‘EWEJ'mi
’Q"W’Waﬂﬂim RN ENGE

Figure 3.6: Pressure profiles for a well with and without skin. "”

The pressure drop across the skin zone Aps is the difference between the
actual pressure in the well when it is flowing, and the pressure that would have been
seen if the well were undamaged. The skin factor is a variable used to quantify the

magnitude of the skin effect. The skin factor is actually a dimensionless pressure.
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For vertical well, the equation for pseudosteady-state flow can be written in
terms of ideal pressure drop, pr — p,,f'

141.2q,u,B
PR — Pwy = —Tq’;'m[ln(r,/rw) —0.75] (3.11)
where
Pr is the reservoir p

Py is the wellbore |

under the asstin

The skin facto
(.12)
or
3.13)
Since the ideal rop tor pseudosteady-state How it
py - %nnm/m 0.75] G.14)

and - pﬂuﬂﬁl 8 DIWELAES. comes e s

pressure loss pR Pwy in terms of skin factor, which.gives

QW’]@NQ‘;%?MTWIEHQEJ

——22 2In(r,/%,) — 0.75 + 5] (3.15)
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Rearranging equation and solving for rate gives

. kh(pr = Pwy) (3.16)
o= ~ 141.2u,B,[In(r,/7,) — 0.75 + s] .

Skin, s, is the composite of all nonideal conditions affecting flow, the most

' lmportant of which are

Sa

Spp

(3.17)

where

Poes = rcEvoir high-velocity flow term in the region beyond
near-wellbore damage r >,

% A HEIRRAIHEAN G- <~

high-velocity ﬂo% term in the damagcd zone lmmedlately

R IR A AL
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Generally, we are interested only in the pseudosteady-state skin and can
neglect the transience of the skin effect. The composite skin factor s + Dq is usually
calculated from analysis drawdown and buildup test data. Figure 3.7 is shown model
for vertical well with simplified composite skin. The flow converges near the
wellbore due to limited entry creating additional pressure drop called partial
penetration skin. After that fluid flows into the wellbore through the perforated holes
and creates another additional pressure dref)‘fégr called perforation skin. Then the

composite skin results from-total of partlal penctratlon skm and perforation skin.

'L‘a

Fi tguz:é 3 7: Model for simplified composite skz ctor.

3.3 Partial Penetration Skin

In some, cases, wells are drilled or completed through only a fraction of the
total formation.to avoid contact with, the water zone that. may underline the oil or gas
zone or perhaps because of difficultiesin controlling mud ¢irculation in.the pay zone.
A completion arrangement where only limited pay-zone interval is open to production

is referred to as partial penetration or limited entry.

If a well has limited entry or only partially penetrates through the formation,
the flow cannot enter the well over the entire producing interval. Consequently the
well will experience a larger pressure drop for a given flow rate than a well that fully

penetrates the formation. This geometric effect gives rise to the partial penetration
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skin effect. It is often useful to estimate the size of the partial penetration skin factor,

since it can be subtracted from the apparent skin to determine whether the well is
actually damaged.

= ETeRaN W T P IS S5
== o . \\ ‘ -
_______ S5/ wa BTl ‘»
X L
e pitt !
B ok B + —
AR
- —— > i
[<T e - = 1
b — 3
B 3
Potentin . n '  Po al B i U o 5
Flow M - ;g'-._-';‘l-‘ \ w s
Figur o108 0 1av o1 € enny_ (14)
e v
iﬂf,, \
J‘J._-ag 'f 7 R
,tqm‘
1 ’. > Ly b . .
The general charagteristics Q:ﬁ" vell with | entry are shown in Figure
e

3.8. Flow lines converge fro n interval, gradually changing

. B e of the deformed flow path and
localized pressure gﬁlgﬁm al, lower wellbore flowing

An important Eture pa on is tha&p is always positive, that
is, limited entry always reduces the productivity of a well.

AUEINENINGINT
RINNINANINYAY
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3.3.1 Partial Penetration Skin for Vertical Well

Brons and Marting ") suggested that the effect of partial penetration and

limited entry can be expressed as a skin factor. They gave the simple relation
Spp = (1/b —1)[In(hp) — G(b)] (3.18)

where

b = fractional

hy = dimeM

The analytical expressi , an b ol ’ _ by algebraic manipulation of

(3.19)

The value ‘Lp' p depends on the placement of th " The three types of

¥ |

limited-entry config

1. A well pene ting the top of the formation m

R R R

3. A wéll with open mtervals equally spaced along the entlrc height of the

ammmm UA1INYAY
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Figure 3.9: Partial peneiration‘and three gez]imetries of limited entry, (4) Well only partially

penetrating formation, (B) Well proéiucing“jf;’bm only the central portion of productive

interval, and (C) Well with ;everql intervals open to production.
) T _

dd

(1)

From the example in Figure 3.9;f!:-fo:! each case the value of b remains

unchanged, but hy, is different for each confj@%ﬁtion. For limited entry starting at the

top of the formation, total formation thicknéﬁé—’h} is used to define hj. If the well is

open at the midsection of the formation, h/2 is useci_ to define hp ashp =

(k/k,)%>(h/27,). Fér N sections of open interval located symmetrically about the

middle of the formation, with equal thickness and equally spaced, the correct

expression for hy is (k/k)%°(h/2Nr,).

3.3.2 _Partial Penetration Skin.for. Horizontal well

For horizontal wells, there is only Babu & Odeh equation that can determine

partial penetration skin directly. In order to find partial penetration s,, we have to

determine the extra pressure drop caused by partial penetration.



3.3.2.1 Determination of Partial Penetration Skin by Babu & Odeh Equation

As mentioned before, the value s,,, accounts for the skin factor due to partial
penetration of the horizontal well in the areal plane. s,, =0 when L = 2x,.
IfL < 2x,, then the value of partial penetration skin factor s,, depends upon the

following two conditions:

Case 1. 2y./\[ky = 1.5, /Jle. 5 0750/ [k,

. _
Case 2. 22, ) ke>2.66Y, /[y >>1.33h/ &,

It is assumed that 2x; and 2y, v/'ill be orders of magnitude larger than h so
that h/,\[k, is always léss tbat W4 ‘/_ aﬁdJer / J— If this does not hold, the exact

solution shows that thefe will be no prod?’ctlwty advantage in drilling a horizontal

well in place of a verticalwell.

." <

e

' F ’¥ £
Al wdlla
Case 1: 2y, /.[k, = 1.5x /\/ki5>8.75h /A [ley

As stated previously; sy, = 0 When L = 2x,

ol

A
-

Sup = Poya TIPS s (3:20)

Here, the Py, c;)mponent is a result of the degree of penetration (the value of
L/2x,), and the,P";, componerit is a'result of the location of'the‘well in the x-y plane.
The skin component resulting from the z location is negligible and is ignored.

2x,

P —( 1)[1 N dbid. &K ( 1800"”) 184]
vz = (T 3 40256 NI (sin &5 | (G.21)

2(2x,)?
Play = (L—j,cl) Vky/ke {f () + 05[f (1) — fF)]} (3.22)
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where f represents a function. The terms in parenthesis after f are their arguments

defined as

(3.23)

Additionally, pressure com f V/ made at the mid-point along the well

(3.24)

The evaluatiq/ and. f(y,) depends on their arguments,

[(4xy + L)/ (4x,.)] If the arguments,

(yyory2) <1,theup w1th Y1 or y,. On the other

fO) = 2 - )01 454i(2 )<=0.137(2 - y)*] (3.25)

where y=xory : :
27 R

Case 2: 2x,/ \/—— yt';_;

| Peys + P, + P ' (3.26)

guidngnineany,
’Q maqnim W‘I']’Jﬂiﬂﬂ d

96.28(2x,)? ,/'—k k
2yeh [{3 2xe er) } * 48x, (2—x: - 3)] (3.28)

2x, 628(2ye) 2 .
b= (L f [3 Zye 2y,_, ] B2

- for [min{y,, (2y. — yw)} = 0.5 y,]

¥y
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3.3.2.2 Determination of Partial Penetration Skin by Pressure Drop

Since there is only Babu & Odeh analytical equation can determine partial
penetration skin factor, s, directly, so partial penetration skin factor from other
methods (Joshi et al., Goode & Kuchuk analytical equations, PROSPER software and

reservoir simulator) can be determined by the extra pressure drop calculation.

