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APPENDICES
APPENDIX A Fluid Flow from Reservoir into Well
I'w Ie
E = v j
Pb '

Pw Po

Figure A1 Radial flow system.

Assume Naturai gas flow in reservoir behaves like flow in radial system

From Darcy’s law

Compare volumatic flow at standard condition,

p RYa Zp §C T

(A-1)

(A-2)

(A-3)

(A-4)



Replace Eq. (A-4) into Eq. (A-3)

Q,=- PT. . 2nrh * L. 3
Zp T M dr

Integration from sandface (ry) to any location (r)

BC. r=ry, P =Pwi
I=I , P=P

L o

Q:TZP H r 2 2
= E = oy !
Tk 5 (p" - pi)

2 2 Qi‘mx# F
=p? Dl B
=Pk 8

Get py’ from the average of P’ over radius r, and r,

r].pzr«:ir
2 T

e
Irdr

feot et n Ly

Py = "
Irdr

r'
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(A-5)

(A-6)

(A-7)

(A-8)

(A-9)

(A-10)
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2 2 14

. |2 T nhk 2 ’
Py = G - (A-11)
e 5
2' 2

Gives, r.’-r,° =12 (1 — (.Y 1)) ~ 12
L

2 2 |r 2 Q:TZP,J‘ r* r d
=—|—p? -| ==L L_anLl <05 A-12
P re’[zp“" (Tm;zhkx2(nrw O)r O3
OTZp p, 2 |r* 3
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2 2 Q;'szmau* 2 rez rc 0.5 2 2
pb pwf Tw ;k rez[ 2 r 2 (rc w ) (A )

w

2 2 szpslu 2
= R S LI In=<--0.5 L
Ps = Pyi T 1k ( F ) (A-16)
2 2 szpsc)u r
Rl T =l Ty Al Y i
Pwi — Ps Tk ( ) ) (A-17)

Rearrange Eq. (A-17) into volume flow rate, O, ;
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Q o Tscxhk (pi: _p:)
;=
120 ok 1 T _ 0.5

r

w

(A-18)

where, pi, is well pressure; py, the block average pressure; Qi, the volume flow rate;
r., the equivalent radius of external boundary; r,, the well radius; Z, the mean
compressibility factor; p, the gas viscosity; k, the rock permeability; and h, the

reservoir thickness.
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APPENDIX B Fluid Flow in Well

e |

pH(dp/dx)dx

Figure B1 Well flow system.

Basis the steady flow of ideal gas at constant temperature (isothermal)

From momentum balance

2 2
%)-_dp =—aDr &+ 72 og/dk (B-1)
Gives,
fi=—2—  and a P
0.5pU RT

Replace the fanning friction factor into Eq. (B-1),

_"é’z_ﬁgw_%dx:o (B-2)
pu u

o

From continuity, mass flow rate (m = pUA) is constant gives,

i) A _12_=p. p

£
6* pa° u’  p’G?

1
o’
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Gzpd der plg p2dx=0 (B-—3)

= LS. -4
= p. =5 (B-4)
2 2
P P
Replace variables a, b, ¢ into Eq. (B-4)
dp 2
—=bp* +c=0 -
L -bp +c (B-5)
Solved Variable ‘p’ in Eq. (B-5)
p=t i— \/b(c + exp(&) *c, *b) (B-6)
a
c 2bx
p2 = E +¢, CXP(T) (B-?)
FromB.C.1 x=0, p=p
2b(0
pt’ = E—+c, exp( ( )) (B-8)
3 .k
P=s 3(—0 +pt’b)* GXP(—) (B-9)
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Next, B.C2 x=L, p=puw

pwi® = -g:(l = em(%)) +ptle p(@) (B-10)

pt’ exp( Ly~ pwi? =-(CXP(—) ) (B-11)

