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Introduction

Global demand for natural gas has grown significantly
in recent years, while proven natural gas reserves
remained stable at 196.9 trillion cubic meters in
2019, partly due to a decline in exploration activities
worldwide [ 1]. The amount of methane stored in global
natural gas hydrate resources is estimated to be more
than twice the total global oil and gas reserves, so gas
hydrate reservoirs can be considered as one of the most
important unconventional energy sources for future
use [2-4]. In nature, a large amount of gas exists in the
form of gas hydrates in frozen regions and continental
margins [5-8]. Over the past decade, studies and
technologies for producing methane from gas hydrates
have attracted much attention as a potential energy
source, but energy recovery from this energy source
has proven to be very challenging [9]. Due to the high
cost of direct sampling from gas hydrate reservoirs
and the occurrence of undesirable phenomena such as
collapse of the solid hydrate structure and uncontrolled
production of sand and water during the experimental
period, field data collection is severely limited [ 10]. In
order to develop knowledge of hydrate properties and
behavior and calibrate existing numerical simulators,
laboratory studies of natural hydrate-containing
sediments under controlled conditions are crucial [11,
12]. In this study, by designing a laboratory device,
the kinetics of methane hydrate formation in a porous
silica medium bed with an excess water approach in
offshore fields (Caspian Sea) were simulated. Also,
using volume balance calculations, the amount of
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methane conversion fraction during different stages
of hydrate formation as well as the saturation level of
phases in hydrate-containing sediments were obtained.

Materials and Methods

Laboratory Equipment and Materials

The hydrate laboratory system used consists of a 990
ml reactor equipped with 11 fixed RTD thermocouples
with an accuracy of 0.1 K for temperature measurement
and two Rosemount SMART pressure transducers
with an accuracy of 15 kPa at the top and bottom of the
reactor for pressure measurement. The cooling system
of the test apparatus consists of a refrigerator with
the ability to adjust and apply standard temperatures,
which is placed inside the reactor to create uniform
temperature conditions in the boundary areas during
methane hydrate formation. In this study, methane
with a purity of 99.995%, deionized water four times
distilled, and silica sand with a grain size of 1-2 mm
were used for hydrate formation in a porous medium.

Method of Operation

After preparing the reactor, first 1060 grams of silica
sand was poured into it and compressed. Methane gas
entered the reactor from the bottom through the storage
capsule and the pressure increased to the specified
value. Next, water was injected into the reactor from
the top using a syringe pump until the final pressure
was reached. Then the reactor cooling system was
turned on and the temperature was reduced. In order to
achieve the highest saturation capacity of the hydrate
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phase and greater consumption of methane gas, water
injection was carried out in three stages. In these
experiments, the formation of methane hydrate can be
recognized by a sharp pressure drop and an increase in
temperature. Furthermore, to estimate the saturation of
different phases and also to determine the fraction of
methane converted to hydrate in the sand environment,
and by considering the solubility of methane gas in the
aqueous phase and also assuming a negligible amount
of water in the vapor phase, the pore volume balance
method was used.

Results and Discussion

Afterthe gasand waterinjection and the reactorreaching
the set pressure, in the temperature reduction stage, the
pressure graph has encountered two sudden decreases.
The first sudden pressure decrease is mainly related to
the effects of the system temperature reduction. The
second sudden pressure decrease, which has a much
larger contribution to the initial pressure reduction of
the system, is attributed to the formation of methane
hydrate. Simultaneously with the sharp pressure
reduction in this stage, the reactor temperature peaks
are visible at different locations of the thermocouples
due to the heat of reaction of methane hydrate
formation. Furthermore, the difference in temperature
peak changes for different thermocouples can be
due to the non-uniform distribution and formation of
methane hydrate in the porous medium because the
nature of methane hydrate formation is random. At the
end of the first stage of water injection, the amount
of gas remaining in the medium is either free or
dissolved in the water phase. The high pressure drop
in this stage indicates greater gas consumption and
increased saturation of the hydrate phase. In order to
achieve greater saturation of the hydrate phase and the
conversion of the remaining methane gas to methane
hydrate, the system pressure needs to be increased.
This is done by re-injecting water into the reactor until
the initial pressure is reached. After water injection
and considering that the thermodynamic conditions
for methane hydrate formation are ready, the system
pressure has gradually decreased, which is attributed
only to the greater consumption of gas in the system
and the continued formation of methane hydrate in
this stage. The amount of pressure reduction during
the second stage, which indicates the rate of hydrate
formation, is noticeably lower than in the first stage.
The reason for this can be attributed to the reduced
tendency of methane gas in the crystallizer to react
and also to the lack of contact between water and gas
in the possible space inside the reactor. In the third
stage of water injection, a lower pressure reduction
rate was observed than in the previous stage due to
the reduction in the volume of methane consumed.
Furthermore, the conditions considered in the
calculation section for methane conversion fraction

