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ABSTRACT

Simulation study on the reduction method

of the condensate banking in gas reservoir

Kim Young Kyung
Advisor : Prof. Jang II Sik, Ph.D.
Department of Energy & Resource Engineering

Graduate School of Chosun University

A gas condensate is a single—phase fluid at original reservoir conditions in
gas—condensate reservoir. As gas produces, reservoir pressure decreases
continuously and the biggest pressure drops occur near the wellbore. Most gas
condensate wells experience pressures below dew point pressure of the
reservoir, which causes condensate to drop out and accumulate near the
wellbore. As a result, the significant part of the pore space is occupied by the
condensate and the relative permeability to gas reduces significantly.

In this study, the condensate banking phenomena were analyzed for a real
field. Chemical treatment and hydraulic fracturing was investigated for the
reduction methods of the condensate banking using reservoir simulation. Three
near-well models with different characteristics were constructed for the
sensitivity analysis of the various reservoir properties. In the chemical
treatment case, the chemical treatment effect was considered by changing the
end points of the relative permeabilities and residual saturation of gas and oil.
The simulation results showed that the optimal treatment radius from the
wellbore was about 1.5 m. This result can be used to calculate the optimal
chemical injection volume.

In the case of hydraulic fracturing, the sensitivity study was carried out in

_Vi_
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terms of the number of the fractures and the fracture half-length. It was
assumed that the fractures could be located at the toe, center, and heel of the
horizontal section of the well and have the half-length of 20, 30, and 50 m.
The results indicated that the cumulative production increased as the number
of the fracture and fracture half-length increased. Therefore, hydraulic
fracturing have a positive impact in increasing productivity because it makes
the flow regime of the near wellbore changed from the radial to the linear

flow.
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Figure 2.1 Schematic of experimental core flooding apparatus(Li et al., 2011).
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Table 2.1 Properties of Fluorochemicals Evaluated(Kumar et al., 2006)

Commercial Fluorolink Novec Novec
name S10 Fluorosyl | Zonyl FSO | pcs3y FC4432
Vendor SS%ll‘é ?1757 Cytonix Dupont 3M 3M
Scientific Perfluoropol | Perfluorooctal | Ethoxylated | Fluoroaliphatic 11]88;/8 alivhatic
yether trimethoxys | alkylfluoro polymeric D!

name . : polymeric

ethoxysilane | ilane surfactant ester oster

Chemistry Silanol Silanol Alkoxy Alkoxy Alkoxy

Molecular _ _

et 1,850 2,000 725 10,000 10,000

Specific

iy 1.50 1.40 1.30 1.14 1.21

o o N/A 52 N/A 200 212

Viscosity at

room _ _

e 173 1 5 4,000-6,000 | 4,000-6,000

(cP)

Li 52012 T=9 &% 39 F&% ¥z st Ad FaiE L AdAo]
E ziw 52 ATagrh ¢ v FHEw dd s g o 44
BH S AFEste] SAEHIAT AR EstE el AAE ol &ste] A 34
At giew et A A-Fol a2 A FHEE SAsArh 9714 Aa
-& F3¥ %+ JBN B9 (Johnson &, 1959)& o]-&3&le] AXE AL g8ty Azl &
A 2 39 H 2~ E(spontaneous water imbibition test) 23 Figure 2.2(a)$t
2ol Ao FEE B Fe Az e A3 sk Gawe] WHE ol
FAG 2 Ao T BATIRte] fge AEA B Q] HAEA
£ Fegtel WA ome Figure 22N 2 Fadel Rt 9L 4
Q.13 o] AT EAMAGe WA S 5 Q)

acosﬂp 1)
C i .
V @
oA71A, B g Wbt glom, cost) W Faol wel WekA "ok £ dds §
3 =3 7fx Aakeko] sk A2 o] 3 Figure 2.2(b)3 2.2(c)9} #Zo] A F7Fskith
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Figure 2.2 Spontaneous water imbibition test results(Li et al., 2011).
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Table 2.2 Two compositions of the gas condensate for the simulation