Substitute variables a, b, ¢ into Eq. (B-11),

2p|gL ZfF 2plgL
pr* exp(—BL—) - pit = — D (exp(— PL_y_y (B-12)
Py PE P
P P? P
2£,G?
2p,¢L y 2p, el
pr?exp(282) _ pwit = — D (exp(tP8%y 3 (B-13)
1 ' 8 Py
Pl

Rearrange Eq. (B-13) into volume flow rate, O, by

2
aD* )" pigD 1 20,8
RNCA T TN S Y
4ps 2f!-"l::2 (exp( 23pl ) — l)
P 8L
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Finally,
1/2
mWtz{gD 1 ( »  2MwgL 3
_— * + =1 (B-15
9 4RTp, | 27, 2MwgL J pt* exp( RT, ) — pwi )
. (exp( =7 D $
1

** For upwards flow, minus sign are obtained.

Where, mass velocity (G) = pUs; pt is well head pressure; pyi, the well pressure; Mw,
the molecular weight; Q; , the volume flow rate; p, the gas density; R, the gas
constant; T, thé mean temperature; D, the well diameter; fi, the fanning friction; L,
the well depth; and g, the gravitational acceleration.



73

APPENDIX C Harmonic Average in Transmissibilities

inflow outflow
i 0 ® i+ |[—

A
\ 4
r N
v

Figure C1 Gas flow between two blocks.
Assume the gas flow in 2 blocks
Consider between two blocks (i,i+1) with length (h;, hi+;) and permeabilities

( ki, ki+1 ) separate by edge i+1/2

From Darcy’s law

k
v=-—Vp C-1
ps (C-1)
Assume
¥ =syp (C-2)

v (C-3)

If v,,,,V;,,, denote the discrete values in block i, i+1, respectively.

Substitute into Eq. (C-3)
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K

Viarz =— Vi C-4
poa (C-4)
k:‘+l ot

Yiarn == Yuap (C-5)

| - :

—211?“”2 +‘L2!‘vuu2 =—(Pia— D)) (C-6)

Substitute Egs. (C-4 and 5) into Eq.(C-6) to eliminate Vi3/2, Viry/2

2kk;,,
Vian ==
u(hk, + hinkiy)

(Piv—Py) (C-7)

If hj = hj; , We can arrange into;

___2kk., (P—P)
k) h s
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APPENDIX D Effect of Reservoir Temperature

The reservoir temperature was investigated by using the energy balance
(convection and conduction) equation as shown in Eq. (D-1). Energy balance
equation was solved along with the governing equation in Eq. (3-25). The regular
case is used to study tl:xis effect based on the data from Table 4.4. Carbonate reservoir

(limestone) is assumed in this study.

pCP%+V-(—kVT)=—-pCPu-VT « (D-1)

when, p is density of gas (dependent of p and T); C,, the heat capacity of methane
(0.035 kJ/mol.K.); T, reservoir temperature; t, operation time; &, thermal conductivity
of limestone (0.5 W/m.K.); and u, velocity of gas in reservoir (related with Darcy’s
law).

The reservoir behaviors after the gas is withdrawn are depicted in Figs. D1(a)
and (b). It is observed that reservoir pressure gradually decreases at the withdrawal
point. On the contrary, reservoir temperature does not change with the reservoir
pressure because during fluids are produced, any change in temperature due to
production is compensated by heat from cap or base rocks (Richard, 2000).

Therefore, the reservoir temperature is assumed constant along the reservoir.



(a) PRESSURE PROFILE

Length (ft)

(b)

TEMPERATURE PROFILE

Length (ft)

0 1000 2000 3000 4000
Width (ft)

Temperature
Max: 311.18

3101185
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4 31L165

31116

311.165

131015

Figure D1 Reservoir behaviors after natural gas withdrawal at time 500 days, (a)

pressure profile, (b) temperature profile.
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APPENDIX E Fortran Code for Computing Pressure Profile in Reservoir

PROGRAM GAS STORAGE

C COMPLETE VERSION

& BIGQSI Current gas withdrawal rate per well, SCF/day
C BIGQS2 Current gas injection rate per well, SCF/day
€ C Conversion Factor, 6.327E-3 cp sq ft/md day psia
g COUNT  Counter number of time steps )

C DELTA(1,J) Array of gas withdrawal or injection..