The extra pressure drop %c of the partial penetration well can
__»-{-—

be determined by:

(3.30)
where Ap,,, is the extra frop from fully penetrating
horizontal well and Ap,, netrating horizontal well

The pressure dr determined by the inflow
performance equation whet€ Ap = ppi=— py
Then s, is caculat:
for vertical and slightly devnated
(3.31)

for horizontal and hlghlyg%ated well:

ﬂuﬂanaMQ%ﬂﬁﬂﬁ -

o = 14‘2‘10 oMo

ARIANNIE {[HIAINYIA

Note that this partial penetration skin factor calculation is based on Babu & Odeh

equation then the values obtained are use for comparison only and cannot applied in

other analytical equations.
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3.4 Deviated Skin

®) studied steady state flow in a reservoir

Roemershuser and Hawkins
producing through a fully penetrating slanted well by using an electrical model. They
considered a circular reservoir of finite extent and concluded that the slant of fully

penetrating well causes an increase m ell productlwty compared with a vertical
well. The increase in well produqtrﬁ the decrease in the resistance to
flow around the wellbore due crease&ucmg interval area exposed to
flow. This increase in we

Wlty dlc@lly penetrating slanted well

creates a negative skin effe

Cinco et al. © "fand-Roger: anmides ® have developed

correlations to determin et al.® defined this version of the
skin factor as functions of dev ionless thickness
S = _( (3.33)
For 0° < 6., < 75° and 6., = aﬁa\/— i
A
Later, Besson.*"" studied died performances and horizontal wells using

the definition of a geo trical ski ained @} following correlation of

skin for slanted wells:

ﬂuﬂ?yﬂﬂﬁwﬂﬂﬂi

Us, =
56 n 4rw1+uy

YWIANT MNYIAY

where a'= \[k,/k,,andy = [cos? 6 + %sin2 ]

(3.34)

More recently, Rogers and Economides  presented a correlation for skin

factor to account for slant of deviated wells:

sin @ 1.77 h 0.184 k
Sp = —1.64( )" (ho) for |[— <1 (3.35)

( m) 0.821 kv
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and

in 0)587 (h,.)0-152 X
(sin 8)>%7(hp) for |¥hsq | (3.36)

(m)osu : kv

Sg = —2.84

- where hp = h/r,.

Since the zero degr iomi v@and the 90 degree of
\ \ es of deviation into two

deviation is horizontal
kinds of deviated wel

A well with inted well, The tnflew

and skin factor for this ~ od to those for vertical

wells.
A well with 75° j shly deviated well. The inflow
and skin factor for this type }} fa v o pared to those for the horizontal
ket d e
wells. -

7375 7%

._y
ﬂUEJ’JVIEJVﬁWEJ’lﬂ'i
Qﬁqﬂﬂﬂ‘iﬂd umqwmaa



CHAPTER IV
RESULTS AND DISCUSSION
- The effect of the pressu[e\ the horizontal wellbore caused by
partial penetratlon in the re is analytical equations, PROSPER

software, and reservoir smuhﬂon— eﬂypomxrvmrs and well models were

constructed using E ‘Numerous sim ns investigating different

parameters were run
reservoir and well p

each parameter. The r SI0 rtjg, and reservoir properties

L tration skin factor using
posed by oshi et al., (2) lﬂu & Odeh, (3) Goode &
Kuchuk, and é&) PROSPERS software. A simple reservoir geometry as shown in

u’&L '%i'%qﬂfﬂ %]1‘51 Weﬂ r}mﬂ ﬁ: effect of different

parameters on SKin factor, we vary re‘servmr thlckness permeablllty ratio, well length,

NS INBTRY =

rese is study

analytical equations

Figure 4.1 is



Reservoir dimenSion, 2x,

Reservoir dimensi

Permeability, A

Horizontal.we

Fully dpﬂweu

20% partial penetration well

ﬁ%@@%ﬁ%i

0% partial penetration ‘gveu

ATIRIATRN

Oil gravity, °API

ouration.

case studies

nd
-
L

,.‘."

000 ft L:]
@.1000 ft
HHINI

3000 ft

TR

15, 30, 45, and 60°API
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The partial penetration skin factor determined by Joshi et al. and Goode &
Kuchuk analytical equations can be obtained by pressure different between two cases,
fully and partially penetrating well model. First, we calculate (pR - pwf) from both
fully and partially penetrating well models, and then subtract the pressure drop of
partially penetrating well models by the pressure drop of fully penetrating well

models to obtain the extra pre by the partial penetration. Finally, the

partial penetration skin factor

ssure.d ,
n be dete uation (3.32). Figure 4.2 shows
&engatid ctor from analytical equations.

the flowchart for determine

Note that partial p bu & Odeh analytical equation
can be determined by (1)s€algtilats abu & Odeh equation in section 3.2.2.1 or
(2) calculate the extra ppeSsure/drop s ! . and Goode & Kuchuk

analytical equations.

AU Eﬂs«wﬁmnwmﬂ s
A AROSAENAE RN A Y

additional pressure drop using equation (3.32)

Figure 4.2: Determination of partial penetration skin factor from analytical equations.
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The partial penetration skin factor determined by PROSPER software are also
obtained by pressure different between two cases, fully and partially penetrating well
model. First, we calculate pressure drop (pR - pwf) from the well performance for
both fully and partially penetrating well models in order to see the extra pressure drop
caused by partial penetration. Then the partial penetration skin factor is determined by
. ' age skin into the fully penetrating well

ressure drop is matched with that
éB shows the flowchart for

adding the number of skin as ps

model. We adjust this valu
from the partially penetr:
determined partial penetiati

BHP histories match

The partially penetrating skin factor is cbtained. |

Figure 4.3: Determination of partial penetration skin factor from PROSPER software.
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This section aims to compare the effect of the pressure drop caused by the well
which partially penetrates into the reservoir. The base case is set and compared with
various cases. Table 4.2 shows the details of each case. All cases study the effect of
different parameters. Cases 1 and 2 focus on the reservoir thickness. Cases 3 and 4
study the effect of anisotropic ratio (k,/k,) by changing it 1 to 0.01 and 0.1,
respectively. Cases 5 and 6 study the effect of the wellbore diameter. Case 7 to 9
study the effect of fluid properties, where B,{ and ., are changed as oil gravity (°API)

h d.
change 2

o P o \
/{able LE: dftails of each case.
i . - |

AS¢ “‘,‘B_asé 4 1 2 3 4

/ 5¢
Reservoir thickness,(y)() / [ "IOO-g L \ 5 *250 100 100
IV A RN
Permeability, k./ ky F | S W 1 0.01 0.1
¥ o
' =

Horizontal well diame "'5.875“?[ 5875 | 5.875 | 5875 | 5.875

4 ;.-JJ.
= 30 =30 30 30 30

ke T

Oil gravity, °API

N Case| 3 6 /7 8 9
Reservoir thickness, / 100 | 100 | 100 | 100 | 100
Permeability, £/ k;,“;__i 1 1 f" 1 1 1
Horizontal well di;neter 3.625 Y 8.5 _;.875 5.875 5.875
Oil gravityy®API 30 30 ’] ﬂ ‘j 45 60

The ‘results ofiall cases are shown in Figures 4.4 /to 4:13 as a comparison
between the calculated results of three analytical equations: Joshi ef al., Babu & Odeh
and Goode & Kuchuk and results determined by PROSPER based on Babu & Odeh
equation and Goode & Kuchuk equation. The results are plotted as partial penetration
skin factor (PP skin factor) versus percentage of the horizontal well partially

penetrated into the reservoir (%penetration).
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100
80
S
E 60 === Joshi equation
£ == B&O equation
w40
a —#=—G&K equation
20 B&O PROSPER
== G&K PROSPER
0
0 100
or base case.
200
160
S
S 120 === J0shi equation
G
_% =fr=B& O equation
w80
& == G&K equation
40 e B& O PROSPER
‘j —8—G&K PROSPER
0

QRN i 1IN 6

40 ¢ 60 £80 100 @J

Figure 4.5: Partial penetration skin factor for case 1.