(X ) and phase saturation (Sj) are at the end of each
water injection stage and when the temperature and
pressure fluctuations of the system have reached the
minimum possible and the environment has been
completely stabilized. For all test samples, the methane
conversion fraction in the first stage of hydrate
formation is more than 63%, and in the second and
third stages, the methane conversion rate has become
increasingly difficult due to changing fluid contact
conditions and heterogeneous hydrate formation.
Moreover, studies have shown that the accessibility of
gas and water phases and the type of hydrate phase
distribution in the sedimentary environment are
important factors controlling the methane conversion
fraction in test samples. Ultimately, hydrate saturation
is mainly controlled by the kinetics of methane hydrate
formation and the spatial distribution of phases. In this
study, the highest hydrate phase saturation (32.5%)
was achieved for test samples, in accordance with the
designed test apparatus and the selected silica sand
grain size.

References

1. IEA (2019), World Energy Outlook; Paris

2. Boswell R, Collett TS (2011) Current perspectives
on gas hydrate resources. Energy Environ Sci
4:1206-15.

3. Jarrahian, A., & Nakhaee, A. (2019). Hydrate—
liquid—vapor equilibrium condition of N2+ CO2+
H20 system: Measurement and modeling. Fuel,
237, 769-774.

4. Makogon YF(1997) Hydrates of hydrocarbons.
Tulsa, Oklahoma: Pennwell Publishing Company

5. Li G, Moridis GJ, Zhang K, Li X-S (2010)
Evaluation of gas production potential from
marine gas hydrate deposits in Shenhu Area of
South China Sea. Energy Fuels;24:6018-33.

6. Moridis GJ, Kowalsky MB, Pruess K (2007)
Depressurization-induced gas production from
class-1 hydrate deposits. SPE Reserv Eval
Eng;10:458-81.

7. Moridis G, Collett T(2003) Strategies for gas
production from hydrate accumulations under
various geologic conditions. Lawrence Berkeley
National Laboratory

8. Fujii T, Saceki T, Kobayashi T, Inamori T, Hayashi
M, Takano O (2008) Resource assessment of
methane hydrate in the Eastern Nankai Trough,
Japan. In: Offshore technology conference.

9. Boswell R (2009) Is gas hydrate energy within
reach? Science ;325:957.

10. Chong ZR, Yang SHB, Babu P, Linga P, Li X-S
(2016) Review of natural gas hydrates as an
energy resource: Prospects and challenges. Appl
Energy;162:1633-52.

11. Yin Z, Chong ZR, Tan HK, Linga P(2016) Review
of gas hydrate dissociation kinetic models for



n Petroleum Research, 2026(April-May), Vol. 36, No. 146

energy recovery. J Nat Gas Sci Eng;35:1362-87. Challenges, uncertainties and issues facing gas
12. Moridis GJ, Collett TS, Pooladi-Darvish M, production from gas-hydrate deposits. SPE
Hancock SH, Santamarina JC, Boswell R (2011) Reservoir Eval Eng;14:76—112.



. LA
95 Jlio ,,uu“,:; Y-V axao NP+ Wé,‘ 9 040)5)5 Ald4 o)l.o.w
7

Olio Doy sl DKL) 4tz
(b |l o 0

T alhho couild Al yud o 7 s e Joligolpe sadauao
alnl el ns oBiils (1S Mollirn oy 2l (waige 09,5 )
Ol el s oKzl ¢ i EASLEINS ( gondh cekigo 0SS (S _owrdige gicinns] =Y
Olnl ey ol ¢ 8 (BEasasls o cand cwdige oaSiisls -¥

