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Abstract

Considering the need for excessive consumption of hydrocarbon Received: 19 April 2022
resources and gas fuel supply in the cold seasons of the year, it has been Accepted: 10 October 2022
suggested to use the drained oil and gas reservoirs and underground Page Number: 83-96

water aquifers to be used as natural gas storage reservoirs. Among
the influential factors in natural gas storage are the reactions between
fluid-fluid and fluid-rock, which is the most important of these wettability
factors. Knowing these factors in the gas storage process will lead to
better control and storage of natural gases in geological structures.
Underground water aquifers are one of the structures with favorable
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conditions for natural gas storage which by wettability alteration to gas KeYWOVdS-

wetness in these, can be increased the natural gas storage capacity. Aquifer,

For this purpose, this study has investigated the laboratory works done Wettability Alteration,

on the distribution and behavior of fluid in the samples of carbonate and Gas Wettability,

sandstone in order to wettability alteration to gas wetness for Underground Natural Gas-
the purposes of underground gas storage. Storage
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7. Fluorinated Surfactant

8. Relative Permeability

9. Dewatering

10. Wardlaw and McKellar 1998
11. Kewen, Li et al. 2000

12. Inter Facial Tension (IFT)
13. Viscose Force
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1. Aquifer

2. Gas Condensate

3. Treatment Radius
4. Treatment Time

5. Subsurface System
6. Cap Rock

Iranian Chemical Engineering Journal - Vol. 22 - No. 128 (2023)



5 S ORI 09d CondS o (65 (Bl Sl Wl o
5105t S ol mle s malS b Gl el Wil oo
Bagly als Caels S 395 S o 28l 4 oS j5be wole
DySisn Srgdo] Sty gl (b Gl 5 6 ,al ules
Oae3S J3mg adolae LI uled Al OlgS e Ll ol 5o
500l s Sy ddlie o lg 551 s ool b [100 F]s;
dgly ol oo 4 Db o0 oSt (oS 5 o) S 09 ugeone
AP s S ale Sl g ams Gl N s el ules
et Sl Y10 Jlw 5o " e (U ol [V V) Flams
i ool ol asly S g slals sladises (Saish s
o=l 50,8 colail coadan jald (o)l Jlwsll S 5l g8
Dg— I 5555k8 (slmeg, 5 g Lh—wgil &l,S (g5l Jl—wgil
a3 DA 51O Golad gl et Lo ules &ygl5 sl sialos]
Sl oleys o a0 W s Jhw s L pleyo 51 S
&l pleys 3l am a0 VWA 4 ez o+ 5l g glawls sladiges
YA Jlo ot ohen 5 o DAL las | wsly,S slaaiges
3 (F93il Sty (Sidle sloojie (Swigd 5 s sl
Diole)l gl e S salitul cosdaiy jsld Jlwgils oS5 S,
az )y sho 3l G50 1350 5 T (eled gl s Lol ules &g
1y Jlmgil Lo ploeys jlamy a0 170 5 WY an ol ey

Dalsls las

gl @ (Saigh 5
S Sl Sl el sl e s JLab olsa (o
Sladlas B aS cul )‘bd)s_lé L_gda_w Jl_oﬁ Q‘}_A ‘C}la_w
Sl aws om) ol 0dd Slog azgi oyl 4 55 5 (o5l 3
sl slaal jo 59,00 ol iz b G st 5l olge
s Lty e Jlsd sols 50 ST 5w as oS
e Lzl g9 ol j0 [V Jsd oo Gidin s oo JoSis
ols plgs o, Slas ¢ ou)S loazlls (55, » Lagn,sld (525,18
o JLsb olys ams o 1,8 S0 coss | oxdaw JLab
A 0d Ay yold daw Jled olge 5l oled £45 w0aly jsl8