C DT Time step, days

C DX,DY Grid spacing in the x and y direction, ft

C EPS -  Porosity

C FREQ Frequency of output data

& FF Fanning friction factor

C G Gravity force, ft/s’

C H Reservoir thickness, ft

C LJ Column and row indicates (x and y direction)
& IAJA Array of wells

C IDF Individual flow in each well

C: IW,JW Indicates of block in which well is located

c K Permeability, md

C L Length of storage field, ft

C M Number of increments in x direction

C MP1 Number of grid in x direction

C MU Gas viscosity, cp

C MW Molecular weight of methane

C N Number of increments in y direction

C NP1 Number of grid in y direction

NW Number of well

P Pressure, psia

C PB Block average pressure, psia

C PD Delivery pressure, psia

C PHI Gas potential,(psia)"2/cp

C PS, TS Standard pressure (psia), standard temperature (R)
C PT Well bore pressure, psia

C PZERO Initial Pressure (uniform).(psia)
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Ql Total injection rate, SCF/day
QMAX1 Gas withdrawal rate per well, SCF/day
QMAX2 Gas injection rate per well, SCF/day

Qs1 Gas withdrawal rate per volume, SCF/day.cu ft =1/day
QSs2 Gas withdrawal rate per volume, SCF/day.cu ft =1/day
Qw Total withdrawal rate, SCF/day

R Gas constant

RE Effective drainage radius of well, ft

RW Wellbore radius, ft

T Time, déy

T Injection periods, days

TO . Operation periods, days

T™W Withdrawal periods, day

TEMP Reservoir temperature, R

TMAX Total simulation time, days

W Width of storage field, ft

z Well height, ft

*kxkkkk*k**Declarations*¥FF*rF*xkkkk

IMPLICIT NONE

INTEGER COUNT,FREQ,LIW,J,JW,M,N,MP1,NP1,NW,IA,JA,U

INTEGER TW,TLTO

REAL A,B,ALPHA,BETA,BIGQS1,BIGQS2,C,CO,CX,CY, DELF,DELTAI
REAL DELTA2DT,DX,DY,EPS, EX,FF,G,H, IDF, K, L.MU, MW, P,PB,
REAL PD,PHLPLPS, PT,PW PZERO,QLQW,QMAX1,QMAX2,QS1,QS2
REAL R,RE,RW,SF,T,TEMP,TMAX,TS,W, Z

DIMENSION CX(401,401),CY(401,401),DELTA1(401,401),DELTA2(401,401)
DIMENSION K(401,401),P(401,401),PHI(401,401),IA(400),JA(400)
DIMENSION EX(400),PT(400), B(400),DELF(400),PW(400)

DIMENSION 1W(400),JW(400),RW(400),Z(400),PB(400),IDF(400),CO(400)
OPEN (4, FILE='Input Data2.dat)

OPEN (6, FILE='Checked Input Data IRRE .XLS")

OPEN (7, FILE='"TestIRRE.XLS")

*****‘*‘**‘READ [NPUT DATA&PARAMETERS*#***#**‘**
READ(4,*)DT,EPS,FF,FREQ,G,H,L,M,MUMW ,N,NW,PD,PS,PZERO,QIQW,
TEMP,TS,TMAX,TLTW,W



101

102

MP1 = M+l

NP1 =N+l

DX =L/M

DY =W/N

RE = SQRT(DX*DY/3.1416)