VORI BINE 1l g, VEF SN e g, VEFONA il s

EXVOCS

S8y ) smlwl STpo g cSlis gl golail g pasl Lyl 0 Ly (658 Slja o sols pi 5l gl 0w Jgi 3800
b L aalllae ool jo0 ccul gy lalase 1o Lie &l jae S8 ¢ LSis Swlus anld 0 50 S
mobee 5o (BLl Ol 0,05, b cmmdow Jsebsuie bama pis j0 oylie Sl LSid St o B iolej] olKiws S5
@ lize Jolo b olan Joad S Jlafe ( comme> aijlen Slwlre jloslawl Lo fvman ol gjlwas ol o
Jdcl& L_gl_h)b}o; CHL».* = | OA_AT Cmodo U‘)M 631_’ g.)LoB_w) Bt L&b)ls &LI—MJ‘ )‘A_M )_u 9 s.)l)d_& J.&w.i
ESY P GaLf_:ﬁLo)fl sledises gl Sljoe JSws byl ol ol e oljuse JoSas ald Job o Lisd 5 Lao
S elil b wgie Jlaae o olsel pwdiw slvawle guails Ly culiie ol g0l s oS> Swlyoge
Silee izmed 00,5 §dme aB islesl sladiges gl AY/F I L8 elnl o 18V Of L8 elal AYYIO Ol o
Sl slagwly ;o Bl sasl cwoas LTAMY Jlaie ilesl sladiges sl &l 4 L Juod S
Jleie baomme o e wliae ¢ BleiSy 8 St g s an LahisS oo (6518 slacusdse (B ) pinis
5| o9y dame j0 Sljaie 5L a e E95 9 ol g 55 lels s piwo laie olo yLits Lo cwy g aitied 00,5 cwia
8 oo jLad g Loes Ll g5lwans o il o ‘5;:,_~.~LA)'_| sladises ;o ol Joos S 00iiS S pto Jslse

ol asls ol e sl o 38 Clhue il L pes ctillas 5 aalllae ol jo oos JSCzs

(e Jmr o pmadS (O paad JuS i S ¢ cammiw JSedSio g ¢y Lo Ol jamd 1 galS LolS
S sl

Sl Jogunt
anakhaee@ut.ac.ir S S w0l
(DOI: 10.22078/pr.2025.5733.3548) : Jlzus awlis



ot & &
YoV dziio NP8 Cuiigusdl 5 (5293958 VP o lad J«H/
’

S a5 4055 oSS (ale ) el
d—ile o5 (JoSge (139 Lo slain S g0 Sl
5CO, N, usils Lajl5 L L, 4 CH, «C,H, «C.H,
sladslse sla Sy am aiww [¥] 0 2L HS
£ L 1ol Sl adyl sl aw (o305
iloads oLl H gos jlalw oI g JLslw
a3l el gl s 5B STl plo—ie 4
S o 5 LT gy sl i Sl
)a.[\‘] A dlgs LS is Ty 8 b
S sladlne ©ja 51 ol e Cnbs
Dyle 09> olo L8 a il 5 ez 3Dl yo
Ol 00 1S 0 0 slaay wlwl o ol ;51538
Awd j Wigd oo go—ndib Lol a_wsau o
BT Jlomds ey 45 o0 &dly 3L aiile)
B0l 58 50 095 S 59y Dlyaze gl 4y
(=5 LBl adlaie asle) pgo aiws o)ls I, 3
ol jlelal (g5 S (59, = o gl Y
O gy Slhaod gala Y paw aiws j0 05l 1,3
Ir-o] el Oy 4 h9d g oad a gl
Ay elnsslod 5 olalllas i 538 a_ns b
Si ae S e 4 35 Do 5l ol
sl 03, 5 oz 05 S an | ol A g 0pdlly
o ] 3 ! sl A8 el sus el Ll
ool oy L] el S e s 5,5
S50 piline 8 Oljo—e 5l o 58 golaidl
Selas oal)d 5o 50 (S L8, Sl el
slabe o Gl Sl SS&5 5 JSis
slostil(glsoy)lid ( )l o S 2 il ()
Sl ozt (5 L 3B Jols g Leos sl
S Slos el e 0dgi 5 (638 Oljom a0
Seeladge i bl b an anly Laogy ol cnlie
Lyl e &8 olae gl Sl Jaoxe g
B ey (i (Bl sl sbazel 1B o)
5 S o2 8ly SLdbl ool (b slidl,oee
S (o) = 2E—lejl sloosls (pizren