60
50
;‘-’; - \ —¥=Joshi equati
oshi equation
[
e 30 ‘\ =gr=B&O equation
=
w
& 20 : =4 G&K equation
10 == B&O PROSPER
== G&K PROSPER
0 ,
—— o —
Fi 4. penetratior, or case 2.
4
- '!.—i L
‘&. [J-" \
-7/
- Kff
&EFJ”
e
i i o iR
350 15;__ (2l
300 e T
5 250 e — -
1.."5 200 ) === J0shi equation
L =t
S‘E 150 in =g B&O equation
]
& 100 - —#=—G&K equation
“ o L/ ——B&O PROSPER
i ‘j —8—G&K PROSPER
0 |
20 ¢ 60 100

Figure 4.7: Partial penetration skin factor for case 3. *

*Joshi equation cannot determine partial penetration skin factor for 20%
penetration. Small value of anisotropic ratio (0.01) and small value of reservoir

thickness (50 ft), cause the dimensionless length L, to be less than 1, which is the

minimum range of Lp.
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160
120
S
§ === Joshi equation
-
s 0 & B&O equation
]
a =4=—G&K equation
0 e B& O PROSPER
= G&K PROSPER
0
100
Fi 4 j _ r case 4
, od 4 .
F i
3
100 Rt o
LEoIIIN Y
80 -
5 |
S 60 === Joshi equation
—
£ —a&—B&O equation
v 40 —+
s —#—G&K equation
20 e B& O PROSPER
ﬂ U EJ ¢ p EEL

awwmnmummmaﬂ

Figure 4.9: Partial penetration skin factor for case 5.
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100
80
S
S 60 == Joshi equation
L
.T‘: =fr—B&0O equation
w40
& ——G&K equation
20 B&O PROSPER
== G&K PROSPER
0
0
Fig Wiy, Az a ki for case 6.
- gl'l '.['.- -
P =
3
; . ;.- :::
100 e
AN,
80 =~
S . .
E 60 === Joshi equation
8 :
£ ] 'ﬁ @ =gr=B&0 equation
40 : —
§ > ) —f=G&K equation
20 ot ‘a - = B&O PROSPER
ﬂ u ’J m '] T]J‘j —#—G&K PROSPER
0 qi

0 ¢ 60 230 100 o

RN INAINENA Y

Figure 4.11: Partial penetration skin factor for case 7.
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100
80
S
S 60 == Joshi equation
e
§ —dr—B&O equation
w 40
& == G&K equation
20 B&O PROSPER
3 == G&K PROSPER
100
or for case 8.
100
80
S
S 60 === J0shi equation
o
£ == B&O equation
% 40
a =—#=—G&K equation
20 B&O PROSPER

0

i = G&K PROSPER

a'-‘

QRN IR INYIAY

Figure 4.13: Partial penetration skin factor for case 9.
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The results from all cases show that the relationship between partial
penetration skin factor and the percent penetration are in the same trends. The value
of partial penetration skin factor determined by Joshi equation is almost the highest
value and the partial penetration skin factor determined by Goode and Kuchuk
equation is the lowest. Note that, in some cases, Joshi equation cannot determine the

PP skin factor due to the limitation in the low percent penetration.

The partial penetration skin facios$ increase as the percent penetration
p S5 i p

decrease because the li etween wellbore and reservoir,

and the converged flo

For ease of artial penetration skin factor

study using reservoi penetration skin factors in
order to represent th slots as a comparison of each

parameter. The plots o P ratic in factor are shown in Figure

200

160 -
S
g 120 -
§ o =—#=Base case (100 ft)
& == Case 1 (50 ft)

40 === Case 2 (250 ft)
%penetratlon

Figure 4.14: The comparison of the average partial penetration skin factor from all methods

for different reservoir thickness.
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Figure 4.14 shows the comparison of average partial penetration skin factor
for reservoir thickness 50, 100 and 250 ft. The results illustrate that the thinner the
reservoir, the higher the partial penetration skin factor. Additionally, it is also

important to note that thick reservoir have more reserves than thin reservoir.

200 Ay
\\:\WW
160 - k _‘fh"ih ‘ A
\ T — . .
; = | S=
g 120 —
£ ‘ ‘//ﬂim\\ —&—Base case (kv/kh = 1)
v 80 - I,
& ... i/ ﬂ‘ﬁ“ —#—Case 3 (kv/kh = 0.01)
0 ',‘ lﬁiﬁ\\\ == Case 4 (kv/kh = 0.1)
4 I/I "‘“\\\\
0 ‘, +
0 Z ' )
Figure 4.15: The comparison _41 ¢ _, : L penetration skin factor from all methods

10S.

Y N

Figure 4.15 sﬂws the comparison of average ﬂmal penetration skin factor

for reservoir a ﬁﬁ ﬁ)ﬁ ﬁwm EI:I ﬁ strate that the partial
penetration s c ratio. A decrease in
vertical permeablllty results in an ificrease in vertigcal-flow resistance and decrease in

b e\ e ok e 8

hi gher



50

100

80
g
8 60
5 =4#==Base case (5.875in.)
w40
& - Case 5 (3.625 in.)

20 === Case 6 (8.5 in.)

0
0 20

Figure 4.16: The compa#iso /; ,»\‘: n skin factor from all methods
e

1€ ¢ well dia

yjerei ele \5\.
7
omparis a \ age partial penetration skin factor

Figure 4.16 show.

for well diameter of 3.625, 5.87 P% 5 inches. The results depict a little difference

between the cases.

100

80

60 -

ﬂ i—.—Base case (30°API)

~8-Case 7 (15°AP)
. 1 ﬂ'_'] a ) ) & ' ' e 8 (45°API)
Q‘Io T : L ’] ﬁgleQ(GO'API)

0 20 40 60 80 100

PP skin factor

%penetration

Figure 4.17: The comparison of the average partial penetration skin factor from all methods
for different oil gravity.
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Figure 4.17 shows the comparison of average partial penetration skin factor
for oil gravity of 15, 30, 45 and 60 degree API. The results show non to little
difference between the cases. In summary, partial penetration skin factor is sensitive
to the reservoir thickness and permeability anisotropic ratio but is not sensitive to

wellbore diameter and oil gravity.

The hypotheticB reservo
horizontal well in the mi‘idlc of the Y-Z pla&r penetrating in the X direction. Since

the partial pelﬁ ﬂ m ﬁ dﬂ e‘gop caused by flow
restriction of t e nearby grl s around the honzontal well are refined as very
“ARAINTUNNINGAE

ple recﬁugular reservoir with one
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Reservoir model

The reservoir with the drainage area of 5,000 x 5,000 ft is divided into 100
columns in the X direction and 51 rows in the Y direction. The X grids are equally
divided into 50 ft each. The Y grid block dimensions are exponentially increased
away from both side of the horizontal well. The vertical interval is presented by 51
layers. The 100 ft thickness was equally distributed except the middle grid which is 1
ft thick for every case in order to place the hofizental well. The 3-D view of the actual
simulation grid is illustrated i Figure 4.18~The reservoir was assumed to be
homogeneous with 15%.perosity. Table 4.3 gives the reservoir variables used in the

study.

Figure 4:18" 3-DView of the actual simulation grid.
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Table 4.3: General reservoir variables for case studies.46

Reservoir dimension, 2x. 5000 ft

Reservoir dimension, 2y, 5000 ft

Reservoir thickness, A 50, 100, and 250 ft
Permeability, k/ ky, , 0.01,0.1 and 1

Porosity, ¢

Total compressibil

’,// 15%
Ty 3107 psi"

Datum depth

Initial pressure (@ 3 2500 0 ps

Reservoir temp I; \\
Horizontal Well Model

The type of completi n this simulation study is open-

hole completion. The horizonta is'] direction which is equally divided into
T 3

100 grids for easily adjusting the"' ell model. The well is placed in the

middle in each direction. The bottom hiole p U at the middle of the reservoir. In this

of the reservoir width. For
example, Figure 4.19 illu = 5,000 ft) and Figure
4.20 illustrate 60 % pgially penetrating well = 3,0@& 2x, = 5,000) Table 4.4
gives the well conditions va‘i:ﬂas used for theseudies

ﬂ‘lJEJ’JVIEJ'ﬂ‘ﬁWEJ’]ﬂ‘i
QW’]@NﬂiﬂJ UA1AINYAY

study, the partially penetr



Table 4.4: General well conditions for case studies.

Horizontal well length:
Fully open well 5000 ft

20% partial penetration well 1000 ft

40% partial penetration well 2000 ft

60% partial penetra\ ‘Hy
80% partial p v
———
Horizontal WP -
Minimum B -

g

9 ‘W'}ﬁ INIAUURITNLINY
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Figure 4.20:_Partially, penetratéd well completion (60% penetration).

r

it

Fluid Properties _ I;' J

The initial fluids/in the reservoir con51st of oil and water. The initial water
saturation is equal to 0.2 as conndte water: The type of oil used in the study is dead oil

with oil gravity of 30°API. — -

Simulation Study -

All reservoir simulation is run with a productiori rate of 1,000 BPD, and the
economic limit of 100; BPDy The bottomhole pressurerhistory for each partially
penetrating well ‘model is” obtained from' the "simulation” and compared with the
pressure history of the fully open well model in“order to see the ‘extra pressure drop
caused| by partialy penetration. ‘Thensthe partial penetration skin is_determined by
adding the number of skin as pseudo-damage skin into the fully penetrating well
model. We adjust this value of skin factor until the pressure history is matched with
that from the partially penetrating well model. Figure 4.21 shows the flowchart for
determined partial penetration skin factor from reservoir simulation. Figure 4.22
shows the bottom hole pressure histories obtained from 60% partially penetrating well

and fully penetrating well without skin. The skin factor is adjusted until the pressure
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history of the fully penetrating well with skin is matched to the 60% partially

penetrating well. After a few trials, the value of skin factor is found to be 14.3.