WRITE (6,201)DT,EPS,FF,FREQ,G,H,L MMU,MW,N,NW,PD,PS,
PZERO,QLQW,TEMP,TS,TMAX,TI,TW,W

WRITE (6,202) DX,DY,RE

IF (NW.NEQV.0) THEN
WRITE (6,*) 'LOCATION OF WELL'
WRITE(6,*) NW IW JW  RW(ft) Z(ft)
END IF

DO 101 I =I,NW
READ(4,*) IW(I),JW(I),RW(I),Z(1)
WRITE (6,203) LIW(I),JW(I),RW(),Z())
CONTINUE
DO 102 I=1,NW
IA()= TW()
JA()= JW(T)
CONTINUE

*******INITIAL VALUES****“**
PI =3.14159
C =6.327E-3
COUNT =0
A = PI*86400*TS/5.656/PS/TEMP
QS1 =0.
QS2=0
PA=0
R =4.971E4
ALPHA = TEMP*PS/TS
BETA = EPS*SQRT(MU/2.)
T=0
TO=THTW
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104
103

DO 103 I=1,MP1
DO 104 J=1,NP1
CX(1,))=C*K(1,J))*DT/(2*BETA*DX**2)
CY(LJ)=C*K(I,J)*DT/(2*BETA*DY**2)
DELTAI1(I,J)=0
DELTA2(1,J) = 0.
P(I,J)=PZERO
PHI(I,J)=PZERO**2/(2MU)
EX(1)=0
IDE(I) = 0
PB(I) =0
_PT)=0
END DO
END DO

READ(4,*) (K(1,)),I=1,MP1),]=NP1,1.-1)

[ B #***#t#***t**SET PRESSURE IN IRREGULAR SHAPE*#*****!##‘**“*

106
105

C
107

DO 105 I=1,MP1
DO 106 J=1,NP1
IF (K(1,7).EQ.0) THEN
P(,J) =0
PHI(I,J)=0
END IF
END DO
END DO

CALL PRINT (1,M,N,K)
WRITE (6,*) 'T=,T ,/DAYS'
CALL PRINT (2,M,N,P)
CALL PRINT (3,M,N,PHI)

*sxxkrrxxrx s CALCULATION OVER SUCCESSSIVE TIME STEPS*##**¥xkxx
COUNT=COUNT+1
T=T+DT
WRITE (*,*) 'T=\T
IF (T.LE.TW) THEN
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QMAX1 = QW/(NW+1E-9)
QMAX2=0
ENDIF

IF (T.GT.TW) THEN
QMAX1 =0
QMAX2 = (-QI)/(NW+1E-9)
ENDIF

IF (T.GE.TO) THEN
QMAX1 =0 .
QMAX2 =0

ENDIF

C ‘**t**‘**tt‘UPDATE WI'IHDRAWAL '\' INJEC']"ION RAT‘E***#‘#******
BIGQS1 = QMAXI1*(1. - ABSR*T/TW - 1.))
BIGQS2 = QMAX2*(1. - ABS(2.*(T-TW)/TI - 1.))
QS1 = BIGQS1/(DX*DY*H)
QS2 = BIGQS2/(DX*DY*H)

DO 108 I=1,NW
DELTA1(IA(I),JA(T)) = ALPHA*SQRT(PHI(IA(1), JA(1)))*QS1*DT
- /(2*BETA)
108  CONTINUE

DO 109 I=1,NW
DELTA2(IA(T),JA(I)) = ALPHA*SQRT(PHI(IA(I),JA(I)))*QS2* DT
- /(2*BETA)
109 CONTINUE
C **“t*****‘#*update potenlialswk#****t*‘**‘

CALL IAD (CX,CY,DELTA1,DELTA2,M,N,PHI)

c ....Print pressure and potential fields when request,
G first converting potentail to pressure...............
DO 110 I=1,MP1
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111
110