by Ao

LVRUYY

sl s s b 5 6l Sl Lol
45 Sysbar Swload g9, (ks 2B o, L
S e 9k 5 TN Sl (ol 5 Sl B
il YN Jw s YO bmP ay Yo e Jlu o
Lol 25l ol JYs o pieges ) ol azily
oS oy iy L ablis asy oly5os
Ldlee 5 slaslils slajls JLasil i alS 5 e
S e GlaiS e (B Sy ialS
B e ey lalie o S JLgS w il
il am Jmles pals 5 pls codi s coni 58
38 sosoldl B3 Jolie jo 0,5 o Lil gla s
039 B VAF/A b’ Jlade o VeV Jluw o b
o SlassT glacgled ioals o] s 5l (So 4S5
e bl o3 Sl [N acsbos ez sl pu
Gosb am Sl loye S5 s QYL (65,0 0B
20 ol ENVEFm’ L Sloe \ mP as o 5l aS
0,33 e Jlacie .o acalgs oljT o lasb! oyl )i
Voo bm’ oo Slion Sz amle ;0 00l
S Sl 98 5] n 45 09-B o0 035 (eSS
Shamd (il mlpls a5 5 cds Sl
S5 el e 5 (S plg—ie 4 558
0 el Bl gl o lgi co B Ll

Iv] gt 4z 5
P S 5wl oloS 5 65 sladlue
5 ol Ols—e 4 ol slasSse 5l awa
loads JS—15 (s plg—ie 4 5B slasSge
39t ST S ey — ol slasSUse
o Lo bl Jiw S sle bl -
Slgs o0 5B SlaJoSge and oo JSi5 0 i
ol a s JlsygauS Joull) Laoss ol
NUNURGPIVY S D SO W Wy | E S - W Yv-E
45 opb am b oe plril (Jly 57 L
6B sladlum Lid g Lo ol !, b oo



ndl)l&m 3 é‘jﬁ‘sob.o Ga.la..a.o

&8 5L elal 70 g ol 1 (ST 700 Jol

DV acsb oo 2lo o Olhoms S, alin

b )o gl Oljae S5 (g o P gl
(595 ol > el (BLSLSIE 5, S o S tyle]
g oab O)ly JSdie b bl (sl ol o
9Ty pols 8 Jlsd comw jolane any o Lo
Gles aalol )0 .00, 5 o 3, ¥ i 4 55
DAL sl oo ials Olhome LSis 6l e
JSmis S o Gl )P £ =50 o=,
S8 aaillae o jse ) qudow anle o Lo ljua
el S Vi 5,5 5 A5 9,5 55 5 ol
3L J—=ls 50 58 sloacls oldlplo oy e el
das o i (6,500 aalllae [V 4] 08,5 wlju s
adgl bl jo ljoe JoSis ( Slal 5 Ll o
DL L B R RPN - CYJ NP X
b o gl Slhoe JSid (65998550 500
099y 40 A8 ez ie ol 00l 4l sl
Shame (Sl 5,505, L o Slhoe o)y
s bt b s L s 138, |l e
ol=ie Slhad a5 (g oy cwl A SIS iles
S g Ol Db elod gl ) Al
ol Olans LSias 1K he, [TV cculazs 5
e (PBialoj] uliie y3 3 sl jo 4
ol e IVEYY] el Blsl O 4oy, conl oo
J—lie aoe )l 51551 (Sl o Tal b
D555 B3 s 030 4t 2 G 5 9950
b5 b sladlynee (LSl B S5, S
O ooled Al a sgamme Blsl ol o, S0s,
el gy yo eael cwas Sljowe a s glasls
Lol 0,15 xmss (g0l Uy 6 iy cnlis 5L
oy Sl g (Vb JSis e 4 s

S5l

o Sl eolawl Lo (bl adllas o
ubu\_@ sSs Ja)‘)_...: 03— g{")—b Gmlf_m.'/ Loﬂ
D3, 5 o (o= (g J B e (o Ll