(Delavarmoghaddam et al., 2009)

Component Mole Fraction 1 Mole Fraction 2
C, 0.6793 0.6503
C, 0.099 0.112
Cs 0.0591 0.0641
nC, 0.0517 0.0567
nCsy 0.0269 0.0299
nCq 0.0181 0.0241
nC.-nC, 0.0399 0.0429
nC,,-nCy, 0.0122 0.0122
nC,,—nC, 0.008 0.002
Cyst 0.0058 0.0058

Table 2.3 Residual saturations before and after treatment(Delavarmoghaddam et al., 2009)

SOrg Sorw Sg Sw krge
Untreated 0.3 0.15 0 0.2 0.9536
Treated 0 0 0 0 1
- 7 -
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Figure 2.3 Three phase relative permeability(Delavarmoghaddam et al., 2009).
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Table 2.4 Core properties and chemical treatment data(Tang et al., 2000)

Core Properties and Chemical Treatment Data
k ] L S, chem. Cadl) 9p2>
Core (md) | (9) | ¢
6 cm) | (PV) | Treatment | (mg/g-rock) | (deg.)

B-1 507 215 6.05 0 no 0 0
B-2° 522 21.9 6.1 0 2% FC-722 4.6 90
B-3 511 22.1 6.2 0 no 0 0
B-4 503 22.2 6.0 0 2% FC-722 2.4 90
B-5 495 21.7 6.3 0 2% FC-722 2.2 90
B-6 552 21.7 55 0 8% FC-759 6.0 90
B-9 341 20.1 18 0 no 0 0
B-10° | 343 20.0 179 0 2% FC-722 4.5 -
B-11°| 339 | 201 | 180 0 | 5% FC-759 10.3 -
B-13 489 22.0 6.5 0 8% FC-759 6.0 90
B-14 513 21.9 6.2 0 8% FC-759 5.9 90
B-15% | 487 20.9 6.1 9.8 8% FC-759 5.7 -
B-16% | 495 21.3 59 16.2 | 8% FC-759 5.0 -
B-17° | 503 | 215 | 63 85 | 8% FC-759 6.3 -
B-18% | 483 20.5 6.8 165 | 8% FC-759 5.2 -
C-1 1.34 31.1 5.6 0 no 0 0
C-2 1.32 32.0 59 0 2% FC-722 2.5 90
C-3 1.30 31.7 5.7 0 2% FC-722 2.8 90
C-5 1.34 32.0 55 0 8% FC-759 0.9 90
C-6 1.33 31.8 18.1 0 no 0 0
C-7 1.31 32.2 18.0 0 2% FC-722 2.7 90
C-8 1.28 32.0 179 0 8% FC-759 1.0 -

1) chemical adsorption

2) contact angle

Table 2.5 Properties of chemicals(Tang et al., 2000)

Properties of Chemicals

Chemical FC-722 FC-759
MW 10° 10°
Concentration, % 2 5-8
Viscosity, cp at 25C 1 3.3
Specific gravity 1.8 1.1
Boiling point, C 59 100

Color clear light- yellow
VOC, % - <0.1
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0 +—C= e —es————————
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(a) Gas and oil relative permeability for treated core B-11, B-10 and untreated

Berea(Tang et al., 2000)

0.9 1 O B-9 untreated
0.8 © B-10 treated with 2% FC-722

7 “ Su=0
0.6

0.5 4

Krgy Kew

0.4 4
0.3 §
0.2 4
0.1 4

S, (Fraction of PV)

(b) Gas and water relative permeability for treated core B-10 and untreated

Berea(Tang et al., 2000)

1
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0.8 4 0O C-7 treated with 2% FC-722
0.7 S,,~0
0.6 4
e
= 05 2
2
* 0.4
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0.2
0.1 4
s} T GO0 T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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(c) Gas and oil relative permeability for treated core C-6, C-7 and untreated
Berea(Tang et al., 2000)

Figure 2.5 Relative permeability for treated and untreated Berea.
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(a) Contact angle for untreated and treated Berea

Lo O T

(b) Contact angle for untreated and treated reservoir cores

Figure 2.6 Contact angle for untreated and treated core(Fahes and Firoozabadi, 2005).
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TS Tl Tta-ARA O E AFFA AWAE 4 dFow Qs i
H 7ha AabEe SUA77] e aaAd WU S sty g vk o
Aol osf AAHE FE2 74 ¥ o] (fracture half length)9} 4

conductivity)ol] &3] EAstEv WS AFolA olydt B e dFS =4

shelch.

