nratlszdiudin i menglunquaaniiasssunidlugiatng

="
Gl |

hida

o
.-‘ ]
‘;"“\‘9‘-2“:' =
Q% Pl

\ -,
Cl
P4

l.’“u
L2

\

a
e
N

o2
\g

u 1
SONUUINYUINNS )
ANRINITUNINEAE

- = d:ﬂ & - - =
Inomivustu e ANy angas Ty ironssumaaium niuga

mnavimnianliasdon madInimnsaaniiomsnazii Tas@on
AmEIMINITIMEaT snaniannnineids
nsfnun 2549
audntunagnansainninedo

491202



EVALUATION OF PERFORATION STRATEGIES OF
GAS WELLS IN THE GULF OF THAILAND

Mr. Nattapon Nampratchayakul

A Thesis Submitted in Partial Fulfillment of the Requirements
for the Degree of Master of Engineering Program in Petroleum Engineering
Department of Mining and Petroleum Engineering
Faculty of Engineering Chulalongkorn University
Academic Year 2006
Copyright of Chulalongkorn University



Thesis Title EVALUATION OF PERFORATION STRATEGIES OF
GAS WELLS IN THE GULF OF THAILAND

By Mr. Nattapon Nampratchayakul
Field ol Study Petroleum Engineering
Thesis Advisor Assistant Professor Suwat Athichanagorn, Ph.D.

Accepted by the Faculty of Engineering, Chulalongkorn University in

Partial Fulfillment of the Requirements for the Master’s Degree

I ) ; i
L_’ uwww Dean of the Faculty of Engineering

(Protessor Direk Lavansiri. Ph.D.)

THESIS COMMITTEE

Xoclny
ﬂ.:.[l-‘ W
i alihel . Bhairman

(Associate Professor Santhde) Pathanasethpong)

; :": "W‘J & %'df ‘ﬂy""‘ . Thesis A

dvisor

(Assistant Professor Suwat Athichanagorn, Ph.D.)

/
< ke R D Member
(Jirawar Chewaroungroaj. Ph.D.)




v

ngnolivg e : medssdiniin simong uguedai i@ lue 1l (EVALUATION
QF PERFORATION STRATEGIES OF GAS WELLS IN THE GULEF OF THAILAND) 0.l

inun: eras. giant eiannns, s i

nanavieng lunguada luanasinusu luguedaioonhinnuduve wnaadnnu thdiReeuiui
' P T e | - - " e
wndrinthAiiaigaitni lunsaannudmnese s ddnnuiifannmitiniens adaliia
- : 2 4 ok -
thazdninmlunn 'Iuﬁﬂrnmq:mﬂﬂﬁ'lﬁ-ﬂrmﬁ?ﬁt'ﬂnqwd;}ﬁmlﬁmﬂaau 19 SEAUATMIANA 19904
- - i \ sl }
A lumguniinuos o mause s a iy silufindeng Snaugniludeniiafavesihibs
o
nang 1-,HH'11’I'FlHH'I.I'IJrlﬂ{]nﬂmﬂ""mﬂu‘ﬂy'ﬂﬂ lm"m“:mﬁl'u g e il 14

NRGNFRIGE i.‘."F‘i HANTIM#A miy_l,mnum_n FRIG '!S'H'ﬂ'lﬂllﬂﬂﬂj._lﬂﬂﬂm 117 'IHﬂ‘III.'rJE’Jﬂﬂ'I".IFI'I'I Hﬂm'llﬁﬂ‘.l.l il

O AHAINANA 173 wﬁi‘ﬁf
; i

~ " - - " . o
TR 20 70 Hquﬂhﬂﬂ]“ﬁ'ﬁﬂ?ll'ﬂﬂhlﬂ l'!h'lll [[§1] ﬂiﬁl’llﬂ'l]ﬂ 1%

'Iﬁyﬁnﬁl 'uqﬂﬁaﬁhnﬁ?uﬂuﬁaﬁnﬂgﬁﬁuﬁu‘luﬂﬂn:ﬂ'nuﬁwﬁ

AN AR A S Fuands g ool 1A
ﬁwfmunA Tlﬁmwuaunmnnmu vwhiniveny fikaniznu
1213 "t‘r"ﬂunminnp'lﬂn'uammmnmmr TEAUATIILANA 119 IR 11
111nnmﬁ*1Iwﬁ]}uﬂ111'lunw‘hmmmnmaﬁmﬂnm afalafn =i

Add

ATIUANA 138 IR TR HANE L a6 aumpw'iun‘la’h-:ﬂ-\mquuﬂ:nmnummlmmmuuuu
s gl {

1 1R
,J‘ =

uaniini nﬂnhﬁﬂm Hmﬁﬂmtfﬂnﬁmmﬂu'ﬁuihijm SAUATIUANA 1118 IR T IAUTN
(=3 - =

/
‘>
i

= e
'ﬂ'llﬁ't.lll-'-lﬂil'liﬁ’.l'lmﬁh 1 ﬁj I'lT'.i‘:Il.l'IiE'l-!l'!l'll.ﬂ!]"ll‘lllﬂlﬂ'.l Wil

1mu-nﬂJummuu'lmm hrasinilan oumzaamdniug 'ﬂﬁmnh'hinr Toudioufun nudiuion
GRS nmnnﬁ‘ﬁ’ ninn1Inlimusimi mmaﬁmﬁ“ﬁmm‘ﬁunnmuﬁuﬂnuﬁnml TUAT 1
uanavan s biodieudwite WiaaunFmouee nmdadnifufifiannnisi viang nfluﬁuu

i nmnﬂnqlmlnls'ﬂﬁﬂuﬂm‘muﬁu &ﬁ:ﬁuﬂnalmmﬂmuumnnmm:mumu 1500 14 1777
AoudARemIi Y ImaRang 1ﬂn11m1uuinm quuun:ﬂmmmumnnnunq'ﬂmmﬂuqmrLm.,
vinnTIRmeirhRTES U A s T mak o Toaa e i Ttthuaganaviia

Warntdn weesin dadmiudnf

MATEIrInT I ieauaztl Tandon. _awiledefidn [iftas. [empeibaetlnl
oyt lnadon. awileFeainadimiiog lf*-‘""’*rﬁa‘d‘”" PV

- -
s 2549



## 4671637121 : MAJOR PETROLEUM ENGINEERING

KEY WORD : PERFORATION/GAS WELL/SKIN/FLOW EFFICIENCY
NATTAPON NAMPRATCHAYAKUL : EVALUATION OF
PERFORATION STRATEGIES OF GAS WELLS IN THE GULF OF
THAILAND. THESIS ADVISOR : ASSIST. PROF. SUWAT
ATHICHANAGORN. Ph.D. 189 pp.

Underbalance perforation has long been reeognized as one of the best techniques for
nitigating perforating damage. lHowever. the flow efficiency of the perforated wells
is controlled by several parameters such as underbalance condition, perforation gun
size. shot density. phase angle. and charge type. In this study. seventy pressure
transients of seventy gas reservoirs from different wells in the Gulf of Thailand have
been analyzed. Thescreservoirs have different porosities and were perforated with
various perforation gun assemblies under different pressure conditions.

After analvaing results ebtamed from seventy gas reservoirs. it can be
concluded that the underbalance pressure condition directly aflects the perforation
damage or skin of perforated gas reservoir, as well as corrected flow efficiency. The
higher the underbalance presswe the lower the perforation skin is. As a result, the
higher flow efficiency and recovery of gas reservoir can be achieved. However. the
underbalance pressure-has more mmpact on the corrected flow efficiency of tight gas
reservoirs which have porosity equal to or lower than 18%.

The correlations of underbalance pressure required 1o achieve zero perforation
skin lor any _reservoir porosity or permeability” were obtained and compared to
published correlations, From comparison, reservoirs located in different fields require
different underbalance pressure condition to achieve zero perforation skin.

Regardless ol reservairs properties. depending on perforauon charge type.
1500 1o 1777 psi underbalance pressure is required to achieve zero perforation skin.
[here are two recommended charge types for better perforation performance when

available or achievable underbalance pressure is lower than 1300 psi.
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CHAPTER

INTRODUCTION

“The fate of a well hinges on vears of exploration, months of well planning and weeks
of drilling. But it ultimately depends on performing the optimal completion, which
bezins with the millisecond of perforation_ Prafitability is strongly influenced by this
critical link berween the veservoir and pellbore:™

Quoted from Qilfield Review, Oct 1992

As per quotation in Oilfield Review. the perforation is not only a common
operation to complete oil and gas wells, but also the eritical link between the reservoir
and wellbore. The flow efficiency of a perforated well might be higher that of on
openhole when the perforating parameters are optimized. At the moment. under
balance perforation has been widely accepted and applicd in oil and gas well
completion, especially in development wells;, However, the flow efficiency of the
perforated wells is controlled by several parameters, such as, perforation length,
perforation diameter, shot density, phase angle, and degree of the damage around the

perforation tunnels.

Numerous laboratory tests have been pertormed under simulated downhole
conditions to-abtain. zero-perforation damage skin or the best flow efficiency, In
addition, many field studies attempt 1o dentity the minimum required underbalance
pressure. tavobtain clean. perforation. and cero-perforation skin. for ditferent gas

reservoir permeabilities and porosities.

The damage or skin around the perforations can be quantified indirectly by
means of flow efficiency (FE). A poor flow efficiency requires a much higher
pressure drop to obtain a certain rate. Thus, the flow efficiency is directly related to

oil and gas reserves and recovery efliciency.



The pressure transient analysis (well test) can be used to evaluate the overall
damage or total skin. However, the reservoir damage or skin could be caused by
several factors, such as drilling operation, perforation, partial penetration. and high
velocity flow. In order to determine the perforation skin. it 1s necessary to subtract

skins caused by other factors from the total skin,

The perforation skin depends on various factors, such as wellbore condition
(under balance) and perforation gun assembly in term of gun size, charge type, shot

density, and phase angle.

The objectivecof this study is to define the guidelines for underbalance
condition that leads to the best flow efficiency and an increase in recovery efficiency
for various reservoir permeability (&) and porositics (¢) of gas wells in the Gulf of

Thailand environment,



CHAPTER I

THEORITICAL CONSIDERATIONS

2.1 Underbalance Perforation

Underbalance perforation has gained a wide acceptance and become a more
common practice than overbalance, perforanon which provides a lower flow

efficiency. less well produetivily, and higher degree ol reservoir damage.

Perforation damage cleanup during underbalance perforation is the result of
the transient decompression ot the reservoir fluid around the perforation once the
reservoir/ wellbore pressure differential is established during the perforation process.
It is assumed that cleanup of the perforation damage is from the dynamic force, form
the pressure differential. on the fractured sand grain particles that progressively move
these particles from the perforation tunnel walls. thus moving the permeability

damaged region.

The first réservoir in multi-layered reservoirs that is perforated and used to
unload the completion fluid is called unloading reservoir. Prior to perforation on the
unloading reservoir. the conditions of both reservoir and within the wellbore are

usually known.