Ol Slhaus JSis ‘_S_a:l.id.%u)’T axJllao

Jodxin oo 0 (635 Ol o SCSa g JSis
s (§ S diged YL Ao o Joa .l
wodhal slsodsy 9, 9 38 Oyl (5L5
Sy 5 Do asle a5 9,8 S
wltolesl ogo Jobo 0 Ol g oo JuS S e
azlge g0l Codgaze L Slawe lacsls cils

Iy s vl el sl oo S bl s

s—a 50 plte wloe JSis ) Ko g (omis
SG 5l gl ol 18 aelas o s 1) g auilo
s Ol s o Gl eSOl an il oo
o o JSis > (adge (JBm g Lo
FSis e s 00,5 saliie Lyl Lasogad oolazul
e ;5 4 e 9, L aiven e Do
S5 y30 oo s it | e
S i A oad St plie Sls o sla Jlins S
3,10 (S o o plste sl JsSUse o> JLil
s a5 asols 5155 oo Ko g o VY]
Lo S s (smhew aule j3 o0t S5 Lo
Og—mlilyoed slasi g ud JUubl L35 Sl ool
o3lasl 3l o g il Ol ool s 4
RV WG N VP B R RGO A
Qee=Vee pm O3 o3lasl b Jodsie laoee o i
3,6 |, F/Y MPa |Lcs o YVO/Y K slos L], & jo
slas 1) ase S )18 Ll asels 8 aalllas
Sex 0] ailools LSis ola o |, i iie
yodiamne Syl Al S S (b o8 e
mm o3l L pedw Slgwy o ) (s Sljoe
S e Sl (292l g 9ol JuSas -V D
(= el o Sl a oa i oo ol
a5,S Byme oles byl i g Lajyo Lad e D>
s ol las s ¢ K ol sl [V 7]
o Slg oy 50 Lol ool Cwoas gl




ot & &
YoV dziio NP8 Cuiigusdl 5 (5293958 VP o lad ;‘«H/
’

oo 6 =Soslil gl [77 YOI el oas as
+/V K &85 LLRTD go0 &l JmsS 90,5 V) olass
JSiculoas ol oSy ol asay g9,
05—=S15 05, L) Lo hisSse s =518 iy ¥
g by Lad s Soslul sl om0 Lo
(b Ol LSis s byl slaudl Jlos!
(Y+0) S Jua)Rosemount SMART ,Lid Jae g0 5
VO KP cnhad pae U ST, ol o YU Cad o
T ,lid Sl e (Sl oa s cola

6Lma.>|¢ (T oo le)_g )9_';5‘) 6Yl_g 99 (D

siele s i sl oa b ool (5,8
Sl aS aib o o jlaibivl slws Jloos! g pdais
o= i Pl e e ples Ll b ol
48,8 518 ol g ST, ploe Slhae JSis
oa—s oolail (Teledyne ISCO 500 D) 55— ooy
Vacuubrand MZ 2) M5 oy S5l pmioman .l
.]Lg.?fo Joj_b 5)5_.’;S|) o S-)L“> QL_‘;L)‘ 6‘)_> (CNT
SogTl sae 5l bl g Lo iolesl g9, 51 S8
J,».S_ma J._>‘).o ,QLAJ L) “59—”"6" ool __wl )lf A
6‘)—.’ Sledlb 6)5] EmoZ i) sQLLo Q\)A_:.Cb
od—d oolaz ‘Sal_z..;‘ cs’l—") o)’l__x Je Laosls s

Refrigerant

S

S 5 Lol eldl jlabie (5nnd sl i
alye Slwloe (o9, 5l e 5B s Jmos
)l e am WSS e oolii il sz
il by e Slhae JS5 (i
o=l obsd g Lo Ll o 5l ol e sile (sl po i

S5 U9

LY PR Y 9N

b o gl Sliooe BSCiS 6l adllas ol 3o
Goa—adils o3lasl L pudw sldaule 5 s
Jblas a jg lae ay .cwl oo oolaiwl Y=Y mm
Lol 72l o ca Bl ol 35 Lul,
s A Sy 1S sl Uy ol slaele
Olbte ¢ gz ol 0 solaiwl 5,50 315 50l ools
CS i S Gk jlas ccul 749/4%0 oyl L
bz ) e il oas ey LT
el 00 oolawl Lo olesl 10 0jsgd ylass
o lo;l ol