by (llidl g (Koo )Lad pals iapddn s |) S
Jlad el Rl 8L 5,015 lag o (Rl o cnl b o)l S
ool Lol 0gs gllae OMSCew ayjonie Wilgs oo a5 el ol jon
Lo ploml Ko (Saigd 5 i b wlgi oo (S Lid
Oy a5 & Cemgdgle Sl ans (Sigh 5 e
S3lo S Cadyb mldl el g 08 i ) mbe 5l S 20
Sl o olless gaz 20l 5 (ivejn 2l 3 50 58
YooV Jlo o Tohlsen g ols [V o]os | Slae 535 slaol>
slawls slaSinw (Sxigh s o ol (o) slp ) sladlllan
5ole g0 51 15ty assls aloeil YU (glos jo ciwgojl8 cdls 4
0, Slae )15l oo Aoe 0 ool coabany jold xlaw Jlad
o S (SWeh i gl i) 5 e (b Jd Slge (3350
DI 55 (gemds )3 VE) YU slos Lyl o csgosls
ess 50 |y gl adllas Yo Y Jlow o' o), LSan 5 S8
boozie aiged sl (gt Cromdy S (St
Gl Loy T sisls alol e 5o adly IS8 e Siwsduls
0l = ek Sl Laojieatised (SWgd S pod (o)
15 S5rge Sy ST 8,055 s ilhae 53,5 eslizul L ST
desedsiie b Uy 5y ST (698 aism oSy sl sl oole ]
S ey Sl VY Sl o \cd‘)w 9 Sgwge [VV]as
Sty 35 (5500 Sy (Sal sloojinatgel Saigy
)3l ass S i woadian jols ekew 9 Sy (g8
a8 s ST 5555508 5 80Lo 5l onlial b osdiiins uglons
50 2ol ST aigl b 51 eolicl b aoel gisls claog 5 ol,ls
Lagl o ases Jolil 51 (Jslome ;5 oadany ol (el 3530
i oy sl 1) o (5 B 5 C el Byl slastales]
Loyl Gobos &gl guls aisls all ciwgs sl 4 Swigd 5 >
L ooy 5 ez po yao 51 LS Jloyi g o e¥bs (sl
g0l Glp g as 08 g VPV @ sadiin (dew &340
L ol Jio ol L DYICl pess loys 5 am ol Jboys

CondS mla s (59, Jhwgil olie Qi Jdoas Jlawgls

7. Aminnaji et al. 2015
8. Nietal. 2018

1. Gas Condensate Wells
2. Fahes et al. 2007

3. Feng etal. 2012

4. Mousavi et al 2013

5. Contact Angle

6. Core Flood

(\&-y) o g a9 3u0 o))l — PISg ik JLw = sl (ouls (S Iige 4yl

g gbiiods guwgd JB 4 (S 359d 55 ki SBGB9) 2 S92

AY-a7 Lo —obl&o.b 9 Ls.bl).o



AY-4% 1 o — o ) Kod g (50! o

g gbiiody (guwgd JB 4 (S 39d 55 ki SR 2 S92

09,5 JLSlo (al o aien il b s (Sl (s b ela
AM)QAS‘SAJ).;SI) WS)J MLOBW‘ AJL.)J 09;&))(
S35 ol slapsl sszg Jdoas coadan jold (xbaw Jlab Slge

S i (Fwgd )5 | e (Faish g 09d 5 Sele

(w903l Caowdy Souw (S Aigld i i Y

Sl e Lo (Saig b5 i (Sl LS (35 0
Sl (0 Gl yomie Wl oo (g Cuomdy (Fuwgd i
oz Slbl (g )0 (55 Sllae gozs j2alS g 55 51 58
Shls (e olFas 5l (ol (sloojin ln Ll 1055 oy
Bl (3,5 plSd i 5LS (55lwo 35 (gl ains il
aS ol 5Bl 093y 5 90 slml ISl ¢y y5ee jo xbaw Jled
L aS s JUsb sobe 5 5 ol onds gLl T Ly Jsdseie baoe
by sl (g8 (o] 5 Lsme (Sigd i s
5 2l L8 055 458 G5 L osd g0 St s 5l mle olid
Sl s 31 0 g aiin ol jo @als 350 0 515 50
e 189 (sl S gl bled (gl Sl @y (Sigd 5
(S o pile 350 5 5 plaT b aseis e il oo il wole
S5 L G ile 5 addss e yile sloji (45,0 35250 O U6
(V) JS2) 955 00 gles

Sl cale 1 658l 48 35,00 Gl ples T 53 oS
s L ecdls sl o 60, Shas slrog, 5 Ly Sy
oz slIs oai o lb xbas JLsb slge lond o3 sl
5 = sloaibels jo x2S pals oUlg aes;l slals
sloachle )3 4 olSun ohg Yo (F)l> 9 lond 55l
Jbd slge gord @-(V)) S5 50 aiind igd o ookl ol
oo aw Jold aS cowl oad ools Lis woadas 5ld mlaus
Jols a5 ' Sugdetdyl /5m ST po (V) il Sgliie sl
saSTaz (1) g Cwgasl 09,5 (V) el 0 y5l8 51 VL s
w2 5l 1y (b Jleb 8ole 5l (13 99 cnl 5 el (JT 095 S, a8
Tonpslh JI LS 5 et (Kb olys [TV]S e o
35159 5801 51 5 (PFCS) "8 JT LS 5 5 (FOCS)
L) (CF) 5= 93518 ismy (VU 55,31 s 5l8 (sl (oYL
oy VY]l aisls Lol Sas8 a5 (£55 Ki/mol
3 @Y Cglie 5 conl g5l SleS 5 PRCS o354, 5 FOCs
2yl Vb slales (pizen 5 AT o Se Alwgts 2325 il
So 5l as wiies SLaS 5 (RX) (el by 505aLSIT Slge
bl 09,5 S g e Job L (R) 5 S0l ST 8 0x
Wl oo (R) 32,501 ST 5 ez ailoass JSes (X) Cwgoos]
b -0)) JSb jo 5 Ll gl an j5ls LolS jsbay by o b
L Cudio ,b shyls (s Wilgs oo Camgo o] ol 09,5 cnlan
Jusd Jalge g5 T (S el cale Jdsas 5 sl e