Before the first perforation, the well is usually filled with the completion fuid.
Thus, the hydrostatic pressure within‘the wellborecat any depth could be determined
by Equation 2.1,

Hyvdrostatic pressure = 0.052x completion [luid densitv(ppg) < vertical depthift) [2.1]

With the initial reservoir pressure obtained from the wireline formation testing

(or trom general pressure profile in the particular area) and calculated Hydrostatic
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pressure. the under balance perforation condition could be estimated and obtained

from the Equation 2.2.
Under Balance Pressure = Initial Reservoir Pressure — Hvdrostatic Pressure  [2.2]

The underbalance condition may be naturally existed in the case where initial
reservoir pressure is higher than hydrostatic pressure.  However, the required
underbalance condition can be achieved by the certain operation such gas lift. liquid

swabbing,. etc.

Bell' first estimated the ranges of necessary underbalance pressure on the basis
of both permeability and well performance. Bell conducted a perforation experimental
test based on APl RP.43_“Sgandard Procedure for Evaluation of Well Perforators™.

However, his estimation is useful in only two permeability ranges listed in Table 2.1.

Table 2.1: Typical ranges of underbalance

pressure for perforated system cleanup'.

Liquid —. 0%
High Permeability 200 to 500 psi 1,000 to 2.000 psi
(=100 MDj :
Lowar Permeability 1,000 to 2,000 psi 2,000 1o 5.000 psi
(< 100 MD)

After Bell's study, ]{.ing: et al. conducted a leld-study of 90 wells with
sandstone pays in five different regions'whieh are the Rocky Mountain overthrust,
Alberta, Canada, New Mexico Morrow, sandstone, Lafayetie Tuscaloosa trend, and
LS. gull coast.” Those Y0 Cwells of King's study were perforated’ with tubing-

conveyed systems at various levels ol underbalance pressure.

The underbalance pressure was considered sufficient, and the perforation was
assumed clean wherever the subsequent acidizing did not improve the well's
performance. King's data show a clear correlation between a minimum required
underbalance pressure and the formation permeability. determined from either core

tests or pressure transient analysis, as shown in Figures 2.1 and 2.2, for oil and gas



reservoirs, respectively. In Figures 2.1 and 2.2, black and white points represent the
reservoirs that well performance did improved and did not improved after acidizing,

respectively..
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Figure 2.1: Underbalance pressure used in perforating oil reservoirs in sandstone

formation.
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Statistical analysis of King’s field data was undertaken to find the best straight
lines for correlations by Tariq’. as shown in Equations 2.3, 2.4. and 2.5. These
equations provide a general guideline to estimate the minimum underbalance pressure

requirement to obtain minimum perforation skin damage skin, based on the lormation

permeability.

29

Overall, Ap = A"{‘}P [2.3]

: 3100

Qil, ﬂj‘s‘ = ?1-‘— 12.4]
3000

Gas, ﬂlﬂ Zl-h_'i IES]

where Ap = underbalance pressure, psi

k = average reservoir permeability, md

Tariq concluded that there is no significant difference between underbalance
requirements for oil and gas reservoirs. Therefore. King's liled data for o1l and gas
wells have been combined as a single graph. Thus. the best straight line to determine

sufficient underbalance pressure points for King's field data is given by Equation 2.3.

However, King's filed data and Tarig's Equation 2.3 represents the minimum
underbalance pressure for which acidization is not effective in any further reduction

of perforation damage skin. but not for zero-perforation skin.

Hsia and Behrmann” performed experimental tests to determine the minimum
underbalance néeessary to | obtain | zero-perforation = damage " skin,  Single-shot
perforation flow tests were conducted in nominally 100 md and 200 md sandstone
cores under various underbalance pressure conditions.  Prior to the perforation. the
virgin whole core diametral and axial permeabilities were measured,  Perforation

damage skin was determined using analytical and finite elements models.



From the perforation experimental tests, Hsia and Behrmann presented the
upper and lower bound underbalance pressure requirement, as shown in Equations 2.6

and 2.7, for zero-perforation skin for fluid properties similar to King's field data.

e 4

Ap Upper bound. AP, poer = "TTI—ZEU [2.6]
4

Ap Lower bound, Ap i :L;I:ﬂ [2.7]

King's filed study and Hsia and Behrmann experimental tests were based on
sandstone formation_only. Since all gas reserveirs of interest in this study are
sandstone formation, their equations ¢an be used to compare with Gulf of Thailand

data.

Not only the underbalance pressure, the combination of perforation gun
assembly also affect the reservoir productivity and degree of reservoir damage. The
Following perforation gun assermblies are generally used in the Gulf of Thailand

petroleum industry.

a. Gunsize =S L R S

b. Charge Type - Powerlet Plus, Predator; Predator XP, Owen HERO
¢. Shot Density - 2.4, 5, or 6 shot per foot

d. Phasing - 0,60, 180 phasing degree

Explosive <HMX, HTX. HNS

o

2.2 Pressure Transient (Well Test) Analysis

A pressure transient (well test), in its simplest form, consists of disturbing the
reservoir by producing from or injecting into a well at a controlled flow rate for a
period of time and measuring the pressure response at the production or injection
well, or at some nearby observation well, The pressure response. which depends on

the reservoir rock and fluid properties, is then analyzed for reservoir parameters.



One of the main objective of pressure transient analysis is to determine the
skin around wellbore which may be caused by wellbore damage, partial penetration,
perforation, turbulence flow. etc. However. skin obtained from pressure transient
analysis is the total skin of the area near the wellbore. To identity whether the
reservoir is damaged and needs well cleaning or well-stimulation treatments. the total
skin have to be subtracted by skin due to other factors, such as partial penetration

skin, non-Darcy skin, etc.

For reservoir evaluation, there are several types of well test, such as
drawdown, buildup, injection, talloff. In a drawdewn test (Figure 2.3), a well that
shut-in is opened to flow,_For the purposes of traditional analysis, the flow rate is
controlled to be as constant as possible. In a buildup test (Figure 2.4). a well which 1s
already flowing (ideally at constant rate) i1s shut-in, and the downhole pressure is
measured as the pressure builds up.  In this study. most of pressure transient tests are

buildup tests.

q - il
\__ /
. e
k "
t (
Figure 2 3: Drawdown test. Figure 2.4: Buildup test.

2.3 SKin

It is well known that the properties of the reservoir near the wellbore are
usually altered during drilling, completion, and stimulation procedures. The mnvasion
of drilling fluids, the presence of mudcakes and cement. partial penetration of the
formation, and insulficient perforation density are some of the factors that cause
"damage" to the formation and. more importantly. cause an additional locahzed

pressure drop during flow.
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Skin is the term used to refer to the alteration of permeability that exists near

the wellbore. The skin factor, S, 15 used to quantify the skin, 11 the well has been
damaged, there is an additional pressure drop at the wellbore for a given flow rate and
the skin factor is positive. 11 the well has been stimulated and the pressure drop at the
wellbore has been decreased, the skin factor is negative. As stated in the previous
section, the total skin can be determined by pressure transient analysis. However,
other technique or correlation is required to determine other skin factors caused by

turbulent flow and partial penetration.

2.3.1 Rate Dependent (Non-Darcy) Skin

For gas which has low viscosity. turbulent or nen-Darcy flow may occur in the
vicinity of the wellbore and cause the rate dependent skin effect. To determine the
rate dependent or Non-Darcy skin (S,..me ), @ multi rate or flow after flow well test

(Figure 2.5) must be performed and analyzed.

Gse
| -
ok Qac

:uusr:ﬂm-—q"—‘-i’_?- !

I 1
1 1

Figure 2.5: Flow after flow well test.

The total skin at a particular flow rate can be determined lrom pressure
transient analysis of that flow period. The plot between the total skin and flow rate
yviclds a straight line as shown in Figure 2.4. The linear equation ol 'total skin and flow

rate 15 as tollows:



5= §'+ Dy, [2.8]

where
S = total skin (interpreted result from well test analysis)

8" = skin due to other factors

o
Il

Rate dependent skin coelficient

¢, = llow rate

Y.
&

) Intercept = 8

q, — —»

Figure 2.6: Total skin versus flow rate.

2.3.2 Partial Penetration Skin (S,,)

Partial completion or perforation of gas wells to inhibit the water coning has
been a common practice in the petroleum indusiry for many years. However, partial
perforation of a well will force the flow near the ‘wellbore to converge with high
veloeity towards-the -perforations, resulting, in, flow, turbulence and. spherical flow
which incurs the higher pressure loss-in the formation and-hence'the deviation from

the ideal Darcy” flow occur.

Numerous studies, based on a variety of assumptions, have investigated the
theoretical pressure response, productivity, and additional skin called partial
penetration skin (S,,) of such well. Common correlations used o compute the partial

penetration skin (8,,) are summarized as follows:



|. Brons and Marting"'
Brons and Marting expressed the additional Kind of productivity impairment
or partial penetration skin (S5,,). They presented the following equation for

estimation, regardless the location of the perforated interval on the formation.

8= %—i][ln hy —Glb))] [2.9]
D y
where
G(h) = 2.948 -~ 7.363h + 11,456 — 4.675h°
= | Wt |
n=— J— . dimensionless pay thickness
h, S
b = " penetration ratio
I
h = reservoir pay thickness (fl)
r, = wellhore radius (ft)
i, = lunited interval open to flow (ft)
ki = horizontal permeability (md)
k, = vertical permeability (md)
2. Odeh'”

Odeh stated that the location of the perforated interval is usually dictated by
formation characteristics and reservoir behavior. Therefore. by considering the
location of perforated interval ot formation, Odeh suggested the Equation 2,10 to

determine the partial penetration skin (S;;)

Spp =1 35{ % = 1] (n(r hy, +7)-1.95-[0.49+ 0.1 (s i, )Jinr, | [2.10]
where
ll?l.‘e--."'*;-. b
r.=re et D<=*<05
' : [}
Fige = Ty, ifyr=0
h



v = distance from the top of formation to the top of perforated interval

I _;' is greater than 0.5, then use | —'}i instead.
! 1

In this study. all reservoirs of interest were perforated at the topmost part: as a

result, all y values are zero. So, Equation 2.5 can be rewritten as the Equation 2.11:
I [TE A4
5”.:135[;-4] (n(r i, +7)-1.95=[049 + 0.1 In(r, ki, e, ] [2.11]

13
3. Papatzacos
Papatzacos presented Equation 2.12 to determine the partial penetration skin.

The equation was derived based on an infinite-conductivity well in an infinite

reservoir,
| o Al 1 g fa=1y
S B -2 =8a., i [—] 2,12
¥ [h ]“ ZJ b [2+h B-1 kel
where
|
A
1] h
= |4
[h 4
|
Fe—— —
[_vJ 3b
+
fr 4

As ‘previously. mentioned, all a values in- this study are zere because all
reservoirs were perforated at the topmost part. So, the equations to caleulate A and B

can be rewritten as follows:

H =r =
0.75b  0.75h,



. 4
4. Yeh and Reynolds'
Yeh and Reynolds showed the general equation to determine the partial

penetration skin (5,,) lor either single or multilayer reservoirs:
: 1-1, N
Sw={+5— In(h,, ) [2.13]
\ | R

where

koh
fi= ,J'i_.: = dimensionless tlow capacity
i

— | By : . .
ky=—%k h . thickness-average horizontal permeability
s J; 1" i =

L T

of open mterval

v | &2 i A
k= 7 Z k I - thickness-average horizontal permeability
B
k¢ = herizontal permeability of layer j
h 4= Gkl ;“-]-"", dimensionless wellbore length
explCy)
Cr = 0481+ LOIG) - 0.838(/1)
' = comelating coefficient that can be obtain from Figure 2.7
Az, — dimensionless distance from tep of open mterval to top ot
reservoir

Figure 2.7: Yeh and Reynolds® correlation for ¢ — multilayer reservoir.
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However, for single-layer reservoirs, many parameters can be

h
simplified: f, :.’-:zl—F-~ Az,=0,C"' =2
1

Thus. Yeh and Reynolds partial penetration skin correlation can be rewritten

as follows:

X 1-b
5!.,!; =[T]Inhuu (214
where
2b(1-bh,,
L=
exp(C,)
@ < 0481+ 1.01(h) - 0.838(h)

Since this study is considering only single reservoir, Equation 2.14 was uscd

to estimate the partial penetration skin.