Hashemi $(2005)& 7b2-A9Ao|E AR Zo] £ H4§d A B0l AS
ga) A FUE Sddd oE AT A8H AFE SAHL Table 263
2t} Figure 273 o] B9 A% Fgol s24e] AA o] Qx AFF AFT
AR FURHAE 489 R

g3 300ft2 7RSI AlBEHoAE 3y

2 5 ke Y QY %m %

i
il
=

Table 2.6 Well and reservoir properties(Hashemi et al., 2005)

Reservoir Permeability [md] 15
Average Porosity [%] 10
Reservoir Temperature [*F] 183
Wellbore Radius [ft] 0.25
Top Depth [ft] 10,000
Rock Compressibility 4.00E-06
NTG 1
Reservoir Thickness [ft] 100
- ’IA -

Collection @ chosun



| well /

|
A

[/

/
/

/ /
= S T S £

......... kL L T T T T
SR LT Ty

Xe=5200’

Figure 2.7 Reservoir scale with a fractured vertical well(Hashemi et al., 2005).

Distance, ft

(a) Comparison of condensate saturation profile in vertical and fractured wells
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(b) Comparison of gas rates in vertical well and fractured vertical wells
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(c) Comparison of cumulative gas productions in vertical well and fractured
vertical wells

Figure 2.8 Hydraulic fracturing simulation results(Hashemi et al., 2005).
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Table. 3.1 Reservoir properties for three case model

High Case Mid Case Low Case

e

?—
Porosity [Averagel 00R ~ 0133 [01] | 027 ~0.133 [0.09] | 0014 ~0104 [0.00]

Permeability(md) [Average] | 0.115 ~ 3 [2.2] | 0.01 ~ 3 [1.7] | 0.01 ~ 3 [04]

Connate water saturation 0.263 ~ 0.482 0.265 ~ 05 0.193 ~ 0.646

Residual gas saturation 0.155 ~ 0.221 0.15 ~ 0.22 0.106 ~ 0.242

Residual oil saturation 0.212 ~ 0.302 | 0.205 ~ 0.301 0.145 ~ 0.33

Endpoint relative perm. to gas 0.28 ~ 0.77 0.25 ~ 0.65 0.12 ~ 0.83

Endpoint relative perm. to oil 0.15 ~ 0.45 0.14 ~ 0.38 0.06 ~ 05

B Qo] Ags ABdold Bde £4d 1,000 mo FHFNE AL 5
4 & AAstar 20159 79 19olAFE 20219 1€ 1947b#] & 55 5<H9

A b (A S L MR dAEAS AEsdth AlEd oAl

Table 3.2 Simulation conditions

Parameters values
Production Timelyear] 55
Gas rate[Mscf/d] 15,000
Tubing head pressure[psil 500
- ’I8 -
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Figure 3.1 Grid system for chemical treatment simulation.
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Figure 3.3 Grid system for hydraulic fracture simulation.
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Figure 3.4 Hydraulic fracture at Toe, Center and Heel(High Case Model).

