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What is geothermal energy?

Earth’s crust —_ 4§
Mantel
Outer-core — %

Inner-core
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LChallenge in geothermal reservoir simulation

Geothermal reservoir simulation: AIMS, Challenge
and research strategies

AIMS

m Predict reservoir production
m Optimal production strategies
m Understand physical processes

Challenge
m Coupled highly nonlinear physical processes
m Coupled processes on multiple scales
m Heterogeneous environments
m Working in fixed-grid with phase change

Our goal
Propose an alternative efficient, stable and accurate time
stepping methods where Newton iterations are no required at
every time step as in standard implicit methods mostly used
currently in reservoir simulation.
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LG.emhermal without phase change

Geothermal with one phase flow

Energy Equation

(1~ 0)ptus 2 = (1= )7 - (6 Ta) + (1~ 6)qs + ho(Ty — To)
Ir;
¢Pprf8 = ¢V - (KeVT) = V- (prcovTr) + ¢qr + he(Ts — T)

Darcy’s Law
K
V= —;(Vp—pfg), (2)

Mass balance equation

O9pr

9 = =V (vpr) + Q¥, 3)
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LG.emhermal without phase change

Geothermal with one phase flow

State functions s, pr, Cpf, aif, Bt
Slightly compressible rock and compressible fluid
{ ¢ = ¢o (11 + ap(p — Po))

ap= 00 1 0m “)
prOT¢’ prop’
Model equations

0Ts
(1 —¢)psCos—7 ot =(1-9)V- (ksVTs)+ (1 —¢)gs + he(Tr — Ts)

7
= ¢V - (kfVTr) = V- (prcorV Tr) + ¢qr + he(Ts — Tr)

ot
oT; 0 piK
—pprar— 3 a't; V- ( p (Vp - pr)) + Q

t

¢pfcpf

+ pr (6Br + doan)
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LG.emhermal without phase change

Finite volume for space discrete

m Keys features of the method
Integrate each equations over each control volume ;.
Use the divergence theorem to convert the volume integral
into the surface integral in all divergence terms.
Use two-point flux approximations for diffusion heat and

flow fluxes
m Semi-discrete system after space discretization
dTp
= _G(Th
o = G(T".pn. ).
dpn (¢ar)(T7, pn)

= GS(ph, Tfhv t) +

ar . GZ(Tsha Tfh,phv t)v (6)

(Bf + do)(T], pn)

G(TM, pn, t) = (G1(T2, TP, 1), Go(TE, TP, pi, 1)) T,
Th = (Tsha Tfh)T ~ (Ts, Tf)T~
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LG.emhermal without phase change

Rosenbrock-Type methods: Construction

m Motivation

When the equations are non-linear, implicit equations can in
general be solved only by iteration. This is a severe
drawback, as it adds to the problem of stability, that of
convergence of the iterative process. An alternative, which
avoids this difficulty, is ....... » (H.H. Rosenbrock 1962/63

m Consider the following ODEs
y' =1)
m The corresponding diagonally implicit Runge-Kutta method is
given by

i—1

S
ki = hf(yn+_aijki+ aiiki), Yni1=Yn+ Y biki (7)
i=1

=1
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LG.emhermal without phase change

Rosenbrock-Type methods: Construction

m Linearization
i—1
ki = hf(gi) + f'(gi)aiiki, gi= yn+ Zai,jkj + aj ik;. (8)
j=1
m The equation (8) can be interpreted as the application of one
Newton iteration to each stage of previous RK method.

m No continuation of iterating until convergence, a new class of
methods are deduced with judicious choice of coefficients a;; to
ensure their convergence, their stability and the accuracy.

m The s-stage Rosenborck methods is given by
i—1

i s
ki = ht(yn+ > aijk) + h'(yn)Y 7ijKi VYor1=Ya+ > biki. (9)
= = i—1

m Difference with RK, extra coefficients ; ; are needed.
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LG.emhermal without phase change