2.3.3 Perforation Skin and Flow Efficiency

The damage or skin around the perforations could be quantified indirectly by
means of flow efticiency (FE).
Ap ‘ a0 & &
_F'E 4 .I; T Q g s [2. 1 :']
MI.'HM'* q.‘.'rﬂ i

In order lo evaluate different perforation strategies. the pressure drop due to
skin will be corrected by subtracting ‘pressure drop due to-skin caused by non-Darcy

flow and partial penetration.

&F;rn.. akii = q._..-ur-‘ tedl ki [.} Iﬁ]

carvected FE =
corectal vk rf_’g'lll vk r

where

[_'l‘.lI'I’EC[Cd Ski“ - Skinhmﬂ = Skinu“n.[},“‘;:. = Sklnp.uhid penetation ['—“I ?i
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However. rather than non-Darcy and partial penetration skins. other skins
caused by other factors are unknown and assumed to be the same for all wells. Thus,
the corrected flow efficiency could be relatively compared and used to evaluate the
perforation strategies. In this study, the corrected skin is called perforation skin.

SONUUINYUINNS )
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CHAPTER 111

EVALUATION OF PERFORATION STRATEGIES OF
GAS WELLS IN THE GULF OF THAILAND

In this study, data from 70 ga}. r’réﬁ irs penetrated by 70 gas wells were used
for pertoration evaluatmn The m&en{m/w ies of these sands vary in a wide
range as detailed in Tnhie' 3.1, The ‘shhsen Wﬂcpiha of these sands vary from
5216 feet 10 9563 feel with s ﬁ thickness in a mngf: between 5 and 92 feet vertical
nmfm are in the range of 13 to 28% and 10 to 62%,
show the histogram of reservoir porosity and water

lean: Eﬂd‘the standard deviation of porosity are 18.67

\ J‘

depth. Porosity an
respectively, Figu
saturation. respectiy
| the standard deviation of water saturation

. Mean 18.67
| Sud. Dev 3.16

Frequency

13 14 16 16 17 18 19 20 21 22 23 2 25 26 27 28
Porosity (¢), %

Figure 3.1 Histogram of porosity.
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Histogram of Water Saturation
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igure 3.2 Hmmg&n of water saturation.

//5‘ ‘
‘A‘Af ?"AA
The reservoir initial pressure can'—ﬁmainbd from either Repeated Formation

Tester (RFT) or mterpretatmn §€*‘|u][§ ﬂjﬁrprewure transient analysis, which are
presented in Table 3.1. For the oondltmn inside wyﬂhure the pressure can be
~4 £

N
estimated from conip

For gas wells in the Gulf of Thailand. the mn.':];lctiun fluid is typically brine
with 3% Potassium. Chloride. (KCL), with a dmmﬂy of 8.6 pound per gallon,
However. saraliné oil ‘based Completion-fluid is‘used in some cases to lower the
hydrostatic-pressure, especially in oil wells. Thus, prior to perforation, the wellbore
pressure t’;p.‘-‘.;’} can be ekliﬁialed?hjﬁ h?‘ﬂtﬂstsaﬁc pressure caused by completion fluid.

Figure 3.3 illustrates the Gulf of Thailand’s pressure profile, 3% Potassium
Chloride (KCL) completion fluid gradient at 8.6 ppg. and initial pressure of 70 gas
reservoirs chosen for this study. All red points in Figure 3.3 are the initial reservoir
pressures obtained from Repeated Formation Tester (RFT). Some reservoirs were
depleted by existing wells prior to pressure measurement. The black dash line shows

the upper limit of the initial reservoir pressure of gas reservoirs in the Gulf of
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Thailand. For the gas reservoirs that have initial pressure on the right hand side ot the
completion fluid gradient at 8.6 ppg (P, = P,). the perforation can be performed with
the natural existing of underbalance pressure. However, for the gas reservoirs that
have initial pressure on the left hand side ot the completion fluid gradient at 8.6 ppg
(P, < P,)., additional work prior to perforation is required to achieve the underbalance

pressure condition.

Gulf of Thailand Pressure Profile
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Figure 3.3: Gulf of Thailand pressure profile.



Table 3.1: Gas reservoir properties.

235 Heservolr Froperiies

Hes Kes P i Thicksess
Well - * | RFT Imatial Res. | PBU. Initial Res, - o
IRamE _':‘“J;";t Presuwopsl | Presiureph  [RMDIATVE] TUTTORE | w0

Well-ii] hi-H hEEd LRI 2901 § 5 13 e}
Well-02 524 8240 4.k 4.7%0 17 22 16 [+]
Well-013 g2l 9143 o 5007 20 15 13 | 3D
Welld D5 Q3R] none 5320 13 10 14 4
WellDs T84 Tie0 noke 1,790 1 Il 14 43
Welllih w92 B9 1070 .72 5 20 20 26
wello7 | gl-7 | =170 4,850 4,254 [ 1 17 T
WellDg 634 6341 2 R4 LA3S 5l 41 22 28
Well-09 59-5 #4952 5,568 £ 3 13 11 17 46
Well-10 41.2 5214 naee T [ 45 i 13
Well-11 53-8 5581 2553 A4 h 4 Fi 10
well-12 | se-1 | Sa12 none 2440 ] 51 26 2
Well-13 -1 11 B 2545 25 23 i 1t
Well-14 721 | T2 Rone 1757 [ T 18 44
Well-15 T35 7553 T e 1.555 57 4% 20 52
Well-16 fill-8 G082 e 2.0 nl 47 L 11
Well-17 549-2 6 ke 2. 764 7 52 21 4]
Well-18 [AEN B0 none 2820 3 28 23 il
Well-19 /16 5159 414 4 334 27 20 15 52
well2o | 724 [aTie nofie 3.429 1 22 1 3
Well-21 73000 7206 none. 16410 26 15 17 a0
Well-22 74=2 7422 nofe _ 3389 52 38 21 37
Well-21 5.4 0K sl 1,404 21 19 21 16
Well-24 B8-1 1532 e 1,004 52 37 12 47
Well-25 Ti-0 TR none 3.555 42 32 |8 52
Well-26 H5-1 6528 1,160 320l &2 &l 19 k1]
Well-27 570 | 8704 1A8% 2 K 41 i 17 A7
Well-18 ELk-f LEE S L 4 315 45 18 15 4%
Well-29 92-5 246 fionie LIS 27 12 21 19
Well- 1) B4 4842 none 3.547 13 25 19 12
Well-31 Bo-1 Bl e 1946 18 13 20 52
Well-32 A0 B4 _nine A4,(M4 46 ki) 15 53
Wiell-33 788 TEED 4257 4,7 Al 4 17 54
Well-34 4140 8283 e 2.1_2“ g 11 17 Mo
Well-35 A7 5708 noe 2 SOHY i 24 16 B
wellk3s | 17 | 9170 _4.202 31997 » 1 14 il
Well-17 -0 6199 THHIE 1,712 15 H i 25
Well- 1% KOG | RuRR 3,998 1619 12 M 23 27
Well-39 BT 710 e 1604 TR 45 1% 13
Well<40 Bl LEEE] noe 2843 29 25 0 4
Wellt1 hi-% 6973 nofe 3,980 45 40 23 43
Welld2 77-5 7759 1052 1853 15 13 1 48
Well 1 T T368 Jting 2H1E % 20 18 62
Well44 TH2 T4k [ETa 1044 4 20 12 52
Well-45 R0-T RlbE e 149y 32 26 17 28
Wellah Al 586 e 5 756 k] 59 16 dh
Well47 774 T4 4.288 4. 266 28 M 21 40
Well4s L T nane Lhs s | M 20 1% ih
Wiell-ay -2 TWIT nang #7123 12 36 14 54
Well-50 687 | AEAS ngie FRETF] [ a9 13 24
Well-51 718 1276 none 1810 a4 7 i7 47
well-32 fR-f iRl 1o 1447 i} Sl Ih 2
Well-33 al-1 9114 4344 4.291 13 7 13 33
well-54 594 ROa3 e 40T ) k1l 15 20
Wwell-55 &9-1 A0 4,062 4,00 30 12 21 26
Well-34 T5-h T5hdH Ao 1972 40 il 16 52
Well-57 876 [RER 1.hh3 1,555 120 [ 19 )
Well-5% RE-9 BEH nofe 3,258 14 n 16 57
| Well-59 [ RRTT o 5,596 [ 15 18 45
Well-hd 692 6921 none 1,17k 54 41 17 5l
Well-h1 TH-2 1815 one ERLL ) au 10 20 a2
Well42 Th-E TOE e 1,734 ¥ 56 20 54
[ wellnd | 812 | 8121 o 1354 ) 16 15 62
Well-bd4 A LILT] e 4,053 35 41 18 43
Well-65 BO-8 R34 nike 4.911 45 a7 14 38
Well-bib fad-00 6397 3178 1,142 78 6l 21 18
| Well-67 Bl-3 130 nhoie 4,230 21 19 I8 L]
Well-68 Ti4 T141 wAe 1024 41 12 17 43
Well-68 72-3 TiiR 3,357 1073 52 42 18 4%
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3.1 Perforation of Gas Wells

In the Gulf of Thailand, the underbalance pressure perforation technique 1s
commonly applied, in order to achieve the lower completion or perforation skin, The
lower skin helps maximize the production rate and also reduce the abandonment
pressure, resulting in a higher recovery efficiency. The underbalance condition can be

achieved by:

. Swabbing fluid out of the well by the wireline swahbing cup. lowering the
fuid colummn. asa result. lowering the hydrostatic pressure on the reservoir
face.

2. Displacing with low density of completion fluid (saraline, base oil), 1o

lower the hydrostatic pressure on the reservoir face.

3. Flowing the well by opening the choke and drawing the pressure down in

the wellbore.

4. Leaving the naturally existing underbalance when Py.ovoir = Puciipore

h

Injecting gas (N2 or produced gas) to lift into annulus and unloading
completion fluid via gas Hift valve. This method is typically applied in ol

wells,

To obtain the desired underbalance condition, the swabbing technique seems
to be the most popular choice comparing to others since it is the cheapest and fastest
execution. However, the wireling-unit is capable of swabbing liquid down to a certan
level, depending on well-deviation, due te tension limitation. It the desired depth is
deeper thanthe limit, a coiled tubing unit might be required for gas hfting which is

more expensive.

Table 3.2 contains the data related to swabbing operation and perforation for
all 70 wells chosen in this study. All wells were filled with 3% KCL completion fluid

which exerts a hydrostatic weight ol 8.6 ppg.

All wells were perforated with underbalance pressure varying from 185 to

1792 psi. with an average of 865 psi. Fifty wells oul of seventy wells achieved the



2]

underbalance condition by swabbing at depth between 500 to 6100 feet (measured
depth). The completion fluids of other twenty wells were not swabbed out: however,
the underbalance conditions were still achieved due to naturally existing underbalance

condition.