_22_

Collection @ chosun



A47d AlgdEold A3

A1A AdAOE A A B

High Case Model Al&d ol Az AA Al2tah Al qf=lo] o]&4 e o
= Fastds 34 FRo AWAolErt FAHE dS Elskdth. Figure
41(a)= A2kl g e od ¥38S YEl Zo® $3HA T AA4HE 2
o Eshgo] HA ART WFeR g He AS sk 18 oY xshe &
X5 AT AR +3A T wdsA 3R 2do] FAE= Blo] ofd A w
g} o WA B FA4 2de] 4 E dde Hofstdtt ole 4 79 Y 9
O % fr&d 7k FEH dAVE = Aotk =, FEAS w74 T W
o] 9lom o] F 4 FRLr} o oz HHFZo stavt o Wo| BysiA Hi)
Figure 4.1(b)& Azt We AF3F GHEELE Yed oz Aike] W3y ue
e AT A FEEE 2D AAC w2 A HArhE RS G0 4 k.

Oil saturation

Ol saturation (SOIL) ;\ th
ntal we pa

Horizo!

2015-09-01-

~2016-01-01,

2017-07-01,

Oil saturation 2019-07-01 Resrvoir pressure -~ 2019-07-01

(a) oil saturation (b) pressure distribution

—750.0000

Figure 4.1 Condensate banking phenomenon near horizontal well section of

High Case Model.
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Figure 4.2 Condensate banking phenomenon near production well cross section of

High Case Model.
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Table 4.1 Simulation results for three case model

2w High Case Mid Case Low Case
= Model Model Model

Cumulative gas

) 16.3 124 3.1
production [Bscf]
Cumulative condensate

) 137 99 37
production [Mstb]
Plateau time [Year] 1.3 0.4 -

A2 sheAY EI BA
1 gstAe g adel HE A% £

D fhe 72H7F 30%, 20% 1Ela 10%
Jato] shelx el gaybel e B4t Figure 4.3 High Case Modelol 313}
2] & &3 30% Fd BAdE A& AlEdold Aol G RH 38}
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Plateau time©] 1% A A HAaE o w9 HAete &
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(b) Reservoir average pressure and oil production
Figure 4.3 Simulation results for the chemical treatment case with 30%

improvement(High Case Model).
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Figure 4.4 Comparison of oil saturation between before— and after—treatment

with 30% improvement(High Case Model).
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Table 4.2 Simulation results for the chemical treatment case with 309 improvement(High
Case Model)

T E
. before treated cases(m)
Model) treat | 05 15 25 Bl 45
o | FAF 1631 1674 1752 17.60 17.63 17.64
A | St - 0.43 1.21 1.30 1.32 1.34
(Beh) | u) g.(%) | 264 7.43 7.9 8.11 821
Plateau | 713 1.32 158 2.02 2.08 2.09 2.10
time | 3% - 0.26 0.70 0.76 0.77 0.78
V1) | ) g (9) - 19.7 53.0 576 58.3 59.1
oo |TA™ |136959| 136930 | 137,563 | 138020 | 138269 | 138473
Ak | Szt - -29 604 1,061 1,310 1,514
(sth) | mg(%) -1 -0.02 0.44 0.77 0.96 1.11
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Figure 4.5 Comparison of cumulative gas production according to the

treatment radius with 30% improvement(High Case Model).

Plateau Time [year]
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Figure 4.6 Comparison of plateau time according to the treatment radius

with 30% improvement(High Case Model).
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A5-o tist AlEH ol AIE Table 439 kst t) stetxg]E 156 m 48
Ay A2 oA HlE] F& 7h~ A oF 631%, Plateau times ¢F 45%
7hat k. stabA el ok 30% W Aot FAsHAl o] AfAdAE REE 05
¢ 15 mellA= stetA R 18] we FFES UEIAAT 1.5 m o] ol A
A FFEA S &elstd t(Figure 4.7 ~ Figure 4.8).
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ol\
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Table 4.3 Simulation results for the chemical treatment case with 209
improvement(High Case Model)