112

114

DO 111 J=1,NP1
P(1,J)=SQRT(2.*MU*PHI(1,J))
CONTINUE
CONTINUE

IF (COUNT/FREQ*FREQ.EQ.COUNT) THEN
WRITE (6,%) 'T=T /DAYS, QW=BIGQSI*NW/IE6,MMSCFD',
' QI=',BIGQS2*NW/1E6,MMSCFD' ;
CALL PRINT (2,M,N,P)
CALL PRINT (3,M,N,PHI)

END:F

WRITE (6,*) 'TIME =',T,'DAYS'

DO 1121=1,NW
PB(=(PIA(I),JA(D)+PUAD),JAQ)+1)y+PUA(D),JA(D)-1)
+PIA(D+LIAM)+PAAD)-1JAD))/5
WRITE (6,*) 'PB','(,1,)=",PB(I), psi’

CONTINUE

*******‘*****WITHDRAWAL PERIOD*****"**** *¥
IF (T.LE.TW) THEN
DO 113 U=1,20
PT(1)=PD
SF=0
DO 114 I=1,NW
EX(I) = EXP2*MW*G*Z(I)/R/TEMP )
B(I)= G*((2*RW(I))**5)/FFAEX(I)-1)

CO(I) = PS*TEMP*MU*(ALOG(RE/RW(I))-0 5)/TS/PI/H/C/K(TA(D),JA(I))

IDF(I)= A*(<(0.5*A*B(I)*CO(I))+0.5*((A*B(I)*CO(I))**2-
4*B()*(EX(I)*PT(U)**2-PB(I)**2))**0.5)
SF= SF+IDF(I)
CONTINUE
DELF(U)=NW*BIGQS1-SF

PT(U+1)=(PT(U-1)*DELF(U)-PT(U)*DELF(U-1))/(PT(U-1)-DELF(U-1)-

PT(U)+DELF(U))
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IF (PT(U+1).EQ.PT(U)) THEN
WRITE (6,*) 'PT="PT(U),'psi’
DO 115 I=1,NW
IDF(I)= A*(~(0.5*A*B(I)*CO(I))+0.5*((A *B(I)*CO(I))**2-
4*B(Iy*(EX(I)*PT(U)**2-PB(I)**2))**0.5)
PW(I) = SQRT(PB(I)**2 - MU*IDF(I)*ALPHA/(PI*K(IA(I),JA (1))*H)*
(ALOG(RE/RW(D)) - 0.5)/C)
' WRITE (6,*) PW=",PW(I), psi'
WRITE (6,*) TNDIVIDUAL FLOW',l,)=> ",IDF(I)/1E6, MMSCFD'
END DO
GOTO 116
END IF-
CONTINUE
END IF

*******t**tt*mJECTION PERJOD*************
IF (T.GT.TW) THEN
DO 117 U=1,20

PT(1)=PD
SF=0

DO 118 I=1,NW
EX(I) = EXP2*MW*G*Z(I)/R/TEMP )
B(I)= G*((2*RW(I))**5)/FFAEX(I)-1)
CO(I) = PS*TEMP*MU*(ALOG(RE/R W(1))-0.5)/TS/PI/H/C/K (1A (I),JA(1))
IDF(I)= A*(-(0.5*A*B(I)*CO(I))+0.5*((A*B(I)*CO(I))**2+
4*B(I)*(EX(1)*PT(U)**2-PB(I)**2))**0.5)
SF= SF+IDF(I)

CONTINUE
DELF(U)=NW*BIGQS2+SF
PT(U+1)=(PT(U-1)*DELF(U)-PT(U)*DELF(U-1))/(PT(U-1)-DELF(U-1)-
PT(U)+DELF(U))

IF (PT(U+1).EQ.PT(U)) THEN
WRITE (6,*) 'PT=",PT(U),'psi'

DO 119 I=1,NW
IDF(I)= A *(-(0.5*A*B(1)*CO(I))+0.5*((A *B(1)*CO(I))**2-
4*B(I)*(EX(T)*PT(U)**2-PB(I)**2))**0.5)