Speaking of gun assembly, charge type 1s the only parameter that has
sufficient variation of data for evaluation. Other parameters such as gun size, slot
density, phasing. and explosive cannot be evaluated because the ranges of the data

values are too narrow,

Fifteen gas reservours out of seventy were perforated full-to-base without any
gap. These fifieen wells were completed using an old fashion strategy based on the
idea of lowering the pressure drop across the sand face as much as possible in order to
maximize the recovery.  However. many operators in the Gulf of Thailand
experienced many problems. especially water shut-off related issues, in full-to-base
perforated gas reservows. The longer the perforated interval, the more difficulty the

water shut-off can be performed.

To shut the water off. the long perforated intérval may require expensive
chemical treatment, such as cement squeeze or polymer treatment. instead of cheaper

mechanical shut-off, such as permanent or retrievable tubing patch.

The other fifty five gas reservoirs out of seventy were partially perforated. Al
this moment. partial perforation now becomes-the ‘best practice for all gas wells in the
Gulf of Thailand.  The short interval of partial perforation eliminates or reduces the
difficulty for future remedial well work, ‘especially water shut-off._However. this
partial perforation causes an additional skin. called partial penetration skin, as

mentioned in the previous chapter.



Table 3.2: Swabbing depths and perforation information.

S Depih, fi ] Loun Asarembly Ferforated
Well Hes. measured | orue vertieal I:-ﬂr:ir:r Gun e Shid Intereal
Vi
Name | ootk | deprkd lpremwreps| imch | TV VIPE| gy | PR | Explmbe | o lnTv

Well-01 B2 5,400 1558 1523 208" | Predaior XP b Gl HMX 4 5.0
Well-02 324 [ 0 ENFEES Power bt f fal) HMX 15 122
Well0l 024 0 0l 5 S Penwer e 4 fsl HM X 10 5 i}
Well-04 R i 0 lody) 2.1.8% Power Jet 4 il HM X fs 4.6
Well-05% T5-6 2050 1516 1087 2-1/H Chwen Hero b ] HMX 24 17.5
Well-(Hs 02 4030 2673 THIEEES Chwen Hero f 60 MK 20 160
Well- 117 Bl-7 0 [ 18] 218" | Owen Hero t fill HM X 14 7.8
Well-08 314 1.250 1164 M| 218 Fredaior b L1 HMX Q r e |
Well-09 0.5 n 0 1565 213" Power Iei f Bl HMX k] 62
Well-10 £2.2 1, HHY 153 o] I Predatnr 5 sl HMX b fs.4
Well11 555 1,200 | 200 io4f  2.1@% Predator 5 a1A] HMX 40 il .4
| Well-12 S 1160 1157 447 F.1R° Prodator & A0 HM X [ 1.5
Well-13 501 1,200 1,168 A28 2-1LA° Power Jet ) B0 HMX 18 1
Well-14 72.7 1,044 9 951 2.1 Power Jel i il HMX 29 19.8
Well-15 75-5 5, (N LN 1565] 2.4 Powes Jot fi o] HMX 40 44
Well-16 [ 1250 1215 62| 21" Prwer Iet f Bl HM X ol 47.0
Well17 52 1,200 _Li9s 643]  2.1/8° Poawer Jet f fall HM X 44 32.7
Well-18 1-0 1,160 1.1l - e Power Jo1 b ] HM K 27 | 204
Well 19 -4 i) { 68& 218" Power Jet b hil HM X 20 148
Well-20 729 2057 1707 (RN T Power Jet 6 6l HM X 31 220
Well-21 730 1 [ Ty s FPower Jet o 60 HM X 15 1.0
Well-22 78-2 974 58 AM. 2187 Presksiur 5 1] 1M X b 26.3
Well-23 S04 £ 00| 3658 18l 2-1/8" Porwer Jel s Gl M 18 149
Well-24 BH-1 (R 021 471 218 Power Jet fi fll HMX 20 144
\lr'nllr3_$ 710 1,200 1.0°92) . 60 21787 Predator 5 fall HM X 9 .4
Well-2b | 65-3 3060 2208 [430) 2.18" | OwenHero b il HM X o | 14h
Well-27 57.4) 1.200] 1000 L Chwen Hero [ 1] MM 5 10
Well- 28 Rl 1] fl TO| o B Power Jut f 6l HMX k[i] 8.7
Well.29 3.5 5 30K 3415 5| E1aT Prestanar ] i) HiMX 1% 14.7
Well-10 [TH] 1010 1 M 137 > Predaior 5 o] 1INS 1% 3.6
| Welk3l | 86l 10003 [ 8] LR | Power Jot f il x| s | 20
Well 32 %40 1,300 I,}]fa oo B4M Tl Predaror 5 i} HMX 1h “an
Well.33 TR-R 720 Tig 1054] 21" | Owen Here [ Al HM X w | w7
Well-34 30 5, 5(H] 4,743 S 3% Preuatur 5 Bl HME 14 1.1
Well- 12 871 0 0 G| 20T ) Powes b & 1] X 20 13.7
Well-36 al.7 1320 1IR3 1525) 2-13" Pawer Jet & [11] s 32 11.0
Well-37 Gkl 5500 4, To8 082 2.18" Power Jet fi al} HMX 1] 26,8
Well- 1% g9-9 e EEE| hen” | Prodator X1 ] Al HM X | %I
Well. 19 27-1 i 100 _J.._slﬁl 1300 218" w [ il HM X 45 2.0
Well40 514 ER ) 1.9 5550 218" Predatar 5 il HMX 0 173
Well41 A5- 105 1.024 1327] 218 Predagos -] (1] HMX i 7.5
Well-42 175 3 2107 1516] 2.1.8" {iwen Hero s ) 1M 7 [
Well41 7157 1] i 954 218" Predawr A i} X 25 20,0
Well-44 79-2 1000 0y 8530 213" Predaar [ Bl HM X 40 | 200
Well-45 L7 531 S48 1137 218" Prodasos 5 [T} HMX 0 | 163
Well-46 BE-f i r 0F o~ 470N 313 Pavwver Jgt b [21] HMX n | 217
Well47 | 774 20HKH 1702 i587] T1%" | Pows ld I 60 [TRES M | ko
Well-4% Tty 20110 171 1os] 2.1E Fredame 5 ) HMX 18 13.0
Well-49 702 200 172 1454 218" Preuluios 5 il HMX 27 | 231
Wiell-50 687 0 1] 2| 213 Chwien Hero [ i) 1IMX 18 14,2
well'st, [} 738 2000] 174 1328] 2§ |-Prodaton XP 5 [ HMX 8 | 49
Well.52 b 1) U4 §0l] 2-1F" | Predator XP i 1] HMX 9 7
Well.23 |- a1-) AR ) 1342 -wiee | Predasse XF b Al HM X L b2
Will-54 504 ASHY 170 1488|190 Predator XF & A0 HMX 40 1 8
Well-55 501 2100 ) a7e] 1-isT | Predovor XP fs 0 HMX ] 7.3
Well-56 756 (1] il NS Power Jed & [} HMX 1 5
Well57 BT-6 2R L] 0 208" Powes Jet b ] 11X 80 1 3
Well-58 8.0 2400 1231 T Power Jel t fiil HM % 49 120
Well-59 88-8 1] il 1626] 2-18" Power It f bl WX 30 194
Well- 60 -2 0 1] 80| .18° Power Jet fs sl HM X S 41.0
Well-f 782 S0 5040 17l 2.8" Power Ja s il H5 44 3040
Well-6:7 T8 ii ] 70| 2.1m" Power Jet 4 il HM X, 75 S0
Well-61 -2 [ 0 Lyl 2-1/8° Power Jel b hil Hsl3 29 LX)
Well-£4 32.0 25[HY NiTh Bnt|  2-14 Pinwer Jet ] Lo11] HED 55 410
Well-65 805 1] 1] 912 213" Preskrtor 5 &0 HM X 4i 3541
Wll-tifa e} 0 f 17 218" Prwer Jei iy il HM X A 111
Wella? | 813 | G0 1033 218" | Powerdet B il RE '
Well-f8 T1-4 1500 1381 49 218 Prodator fs fall 13X, 27 211
Well-&0 72.3 HEHHY 2054 1043 218" Prodaor fi fall HM X 41 131
Well-70 b3-2 0 1] 191) 21" Predator [} fiill HMX 24 1.0




3.2 Pressure Transient (Well Test) Analysis

To evaluate the perforation strategies ol gas wells in the Gult of Thailand,
sevently pressure transient tests were interpreted for permeability, total skin, non-
Darcy skin coeflicient, and pressure drop due to skin. The results from these pressure
transient analyses were then used along with other parameters, such as gas reservoir

propertics and underbalance condition, for perforation evaluation.

In this study, PanSwsiem version 3.1.1 software was used for all seventy
pressure transient analyses. Suitable models were chosen based on the characteristic
of the pressure responses: Rate dependent skin coeflicient (D) can also be
incorporated. by trial and error, nto each model for better matching between actual
and model pressure responses.  The trial and error was performed by changing the
Rate Dependent Skin Coeflicient in order to match pressure transient data acquired in
different flow periods. However. the rate dependent sKin factor sometimes cannot be
simply obtained from the trial and error approach. In this case, the rate dependent skin

plot is required for Rate Dependent Skin Coefficient determination.

The details of pressure transient analysis, including test overview, log-log and
semi-log plots, and rate dependent skin plot (if available), of cach perforated gas
reservoir is presented in Appendix A, The summary of interpreted results of all

pressure transient analyses is presented in Table 3.3,

In addition, by using the total pressure drop and pressure drop due to total skin
from the pressure transient analysis. the flow efficiency then can be calculated. These
results are shownan Table 3.3 Theseflow efficiencies were calculated based on total
skin.  So, these flow efficiencies do not represent perforation performance of gas

wells,



Table 3.3: Results of pressure transient analyses.