Run reservoir simulation of fully penetrating well
mede! (simulation 1),

hoose a new skin
 factor based on the
pmparisen of BHP
histortes.

P histories mismatch

9
U

gIN3

Figure 4.21: Determination of partiakpenetration skin-factor from resenyoir simulator,

AMAIN UM INETR
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well, fully penetrating

Case Study for Simulati

In Section t |
anisotropic ratio ha\g significa

mdﬂ 4
Figure 4.22: Comparison of ba g DFe

= fully penetrating well without skan

— 60% partial penetrating well

)

en 60% partially penetrating

trating well without skin.

53"‘ hickness and reservoir

on partial @wtration skin factor while

wellbore diameter and oil gravity do not. Then, the cases to be studied in this section

are the base oﬂ: % Ej ’J w EIJ ‘H:? waﬁj ’}eﬂ ‘iwewed in Table 4.5.
o W Gk @@W WVJ »'lﬂaﬂﬂ@ EJ

Case 4
Reservoir thickness, /4 (ft) 100 50 250 100 100
Permeability, (k,/ ky) 1 1 1 0.01 0.1
Horizontal well diameter (in.) | 5.875 5.875 5.875 5.875 5.875
Oil gravity, °API 30 30 30 30 30
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Figures 4.23 and 4.24 shows additional pressure drop due to partial

penetration and partial penetration skin factor for the base case, respectively.

80

(<2}
o

F@gg\ o
//// “\$\

0 WE

N
o

additional pressure drop
D
[ =)

Figure 4.23: Additional pres }. -a-'.-'-:; a penetration for the base case.

8 Y

-—$-—Base case

0 20 40 60 80 100

% penetration

Figure 4.24. Partial penetration skin factor for the base case.
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The results from all cases are shown in Figures 4.25 and Figure 4.26. The
comparison between different reservoir thicknesses and anisotropic ratios show the

same trend as those obtained from the analytical equations and PROSPER software.

160 ‘
140 \ *
_ 120 -
€ 100 ‘
& -
£ 80 - Base case (100 ft)
“ 60 - ‘&JL . -
& == Case 1 (50 ft)
91 = Case 2 (250 ft)
20 | -
0 e -
0 5 []
é&r
enetra
L
Figure 4.25: Partial penetrati 7 1c1 7 d from reservoir simulation for
[ L S L
different reser cknesses.
£ j—f'jd'._y. il
Figure 4.2 dal penetration skin factor
for reservoir thickneg 50, : - results@lustrate that the thinner the

reservoir, the higher @eﬂartial penetration skin factor. Additionally, it is also

important to ﬂeﬂt&l@e%ﬁ %ﬁ’%ﬁﬁ tﬂ11§in reSErvoir.
RINNIUUNIININY



250 \

200 \
S
S
8 150
£ ——Base case (kv/kh = 1)
v 100
& —@~—Case 3 (kv/kh = 0.01)

50 == Case 4 (kv/kh = 0.1)
0
0

Figure 4.26: Partia reservoir simulation for

Figure 4.26 show. Sompariso of average partial penetration skin factor
C l. q;

0 the anisotropic ratio. A decrease in

1e results illustrate that the partial

for reservoir anisotropic ra

penetration skin factor is t
vertical permeability results in-an increase ical-flow resistance and decrease in

oil production rate. ;--—ﬁ-—"r_-T—“? ------- :_ ‘ e pressure drop must be

higher. ,-'ii
ﬂUEJ’J‘I’IEWl‘iWEJ’lﬂi
Q‘Wﬂﬂﬁﬂ‘iﬂd 1NIINYIAY
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e Y\

evelop, énf[oﬁase" ase with fully penetrating well model

v
s sddd \
J ‘4 ; 3
abb - f;ﬁf;
gorenr 0 0N
LN N
R
1 .
— -

[ =1

Pressure (psia) Pressure (psia)

2450 2497 2437 2502

Figure 4.28: Pressure development for Base case with 60% partially penetrating well model
(h=100ft, k,,/kp=1).
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Figure 4.27 illustrates a snap shot of pressure development for fully
penetrating well model; the pressure develops as linear flow towards the well from
both vertical and horizontal flow. Figure 4.28 illustrates pressure development for
60% partially penetrating well model. For horizontal plane, the pressure develops as
elliptical flow toward the well. For vertical plane, as the pressure flows from above
and below the well try to develop as flow towards the well. However, there is
high pressure zone existing both % 11 and create converging flow. The

converging flow causes t ssure w as partial penetration skin.

Figure 4. 29FTT1 ﬁ\?‘twvﬁrﬁj %ﬁ pTﬂl)lﬁznetratmg well model
AR ANNIUNRIINYAY
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the side view of Fi 1g_aire 4.29, tb’ex‘é is mbre ; 'f ssure differences between the edge and

the middle of resei’p"" e-casesof - 100 and 25 0-ft in Figure 4.28 and Figure
4.30. Figure 4.30 shows the pressur de closely to linear flow.

We can presume _t that thin resewir has strongly effect to the partial

penetration 1ﬂ %E:jl (\}l%ﬂaﬁ ﬁ' I{W ﬁ&l rfs]:ﬁjlr The thin reservoir

has stronger éffect from vertical ﬂow and reduces the effect caused by partial

"“‘CW'] ANNIUNRIINYIAE



2440 2498 2450 -~

Figure 4.32: Pressure development for Case 4 with 60% partially penetrating well model

(h=100fi, k,/kp=0.1).
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Figure 4.31 and 4.32 illustrates pressure development for 60% partially
penetrating well model with anisotropic ratio, k,/ky, of 0.01 and 0.1, respectively. As
we can see, Figure 4.31 has pressure differences between the edge and the middle of
reservoir than the base case (k,/k,= 1) in Figure 4.28. The results illustrate that the

partial penetration skin factor is the reverse variation to the anisotropic ratio. A

ﬂUEJ’JVIEmTWEJ’Iﬂi
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4.1.3 Comparison of Partial Penetration Skins Determined from Analytical
Equations, PROSPER software and Reservoir Simulation

From previous section, we determined partial penetration skin factor using
different methods. The results from analytical equations and PROSPER software are

then compared with those obtained from reservoir simulation. The coefficient of

"
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-
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& nt
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" é:.-- ) i)
a R2 = 88.50 %
d 100 5, 1 P 1 |
S 100 st
\2

) =
j 0 50 100 150 200 250+ 300 350

‘o oshi equ in facto

f

Figure 4.33: &lmparison of partial ‘L?netration skingctors determine@y Joshi equation

RN TUINIINLIA Y

*Joshi equation cannot determine partial penetration skin factor for 20%
penetration. Small value of anisotropic ratio (0.01) and small value of reservoir
thickness (50 ft), cause the dimensionless length L, to be less than 1, which is the

minimum range of Lp.
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Figure 4.35: Comparison of partial penetration skin factors determined by Goode & Kuchuk

analytical equation and reservoir simulation.
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Figure 4.36: Comparis
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Figure 4.37: Comparison of partial penetration skin factors determined by Goode & Kuchuk

available in PROSPER and reservoir simulation.
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The values in the circle are the skin factor for the case of k,/k, = 0.01 with
20% partial penetration. Since these values are quite off the 45 degree line, we can
presume that all analytical equations (Joshi er al., Babu & Odeh, and Goode &
Kuchuk) and PROSPER software have a limitation when anisotropic ratio is very low

and the well penetrates a small portion of the reservoir.

Table 4.6 shows the summa f icient of determination (R?) of the
45 degree line. The results also sh 7 artial penetration skin factor
determined by Goode & huk ,nalﬂicalﬂ\as the highest R? value of
98.59%. Goode & Kuc i
85.07%. We can con
from Goode & Kuc

has the lowest R? value of
ation skin factor obtained
hile Goode & Kuchuk
equation available in c when compared with those

obtained from reservoir si

Table 4.6 Summary of 1 ".... ' d o lior (RJ) of the 45 degree line.

Methods - £eTRIA Y ficient of determination (R?)

e e

i 3

Joshi equatiori+ - o ' %

»N8 . 0
Babu & Odeh equatio 17.29 %
Goode & Kuchuk e}uatlon 98.59 %
Babu & (B Nﬂ“ﬂF‘FIEJ‘ﬂ'B'WEJ’!ﬂS‘J
Goode & Kuchuk in PROSPER 85.07 %

’QW']&NﬂiELJ NAANIAG



70

4.2 Deviated Well Partial Penetration Skin

In order to determine the effect of partial penetration on the inflow
performance, we can use the analytical equations or PROSPER software which is
available for vertical and horizontal well. In this section, we determine the effect of
partial penetration for deviated well which cannot be determined by PROSPER
software. The main parameters for the ‘base case in the previous section are also

studied in the deviated well model. ' ’/ {—-’

In Section 4.1, we-used ECLPSE 100 reserveir simulator to determine partial

; : - , ! - : .
penetration skin for hofizonial"wélls, In. this section, we apply the same concept in

order to determine the 1al pen‘etr%tion skin factor for deviated well. A new

reservoir model was inoder to construct the deviated well model. In order to

study the effect of partial pén ion.on deviated wells, various degrees of deviations

'fércnt dc;ré'.es of deviation into two kinds of deviated
Al idd

well. The first one is slightly deviated well, and another one is highly deviated well.