119

117

116

PW(I) = SQRT(PB(I)**2 - MU*IDF(I)* ALPHA/(PT*K(IA (), JA (1)) *H)*
(ALOG(RE/RW(I)) - 0.5)/C)
WRITE (6,*) 'PW="PW(I),'psi’
WRITE (6,*) INDIVIDUAL FLOW',I,'=> *,IDF(I)/1E6, MMSCFD'
END DO

GOTO 116

END IF

CONTINUE

ENDIF

#xkkkxrk kx4 CHECKING CONDITIONSH*#:5 %% %4k
IF (T.GT.-TMAX-DT/2.) THEN '
STOP
ELSE
GOTO 107
END iF

***t‘t*t*‘*tFORMAT OF OU']’PUT STATEMENT**‘*****‘**
FORMAT (1X,'Simulation of gas-storage reservoir with'/
DT  ='F10.3,2X,'days"/

'EPS =,F103/

'FF =,F10.3/

'FREQ =16/

'G ='F10.3,2X,'ft/s"2'/
'H =,F10.3,2X,"ft/

'L =,F10.3,2X,'ft/

‘™M =16/

MU  ='F10.3,2X,'cp”
'MW ='F10.3,2X,'Ib/lbmole"/

N =16/

'NwW =16/

'PD =',F10.3,2X,"psia"/

'PS ="F10.3,2X,'psia'/
'PZERO="F10.3,2X,'psia"/

'‘Ql ='E10.3,2X,'SCF/days'/

'QW  =E10.3,2X,'SCF/days'/
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. "TEMP ='F10.3,2X,R"
. ‘TS =\F10.3,2X,R/
. "TMAX =,F10.3,2X,'days"/
* TI  =14,2X,'days
* TW  =14,2X,'days"
. "W =F10.3,2X,'ft)
.
202 FORMAT (DX =,F10.3,2X,'ft/ .
* DY =F103,.2X,ft/
* RE  ='F10.3,2X,'ft)

203 FORMAT (12,5X,14,4X,14,5X,F10.3,5X,F10.3)
STOP
END

SUBROUTINE IAD (CX,CY,DELTA1,DELTA2,M,N,PHI)
C Updates the gas potentials across a time step. Variables are same
C asin main program, with addition of:
C V= Vector of solutions returned by TRIDAG

IMPLICIT NONE

INTEGER LJ,MP1,NP1,M,N

REAL A,B,C,D,CX,CY,DELTAI1,DELTAZ,PHI,PHISTAR,V,LAMBDAX,LAMBDAY
* ,LHX,LHY

DIMENSION A(401),B(401),C(401),CX(401, 401),

* CY(401, 401),D(401),DELTA1(401, 401),DELTA2(401, 401),
* PHI(401, 401),PHISTAR(401, 401),V(401),LHY(401,401),
* LAMBDAX(401,401), LAMBDAY(401,401),LHX(401,401)
MP1 = M+1
NP1 =N+l
DO 301 I= 1,MP1

DO 302 J= 1,NP1
LAMBDAX(1,J) = CX(1,))*SQRT(ABS(PHI(I,J)))
LAMBDAY(1,J) = CY(I,J)*SQRT(ABS(PHI(1,J)))

302 CONTINUE
301  CONTINUE



304
303

306
305
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DO 303 [=2,M, |
DO 304 J= 1,NPI
LHX(L,J) = (2*LAMBDAX(I-1,J)*LAMBDAX(I+1,J))
/LAMBDAX(I-1,J+LAMBDAX(I+1,])+1¢-9)
CONTINUE
CONTINUE
DO 305 J=2,N, 1
DO 306 I= 1,MP1
LHY(LJ) = (2*LAMBDAY(I,J-1)*LAMBDAY(I,J+1))
/LAMBDAY(LJ-1)+LAMBDAY(,J+1)+1¢-9)
CONTINUE :
CONTINUE