Pressure |ramsien Amalyses
Ris. S N nirisl Total Fressure Dirop Flow
e Name ::::(;;':l::: r'm'r::" (KM v ocal Skim Corlfichent, Sian | Freerere. Pressure | from Total Skin, Em‘:.rm
" 1AM scliday ) psl Drop, psi psl
Well-01 GH-8 0.40 .65 052 (R LLL ] (A 2.901 13495 117
Well-02 %14 456 298 497 [LOHRHMD 0.0 4,780 3 L5352
Well-01 924 1.03 177 2143 (1 (MHHM) 0.0 5017 3,727 2923
Well 4 954 085 119 149,50 1 (RMCHMY 0.0 5,320 a1l 2,505
Well.05 754 i fafs 907 Bt 010K 33 10 3790 2,714 923
Well-ois | 602 h 02 L ifl 104 {1 (K12 § L3 2,721 a0l | 253
Well-07 | 17 101 410 160 0(a0hHI Y 0l 4.254 3,000] [
Well (8 614 i3.10 52004 100113 D010 40,6 2435 239 124
Well.09 | H0.5 1.0 [ 8 (LAMKI LS 1.0 5,504 1277 1,697
Well-10 52-2 12.00 asmﬂ, LK. 00 0 )67 | 4.3 2218 132 123
Well-11 558 15.70 250,00 | 0 THNNS [iR.] 2514 &7 i7
Well. 12 561 14.50 BS0.00 43.30] LARECTEL] 18 2440 9 59
Well-i3 59-1 1440 T 00 23 [l!{ L) on 2 545 121 19
Well-14 13.7 1.70 28 00 17.50 OO0 1.0 1757 LIH-?I 7
Well-15 15.5 1323 B0 16.20] D.0g147 188 1,555 Jlg-l 145
well-16 | 608 15,00 mrﬂ 130 000020 10 2,794 m 13
Well-17 592 1480 L5280 2.5 000000 N1 2764 18 19
well-18 | ol-0 13,30 123,00 s.mﬁ 0.00024 12 2826 145 |
Well-19 | 8l-6 3,00 Idﬂﬂ 10,00 000000 0.0 434 Wl a5
well-20 | 129 2.10 i 20,55 Q00000 0.0 1,620 1252 .21
Well-21_| 730 0,64 i% 3] 1500 [0 (RN 0.0 3640 1,781 1,154
well 22 | T2 9.12 ol ool oo 00 3,380 168 2
Well. 21 5.4 4.15 . .l OGN aa 1A 207 115
Wedl-24 R 9.0 14 14,40 (LI 0.0) 3t 1,435 S
Well-25 Tidb E.K0 1 3.0 1425 (DAY 0.0 3555 1,648 1167
Well-26 | 683 1140 AN 21%0 0 (HMCHMY [il] 1261 630 At
Well-27 iT.0 151 £ (1 135010 (1. (HKHED 0.0} 2,209 [ 1144
Well-28 [y 140 | filh [ 0 HRHRY i 4315 3624 2.658]
Well-20 92.5 766 13073 5,43 {1 ({KWH 0.3 2, TS 150 51
Well-10 54 271 [ENLE| £90] —  [KKHK ] | 3842 LGT6 I
Well-11 [TH| 515 #1300, Lai (L0000 il 1,046 36 14
Well-12 5440 082 01 240 0.00000 0.0 4.044] 1875 1378
Well-13 788 150 1.8 1.07 000000 0.0 447 2,930 L3TH
Well-14 919 545 & 12771 000050 2.7 2,220 1,035 LT
Well- 15 871 500 : 161 ™
Well-3s | 917 420 2048 S0
Well 17| 640 405 TR F5]
Well-18 | =0.0 14458 147 114
Well-10 | 271 1303 U 27
Well-40 E14 15T 792 335
Welldl | 9.8 10,30 2 ‘ . 27 170
Well4? 71.8 4 50 i (M} 240 (1 R n.g;_ 3853 1636 0493
Well-41 8.7 | bt 3.CHY 15 50 1} CHRKH [l0 1,938 3166 2368
Well-44 9.2 [T 714 310 () [HHICHD [ 31,949 [ 540
Well-4s | 80-7 [E] L 140 (KK [T 4,400 2,538 945
Well-4a 580 600 30.00 4158 OIS K LiVLl S 150 S0 446
Well-47 114 1.0 183.7) 411 0.0 | K] Fdth e 3l
Well43 Tty 11.27 4.8 276 DT 10 LRk bl 234
Well49 79-2 400 (R 1.92 00000 | oo 4,223 2459 __oll
| well-so | 687 10 601,00 b 0.00000 00 1372 1336 1. {4sts
Well-51 24 1 80 Sl | 23, 0 00000 0.1 3511 1472 1419
Well 53 | 68:5 liga 00 818 00000 .0 3447 050 #15
Well 51 ul-| w80 165,001 I A0 [T 4101 1851 i il6 3
Well. 54 J, 594 1547 341,00 497 D000 [T 4070 57t 135 |
Well-55 89-1 Lis TiH B33 00 m.:u_ri 000200 134 4,000 158 139 26
Well-54 756 191 20,00 94,07 LLELEY (L] 1412 1613 2,442 T%
Wiell-57 1 15.30 300,000 M 000010 1.3 3,555 122 6l 449
Well-3% 8- 723 41,00 :.%.ﬁ 00000 i 1354 Hiky 54 1:3
Well-$9 HE-8 500 60,00 10,00 000000 i i 5,501 274 139 4%
Well-6t | 69-2 153 1.20 4,00 00000 . 1170 LiE LA i
Well 61 T8-2 141 410,55 2023 000000 0.0 1418 1% 51
Well 42 Tk §22 15,00 18,00 000000 il 3738 1460 101 i3%
Well i1 RI-2 2.9 4,40 5.0 QL0000 0.0 4,259 .1.u'.l3| [ | Ll
Wiell el 9.0 11.70 27,68 117 Q00000 0.0 4,053 539 pil 52%
Well-48 Ra-3 .10 0935 1287 ILELLT oo 4011 LRI 2677 A%
Well-tih el 1520 500 1251 (.00 02 ENEE 265 156 q
Well-67 B1-1 1.7% 13.65 B (LG 0.0 4230 2078 1,129 Aat
Well-6% 714 150 5500 1.8 (L0EHHN 0l 1,024 f12 430] quii
Well-t:9 723 B 0o 1587 1865 {001 £ 56 12.0 3,073 1280 a1 9%,




25

Figure 3.4 shows the histogram reservoir permeabilities which obtained from
pressure transient analyses. The mean and the standard deviation of permeability are
102.45 and 188.51], respectively.

Histogram of Permeability

Mean 102,45
Std. Dev 188.51

50 SO0 550 GO0 BS0 OO 750 BOO 850

In addition Jm relationship of reservoir pen@blht}r and porosity was also
obtained as shown in Fi igure 3.5. From the lrend line, which has coefficient of
determination- gﬂé} at ﬁ&4754 ﬂm gmwiltyamh& ﬂs&:tmatad for any reservoir
porosity by tht"f{!!lﬂwmg"&]ﬁﬁhbﬁ" ' .

‘*iﬁf'—;i‘i‘@%ﬁffﬂtﬁn dVid INU
where
k = average reservoir permeability, md

¢ = gas reservoir porosity, %
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\Avarage Permeabillity vs Porosity

1,000 =

100

Permaability, md

10

10%

3.2.1 Skin and Cnrrectedmfﬁﬁ iency

wellbore cnnﬁgurf)n and ‘jn assumption of reservoir

permeability ratio (&, ﬂ-.,,} ﬂf 0:2, usmg four correlations as described in Chapter 2.

The calculatﬁ W m each-correl T an: WT% value are presented in
Table 3.4 nworiou |
Q'ﬁ@%} \iﬂj epresents . the average

pamal penetration skin and non-Darcy qkm were then subtracted from the total skin

estimated from pressure transient analysis. Finally, the corrected flow efficiency can

be determined from the pressure drop due to perforation skin using Equation 2.16.

To evaluate the perforation strategy, the impact of underbalance pressure on
flow efficiency and skin was analyzed. The effect of reservoir porosity and charge

type would also be discussed.



Table 3.4: Calculated partial penetration skin and corrected data.

Calewlated Partial Penetration Skin Correcied Daia
, Hues. ; Pressure Dirop due i
Well | Nume f;::;; Odeh H:;::h Papatzacos | Avi P";.':_“m ta Perforarion e "',T”'”""
Skin, psi

Well-i hi-% .00 [ (L) o] .00 032 117, g3t
Well-02 K24 284 1,68 3.02 ils] 30 1.77 553 1%
Well-03 - 352 4. 16 159 173 3.75 1768 2412 35%
Wiell-(4 Wb a4 187 151 164 16l 1569 2,367 kL
Well-0i% TSk 2.0% 284 21 22 2.11 4.36 A6 23%
Wl .2 0,79 1.37 (LR .96 0,99 k54 45 i
Well-07 &1-7 0.72 1.21 .76 nen .90 2.61 9210 P
Well-IE fi 18.22 I B9 18.74 1872 IRAS 41.87 a1 1%
Well-(9 §0.5 23 P 138 254l 153 1,33 121 T84
Well-10 $2-2 2117, 23,55 23.7H 237102163 585 7| U3t
Well-11 55-8 117 4.2% 126 ra0 3 A2 2.29 11 Et%a
Well-12 361 24 54 2527 23.13 241002502 If.44 21 T
Well-13 59-] 1.35 2.06 141 Lisl  1.5%9 21,41 73 6%
Well-14 727 .53 20 1.59 1.74 1.79 169 ELd] BT
Well-15 755 1.81 275 1,88 203 201 -4.73 42 wﬁ
Well-lo | 608 oogh ool 0.0 0.00{ 0.0 -0.50 -8 111%)
Well-17_ | 0.2 162 16| 270] 253 2un) 2154 14 K74
Well-18 6l -0 1.35 2 10 141 1.56 1.6 1,01 15 0%,
Well-19 3] -6 HE 1.81] 1.20 1.35] 138 B.62 42 54%
Well-24 13-4 LI 0.00] ALY LERE TR (.53 252 119
Well-21 T30 257 128 2.65 2,80 .82 1118 1,101 I8
Well-22 T8-2 1.7 2 86 (1] 2401 208 -0 -1 100%
Well-23 a4 (88 1 47 (] 103 1.08 552 b H8%
Well-24 BH-3 fr.bﬁl .50 & T6 687 [ A 7.35 4 h%s
Well-25 710 13 54 1446 1426 1427] W2z 0.2 2 10KF
Well-26 fi5-3 13.95 14 50 14.21 16 14.33 947 154 1%
Well-27 3740 27.00 27,58 1747 1738 17 M 107, iy 1072 24%%
Well-28 - (KL 1.469 1,96 211] 214 14.70 2,318 It
Will-29 92.5 1,76 2350 L83 1.9% 202 107 a2 B3%
Well-10 RE4 318 1.9% 126 140 145 5435 481 T1%)
Well-11 Rb-1 (Y] 000 Y L I 1,00 14 Ui
Well-32 B4-0 (X L) (L 000 .01 240 1.178 4%
Well-13 78-8 45 £49 A .54 4,32 4.83 124 5K 53%
Well- 14 (] 145 15.72 15,25 15.26] 1528 10,70 H3n 2
Well-1% B7-1 Foed ] 139 259 3,03 J.08 692 ] Al
Well-36 81.7 i ] [ERNIY {1 {4 {43 1} -2 -9 127%%
Well-17 =44 0.99 1.69 1.02/ 1.7 132 1,88 11 R3%%
Well-38 L] 1253 1515 12.83 12.86] 1284 00 7, 6 Gt
Well-19 R7-1 1.2 4.21 128 143 353 -2.13 42 1 18%%
Well-40 LEE] 182 238 1,64 1.34 .89 5.27 26l 6T
Well 4| Hy- & 16949 1766 1747 1745] 1739 .52 56 To%s
Well42 77-8 166 q.17 374 387 3,88/ |46 422 1 1&%%
Well43 75-7 0.0} 0.(s1 .06} {100 0,080 15 50) 2368 2%
Well44 19-2 () .00 {10 Ty i) 30 SO H7%
Well4s BT 225 .00 233 2AR] 251 (k&7 242 it
Wellds £5-8 743 Rad 16l 7.72 786 3.71 41 G20
Well47 774 1.15 184 1.20 135 438 2359 2 3%
Well48 Th-h LM 1.74 1.14 129 131 -L52 ~12%9 1134
Well-49 T2 215 1.15 2.33 148 2.5 (&4 ~218 | 4
Well-5iK &87 10,7 1163 1093 T 29 915 3%

