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What are gas hydrates?
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Idea of the SUGAR project
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Reservoir model principles

Phases
« 3 solid phases: sediment, methane hydrate, CO, hydrate
2 fluid phases: gas phase, water (liquid) phase

* (1 supercritical phase: supercritical CO, — not implemented yet)

Components
* 2 gas phase components: methane, carbon dioxide

* 3 components solved in water: sea salt, methane, carbon dioxide

Pressure equation: advanced 2-phase Darcy model
Energy equation: flow through porous solid, hydrate extensions, latent heats, pressure work
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Reservoir Model — Pressure/Saturation Equation

—_—

. . 0
Continuity equations: E(Mp&*) +V- (pGuG) =5,
5 — Euler/Euler
a ngL’OL) +V'(pLuL) =9
0
a ngMHpMH) = Sun
0
It ¢SCHPCH) = Senr
| g _ € & volume fraction of phase j
Saturation: 7 1—¢e, ¢  sediment free volume fraction
0S5 10 V
Convection splitted form:  ¢—+ CbS——p +Voutu~L=2
ot p Ot 0 0
=
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Reservoir Model — Pressure/Saturation Equation

1
Density derivatives:  x = —[@] , B= —l[@] , o, = l[@
T,y p oT Py P 8yk

P,T

19p _ 8P oT dy, Vp
—— = + —, —=XxVP-0VT+ V
p Ot o1 ot Z,;SD’“ ot 0 X g Zk:gp’f Ui

General form:

0S5 0P
e R Xa—ﬁ— Zg@k +Vu+u[XVP ﬁVTJngokVyk] 2
_ _ k
Darcy equation: u:—Kf/l<VP+g,0> with A =L km:f(SH,SL)

U

Phase summation:
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Reservoir Model — Pressure/Saturation Equation

Insertion in general form and summation over phases leads to general pressure equation:

OP.
20X (9; +V'(_Kfzj/lj (VPJ +gpj))

B KijAj X; (VPJ T gpj) —BVT + ;wk,jvyk,j]vpj =
(9ykj
> o i oS, @E—% Kg) Ap|BVT~) 0 Vy,,
j k
Capillary pressure: P =P —P with P =f(S,S,)
_ 1 1
Calculation pressure: P = §<PL + PG) — P =P— EPC , P,=P+—-P,
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Reservoir Model — Pressure/Saturation Equation

2
COMSOL coefficient form PDE: e gtg + d% + V. (—cVu —au + 7) +B8Vu+tau=f
P oS x, +S.x.+(S . +S5 0
u = . d= ( PoE e ( i CH)XH) artificial diffusion for S,
SL ¢SLXL

VP
(AG B AL) 2C + g(pLAL + pGAG)]

_Kf

VP,

K A,

+ 8P,

K +A4, (XL (VP — VP, + gpL) — B, VT + goS’LVcS) -l
b= f +AG(XG(VP+VPC+g'0G)_ﬁGVT+9%,GVyc) ; f=...
—K4, (XL (VP_VPC +gPL)—5LVT) 0
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Reservoir Model — Energy Equations

Summation over single phase energy equations with 7, =T, =T, =T,

0T .
¢SGPGCP,G atG +V <_¢SG)\GV TG) - KfAG (VPG + g,OG),OGcP,GV 1, =4q,

¢5.p,Cp, a;} + V(<6 A, VT, | = (KA, (VP, +8p, )+ VS, |p,e, VT, = g,

0T _
¢(SMH’0MHCP,MH+ SCH'OCHCP,CH) (r%H — V- (¢ (SMH)\MH T SCH)\CH)VTH) = dy
oT
(1= 6)pyens 2+ V- (-(1-0)AV T, ) = 0
9p real gas
Pressure work: q, = ¢S,0,T, (9tG + Kf/lG (VPG +gp, behaviour
Latent heats: g, = —(RMHAHMH + RCHAECH) (heats of formation)
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Reservoir Model — Single Component Equations

Gas phase component, molar fraction conservative form

dy.
ot

. 0 . off ~ . .
PSP Y, awsepe) +V- (_ngGaz',févayz’ ™ uGyz‘pG) = 4ic
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—(#S.5,,) = S.p,, | ——C + +
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M, —M oy
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Liquid phase component, molar concentration conservative form

de
b3, ;;L o0 0@% +V-(-08,8/Ve, ~ (KA, (VP, +8p,)+2V5,)e, | =q,
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Reservoir Model — Gas Hydrate Equations

Methane and Carbon Dioxide hydrate saturation

98, oP, OP 0T
—ML 1 $5 ¢ 0|
¢ Ot S | Xaam Ot Ot B Ot
a8, oP, OP oT
—4L 1 ¢S5 G _ O
¢ ot e | Xon Ot Ot Ben Ot

Hydrate kinetics (linearized partial pressure kinetic)

1 ON .
MH V 8;4}1 = Ky Oy (yMPG ~ By
_ 10Ny

By = Vot = Koy oy (yC’PG _PC’H)
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COMSOL Implementation

COMSOL Multiphysics implementation essentials

3D and 2D axisymmetric models

Coefficient Form PDE + Heat Transfer in Porous Media
Discretization/Stabilization as default

Fully Coupled solution, Direct linear solver (PARDISO)

Pressure Dirichlet boundary condition given as Weak Constraint
Initial time step 10 s, maximum time step 5 - 10° s

maximum mesh size = 15 m, fine meshing at the well
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Methods for gas hydrate decomposition
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Field production plan
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Case Study | — Methane production by Depressurization
Po=92bar T,=10,0°C 5,,=0,40 H,,=20m
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Case Study | — Methane production by Depressurization
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Case Study Il — Depressurization of Multi-Layer Reser  voir

Time=0 s Hydrate Phase Saturation (1)
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Case Study Il — Depressurization of Multi-Layer Reser  voir

Time=3.206278e8 Hydrate Saturation (1)
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Case Study Il — Depressurization of Multi-Layer Reser  voir
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SUGAR project — case studies

More case studies developed with COMSOL:

= Injection of Carbon Dioxide with parallel Methane production (2 wells)
= Reservoir simulations for the Ulleung Basin, South Korea (UGBH 2.6)

= Simulation cases for process safety and reservoir integrity issures

= Production upriser pipe simulations (1D / 2Ph Euler Equations)
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Summary

State

* Development of a gas hydrate reservoir model in COMSOL Multiphysics

* Usage of the Coefficient Form PDE tool of the Mathematics branch

* Highly nonlinear model, needs the fully coupled approach with direct solution

* Simulation of important reservoir production cases were successful

Outlook
* New 3. project phase starts in October 2014
* Field development simulations in preparation of a real field test

* Production safety simulations

\

~ Fraunhofer

UMSICHT
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Thank you for your attention!

Contact:
Fraunhofer UMSICHT
Osterfelder Strasse 3

D-46047 Oberhausen (Germany) Dr.-Ing. S. Schliter
E-Mail: info@umsicht.fraunhofer.de Telefon:  +49 208 8598 1126
Internet:  http://www.umsicht.fraunhofer.de E-Mail: stefan.schlueter@umsicht.fraunhofer.de
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