*+*COMPUTE PRESSURE FOR FIRST HALF TIME STEP (IMPLICIT BY ROWS)**
DO 307 J=1,NP1
DO 308 1=1,MP1
IF (LAMBDAX(I-1,J).EQ.0) THEN
B(I)=2.0*(1+LAMBDAX(LJ))
C(I)=-2.0*LAMBDAX(LJ)
IF (LAMBDAY(1,J-1).EQ.0) THEN
D(I) = 2.0*(1-LAMBDA Y(,J))*PHI(L,J)
+2.0*LAMBDA Y(I,J)*PHI(1,J+1)-DELTA 1(1,J)-DELTA2(1,J)
ELSEIF (LAMBDAY(I,J+1).EQ.0)THEN
D(1)=2.0*(1-LAMBDA Y (I,]))*PHI(1J)
+2.0*LAMBDA Y(1,J)*PHI(1,J-1)-DELTA 1(1,J)-DELTA2(LJ)
ELSE
D(I)=LAMBDAY(L,J)*PHI(L,J-1)+2*(1-LAMBDA Y(1,J))*PHI(LJ)
+LAMBDAY(I,J)*PHI(I,J+1)-DELTA 1(1,J)-DELTA2(,J)
ENDIF
ELSEIF (LAMBDAX(I+1,J).EQ.0)THEN
A(l)=-2.0*LAMBDAX(1,J)
B(1)=2.0*(1+LAMBDAX(LJ))
IF (LAMBDAY(I,J-1).EQ.0) THEN
D(I) = 2.0%(1-LAMBDA Y(I,))*PHI(1,J)
+2.0*LAMBDA Y(I,J)*PHI(1,J+1)-DELTA 1(1,J)-DELTA2(1,J)
ELSEIF (LAMBDAY(1,J+1).EQ.0)THEN




D(I)=2.0*(1-LAMBDA Y(1,J))*PHI(1,J)
* +2.0*LAMBDAY(1,J)*PHI(I,J-1)-DELTA 1(1,J)}-DELTA2(1,J)
ELSE
D(I)=LAMBDA Y(1,J)*PHI(I,J-1)+2*(1-LAMBDA Y(IJ))*PHI(LJ)
. +LAMBDA Y(1,J)*PHI(1,J+1)-DELTA 1(1,J)-DELTA2(1,))
ENDIF
ELSE
A(l)=-LAMBDAX(L,J)
B(1)=2.0*(1+LAMBDAX(,J))
C(I)=-LAMBDAX(1,J)
D(1)=LAMgSDAY(I,J)*PHI(LJ-1)+2*(1-LAMBDA Y(I,J))*PHI(L,J)
* +LAMBDAY(I,))*PHI(I,J+1)-DELTA I(1,])-DELTA2(1,J)
IF (LAMBDAY(I,J-1).EQ.0) THEN
D(I) = 2.0*(1-LAMBDAY(1,J))*PHI(1,J)
. +2.0*LAMBDA Y(1,J)*PHI(I,J+1)-DELTA 1(1,J)-DELTA2(L,J)
ELSEIF (LAMBDA Y(1,J+1).EQ.0)THEN
D(1)=2.0%(1-LAMBDAY(1,}))*PHI(L,J)
* +2.0*LAMBDAY(1,J)*PHI(1,J-1)-DELTA 1(1,J)-DELTA2(1,J)
ENDIF
ENDIF
308  ENDDO
CALL TRIDAG (1,MP1,A,B,C,D,V)
DO 309 I=1,MP1
PHISTAR(,J)=V(I)
309  CONTINUE
307 CONTINUE