Well-31 T2-8 15.78 1430 1628 1626] 1614 f, 84 T2 TS
Well-52 (R .57 LN il.in 3l.06] 3098 50k 32 543 43%%
Wiell-51 91-1 12.15 12 85 12 &% 1270 12465 115 TR 35%
Well-54 294 3.43 429 1.50H 145 3.72 1.28 ] Yirta
Well-55 | 791 iKY .85 745 754 74 444 A7 109%
_“’ull-ﬁh TE-4 14 54 1521 L 5.0 L5 0] 14 TR.68 2055 2 1%
Well-57 875 247 1 Ab) 255 2  1LES 25,42 £3 24"
Well- 53 B9 0,00 1,000 [L] ool 0uod 2150 554 3%
| Well-39 HE-H 5.4 bl 5.7 5.8 5.95 4,05 56 T
Well-tD G5 (.41 (TR [ [T 0,00 490 1491 4,
Well-s1 78-2 (.00 (.00 [1.1K 0 .00 20,22 5l 690
Well-62 M3 0001 0.00 0.4} 0] oD 18 0a 7il $2%
Well-61 #1-2 [1.{H) [T (] 000 0.00 9.30 1,982 6%
Well b4 92-0 {00 [ (1443 (] 000 7.17 26k ey
Well-65 ] 077 1.42 7% nul|l 097 11,90 2478 35%
Will-#h [T 444 5,64 457 4T 485 7.51 B 5%
Well-67 B1-3 B 741 6. 74 53 [ 3.3 2113 268 A%
Well.h% 714 2.03 288 2.10 225] 232 1756 378 35t
Well 69 72-3 1,06 1 .80 1.09 1.23 1.29 566 273 T
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3.3 Relationship between Skin and Underbalance Pressure

Only data for relationship study is re-presented in Table 3.5, The plot between
skin versus underbalance pressure is shown in Figure 3.6. Both the total and
perforation skins tend to decrease as underbalance pressure increases. However, the
total skin values are more scattered. As a result, a relationship between the total skin
and underbalance pressure canmﬁbk#l i
line of perforation skin ha&w -oettic hﬁf‘}ninaﬁun (R*) of 0.2104 while the
coeflicient of delcrmmatm%ﬂ‘l-: tﬂyl skinasonly 0.0277,
total skin :q“’tha combination of various skin

shed. From Figure 3.6, the linear trend

As described 4

factors: non-Darcy enelr tl.ﬂ!'l. sklm perforation skin, and other pseudo

: ; Y\

skin factors. Non-Darey skin is ra‘l’e‘ﬁ’epemm tautgr while partial penetration skin

is a penetration ratio depen #fd&%&& koﬂ; non- Dan.y and partial penetration
i n . vy \

skins are not function of u 1€ | 3 ‘u;e S

JJJ\
=

y=-0.0031x+ 1311
R =0.0277 1

Skin

L= y--uuu?sx-maﬁz
" R’BDI'H:I# 1:

Underbalance Pressure. psi
® Tatal Skin ® Perforation Skin

Figure 3.6: Total skin and perforation skin versus underbalance pressure.



Table 3.5: Information for relationship study.

Gias Reserveir Properties Pressure Transient Analyses
- Hies Hhar Perforation | Correcied Flow
e Nume Pormsity, Y Hw, T bt Weronablfy 5 Total Skin Skin Eificlency, %
PITESSHIE, i) nid

Welld] (88 11 58 1523 1,63 .52 {152 B ¥
Welli2 E24 It (¥ 1281 194 497 1.77 §1%
Well-03 924 13 30} 254 1.77 2143 17.68 155
Well-0d Q5 16 19 1043 229 19 5() 1559 At
Well 05 751 I8 45 1087 907 §.67 434 §1%)
Well-06 [ 20 26 1171 [ 105 00,54 Gy
Well-07 Bl-7 17 18 | 195 4.0 L 1.6l TN
Well-0f [ 22 28 524 520,00 104113 41 87 B %
Well-09 E9-5 17 a0 1365 .08 689 31 7%
Well-10 522 25 23 144 B500.00 1044040 585 95%
Will-11 55-8 21 10 594 240,00 ffll 2.4 Eh%a
Well-12 Sh-1 2t 2 447 3§D.Uﬂ 435340 16 44 Thi%
Well-1 1 54. | b 16 424 T00.00 23.00 2141 5T%,
Well-14 727 18 £ G451 2800 17.50 569 BT
Well-15 755 0 22 1565 100,00 16,20 4.7 119
Well-16 Hil-E 15 1 [ 10,00 220 020 1%
Well-17 £G.2 H 41 651 152 20 550 244 BT
Well-18 fil -0 23 ~ Al [ E 123,00 520 1.0 B3%%
Well-19 8-t L& 52 L85 100,00 1100 562 4%
Well-20 729 2 25 1131 .90 (.95 =095 1159%
Well-2| 710 17 50 = 177 12 14 15.04 12.18 6%
Well-22 TR-2 2% 17 3120 T0.00 20 [F 10HT%a)
Well-23 44 21 &l ] Ei E0.00 .60 552 68%
Well-24 ] 22 47 471 14.00 14.30 7.15 65%
Well-25 T1-0 18 32 ER4 13,00 1425 iz 10T
Well2e | 653 19 30 1430 40,00 21510 9.47 Ti%
Well-17 57-0 17 47 34u 300 135,00 10766 Ty
Well-78 [y 15 45 # T8 1 bt 1686 14.70 16t
Well-29 92.45 21 1% IS 130,73 541 07 £
Well-30 EH-4 19 i3 137 1510 5. M) ] T1%
Well- 11 w1 20 A2 535 %5.00 1.0 1.00 6%
Wll-12 &4-0 15 53 #4 3 017 240 240 S4%
Well-11 TE-§ 17 54 1054| 1,86 7.07) 224 RI%)
Well- 14 9.9 17 ity 1%5 HOL00 127.71 105, 70 20%
Well-15 §7-1 1t 54 Fulbiy 7000 L] .92 1%
Well- 16 al.7 14 3l ks 755 220 -2, 20 127%
Well-37 -0 23 35 482 B1.66 110 1 8% B3%
Well- 13 ) 23 17 1523 200 (3 13,60 0.76 98%
Well-19 E7-1 19 15 1301 50,00 1.40 =213 11 8%
Well-4 B1-4 20 49 ] 1136 7.15 517 T4
Well4 | L4-§ 13 43 1327 104,27 26,02 B.52 Th%
Well-42 77.% 16 4% 1516 .00 240 B 116%
Well41 75.7 18 62 554 100 15.50) 15 5 25%
Well-d4 752 22 52 HES 710 33} 130 AT
Well-45 El3-T 17 2% LEYT 180 Al 0.87 Q%
Well 46 EH- 3 46 | 792 30100 4158 L] 2%
Well<47 174 2 40 1447 181,71 111 2 5% %1%
Well4% Tl 19 A | |05 24,18 2T -1.52 11 3%
Well 19 T4 I8 54 1454 I£l 192 -0.68 109%
Wl 68-7 18 24 302 000 B0 1.9 1%
Well5 1 728 17 42 1328 97 2 1K) X1 Th
Weell-52 [ It 12 ROl B0.00 81.50] 50,52 435
Well-51 91-1 If 13 1342 13,0000 1 604} 3.35 Bi%
Well-54 ] 15 20 145% 14 0 4.%7 1.25 aity
Well-35 A0 21 26 74 A1E 00 3650 144 109%%
Well-56 756 16 52 sal 20,00 9 A7 T4 hE 21%
Well-57 &7-h 19 22 i) 300,00 20040 2542 5A%
Well-5% RE-9 It 57 1% 43,00 23,50/ 2330 1
Well- 40 ER-B 13 45 =0 i) 0 10000 4,04 9%
Well-60 -2 17 51 TR 1.20 4.4 450 4%
Well-6l 8-2 20 42 037 410,55 20,22 2022 B
Well-h2 TR 20 54 570 19,00 18,00 18.00 2%
Weell-63 B1-2 15 &2 627 440 9,30 30 164
Wiell-6d G20 18 41 267 17 kK 717 117 3%
Well-635 Hi-5 14 k] 912 0,95 12.87 11 %3 15
Well-bh -1 H 2% iTE] 05,00 1251 7.1 A%
Well-A7 1.3 1% b 14133 1365 8.96 2.13 ET%
Well-6% 71-4 17 43 440 £E.000 19.9% 1756 8%
Well49 | 72-3 18 48 1043 1847 1% 95 5 bh vFIl
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From Figure 3.6, the relationship between perforation skin and underbalance
pressure can be established as follows:
S = -0.0075Ap +12.852 [3.2]

P Rl
where

Ap = underbalance pressure, psi

From Figure 3.6 and Equation 3.2. perforation skin less than 5 or even
negative in some cases, ean be achicved with underbalance pressure higher than 1.000
psi. In addition, the zero perforation skin can be obtained at an underbalance pressure

of 1714 psi.

To better understand the effect of underbalance pressure on the perforation
skin. the data were divided nto (wo groups based on porosity. Based on all 70 gas
reservoirs of interest data, trial and error was performed to identify the best porosity
cutofl. Eighteen percent porosity vields the best average coefficient of determination

for both groups of data as shown in Table 3.6.

Table 3.6: Coefficient of determination. R”. of each porosity cutoff

on perforation skin versus underbalance pressure.

Porosity Coefficient of determination, R’

cutofl, Ya Lower or equal to cutoff Higher than cutoff
17 L4431 01112
I8 i1.4503 01276
&) i}.3682 0.1247
20 (.3620 01054

Figure 3.7 was plotted using the same perforation skin data sel as presented
earlier in Figure 3.6, but the data were divided into two groups based on 18% porosity
cutoft’ which has the best average coeflicient of determination,  The blue points
represent data with porosity less than or equal to 18% (tight reservoirs) which have
the coefficient of determination (R*) of 0.4503. while others with porosity higher than

1 8% (porous reservoirs) are shown in red which have the coellicient of determination
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(R°) of 0.1276. Both categories indicate that the perforation skin decrease as
underbalance pressure increases but with a different trend as shown in blue and red
straight lines. The blue line is steeper than the red one indicating that underbalance
pressure has more impact on the perforation skin in the case of lower reservoir

porosity.

20
y = 001045 + 17.242
- R'=04503 |

Peraration Skin

-0 y = -0.0086x + 10.575
R =0.1276

——

=55 Underbalance Prossure, psi £

IS | WPy 8% iy G',j‘
- Al N

Figure 3.7: Pertbr@‘nn skin versus underbalance pre@rc — cutoft porosity of 18%.

From-Figure~37. | the, Jincar rﬂlatéungﬁip ~between- perforation skin and
underbalance pressure (Ap) for tight reservoir (porosity, ¢ =18%) and porous

reserﬁ*mrﬁw:ﬁ%ﬂy,é = 18%) can be established as follows:

For ¢ = 18%, Perforation Skin = -0.0104Ap +17.242 [3.3]
For ¢ > 18%, Perforation Skin = —0.0066Ap +10.575 [3.4]

From Equations 3.3 and 3.4, to achieve zero perforation skin, 1658 and 1602

pst underbalance pressure is required for tight and porous reservoirs,
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3.4 Relationship between Corrected Flow Efficiency and Underbalance Pressure

According to the previous section, the higher the underbalance the higher
corrected flow efficiency will be. This section describes more details on the

relationship between underbalance pressure and corrected flow efficiency.