(Hi—r—th (ise before treated cases(m)
Model) treat 0.5 15 25 35 45
go |FAZ | 16306| 16669 | 17335 | 17408 | 17431 | 17442
B | 27 | 0se3|  1o29| 1102 1125|1136
Bef) | m) g.(%) - 293 6.31 676| 690 6.97
Plateay | 717 132 153 1.91 195 196 1.96
fime | 27 - 021 0.59 063| 064 0.64
1) | ) g(9) - 15.9 4.7 477|485 485
oo |TAT | 136959 | 136922 | 137222| 137489 | 137,667 | 137813
A | F7 - -37 263 530 708 854
(sth) | u] &%) - 003 0.19 039| 052 0.62
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Figure 4.7 Comparison of cumulative gas production according to the

treatment radius with 20% improvement(High Case Model).
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Figure 4.8 Comparison of plateau time according to the treatment radius

with 20% improvement(High Case Model).
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(b) Reservoir average pressure and oil production
Figure 4.9 Simulation results for the chemical treatment case with 10%

improvement(High Case Model).
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Table 4.4 Simulation results for the chemical treatment case with 1096
improvement(High Case Model)

T B2 before treated cases(m)
(High Case Model) | treat 05 15 25 35 45
A | FAZ 16306 | 1655| 17.009 | 17.06| 17.077 | 17.084
A | F7 0| 0244| 0703| 0754| 0771 0778
(Bef) | w) &%) 0| 150| 431| 462| 473| 477
Platean | 713 1.32| 146 171 1.75 1.75 175
time | &% 0| 014 0.39 0.43 0.43 0.43
1) | e g9) 0 106 295 326 326 326
oo | AW | 136959 | 136915 | 136973 | 137,089 | 137,183 | 137261
AR | 7 0 44 14 130 224 302
(sth) | w).g(%) 0| -003| 001 009| 016] 022

Figure 4.102 High Case Model®l 3}3stx2] &35 22 30%, 20% 183l 10%
o A7l BEo sebA ] A8 w4 wE A 9 Plateau times H]ulgkih.
Table 459 465 R 3stehA g a3 10%, 20% 128lil 30%E 15 m7-A] A 83k
B A TP S 4.3%, 6.31%, 18l 74%7HA] S ek WEHE BT S
0.7, 1.0, 18131 1.2 Befe] 7F2~7F  AAkE] = A o]t} Plateau time 30%, 45%, L
3l 53% = F7FetAth A &35 1.5 m o)l dis] A& Ag= olHt)
a9 2 A%E YehdARE S7HES AA SUtekA g AL Fetskddt) o]
213t ZA3}+= Figure 429014 H5o] AdiAolEe] Aol A AFozHE HHAY

ojfell 4 =A4lst7] wiZell ololl thg A&7t 7HE FA vt Bloth
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Figure 4.10 Comparison of before— and after-chemical treatment on

cumulative gas production and plateau time(High Case Model).
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Table 45 Comparison of before-

production(High Case Model)

and after-chemical treatment on cumulative gas

7 o5 nefiame treated cases(m)

(High Case Model) | treat 05 15 25 35 45
A= 16.31 16.74 1752 17.60 17.63 17.64
?i(:o;‘% % - 0.43 1.21 1.30 1.32 1.34
H] & (%) - 2.64 7.43 795 8.11 8.21
A 16.306 | 16.669 17.335 17.408 17.431 17.442
o;;ijf % - 0.363 1.029 1.102 1.125 1.136
H] & (%) - 2.23 6.31 6.76 6.90 6.97
A 16.306 16.55 17.009 17.06 17.077 17.084
%}1:(?;% s - 0.244 0.703 0.754 0.771 0.778
H]&(%) - 1.50 4.31 4.62 4.73 477

Table 4.6 Comparison of before- and after-chemical treatment on plateau
time(High Case Model)
B before treated cases(m)

treat 0.5 1.5 2.5 35 45
. 71k 1.32 158 2.02 2.08 2.09 2.10
30% =3 - 0.26 0.70 0.76 0.77 0.78
H] & (%) - 19.7 53.0 57.6 58.3 59.1
Sars 713k 1.32 1.53 1.91 1.95 1.96 1.96
209 o - 0.21 0.59 0.63 0.64 0.64
H] & (%) - 15.9 44.7 47.7 485 485
g 713k 1.32 1.46 1.71 1.75 1.75 1.75
10% <3 - 0.14 0.39 0.43 0.43 0.43
H] & (%) - 10.6 29.5 32.6 32.6 32.6
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Field Gas production cumulative
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Figure 4.11 Cumulative gas production of three Case Model(Treated effect
30%).
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Figure 4.12 Cumulative gas production of three Case Model(Treated effect
2096).
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Figure 4.13 Cumulative gas production of three Case Model(Treated effect
10%).