(s -
4.2.1 Determined of the Degree of Deviation for Studying
AT, feJ s e
-

1s vertical well and the 90 degree of

-

Since the zero degree_ of deviatio
deviation is horizzj;@l well, we selected the degree of_lﬁ, 30, 45, 60 and 75 for

constructing the devieﬁéd well models. We defined the well deviated within this range

as a slightly deviated well.

Deviated well

Figure 4.38: Configurations of a slightly deviated well.
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¢ ’/’ A"“"“‘\x .
,‘ /759 ]
/ 4 ) N S i
/ \\“\_...//
e =

n=100 ft T~

Figure 4.38 1
lillustrates the confi

deviated well. Figure 4.39
a 5,000 x 5,000 ft* and 100

7 ess and length. The length of the
deviated well prowﬁngm X-ax

is determined by an aieta

jF\the degree of deviation, €
00, 4000 and 5000 ft are

selected in order to- ‘igure 4.40 illustrates the

uy i , - !
ﬂ;hly deviated well and the deﬁmgn of L;.

configurations of the

AU InaNINNg

aWTﬁﬂTﬁunﬁﬁ?ﬁﬁﬁmg—***

9 Figure 4.40: Configurations of the highly deviated well with L, = 1,000 ft in the
5,000 x 5,000 fr and 100 ft thick reservoir.
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4.2.2 Partial Penetration Skin for Slightly Deviated Well

Deviated wells with the deviations of 15, 30, 45, 60 and 75 degree are
modeled in a reservoir with the same properties as the base case in Section 4.1 by
using ECLIPSE 100 reservoir simulator. The partial penetration skin factors for

different degrees of deviation wer termined and compared with the partial

penetration skin factor for the v

Reservoir Model for

00 ft used in Section 4.1 is

51 x 40 blocks for X, Y

The reservoi
used as a reservoir

x well was calculated. Two
eled tc \\ the range that the deviated
I ing X grids are equally divided.
'\."“' away from both sides of the
distributed for 40 blocks. The 3-D

and Z direction, resp
middle blocks in the X
well go through. The
The Y grid block dimen
deviated well. The thickness -
view of the actual snmulatlo fé&;, uhl ‘ 1 in Figure 4.41. The same reservoir

properties and producti are used.

ﬂ‘lJEJ’J“fIEJﬂ‘ﬁWEJ’]ﬂ‘i
QW’]&Nﬂ‘iﬂJ UA1AINYAY
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Figure 4.41: 3 % h actual szgtulqtion grid for slightly deviated well.
il 1"'1

Ty E .-'l"-l ;
"

Slightly Deviated Well

The two middle blocks m—the X dnzschon cover the whole length of the
slightly deviated well prOJectmg-:'cm the X"Ja-xrs.‘Then the X dimensions of these
blocks depend on ‘t-hg, degree iati le, the length of 30-degree of
deviated well prOJec{mg on the X axis of the 100 ft th+e~l€ reservoir is 57.75 ft (=
100 * tan 30°) as shown in Figure 4.42. Then, the X dimension of each block is
28.87 ft. In order to place the deviated.well.in these two, blocks, these two blocks are
locally refined into120.blocks using.Lacal Grid Refinement (LGR) method which is
available in ECLIPSE 100. Since wercannot model.the deviated well,as a straight line,
then the deviated well is/placed as a zigzag line into the refined grids'” in order to
represent the completion of deviated well. Figure 4.43 illustrates the deviated well
model. The reference line is an indicator of the center of the reservoir and a marker

for places the well and deviates to both sides. The fluid properties are the same as the

base case in Section 4.1.
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Figure 4.43: Well model for 30 degree of fully penetrating deviated well.
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We can determine the partial penetration skin factor for slightly deviated by
(1) matching the pressure histories for the fully penetrating deviated well with skin
with that for the partially penetrating deviated well as same as the method used for
horizontal well (2) determine the total skin factor (s;) then subtracting by the skin due

to deviation (sg) to get the partial penetration skin factor (s, ). Figure 4.44 show the

kin factor by matching the pressure

e partial penetration skin factor

o h
Rum reservoi atialiy
| mode! uletﬂds}h
Lo,
Compare B aifed
simulations 1 and 2, and.
guessad value
AT
Runre =
se a new skin
based on the
comparison of BHP

o histories.

JE - Nl et

BHP mstornies mismatch

PRSI N8 Y

BHP histories match

The partially penetrating skin factor is obtained.

Figure 4.44: Determination of partial penetration skin factor from matching pressure

histories.
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Calculate total skin factor, s

!

Calculate deviated skin factoe, s,

Case study for simulatio

The reservoir’ this ‘stud 100 ft. Different well
configurations are studiec : | e partial penetration skin factor for
different degrees of deviation reentages of partial penetration. Table 4.7 shows

the general well dimensions fg@?st \ i_;’ gure 4.46 illustrates a skin factor for a

I |
Table 4.7: Generagvell dimensions for case studies with reservoir thickness 100 ft.

L1 o/
1 fJ 1{] p t ?gth L (ft)
Degree of d'c“atlon, "~ Fully " 20% 40% 60% 80%
= &

RN U’ ﬂoﬁl']éﬁﬁl 80

B 15° e 100.14 | . . 102.27

30° 115.47 100.66 102.63 105.83 110.15
45° 141.42 101.98 107.70 116.62 128.06
60° | 200.00 105.83 121.66 144.22 170.88
75° 386.37 124.78 179.68 | 245.24 314.87
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Reference Line

___,..--‘

Figure 4.46: Wel, /! for 30 deg; ce, of 60% partially penetrating deviated well.

Determination of Pal/ eubtratlon Sf{‘in Factor

As mentioned in Chgpterj,-.-there _a:fg:?a equations for calculating the skin due
to the deviated well, Cincg ei:'é‘z'i:j":Bcsson;;”gj;& Roger & Economides. We also can
determine deviated skin factors using ECL,.IBSE-I 00 by obtammg the pressure drop
difference betweerLfi.llly penetrating vertical well and thé dev1ated well for different

degrees of dev1at161{ Figure 4.47 shows the dcv1ated‘skm factor determined by

different methods as a function of degree. P
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0
-1
S
g 2
=
= 3 —ge=Cinco etal.
E - Besson
(1)
§ 4 ~@-Economides
5 == ECLIPSE
-6 A
o
egree g d i '1lon
77 3 NN

ere nt methods.

All methods give he same trend. The results from

Cinco and Besson are close and-look liké.the same line. Since the result from
¢

ECLIPSE is in the same range

determination using, the slight] : ) ed we is acceptable. This deviated skin

equations, the accuracy of skin factor

factor relates to th ica 1 el We can apply this skin

factor to the IPR equa > d emmjnc the productivity.

Now we obtain g;easkin factor for the deviated well which fully penetrates the

F@Sﬁwgﬂ%fwgﬁfﬂﬂ partial penetration on

t
the deviated we order to determine the partial penetration skin factor, we

T

ECLIPSE.

whole reserv

then
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Figure 4.48 shows the total skin factors determined by ECLIPSE for different
degrees of deviation and percent of partial penetration. The deviated skin line
represents the fully penetrating well or no partial penetration skin. After subtracting
the total skin lines by the deviated skin line, we get the partial penetration skin plot as
shown in Figure 4.49. We can see that the partial penetration skin decreases when the

degree of deviation increases.

12 4
8
g
s 4 ——20%PP
{1
= ——40%PP
® 0
2 —d—60%PP
-
a —8—30%PP
==ié=Deviated skin
-8 g
0

( ed ECLIPSE.
AuEINENINYINg
RINNIUUNIININY
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Figure 4.50: Comparison of partial penetration skin factors from different degree of

deviation.
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Figure 4.50 illustrate the comparison of partial penetration skin factor from
different degree of deviation. The values is equally for both methods, (1) matching the

pressure (2) determine the total skin factor.