Figure 3.8 illustrates the ml*kf'n E ween corrected flow efficiency and

underbalance pressure for EE ver forat oirs. The underbalance pressure of
185 to 1800 psi results in flow e{ﬁcu: ey ranging from 12% to almost 130%.

Although the data M lively xaﬁu@,‘mﬂmasmg trend can be observed.
The trend indicates, cted, that t e*!'ugheﬂhe‘nﬂd;rbalanw pressure, the higher
the flow efficiency ¢ .tth‘g hghbr underbalance pressure, the degree

7 .'.7‘ A S5
of reservoir damage ﬁn be reduced and consequently resulting in a
4 \'\ :
‘-J/J \ .

.'//J{l 4‘ ‘\

¥ =Hiclenc) h@m%uﬂ

higher flow efficiency.

140%

120%

3

o
=
Fa

y = 0.0004x + 0.411
R = 03127

E
S

Corrected Flow Efficiency, %

8

0 200 A00 &00 800 1.000 1.200 1.400 1.600 1.800 2,000
Underbalance Pressure, psi

Figure 3.8: Corrected flow efficiency versus underbalance pressure — all 70 gas

reservoirs of interest,
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According to the trend line, a 50% corrected flow efficiency can be obltamed
by an underbalance pressure of 222 psi while a 100% cfficiency or zero-perforation
skin requires an underbalance pressure of 1472 psi. However, without underbalance
pressure condition while perforation (perforate the gas reservoir at the equivalent
pressure between reservoir and the wellbore), the corrected flow efficiency will be

only 43%.
Based on all 70 gas reservoirs of nlerest data, as shown in Figure 3.8, the

lincar relationship between corrected flow efficiency (CFE) and underbalance

pressure ( Ap ) can be established as follows:

CFE = 0.0004Ap +0.4114 [

Lad
;..h
i

However. the coefficient of determination (R°) is only 0.3127 and the linear
trend line in Figure 3.8 does not well represent all 70 gas reservoirs ol interest. To
better understand the effect of underbalance pressure on the corrected flow efticiency,
the data were divided into two groups based on porosity. Similar to the previous
section, trial and error was performed again to identify the best porosity cutoft. The
same porosity of eighteen percent vields the best average coefficient of determmation

for both groups ofdata as shown in Table 5.7.

Table 3.7; Coeflicient of determination, R, of each porosity cutoff

on corrected flow efficiency versus underbalance pressure.

Parosity Coefficient of determination, R*

cutofl, % Loweror equal to cutall Higher than eutoll
7 (L1870 .6435
18 0, 1900 (1L6HYR0
19 0.1719 06161
20 0.0844 0.5661
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Corrected Flow Efficiency vs Underbalance Fmam.

| Paorosity Cutoff of 18%
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R’ = 05980
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Figure 3.9: Corrected flov
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Figure 3.9 was plotted yamg thmgg_;lata set as presented earlier in Figure
3.8. but the data ?ﬁem dmded into two groups. m@ﬂ% porosity cutoff which
has the best avmégijmefﬁcimt of determination. m&: points represent data with
porosity less than u‘;}:qual’th I~E’£‘={~3§~5Whuirsﬂwhicli have the coefficient of
determination {R ) of 0. {:08 whlle others with pnmmty hlghr:r than 18% {3! porous

Both Lategm‘?b& ﬁldm:ﬁrt!‘m‘f the' ﬂcﬁm"‘éﬂfﬁubﬁt.y“ ‘increase as underbalance pressure

increases butwith.a different. ll‘;&ﬂsl as shown n Bluwmd {Mrsﬂ&ht lines. The blue
line :s'{.‘ tieﬁer than the red orie ind#“éaﬁ"ﬁg that uﬁdmb.ﬂdnwprcésm‘% has more impact

on the corrected flow efficiency in the case of lower reservoir porosity.

From Figure 3.9, the linear relationship between corrected flow efficiency

(CFE) and underbalance pressure (Ap) for tight reservoir (porosity, ¢ <18%) and

porous reservoir (porosity. ¢ > 18%) can be established as follows:



L
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For ¢ < 18%, CFE = 0.0006Ap +0.1050 [3.6]

For ¢ = 18%, CFE = 0.0002Ap + 0.6854 [3.7]

By increasing the underbalance pressure from 500 to 1200 psi. the corrected
tflow efficiency doubles from 41% to 83% for the tight gas reservoirs but increases
from 79% to only 93% for the porous gas reservoirs. This is because high porosity
reservoirs naturally have high flow ability. thus the flow efficiency would only be
slightly atfected by underbalance pressure conditions. as seen from the less slop of the

red line in Figure 3.9

With equivalent_pressure perforation (or zero underbalance pressure at the y-
intercept shown in Figure 3.9). corrected flow efficiency will be 69% for gas reservoir
with porosity higher than 18%. but enly 11% for reservoir with porosity equal or

lower than 18%.
In summary, porous gas reservoirs that have porosity higher than 18% require

lower underbalance pressurés compared to tight gas reservoirs to achieve the same

corrected flow efficiency.

o B B B e atal



1.5 Relationship between Underbalance and Permeability

In order to prove whether the published correlations of required underbalance
pressure for given reservoir permeability can be used for gas wells in the Gulf of
Thailand. the relationship between underbalance pressure and reservoir permeability

of all 70 gas reservoirs of interest has been studied and compared with the published

correlations. / ///

Figure 3.10 pre.mdthe I‘eigmmﬁf/ﬁﬁveen underbalance pressure and

reservoir perzn‘:dhllty s reservoirs of interest, but arranged into 3 different
groups based on corrected flo tfbu ney: hlg'her than 60%. 80%, and 100%. Note

of the second group and that the second is a subset of

2 J‘x

—-—.‘

3 ( é
o — L%

ance wwm

that the first group |
the third one.

10,000

1.000

100

Underbalance Pressure, psi

1000

Farmeability, md

® All Dana & CFE = 60% * CFE > 80%, « OFE = 100%

Figure 3.10: Underbalance pressure versus gas reservoir permeability at corrected

flow efticiency higher than 60. 80, and 100%,.
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The coefficient of determination (R*) of CFE higher than 80% is the highest,
having a value of 0.2533, while CFE higher than 60% and 100% has R* 01'0.2359 and
0.2039, respectively.  From trend lines in Figure 3.10, the minimum required
underbalance pressure ( Ap ) to obtain a certain level of corrected flow efficacy (CFE),

can be determined as follows:

/15077

To obtain CFE = 60%. Ap = [3.8]

kﬂ!‘l?ﬁ

16112

To obtain CFE = 80%, Ap = -W [3.9]

16285

To obtain CEE = 100° . % FT‘

[3.10]

For any gas reservoir in the Gulf of Thailand, zere or negative perforation skin
can be obtained by applying the underbalance pressure calculated from Equation 3.10

based on permeability.

To compare the result obtained from this study with published correlations,
Equation 3.10 which represents zero-perforation skin_was plotted together with
King's and Hsia & Behrmann's correlations as shown in Figure 311, However,
Equation 3.10 cannot directly be compared with King's correlation which is not

entirely correct for zero-perforation skin as mentioned in Chapter 2.

It can be seen from Figure 3.11 that the published correlations cannot be used
for Gulf of Thailand’s gas reservoirs. It seems-that different fields have different

requirements for underbalance pressure condition to achieve zero-perforation skin,

In order to achieve zero-perforation skin, Behrmann’s correlation requires
much higher underbalance pressure for reservoirs that have permeability lower than
90 md, but requires lower underbalance pressure for reservoirs that have permeability

higher than 90 md.
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Underbalance vs Permeability

100.000 Erems

10,000 (=

1.000

Underbalance Pressure, psi

g

Figure 3.11: Underbal: reservoir permeability at corrected

flow efficiency higher tha ation skin) compared with King's field

AOUUINBUINT )
RN ITNINENAY



39

3.6 Relationship between Underbalance and Porosity

The average permeability of each gas reservoir is unlikely available before
perforation. Even though, for any gas reservoir in the Gulf of Thailand, the average
permeability can be estimated by Equation 3.1 but with low accuracy. Typically. the
gas reservoir porosity is known by either openhole wireline log or logging while
drilling (LWD). So. the perforation @l&ff ractically based on reservoir porosity, but
not permeability.

- 9 -

To determine ih required underbalance pressure to obtain a certain

level of corrected flo ¢ uhﬂﬁrb_atﬁmg! pressures and gas reservoir

j -...‘ ‘he data are a ed into there groups based on
¥ "aﬂg group

: 'ﬁer ﬂmn 60, 80, and 100%. As mentioned betore,
"sedaugsgmuh and the second is a subset of the third

porosities are plott
the corrected flow e

the first group s a subst

-d

one. W - .
"J 1'4: //—)._=0 J“
e
A
3.\'1/;
10,000
[
T
§ ono
:
o
o
£
£
2 w0
= T,

. All Data ﬂmm:m cma:mdﬁ'-::-au% cummFEﬂm :
y= 188 60x°"""B y = 33.0600'"™ ﬁ y = dd.270x" ™ f.- y=3z2138" " |8
R'=00s31 | R = 03503 g RY=0.4113 i

10 L " Pl Pl L s il e -.11'\;:‘.2‘.'_?}".:‘ o R, 4 H:li-_ﬂ-':}‘t"
10% 12% 4% 16% 189, 0% 22% 24% 26% 28% 0%
Parosity
® All Data ® CFE > 60% ® CFE » B0% . CFE » 100%

Figure 3.12: Underbalance pressure versus gas reservoir porosity at corrected flow

etficiency higher than 60, 80, and 100%.
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All trend lines in Figure 3.12 also support the results discussed in Section 3.4
that the higher the porosity the lower underbalance pressure is required to get the

same corrected flow ethiciency.

From Figure 3.12. the coeflicient of determination (R") of CTE higher than
100% is the highest, having a value of 0.5062, while CFE higher than 60% and 80%
has R* ot 0.3593 and 0.4113. respectively. From trend lines in Figure 3.11, to obtain
a certain level of corrected flow efficacy (CFE). the following minimum underbalance

pressure (psi), Ap, is required:

To obtain CFE =60%. Ap = ?;IEQS‘Q [3.11]
219
To obtain CFE = 80%. Ap = Eii [3.12]
To obtain CFE = 100%. Ap = E—I:ﬁ [3.13]
;ﬁ. 1241

For any gas reservoir in the Gulf of Thailand. zero or negative perforation skin
can be obtained by applying the underbalance pressure ¢alculated from Equation 3.13

hased on porosity.
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3.7 Relationship between Corrected Flow Efficiency and Perforation Charge
Type
To evaluate the performance of different charge types, the same data set in
Figure 3.8 was plotted again in Figure 3.13 but they are categorized into 4 groups
according to 4 different charge types: Owen Hero, Power Jet, Predator. and Predator

XP. The relationship between ﬂw)‘ ﬂfl;;w and underbalance pressure is sumilar

among all 4 different charge types,

nad ! ink /ﬂ underbalance pressure results in
“-\_’47 g
higher flow efficiency. —

Caorrected Flow Efficiency, %

4000 600~ 800 1000 o~ 1200 1400 1600 1800 2000

0
Bhiidand F&-ﬁﬁ'ﬁmw 1S |
: . _“ " Predator Xp
N ‘%W ARAINSALS \9/) q
?‘y ANl for cach

perforation chnrge type,

To better understand the affect from only perforation charge type to the
corrected flow efficiency, the data were narrowed down as shown in Figure 3.14,
focusing only 2-1/8"gun size, 60 degree phasing, 5-6 shot per foot. and HMX

explosive.