Table 4.7 Summary of the incremental cumulative gas production with respect
to chemical treatments

TR 7h~ At treated cases(m)

=7 (Bef) 0.5 1.5 2.5 35 45
High 0.43 1.21 1.30 1.32 1.34

3096 Mid 0.38 1.16 1.39 1.44 1.47
Low 0.69 1.56 1.87 2.00 2.07
High 0.36 1.03 1.10 1.13 1.14

20% Mid 0.32 0.98 1.18 1.23 1.25
Low 0.63 1.31 1.53 1.62 1.67
High 0.24 0.70 0.75 0.77 0.78

10% Mid 0.21 0.66 0.81 0.85 0.86
Low 0.53 0.92 1.04 1.09 1.12
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Increment of Cumulative Gas Production [Treated effect 30%]
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Figure 4.14 Increase of cumulative gas production according to the each
Case Model(Treated effect 30%).
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Figure 4.15 Increase of cumulative gas production according to the each
Case Model(Treated effect 20%).
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Figure 4.16 Increase of cumulative gas production according to the each
Case Model(Treated effect 10%).
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Table 4.8 Comparison of gas production and plateau time according to the
fracture stages and half-length (High Case Model)

Fracture stage

Ea before 1 2 3
HF Half-length[m] Half-length[m] Half-length[m]
20 30 50 20 30 50 20 30 50
7} A | 1628 | 16.71 | 16.83 | 16.88 | 17.05| 17.05 | 17.26 | 17.44 | 1758 | 17.76
A Ak=F =% - 0431 055| 060 | 077 0.77] 098 | 1.15 1.29 1.47
Beb) | 118(%) - 262 338 367 471 4.71 6.01 7091 793 | 9.04
Platean | 717 | 117] 159 | 150] 167] 175 175] 184 192] 200] 200
time =% - 042 042| 050| 058 | 058| 066 | 075 | 083| 092
(vear) | (%) - | 3575 | 35.75 | 42.29 | 4953 | 4953 | 56.54 | 63.79 | 70.79 | 78.04
- 40 -
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(b) Percentage of incremental gas production
Figure 4.17 Cumulative gas production according to fracturing half-length
with HF at Toe, Center and Heel(High Case Model).
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Figure 4.18 Plateau time according to fracturing half-length with HF at
Toe, Center and Heel(High Case Model).
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Figure 4.19 Cumulative gas production of three Case Model.
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Table 49 Summary of the incremental cumulative gas production with respect to
the hydraulic fracturing

Cumulative Gas Half-length [m]

Production (Bcf) 20 30 50
Thgh 0.43 055 0.6
Frac. Stages —yrq 0.43 0.62 0.74
1 Lamy 0.42 - 0.81
e 0.77 0.77 0.08
Frac. Stages =1 0.76 0.94 1.05
2 Lo 0.87 - 157
Frac. Stages |_High 115 1.29 147
Mid 118 1.33 153
3 Lo 144 - 2.36

Increment of Cumulative Gas Production [1 Fracture]
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Figure 4.20 Increase of cumulative gas production according to the models

with one fracture.
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Increment of Cumulative Gas Production [2 Fractures]
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Figure 4.21 Increase of cumulative gas production according to the models

with two fractures.
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Figure 4.22 Increase of cumulative gas production according to the models

with three fractures.
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Cumulative Gas Production(xf=50m)
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Figure 4.23 Comparison of production performance according to the fracture

conductivity in the case of z;= 50 m (Low Case Model).
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Cumulative Gas Production(xf=20m)
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Figure 4.24 Comparison of production performance according to the fracture

conductivity in the case of z;= 20 m (Low Case Model).
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