4.2.3 Partial Penetration Skin for '1inated Well :
o\
For a slightly deviate\;r & enetration skin factor can be

determined by the total skin r subtragted b eviated skin factor (s,, = s, —

S) which can be de s. However, there is no

analytical equation to 5° < 6 < 90°. In order to

determine the effect viated well, we use the

method similar to that i e Lhe highly deviated well model is different

HTF

properties as used in Section 4. by-tsing CLIPSE 100. Then, the partial penetration

Reservoir Model for ]i}hly .-

The reservoir with a-drainage area of;5,000 x 5,000 ft used in Section 4.1 is

used as reservﬂ Mﬂgaﬂﬂ%rﬁw ﬂ@ﬂl%ﬂ blocks for X, Y

and Z direction| fespectively. The Xgrids are equally divided for 100 blocks. The Y

. F=S o/
N P RN T B i
deviated-well. The Z grid block d sions are equally distributed fo blocks. The

3-D view of the actual simulation grid is illustrated in Figure 4.51. The same reservoir

properties and production used in the base case in Section 4.1 are used.
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well is placed as a zigzag ling- mto the wﬁwsgei-r model in order to represent the
completion of dev.l_a&d well. Flgure 4.52 lllustratchhc‘_;.’ipwated well model. The
fluid properties are TI‘é same as those in the base case in Sebtflon 4.1.
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The bottom hole pressure history of the fully pehetrating deviated well with
skin is matched with the bottom hole pressure history of the partially penetrating
deviated well as shown in Figure 4.53. The value of skin factor causing these pressure
histories to be matched is the partial penetration skin factor for the deviated well.
Figure 4.54 show the flow chart to determine partial penetration skin factor by

matching the pressure histories.

Compars BH
simulations 1

Run reservoir simualtion e
with skin mod E‘“

omparison of BH?

T histories.
‘*.

histories obtamed
‘Crcm simulations 2
Ehapd 3

BHP histories match

PRARIATRHIII NI Y

The partially penetrating skin factor is obtained.

Figure 4.54: Determination of partial penetration skin factor from matching pressure

histories.
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Case Study for Simulation

The effect of partial penetration on the highly deviated well was determined
for different conditions. Different well configurations and reservoir anisotropies were

studied in order to determine partial penetration skin factor for different degree of

deviations and percentage of partial

length can be determined from the i

ation. The degree of deviation and well

&

on for each L,

of the reservoir. Table 4.8 and

thickness.

Table 4

Ly, ft ,
 h=250 R

1000 1030.78
2000 2015.56
3000 3010.40
2000 4007.80
5000 |

=
7

Table 4.9: Degéee of deviation for each L, and reservoir thickness.

,E;]] 8797 EP%?WEP AP
h=50ft =100 ft h=250 fi
1 £ Qt
3 LR E
q|" 20 8.57 7.14 " 82.
3000 89.05 88.09 85.24
4000 89.28 88.57 86.42
5000 89.43 88.85 87.14

and reservoir
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Results from Case Study

The results of all cases are shown in Figures 4.55 to 4.60 as a comparison for
the same thickness. The results are shown as the partial penetration skin factor (PP
skin factor) versus the percentage of the horizontal well partially penetrating into the

reservoir (%penetration).

250
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g 150 - ‘ ”.‘ ——Lx=1000
: E!\\\ N
- 100 ‘ i \“bﬁ ‘\.
& == Lx = 3000
—8—Lx = 4000
50
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100

ya
for different Ly

of 50 fi)s
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Figure 4.57: Partial penetration skin factor for different L,

(reservoir thickness of 250 fi).
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From Figures 4.55 to 4.57, the results show that the relationships between
partial penetration skin factor and percent penetration follows the same trend. The
value of partial penetration skin factor decreases as the deviated well penetrates

longer into the reservoir in the X-direction.
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|
0
i¥
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Figure 4.60: Partial penetration skin factor for different k., [k

(reservoir thickness of 250 ft and L, = 5,000 fi).
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Figures 4.58 to 4.60 compare partial penetration skin for reservoir anisotropic
ratio of 0.01, 0.1 and 1. The results show that the partial penetration skin factor is a

reverse variation to the anisotropic ratio.

As seen in Figure 4.59, the case with reservoir thickness of 100 ft and L, of
5,000 ft gives the result similar to the result from the horizontal well model as shown
B u el trajectory of a highly deviated well
ell. The partial skin factors for

Wi
ﬁﬁted well due to less in exposure

into the reservoir tha 1l wel Omp irison between the deviated well
with the horizontal 1
z,l,.".'f \
,I A —
250 I
2
200 - i
A2
1 !
£ 150 =
By el -
£ —
¥ 100 s A S == Deviated
& ’ N )
=== Horizontal
50 -
0 T T N T V T ﬂ_

hick reservoir

cul éﬁﬁ’ﬂ“ﬁbﬂmﬁ““rﬁﬂm 3 b3l
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%penetration
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100
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Figure 4.63: Comparison between deviated and horizontal wells for k,,/kp= 1

( 100 ft thick reservoir).
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Figures 4.61 to 4.63 show that the partial skin factors of the deviated and
horizontal well are very close for k,/k; equal to 0.1 and 1. However, for k,,/k;, =
0.01 the partial penetration skin factors of the deviated well are less than those of the
horizontal well. For deviated well, fluid can flow into the wellbore in horizontal plane

even when the vertical permeability is 0. So, in the case with a very low anisotropic
ratio, i.e. k,/kp= 0.01, with smal of partially penetrated into the reservoir,
the deviated well shows less 1n factor than the horizontal well.

4.2.4 Comparison W . em from Highly Deviated and

Horizontal Well

//
\

In Section 4.2.3,
well is quite simila

compare the differen

J‘.lv.n-‘:

o

a highly deviated well for dlffercm:t _ and T crvoir thickness.

250 W

~ R U EREH TN

150 j‘l [ 1 = 3 (./ =—#=Horizontal
Wd a \‘ﬂ ﬂ § z ﬂ__&l_] a H—Deviated

ﬂkin factor
-

0 20 40 60 80 100
% penetration

Figure 4.64: Comparison of partial penetration skin factor between for horizontal and the
highly deviated wells for L, = 1,000 ft and reservoir thickness of 50 ft.
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Figure 4.66: Comparison of partial penetration skin factor between for horizontal and the
highly deviated wells for L, = 3,000 ft and reservoir thickness of 50 fi.
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Figure 4.67: Comparisen o 3 1 ) een for horizontal and the
highly deviatedwells for L, ) ir thickness of 50 ft.
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Figure 4.68: Comparison of partial penetration skin factor between for horizontal and the

highly deviated wells for L, = 5,000 ft and reservoir thickness of 50 fi.
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Figure 4.70: Comparison of partial penetration skin factor between for horizontal and the
highly deviated wells for L, = 2,000 ft and reservoir thickness of 100 ft.



96

180
160
140
5 120
E 100 \
£ 5 =&~ Horizontal
£ 60 =>é=Deviated
40
20 7
0 — ,
0 - 60 80, 100
Figure 4.71: Comparisen o 2 t ) tween for horizontal and the
highly deviate 1 =3 ir thickness of 100 fi.
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Figure 4.72: Comparison of partial penetration skin factor between for horizontal and the

highly deviated wells for L, = 4,000 ft and reservoir thickness of 100 fi.
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Figure 4.74: Comparison of partial penetration skin factor between for horizontal and the
highly deviated wells for L, = 1,000 ft and reservoir thickness of 250 fi.
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Figure 4.76: Comparison of partial penetration skin factor between for horizontal and the

highly deviated wells for L, = 3,000 ft and reservoir thickness of 250 ft.
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Figure 4.77: Comparison of partial penetration skin - between for horizontal and the

highly deviated'we voir thickness of 250 fi.
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Figure 4.78: Comparison of partial penetration skin factor between for horizontal and the
highly deviated wells for L, = 5,000 ft and reservoir thickness of 250 ft.



100

Figures 4.64 to 4.78 show that the partial penetration skin factor for the highly
deviated well is very much similar to that for the horizontal well with the same L,.
However, there is some degree of different for a thin reservoir as shown in Figures
4.64 to 4.68. For the reservoir thickness of 50 ft, the skin values are similar when the
percent of penetration is high. The difference between partial penetration skin factor

of deviated well and horizontal well ir sessas percent of penetration become lower

. ; — r d
The partial penetration skin f the horizontal well was recommended to
I at, there is a sensitivity in
applying for some cas low degree of deviation),

and low percent of

X
J
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CHAPTER V
CONCLUSIONS AND RECCOMENDATIONS

This thesis studies the effect of the pressure drop around the horizontal
wellbore caused by partial penetration in the reservoir and determines skin factor due
to partial penetration for both herizontal anaﬁpvji_gted wells using reservoir simulation
and compare it with values determined by vafioﬁ"sf methods under different well and
reservoir conditions. It Lsr_(_)ﬂen usefulfo estimate the size of the partial penetration

skin factor since it can/b;.eﬂﬁ cted frc\m the apparent skin to determine whether the

well is actually damage > skins calculated from the study can then be used to

evaluate performance o izontal ‘wells drilled in_various ranges of wellbore,

reservoir, and fluid ¢

The partial penetrati ski-i:n fae’i'or can be determined using analytical

J-I'

Jghi el al (2)_;§abu & Odeh, (3) Goode & Kuchuk, and
order to study the: Jﬁ:ffect of different parameters on skin

equations proposed by (
(4) PROSPERS software.
factor, we vary reservoir thlckness—pcrmeab_iﬁfy ratio, well length, wellbore diameter,

oy |__

and oil gravity. Thc results from all cases §i10w that the l:glatlonshlp between partial

penetration skin fae}ar increases as the percent mﬂqp decreases because the

limited entry of the c@nnection between the wellbore and reservoir and the converged

flow create the additional pressure drop.