390 Sljae iyl wilelw Silas ) IS
&l o8 iolej] jo a S — aalllas ol ,o sola il
=, )8 ol a5 o8 zils j5 e o> lalllas g
L jo=ST) S el abbelws (oo oo s
YV Sy as Juwljlas cl 9 ml o

Relief Valve

Vis Vahes
SP Syringe Pump
DAQ Data Acquisition System

ole Slhase LS alBisle;l oliws Siless ) JSSi
Fig. 1 Schematic of methane hydrate setup



B e 5 0155000 il

Pl Sy oy g V3 8 (0,5 5L 5 VI
095° 4= Yo S 5l b JLad 4 o, S
Sl Ay V3 d e 9 9238 55 5951,
5551y Giale ys i o (T S 50 B a i)
s als e (pals L plejon il 5,
ol Uy e Slhocee LS ol oanlive Lo o
50 a=bl oo paneid JolB Leo iolial g agas jLas
s Sl s lis LS5 sl 4l e sLgc
4o )lid aS (gyeb an il iels waiy 55T,
o=l (7 St 50 € ahall) ow) Jlafe (o S
V3 s 00,5 5 Lol Gy e adope bl
L g (S e b O i o )3 5
8l aalol adgl jlaie a4 58T, Lsd an o,
(S 5o D ahai) o dia V3 5o s 5
o=l 0o Les 39 b ed 5T JLad aals
o= Oljae JSC i aslol sapo s al> e
(ol Ol JLSis pg0 ad> o glpl jo .ol
o E alag) oo 8 cd a8l als Lasd o
o ol Hobaie dn g pg adoye o (T IS0
L ol st oo dasls elal s b o 5L
9208 G, dame (99,0 am adsl Lad 4 as
>0 ol glgl o a5 (V IS o F alagi)
ol Sl LSCis aslsl JJo an oS8T, Lss
Ul slgl jo (¥ IS5 10 G akaii) codly ials
Silw et jolate a9 Glse Sliae LS i5
390 slaie 5 5981y slos (ol po Slhigmsy Lyl s
S o H adai) 4 osls Limlsal aalllae ol 5L
ad> e an (b e Slae hSus (hs, ol (7
HI-H7) B _iole;l slaaises sl ol 5,5
b mleg] )y 3
slpdises gl o o0t A b 5 o0 ol
oo Do JSis anlp Job s el
5 a5 pobate dny il 00 40| aalllan ol (sl
Slaal by clie g Lo Jdod am uddn e
L it oYL ] L slndiges Sl caalllan o

ol 00 soliiwl Sasl B S ooy

e Ol Slyoun LSS Galid.,{uﬂ axdlao

A 9.2cm ——»
Ta1:H12cm

Ha2:H10cm Tp1: H10cm-,

FT.3:H8cm Tpz: H8cm

I Tag:H6Ccm

Tps: H6cm

Tas:H4cm Tpa: Hdcm -

LTa6:H2cm Tps: H2cm -

(2L lojl olSiss (49,0 b dys 505 oy ¥ S
Fig. 2 Position of thermocouples inside hydrate cell.

Ol Ol yand JuSUiS
S5 iles] slmpls o IS5 0 AmH LU
Slsl ol gy an ol alllas o plis Sliuge
S5 Sz Ll s e i,
S e ple 5 oyl og I 6l Dl
solal ad> o o LYV el oo ools Linled F
Cndy oy 955515 St 5l ey w5l
Sl o e 35 5L 5l plebl g by das a s
mm 655! Ly St Mol s dsle o, 5 ) -5
P9 S e Ly 0B 08,28 g 4B ) ] (9,0 ¥-)
b by las 51) (g ets inlejl e51,
35 sy 6,5 s Sl L il sle il g
klwg 0, Shoe Eommo izmen i plamil (590
sp—laie 4y (BT S8 )y 3y (S0l
e Jol5 (55LaSh g oaSledl lyn L3S
ol ad> e y0 g ple S L ad> o 4 (b 55T,
o=l il oas ooy 58 D ey 5l 6T G L
oo plomil Laulejl ples 9,5 5l iy J2l e
0 0505 3L L g 59381 (g5 eobal 51y ol
Ol Seomd o 23 JoaoS 3k 5l Gl 55V
00y sl oo L5 95T, jLid g oa j5ST, 5 s
38 i 1 e (VSS 0 A adadl) 3 i3l