Fluorinated Tail (Hydro- and Oleo- phobic) I Spacer I Hydrophilic Group @

:
ot ox
F

Where X is the

end groups; L.e.

-OH, -SO:NH,

(b)

IV iy 588 4 ouaialisil ol go IS HUidlua (b) 5 ouchiais ;o8 pelacs Jlas Bube oabsasdd HLidlu (a) .\ JSib

Figure 1. (a) Fluorine surfactant chemical structure and (b) The general structure of perfluorinated alkylated materials [23].

1. Hydrophobic/ Oleophobic Tail
3. Perfluorine Organic Compounds (PFCs)

2. Fluorine Organic Compounds (FOCs)
4. Amphiphilic
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Figure 2. Rock surface wettability alteration to gas wetness: Release of liquid film from the rock surface and as
a result increase of gas storage capacity through porous rock.
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Figure 3. Schematic of the drop contact angle system with the
rock surface [24].
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Figure 4. Contact angle of normal decan and water in the presence of two different fluorine surfactants:
(a) contact angle of FC-722 and (b) contact angle of FC-754 [10].
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Table 1. The contact angle of carbonate and sandstone samples before and after treatment with nano silica.

Carbonate rock
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58° 95°

Water
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Static contact angle

Advancing contact angle 0° 81°
Receding contact angle 0° 0°
Pseudo- contact angle 0° 0°

Surface free energy (mN/m) 50.6

139° 0° 0° 104° 138°
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2 | ppm ppm ppm ppm
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60 69.43 81.60 91.32 93.12 93.50 93.81 95.07
120 73.22 89.15 96.60 99.79 101.39 102.17 102.29
240 77.08 94.58 100.11 106.03 112.72 114.91 115.48
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. \.' \a Y l" lﬁ" 1 "
g ?zl Wy it
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§ Figure 5. Static contact angles over a period of time for water-air system (below)
i and n-decane-air system (above) on sandstone thin section after treatment [30].
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Figure 6. Spontaneous imbibition data and model predictions for (A) water/air system and (B) n-decane/air system [31].
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E Table 3. A summary of fluorinated surfactants used in the field of gas wetness in previous research.
Type of Formation Temp. Permeability ~ Porosity% Manufacturing Reference
: surfactant company
| FC-754 Berea Room 500 -1000 md 21 3M Li and Firoozabai (2000b) [17]
| 11412p  Berea  140°C  600-700md 22 3M Noh and F'r[ososﬁaba' (2008)
A5, A6 Berea 260°F 0.5-175 md - - Panga et al. (2007) [34]
| o Dow chemical
FC-4430 Berea 275°F 160-270 md 20 company Bang et al (2010) [35]
| o ) Dow chemical Wu and Firoozabai (2010)
Z8 Berea 140°C 600-700 md 21 company [36]
Stepgaonoquat Sandstone - 63-109 md 11.2-12 Stepan Xie, Xina et al (2008) [32]
Wlltgglélte Sandstone - 63-109 md 11.2-12 AkzoNobel Xie, Xina et al (2008)
Wit;:gg 'C " Sandstone - 63-109 md 11.2-12 AkzoNobel Xie, Xina et al (2008)
FC-4432  Sandstone - 63-109 md 11.2-12 3M Novec Xie, Xina et al (2008)
FC-4434  Sandstone - 63-109 md 11.2-12 3M Novec Xie, Xina et al (2008)
Tomi;jry Sandstone - 63-109 md 11.2-12 TN-4 Xie, Xina et al (2008)
FC|5:2C;19%nd Quartz - 150 md - S(I:Egrr;]hiz;rln Wang, et al (2015) [37]
. | ZonylUR Carbonate - 459 md 28.3 REIGR Karandish et al (2015) [38]
: Manufacturing
FC911  Sandstone - - - - Wang, et al (2013) [39]
| FG40 Sandstone - - - - Wang, et al (2013)
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