The results for different reservoir thicknesses illustrate, that the thinner the
reservoir, the fhigher the partial penetration skin factor. The results for different
anisotropicaratios~illustrate .that-~the jpartial, penetration skin~faetorpis the reverse
variation to'the anisotropic ratie.”A décrease in vertical permeability-results in an
increase in vertical-flow resistance. In order to maintain the production rate, the
pressure drop must be higher. The results for wellbore diameter and oil gravity depict
a little difference between the cases. In summary, partial penetration skin factor is
sensitive to the reservoir thickness and permeability anisotropic ratio but is not

sensitive to wellbore diameter and oil gravity.
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The hypothetical reservoirs and well models were constructed using reservoir
simulator ECLIPSE 100. Numerous simulations investigating different reservoir
thicknesses and anisotropic ratios were run in order to study effect of the pressure
drop around the horizontal wellbore caused by partial penetration. The results from
the simulation study indicate that thin reservoirs have higher skin factors because they

have limited flow in the vertical direction.

The results from analytical equations and PROSPER software are then
compared with those obtained from rese'fr,yoj; simulation. The coefficient of
determination (R?) of the 45 degree line is us_e&jtg indicate the accuracy of each

9 ) .
method compared to reservoir simulation. The results show that the partial penetration

skin factor detcrmined'_lgyfﬁ‘o e & Kuchuk analytical equation has the highest R?
value of 98.59%. Goode uchuk equaﬁon available in PROSPER has the lowest R

value of 85.07%. Wc‘:y{ c}ude‘tbat;‘_;hé value of partial penetration skin factor

obtained from Goode" & Ku: uk equalen'_is the most accurate while Goode &
Kuchuk equation available i PROSPER s the least accurate when compared with

those obtained from reservoi s’i”nﬁt_ation.f':ﬁhl’thcnnore, the results indicate that all

analytical equations and PR S?Eﬂféoﬁwe;r{ﬁ;aye a limitation when anisotropic ratio

. sy ‘e aZ b .
is very low and the well penetrates a small portion of the reservoir.

-

For the devia-tfd well, there are some simplified equations that can determine

the skin factor due E():yewanon. However, the demﬁtion which is applicable
for these equations must be less than 75 degree. The deviated wells in the range of 0-
75 degree were defined as the slightly deviated well. We can determine the partial
penetrating skin factonfor slightly deviated:by (1)imatchingthespressure histories and
(2) determine the"total” skin factor. We determine~deviated skin using analytical
equations (Cinco et al., Besson, and Roger & Economides) and €empare to those
obtained from reservoir simulation, The deviated- skin factor from the analytical
equations are closed to the values obtained in the simulation. The difference between
total skin factor and deviated skin factor were determined as the partial penetration
skin factor. The results show that method (1) and (2) give the same results. And the

partial penetration skin decreases when the degree of deviation increases.

The deviated well with the degree of deviation more than 75 degree, is defined
as the highly deviated well. There is no simplified equation for the deviated well in

this range. The effect of partial penetration on the highly deviated well was studied
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using ECLIPSE 100. The result show that the partial penetration skin factor decreases
when the degree of deviation increases, similar to what occurs in the slightly deviated
well. The results for different reservoir thicknesses are similar to those obtained from
the horizontal well model because the well trajectory of a highly deviated well is close
to that of a horizontal well. The partial skin factors for horizontal well are a bit higher
than those of the deviated well due to less exposure into the reservoir than the
horizontal well. We can conclude that the thinner the reservoir, the higher the partial
penetration skin factor. The results for dii’%ef?/t}nisotropic ratios show that the partial
penetration skin factors of the deviated well; are’ﬁss than those of the horizontal well.

For the deviated well, the-fluid can flow into-the-wellbore in horizontal plane even

| .
when the vertical permeiﬁ" i540. So, in the case with a very low anisotropic ratio,
i.e. ky,/kp=0.01, wit

ortion o& partially penetrated into the reservoir, the
deviated well shows rti ‘1.,:—p§netraf_iio41? skin factor than the horizontal well and
the partial penetration skin factor is the reverse variation to the anisotropic ratio. The
comparison of partial pénetra oft skin é‘ac?or between horizontal and the highly

deviated wells show that t rtial. ;):eneftation; skin factor for highly deviated well is

very much similar to that for the hgt,i'—zontatvgigjl with the same length in the horizontal
plane. However, there is some degrec of dlffMe for a thin reservoir. The difference
between partial pcnetratlon skin factor of dg,m ted. well and horizontal well increases

as percent of peneLahon become lower and as length in _tl{p)nonzontal plane become

smaller is the partua-l«ﬁenetratlon skin factor for the horlzomarll well is recommended to

be used for the highly deviated well. 1
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ECLIPSE script for the base case of horizontal well model with operating flow
rate of 1,000 RB/D.

RUNSPEC Section

TITLE

title

START
1'JAN' 2000 /

FIELD

OIL

WATER
NSTACK
100/

MONITOR

— ﬂ’lJEJ'JVIEWI‘SWEJ’]ﬂ'ﬁ
“"'W'mnifuum'mmaﬂ

DISPDIMS
1217
DIMENS
10051 51/

SCDPDIMS
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00000/
EQLDIMS
1100100 120/
REGDIMS
1100/

TABDIMS

112020120201/
 WELLDIMS

210122/

Al
¢

AULINYNTNYINT
PRIAATUAMINYAE



110

SCAL Section

SWOF

-- Water/Qil Saturation Functions

0.1 0
0.17222222 0
0.24444444 0
0.31666667 0
0.38888889 0
046111111 0
0.53333333 0
0.60555556 0
0.67777778 0
0.75 0
I 0

 AuEInENiNeIng
BB BN TN TN A Y

-- Watér PVT Properties

2500 1.03361 5.07e-006  0.32457 I*



PVDO

-- Dead Oil PVT Properties (No Dissolved Gas)

1000
1222.22

1444.44

1666.67

1888.89
2111.11
2333.33
2555.56
2777.78
3000

/

1.02682

2.46043

1.02676

1.0266
1.02666
1.0266-
1.02663 1 2.68 ;

1.02662

B G4 1 AN UN TN

-- Fluid Densities at Surface Conditions

N T NN TN

111
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ECHO
ROCK
-- Rock Properties

2500  3.06041338506951e-006

INIT Section
ECHO

~ EQUIL

/

-

AUt InenineIns
ARIAATAUNM TN



SCHEDULE Section
ECHO
WELSPECS

'TEST''1' 1 26 4000 'OIL' 1* 'STD' 'SHUT' 'YES' l* 'SEG' 3* 'STD'/

y
RPTSCHED
'RESTART=2'/ / /\
COMPDAT 7

'TEST' 1262626

/

COMPDAT

/

COMPDAT

“S””ﬁﬁzzif‘mw%‘wmm
co»@mmn‘imum'mmaa

TEST 4 26 26 26 'OPEN' 2* 0.489583333 3* 'X' 1*/

-/

COMPDAT

'TEST' 526 26 26 'OPEN' 2* 0.489583333 3* 'X' |*/

113
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/
COMPDAT
'TEST' 6 26 26 26 'OPEN' 2* 0.489583333 3* 'X' 1*/
i

COMPDAT

'TEST' 726 26 26 'OPEN" 189
/

COMPDAT
~"TEST' 826 26 26"
/

COMPDAT
TEST 926 26 26 'OPEN' 2* {
-/

COMPDAT |

TR ﬁ’ﬁﬁ ‘ﬁ’l‘ﬁ”’ﬁ%‘ W EI’I N7
Q1N T UM AN

'TEST' l 1262626 'OPEN'2* 0.489583333 3* 'X' 1*/
/

COMPDAT

"TEST' 1226 26 26 'OPEN' 2* 0.489583333 3* 'X' 1*/

/



COMPDAT
'TEST' 13 26 26 26 'OPEN' 2* 0.489583333 3* 'X' 1*/
/

COMPDAT

TEST' 14 26 26 26 'OPEN! [
/
COMPDAT
'TEST' 15 26 26 26
/
COMPDAT
'TEST' 16 26 26 26 'OPEN!
/

TEST' 17 26 26 26 'OPEN' 2* 0.48

X'1*/ il

 AUEINENINYINg

COMPDAT

R AR SRR 26 8

'COMPDAT
TEST' 1926 26 26 'OPEN' 2* 0.489583333 3* X' I+ /
/

COMPDAT

173

o 3]