Corrected Flow Efficiency vs Underbalance Pressure
for each Parforation Charge Typa
!-‘W" gun size, 5-6 shot par foot, 60 degres phasing, HMX explosive
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A
44’,/// »‘ \‘ 4-‘
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From [-Ig,lfl’é 14, the coefficient M%ajp‘ (R?) of Owen Hero is the
highest. having a va_lje of 0.7918, while Predator XF.MN er Jet, and Predator has R’
of 0.5826, 0.3257, and 01469, respectively. From trend lines in Figure 3.14, the
linear rcldmmihﬁ ﬁq'i'qegn‘ g;gcted ﬂlew Ei“h,cttm.y «[‘f"‘FE} and underbalance
prct;sun: ( z&p} for each permratmn chgrge t:.rpe t,nrg be established as iuIIuw:.

perforation charge type. .

For O®en Hero,  CPE< 6.(1606@ £0.1000 [3.14]
For Predator XP. CFE = 0.0007Ap - 0.0796 [3.15]
For Power Je, CFE = 0.0003Ap + 0.4668 [3.16]

For Predator, CFE = 0,0003Ap + 0.5039 [3.17]
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From Figure 3.14. Power Jet and Predator perforation charges have similar
trend lines which provide better corrected flow efficiency than Owen Hero and
Predator XP when underbalance pressure lower than 1300 psi. However, from the
trend lines, Owen Hero and Predator XP perforation charge types provide better

corrected flow efficiency when underbalance pressure higher than 1300 psi.

To obtain zero perforation skin or 100% corrected flow elliciency, from
Equations 3.14 to 3,17, following minimal underbalance pressure is required for each

perforation charge type:

Table 3.8: Minamal underbalance pressure to oblain zcro perforation skin

foreach perforation charge type.

Charge Type Equation Minimal underbalance pressure, psi
Owen Hero  |[CFE = 0.0006Ap + 0. 1000 1,500
Predator XP |CFE =0.0007 Ap - 0.0796 1,542
Power Jet |[CFE = 00003 Ap + 0.4668 1,777
Predator  |CFE = 0.0003 Ap +0.5039 » 1.654

From Table 3.8, the lowest required underbalance pressure is 1500 psi when
using Owen Hero perforation charge while the highest is 1777 psi using Power Jet to

obtain zero perforation skin or 100% corrected flow efficiency.

In summary. regardless ol gas reservoir properties, the range of underbalance
pressure of 150040 4777 psi, depending on, perforation-charge type. is required to
achieve best perforation performance or zero perforation skin. However, if available
or achicvable underbalance pressure condition is lower than 1300 psi, Power Jet and
Predator perforation charges are recommended for better perforation performance and

lower perforation skin.



CHAPTER IV

CONCLUSIONS

This study was based on seventy perforations of gas wells in the Gulf of
Thailand. Seventy interpreted results from pressure transient tests were used along
with other skin factor correlations. and perforation information such as underbalance
pressure, perforation charge type, ete. Pertoration skin factors were obtained by
subtracting the total skin by other skin factors such as partial penetration skin and

non-Darcy skin.

After analyzing the skins of seventy tests, it can be concluded that the
underbalance pressure condition dircetly affects the perforation damage or skin of
perforated gas reservoirs, as well as corrected flow efficiency. The magnitude of the
perforation skin depends on the degree of the underbalance pressure. The higher the
underbalance pressure, the lower the perforation skin will be. As a result. a higher

flow efficiency and recovery of gas reservoir ean be achieved.

It was also found that the underbalance pressure has more impact on the
corrected flow efficiency of tight gas reservoirs than that of porous sands. For the
tight gas reservoirs (porosity less than 18%). every additional 100 psi underbalance
pressure will-providean increase of 6% in correcled -flow-eftficiency but only an

increase of 2% can be obtained 1f the porosity is over 18%.

Without any underbalanée pressure applied during-the' perloration, tight gas
reservoirs will have only 11% corrected flow efficiency while porous gas reservoirs
will have 69% corrected flow efliciency.  In order to obtain 100% corrected flow
efficiency, 1620 and 1550 psi underbalance pressures are required for tight and

porous gas reservoirs, respectively,
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To obtain the best corrected flow efficiency or zero-perforation skin lor a
given gas reservoir permeability or porosity, the minimum required underbalance

085 32.138
080 . WA A=

—7ar+ Fespect vely,

pressure can be estimated by Ap=

c0r

However, these equations are applicable only for gas reservoirs in the Gulf of
Thailand. Reservoirs with the same properties but located in different environments
require different minimal underbalance pressures to achieve the same corrected flow

efticiency or perforation skin.

Regardless of gas reservoir properties, at underbalance pressure lower than
1300 psi. Power Jetand Predator perforation charges provide better perforation
performance and lower perforation skin. To achieve the zero perforation skin or
100% corrected flow efficiengy, 1500, 1542, 1777, and 1654 psi underbalance
pressure is required when using Owen Hero. Predator XP. Power let, and Predator

charge, respectively.
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Appendix A
This appendix presents all pressure transient analyses of 70 gas reservoirs.

Well-01 Reservoir 68-8
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Figure A.3: Well-01 main build-up, semi-log plot.



Well-02 Reservoir 82-4
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Well-03 Reservoir 92-4
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Well-04

Reservoir 95-6
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Figure A.11: Well-04 main build-up. log-log plot.
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Well-05 Reservoir 75-6
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Well-06

Reservoir 69-2
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Well-07 Reservoir 81-7
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Well-008 Reservoir 63-4
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Well-09 Reservoir 89-5
N O P —
- !
1
AN . i :meg
i il @
. 2
i s
o LR 1. !“":'3
Chsth Matsh Bedulls ii
1a w“m —i—-'l“.ll:
o gt e S
g e % |
B )Mot Vibcter|
g a1 "'”":“-T - I..'F!l%l
o | =
: ﬁﬂ']‘U‘LL ‘V]El 3ﬂ']3
2
=9 me ﬂ,LlWi’l ‘I/IEJ']EQEJ
Eu
5
i ;
e SN
a1 0 i 1
Copn et Tavng Ry - “path B2 —

Figure A.26: Well-09 main build-up, log-log plot.
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Well-10 Reservoir 52-2
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Figure A.29: Well-10 main build-up. log-log plot,
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Well-11

Reservoir 55-8
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Figure A.33: Well-11 main build-up. log-log plot.
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Well-12 Reservoir 56-1
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Figure A.37: Well-12 main build-up. log-log plot.
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Well-13 Reservoir 59-1
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Figure A 41: Well-13 main build-up. log-log plot.
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Well-14 Reservoir 72-7
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Figure A.44: Well-14 main build-up. log-log plot.
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Figure A.58: Well-18 testing overview.
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Figure A.59: Well-18 main build-up. log-log plot.
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Well-19 Reservoir 81-6
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Figure A.63: Well-19 main build-up, log-log plot.
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Figure A.64: Well-19 main build-up, semi-log plot.
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Figure A.66: Well-20 main build-up, log-log plot.
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Figure A.69: Well-21 main build-up, log-log plot.
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Figure A.71: Wel}?l testing overview.
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Figure A 73: Well-22 main build-up. semi-log plot.
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Figure A.74: Well-23 testing overview.
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Figure A.75: Well-23 main build-up, log-log plot.
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Well-24 Reservoir 88-3
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Figure A.78%: Well-24 main build-up. log-log plot.
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Well-25 Reservoir 71-0
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Figure A.81: Well-25 main build-up, log-log plot.
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Well-26 Reservoir 65-3
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Figure A.84: Well-26 main build-up, log-log plot.
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Well-27 Reservoir 57-0
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Figure A.87: Well-27 main build-up. log-log plot.
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Well-28

Reservoir 80-6

Figure A.90: Well-28 main build-up, log-log plot.
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Figure A91: Well-28 main build-up. semi-log plot.
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Well-30 Reservoir 88-4
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Figure A.95: Well-30 testing overview.
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Figure A.96: Well-30 main build-up, log-log plot.
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Figure A.99: Well-31 main build-up. log-log plot.
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Figure A.102: Well-32 main build-up, log-log plot.
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Figure A.105: Well-33 main build-up. log-log plot.
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Well-34 Reservoir 92-9
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Figure A.108: Well-34 main build-up. log-log plot.
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Figure A.111: Well-35 main build-up. log-log plot.
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Figure A.122: Well-39 testing overview,
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Figure A.123: Well-39 main build-up, log-log plot.
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Figure A.129: Well-41 main build-up, log-log plot.
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Figure A.130: Well-41 mair
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Figure A.131: Well-42 testing overview.
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Well-42 main build-up, log-log plot.
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Figure A.138: Well-44 main build-up, log-log plot.
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Figure A.139: Well-44 main build-up. semi-log plot.
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Well-45 Reservoir 80-7
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Figure A.141: Well-45 main build-up, log-log plot.
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Well-46 Reservoir 88-6
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Figure A.144: Well-46 main build-up. log-log plot.
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Figure A.147: Well-47 main build-up, log-log plot.
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Figure A.150; Well-48 main build-up, log-log plot.
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Figure A.152: Well-49 testing overview.
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Figure A.155: Well-50 testing overview.
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Figure A.156: Well-50 main build-up, log-log plot.
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Figure' A.157: Well-50 main build-up, semi-log plot.
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Well-51 Reservoir 72-8
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Figure A.158: Well-51 testing overview.
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Figure A.159: Well-51 main build-up, log-log plot.
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Well-52 Reservoir 68-6
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Figure A.162: Well-52 main build-up, log-log plot.
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Reservoir 91-1

Well-53
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Figure A.165: Well-53 main build-up. log-log plot.
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Well-54 Reservoir 89-4
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Figure A.168: Well-54 main build-up, log-log plot.
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d-up. semi-log plot.
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Well-56 Reservoir 75-6
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Figure A.173: Well-56 testing overview.
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Figure A.174: Well-56 main build-up. log-log plot.
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Well-37 Reservoir 87-6
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Figure A.177: Well-37 main build-up, log-log plot.
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Well-58

Reservoir 88-9
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Figure A 180: Well-58 main build-up. log-log plot.
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Figure A.181: Well-58 main build-up, semi-log plot.
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Figure A.183: Well-59 main build-up, log-log plot.
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Figure A.186: Well-60 main build-up, log-log plot.
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Figure A.192: Well-62 main build-up, log-log plot.
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Figure A.194; Well-63 testing overview.
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Figure A.201: Well-65 main build-up. log-log plot.
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Well-66 Reservoir 64-0
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Figure A.203: Well-66 testing overview.
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Figure A.204: Well-66 main build-up. log-log plot.
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Well-67 Reservoir 81-3
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Figure A.206: Well-67 testing overview.
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Figure A.207: Well-67 main build-up. log-log plot.



Figure A.208: Well-67 main build-up. semi-log plot.
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Well 68

Reservoir 71-4
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Well 69 Reservoir 72-3
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Figure A.213: Well-69 main build-up, log-log plot.
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Well 70 Reservoir 65-2
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Figure A.216: Well-70 main build-up. log-log plot.
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