Rosenbrock-Type methods: Embedded
approximations

m To control the local errors and adaptivity purposes, cheaper and
stable scheme is needed, the corresponding embedded
approximation associated to Rosenbrock-Type methods is given
by

S
Yog1 =Ya+ Zbiki. (10)
i—1

m For Rosenbrock -type method of order p, the coefficients B,- are
determined using the consistency conditions such that the
embedded approximation is order p — 1.

m The the embedded approximation is always more stable that the
associated scheme and the local error is estimated as
err = norm(y, — ;).
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LG.emhermal without phase change

Application to geothemal model

m The second order scheme ROS2(1) and the third order scheme
denoted ROS3p are used.

m We solve sequentially the following systems
dTy

—= = G(T", pn, 1)
at (11)
Th(0), pn(0) given,
and
dpn h (¢04f)(Tfhaph) h Th
— =G L T0,0) + -Go(T2, T], pp, t
dt 3(pn, 77 1) (B¢ + doaw)(T], pn) 275, T on )

= G4(Tfl11aph7t)7 (12)

Th(0), pa(0) given.
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LG.emhermal with phase change

Two-phase mixture model problems (C.Y. Wang, 2007)

The mass conservation of the two phase is given

)
aitp+v-(pu):o,. (13)

Here Q¥ is the source of liquid and vapor.
The momentum conservation and is given by

u= —/'f VP - pu(s)l. (14)

The model is obtained by adding the equations of mass
conservation of liquid phase and vapor phase, pu = p,u; + p,uy,
p=piS+(1=5)py, pk = piAi + pvAv, = p,

v =1/(kn/v;+ kr,/v,) with

kri .
U = _K; [vp - P/g] y 1= {/a V}' (15)
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LG.emhermal with phase change

Two-phase mixture model problems

Monotone transformation of the thermodynamic state variables
H = p(h—2hysat), ph = pish; + p,(1 — S)hy
OH

Q57 + V- (uH) = V- (ThVH) + V - {f(s)

KAphfg

Vy

a| 9

The temperature T and liquid saturation s can be calculated as

H+2ph
w H< —pPI (2hvsat - hlsat)
PiCpl
T = Tsat H h — Pl (2hvsat - hlsat) <H< _thvsat
Jr
Tsar + T Pllveat — pvhysat < H
PvCpv
1 r h H< —pPI (2hvsat - hlsat)
+ pvNysat
= — — p(2hysat — h H< —pyh
S P/hfg + (PI - Pv)hvsat PI( veat Isat) =S v vsa
0 - thvsat < H.
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LG.emhermal with phase change

Model problem (C.Y. Wang and al.)

Two-phase mixture model problem (C.Y. Wang and al.)

% + V- (pu) =
Q% + V- (ypuH) =V - (ThVH) + V- [f(S)KAT;:hfgg}
ar

2= ¢+ psCps(1 — ¢)d7H

Wang model were recently tested with great success for steady
state mass conservation by different authors

For geothemal, steady state mass conservation is less realistic
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LG.emhermal with phase change

Our adapted model problem

m Decomposition

ANgp) _ Op 09

ot = %aTrar (17)
o0 _ Lop, 00, 00 OH__ . op op oH
%ot = Paptar TOar'rar ~ PP T o9\ ar

m Here, [y is called the pseudo fluid compressibility at constant
mixture pseudo enthalpy H

~10p, 10V
5H—;%\H— Va—le (18)
m We assume that the rock is weakly compressibility
¢ op

¢ = ¢o(1 + an(p — o)) 5 = ¢oaba~ (19)
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LG.emhermal with phase change

Our adapted model problem

m Note that in one phase region, by simplication we have:

By = BpCp + (1 —aT) . <6p> a (20)

p(Cp - a(h - 2hvsat)) ’ X = aH p - a(h - 2hvsat) - Cp

m As we are dealing with two phase flow with phase change we
compute the coefficients by