Mwwwwﬁ)o‘hﬁmduop



ot & &
YoV dziio NP8 Cuiigusdl 5 (5293958 VP o lad ;‘«H/
’

Coie LYA 08 o a8l (6 5 3ubo gl 55 i
o et JolS () S8l oo ajlge (o)
JSis STy e S s ) A0 56 5L
bl oz (gl aadllan 0l jo oul Ol oo
e o gl Shoe LSis o l)8 s L8
L e g o) 58 50 e 55 e D> (8 )5
ol 5l o 52s0 Ol Jlaie 095 2l (5,8
Slsllas jo oo solanwl dsle —> Jolss o,
LSy possly vl o ass F o, oy Liione 5]

9S00 Gl ;) D)9—e e Gl Do
CH,+N, H, O—=CH, N, H, O M)
Ole—e a0 (NH) y5—lil iz soc oy 28 3
S adobs owlon s a8 3, i 9N =6 lawgie

Vo™ Ve XO=V VAV =ng ptn, p iy, pyy (1)

pore
= by, sla s ool o Je—o Slawimi g Olyjo

n (J init (1 XCH4 (\ﬂ)
nw:nw.init (1 -NH XCH4) (f )
nMH_ G.init X X (a)

U‘JMA_:OMJ_’M Lm)_».SX ) )ad\_f

CH4

Sy s 4 Do 5 O s g
YA+ em¥/mol g i au Les g ,Lid an Lyil cams
Jleasl Jdo am e Vg o oo . Cnl VWEIV 4
adolas 3l oolaiwl Lo ol jlsd cos e (09—
ooy 00,5 oo awlxo Peng-Robinson < Jl>
Lo o )lid 5l b aS Ol jo Jodoe i sl ge
Ly, shoslawl L e co 1y ol ol3T ST o)l
3 bl (o (sgiiil g oa i ags co D>
SYolss Sy 40 050 duwloe (NIST) (5,53 4
9y b wlgise a8 ol Joame e Xy O LY
fzero Ja s 8 adoles 5l oolaiul Lo dis) goue

10
Ds B
4 et
o
i
8 [
= = 24
© S £
(-9 - -
E kv @
=) 2 ®i
[ = g H
L = 1
S 6 o *A
7] I
w >
o ©
a =
4-
CH
2 T T
272 276 280 284 288

Temperature(K)

(Bl Ol o), b e e JSs Jolpe ¥ S
Fig. 3 Steps of methane hydrate formation using excess
water approach.

Hydrate stable

Pressure [MPa]
IS

Feed gas composition:

©100% CH,
© 98% CH - 2% CyHs

0 96% CH, - 3% CyHg - 1% CHg
© 90% CH, - 5% C;Hs - 5% CiHy

0 - v -
274 278 282 286 290
Temperature [K]
Gl ool b Sy S5 Saalizage s Lulys ¥ S
O 38

Fig. 4 Thermodynamic properties of hydrate formation
with different methane percentage.

ol Sl JSas alejl la el b Y Jouar
Table 1 Test parameter of methane hydrate formation.

Exp. No. | Duration(h) 0 o Z; VW (ml) YoX
MH1 47/4 52/1 496/3 87/4
MH2 87/0 52/1 508/4 88/9
MH3 75/8 52/1 503/5 87/0
MH4 78/0 52/1 505/2 88/2
MHS5 66/5 53/1 6/509 88/2
MH6 43/0 53/1 502/5 88/3
MH7 43/1 53/1 51172 89/1
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saturation of the phases.

Exp. No. %X .y, (Step#l) | %X, (Step#2) %X, (Step#3) S, S, Sq
MHI1 66/7 17/3 3/4 32/4 63/7 3/9
MH2 36/8 20/0 5/1 32/7 64/3 3/0
MH3 1/63 20/3 3/6 32/0 63/9 4/1
MH4 36/3 20/5 4/4 32/3 64/0 3/7
MHS5 36/3 19/3 4/4 32/4 64/1 3/5
MH6 56/4 19/3 3/5 32/4 63/3 4/3
MH7 64/8 17/4 3/3 32/9 64/1 3/0
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Fig. 11 Final saturation of phases after methane hydrate formation for laboratory samples.
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