'TEST' 20 26 26 26 'OPEN' 2* 0.489583333 3* 'X' I*/
/
COMPDAT

"TEST' 21 26 26 26 'OPEN' 2* 0.48958

/
COMPDAT
TEST' 22 26 26 26 'O}
/
COMPDAT
"TEST' 23 26 26 26 'O
/
COMPDAT
TEST' 24 26 26 2 1;, !
/ |

C°“""”ﬂ uzf"‘j waw%’wmm

TEST' 25 26 26126 'OPEN' 2* 0. 489383333 X1
COMPDAT

TEST' 26 26 26 26 'OPEN' 2* 0.489583333 3* 'X' |*/
/

COMPDAT

'TEST' 2726 26 26 'OPEN' 2* 0.489583333 kDALY,

116
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/

COMPDAT
'TEST' 28 26 26 26 'OPEN' 2* 0.489583333 3* 'X' 1*/
/

COMPDAT

/
COMPDAT

| TEST'30 26 26 26
/

COMPDAT

'TEST' 31 26 26 26 'OPEN' 2% 0.48958
o

COMPDAT

e ﬁﬁ?Wﬁﬁ%”Wﬂ”fﬂ 5
co@nﬁ’] aﬁﬂ‘ifu umqnma g

'TEST' 3326 26 26 'OPEN' 2* 0.489583333 3* 'X' 1*/ *
/
- COMPDAT

'TEST' 34 26 26 26 'OPEN' 2* 0.489583333 3* 'X' | * /

/
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COMPDAT
'TEST' 3526 26 26 'OPEN' 2* 0.489583333 3* 'X' 1* /
/

COMPDAT

TEST 36 26 26 26 'OPEN: 2% 0.48
.
COMPDAT
'TEST' 37 26 26 26"
/
COMPDAT
TEST' 38 26 26 26 'OPEN:
/

COMPDAT F. Ii"'i

1%/ i

(/JOMPDAT FJI uﬁ(‘j VI Ej Qn %Jw Ejf]ﬂ i
resRli o ok ARV £ 1

COMPDAT



"TEST' 4226 26 26 'OPEN' 2* 0.489583333 3* 'X' 1*/
/
COMPDAT

¥/

'TEST' 43 26 26 26 'OPEN' 2* 0.48958
/ ‘ ‘ \

- COMPDAT
'TEST' 44 26 26 26 'OP
/
COMPDAT
'TEST' 452626 26"

/

COMPDAT

'TEST" 46 26 26 26 ’,-,:‘_“‘““""“”‘“‘i'"""-_f}?"d
T T

/ I s

oMo ot 4 ) ANUNT WY

'TEST' 47 26 26/26 'OPEN' 2* 0.489583333 3* 'X' | */

CARIANTUNIINGAY

COMPDAT

'TEST' 48 26 26 26 'OPEN' 2* 0.489583333 3* 'X' 1*/
/

COMPDAT

'TEST' 49 26 26 26 'OPEN' 2* 0.489583333 3* 'X' [*/ *

119
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/

COMPDAT
'TEST' 50 26 26 26 'OPEN' 2* 0.489583333 3* 'X' 1*/
e

COMPDAT

'TEST' 51 26 26 26 'OPE
/
COMPDAT
'TEST' 52 26 26 26 '
/

COMPDAT

'TEST' 53 26 26 26 'OPEN' 2*.0.48 .;;,.‘u

2 Z v

COMPDAT |

5““?114“21“?%%‘5“% mm
co@maﬁmmumqﬂmaﬂ

TEST' 55 2626 26 'OPEN' 2* 0.489583333 3* 'X' 1%/
/

COMPDAT

'TEST' 56 26 26 26 'OPEN' 2* 0.489583333 3* 'X' 1* /

/
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COMPDAT
'TEST' 57 26 26 26 'OPEN' 2* 0.489583333 3* 'X" 1*/ -
/

COMPDAT

TEST" 58 26 26 26 'OPEN' 2*0.4 -
/

COMPDAT

TEST' 59 26 26 26 '
o

COMPDAT
'TEST' 60 26 26 26 'OPEN'2* 0,48958-
/ ,
COMPDAT |~
TEST 61 26 26 26 'OPEN' 2* 0.48958 Y

C AUEINENINGINS

COMPDAT

AR BRATE

'COMPDAT
'TEST' 63 26 26 26 'OPEN' 2* 0.489583333 3* 'X' 1* /
,

COMPDAT




S

'TEST' 64 26 26 26 'OPEN' 2* 0.489583333 3* 'X' | */
/

COMPDAT

-~

'TEST' 65 26 26 26 'OPEN' 2* 0.48958

) _‘
* COMPDAT —
'TEST'66262626' 583333
/

' COMPDAT
TEST 67 26 26 26 'OPE
/
COMPDAT
TEST' 68 26 26 26 'GP
/ |

. uzf"‘j waw%’wmm

'TEST' 69 26 ﬂzs 'OPEN' 2* 0. 489.583333 3* 'x' 1%/
COMPDAT

'TEST' 70 26 26 26 'OPEN' 2* 0.489583333 3* 'X' 1*/

;

COMPDAT .

"TEST" 71 26 26 26 'OPEN' 2* 0.489583333 3* X' 1%/

122
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/

COMPDAT
'TEST' 72 26 26 26 'OPEN' 2* 0.489583333 3* 'X' 1*/
/

COMPDAT

'TEST' 73 26 26 26 'OPE!
/
COMPDAT
'TEST' 74 26 26 26 '
/

COMPDAT :
'TEST' 75 26 26 26 'OPEN' 2% “"

COMPDAT I I

"‘ES’”“ﬁﬁﬁ"ﬁﬁﬁEiWS’w %1NT
cwamaﬂnimum'mmaa

TEST' 77 26 26 26 'OPEN' 2* 0.489583333 3* X' 1* /
/

'COMPDAT

'TEST' 78 26 26 26 'OPEN' 2* 0.489583333 3* 'X' |*/

s

/



COMPDAT

'TEST' 79 26 26 26 'OPEN' 2* 0.489583333 3* 'X' 1*/

/

COMPDAT

/

COMPDAT

TEST 81 26 26 26
/

COMPDAT
TEST' 82 26 26 26 'OPEN}2* QA%
| |
COMPDAT |~

T
'TEST' 8326 26 26 'OPEN' 2* 0.48958 "1*/ W

'~ AUEINENINYINg

COMPDAT

COMPDAT
'TEST' 8526 26 26 'OPEN' 2* 0.489583333 3* 'X' 1*/
/

‘COMPDAT

R SRR SRINATT 1

124
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'TEST' 86 26 26 26 'OPEN' 2* 0.489583333 3* 'X' 1*/
/
COMPDAT

'TEST' 8726 26 26 'OPEN' 2* 0.489583

/

'COMPDAT
TEST' 88 26 26 26 ‘0P
/
COMPDAT
TEST' 89 26 26 26 'OPE
/
COMPDAT
TEST 90 2626 26 'GF
/ ]

C°MP°ATﬂUEJ’JVIEJVI§WEJ’Iﬂi

'TEST' 91 26 26 26 'OPEN' 2* 0. 489.,583333 3* 'X' 1*/
COMPDAT

"TEST' 9226 26 26 'OPEN' 2* 0.489583333 3* 'X' 1* /
o/
COMPDAT

"TEST' 93 26 26 26 'OPEN' 2* 0.489583333 3*'X' | */
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COMPDAT
'TEST' 94 26 26 26 'OPEN' 2* 0.489583333 3* 'X' 1*/
/

COMPDAT

'TEST' 95 26 26 26 'OPE
H
COMPDAT
'TEST' 96 26 26 26 '
| /

COMPDAT

/

COMPDAT |

TR i ﬂﬁ”‘ff’?ﬁ EI’] nad
co@maﬁnimumﬂmaﬂ

‘TEST' 99 2626 26 'OPEN' 2* 0.489583333 3* 'X' 1* /
/

COMPDAT

"TEST' 100 26 26 26 'OPEN' 2* 0.489583333 3* 'X' | */

/



~ WECON
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WCONPROD
‘TEST''OPEN' 'ORAT' 1000 4* 1000 3* /

/

'TEST' 100 4* NONE' 'YES!

-

AULININTNEINS
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