8v|
1 [ov 1 plP
X="z (8!—/) b= =2 0H (21)
Sh P
8v| 8H| 8v| 8H|
op'"on'" ~ on'Pop '
%Ip
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LG.emhermal with phase change

Our adapted model problem

Our adapted geothermal model problem

oH

0
p(95 -+ d0aw) 57 = V- (% [VP = pugl) + Qr — ox 57

Q% +V - (ywuH) =V - (ThVH) + V- [f(S)KATChlgg]
Expression of some coefficients

(21— )+ ] [Pusar(1 + \) = hisarA]

PI
Yh
(2hvsat - h/sat) S+ (Pv%) (1 - S)
aT
Mh = Ky
h eff adH
krykn
f(s) = =

M+ﬂ’
v vy

(23)

(24)

(25)

(26)
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LG.emhermal with phase change

Graphs of some coefficients with kr, = s, kr, =1 — s
(for w). In-order u, p, X, Vn
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LG.emhermal with phase change

Finite volume methods for space discretization

m Semi discrete system

d d(H
P((Qbﬁ)& + ¢oab) % = G1 (P(s, H(;) _ (X¢)(p5, H5) (dtzi)’
dHs (27)
Q=g = Ge(Hs.ps)
m We solve sequentially the following systems
dH;
H;(0), ps(0) given,
d d(H
7/)(H5,P5)% = Gi(ps; Hs) = (x®)(ps; Hs) (dté)’
(29)

Y(Hs, ps) := p((¢BH)s + Pocwp)
Hs(0), ps(0) given.
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LG.emhermal with phase change

Rosenbrock-type scheme for differential algebraic
equations

Consider the following differential algebraic equation in implicit
form as it appears in our model problem

dy
{ .05 =fy.0.  te[o.7] 30)
y(0) = yo,
The following transformation is needed z = % we therefore
have
dy
Ft =2z, C(y7 t)z - f(y7 t) =0 (31)
Applying the RM and set ¢ = 0 to
dy dz

at Z, EE = C(yv t)Z - f(ya t) (32)
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LG.emhermal with phase change

Rosenbrock-type scheme for DAE for energy equation

Tn"Y

1 .
( $25(H3, pg) — An> ki = Go(HJ + 3" ajkn;, pf)
=1

i Cu i
—0s((Hg. P Pk + ((ng(Hgnpg') — (M + Y 1af,-kn,-,pg')>
j=1 Tn j=1
((1 —0)za+ Y Sijkn/) ;
j=1 Tn
Hg+1 = Hg + Zsbiknia
i=1
H1n+1 = Hg + Zsb,'kn,'
i=1
1 .
znt = Zn + Zfb/ ;Z;(C"’j — S,"/)kn/ + (0',' — 1)2,,
i= j=

(1
zZM =z, +>°%b; ;ZI(Ci,j —Sij)Kni + (07 —1)z4
=1

i=1
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LSimulations

Geothermal simulation in 2 D fractured reservoir

EREMKrylov
EREMKLeja
—ROSM(1)

log10(L?( Relative Error))

® ROS3p
~®-|mplicittheta =1

7 i =0.5)
10—+ 5 .

log10(CPU time)
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LSimulations

Geothermal simulationin 3 D

H
W
2
E o EREMKrylov
[ & EREMKLeja
o —ROSM(1)
S *ROSM(1/2)
210° o ~+-ROS2
100 ® ROS3p
0 g -#-Implicittheta =1
500 500 1 ) -@- Implicitihet:
1000 0 v 10* 10° 10°
log10(A 1)
10%
=08
510
i
g
s EREMKrylov
1071~ EREMKLeja
Kod = ROSM(1)
5 === ROSM(1/2)
B 10°|~#-ROS2 -
2 ® ROS3p
- @ Implicittheta =1
o @ Implicitiheta ~0.5

! ? 10° 10"
log10(CPU time)
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LSimulations

End
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