C **COMPUTE PRESSURE FOR SECOND HALF TIME STEP (IMPLICIT BY
COLUMNS)**
DO 310 I=1,MP1
DO 311 J=1,NP1
IF (LAMBDAY(1,J-1).EQ.0) THEN
B(J)=2.0*(1+LAMBDAY(1,J))
C(J)=-2.0*LAMBDAY(1,J)
IF (LAMBDAX(I-1,J).EQ.0) THEN
D(J) = 2.0%(1-LAMBDAX(1,)))*PHISTAR(1,J)
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+2.0*LAMBDAX(I,J)*PHISTAR(I+1,])-DELTA 1(1,J)-DELTA2(1,J)
ELSEIF (LAMBDA X(I+1,J).EQ.0)THEN
D(J)=2.0*(1-LAMBDAX(L,J))*PHISTAR(,J)
+2.0*LAMBDAX(1,J)*PHISTAR(I-1,J)-DELTA 1(1,J)-DELTA2(1,J)
ENDIF
ELSEIF (LAMBDAY(I,J+1).EQ.0)THEN
A(J)=2.0*LAMBDAY(1,J) .
B(J)=2.0%(1+LAMBDAY(1,)))

IF (LAMBDAX(I-1,J).EQ.0) THEN
D(J) = 2.0*(1-LAMBDAX(1,))*PHISTAR(L,J)
+2.0*LAMBDAX(I,J)*PHISTAR(I+1,])-DELTA 1(1,J)-DELTA2(1,J)
ELSEIF (LAMBDAX(I+1,7).EQ.0)THEN
D(J)=2.0*(1-LAMBDAX(I,J)) *PHISTAR(L,J)
+2.0*LAMBDAX(IJ))*PHISTAR(I-1,J)-DELTA 1(1,J)-DELTA2(1,J)
ENDIF
ELSE
A(J)=-LAMBDAY(LJ)
B(J)=2.0*(1+LAMBDAY(L,J))
C(J)=-LAMBDAY(LJ)
D(J)=LAMBDAX(1,J)*PHISTAR(I-1,J)+2*(1-LAMBDA X(I,J))*PHISTAR(L,J)
+LAMBDAX(1,J)*PHISTAR(I+1,J)}-DELTA 1(1,J)}-DELTA2(L,J)
IF (LAMBDAX(I-1,J).EQ.0) THEN
D(J) = 2.0%(1-LAMBDAX(I,)))*PHISTAR(,J)
+2.0*LAMBDAX(I,J)*PHISTAR(I+1,J)-DELTA 1(1,))-DELTA2(1,J)
ELSEIF (LAMBDAX(I+1,J).EQ.0)THEN
D(J)=2.0*(1-LAMBDAX(I,)))*PHISTAR(,J)
+2.0*LAMBDAX(I,J)*PHISTAR(I-1,J)-DELTA 1(1,J)}-DELTA2(1,J)
ENDIF
ENDIF
ENDDO
CALL TRIDAG (1,NP1,A,B,C,D,V)
DO 312 J=1,NPI
PHI(1,))=V(J)
CONTINUE
CONTINUE
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402

403

405

RETURN
END

SUBROUTINE PRINT (CODE,M,N,X)
IMPLICIT NONE
INTEGER CODE,LJ,M,N,MP1,NP1
REAL X
DIMENSION X(401,401)
MP1 =M+l
NP1 =N+l
SELECT CASE (CODE)
CASE(1)
WRITE (6,401)
FORMAT (' The permeability field md"/
'standting with the row J=NP1I is:Y)
DO J=NP1,1,-1
WRITE (6,402)(X(1,)),I=1,MP1)
FORMAT (",401F7.1)
END DO
CASE(2)
WRITE (6,403)
FORMAT (' The current pressure field (psia) is:'/)
DO J=NP1,1,-1
WRITE (6,402)(X(1,)),]=1,MP1)
END DO
CASE(3)
WRITE (6,405)

FORMAT (' The current potential field, MM(psia~2/cp)is:"/)

DO J=NP1,1,-1
WRITE (6,402)(X(1,J)/1.E6,I=1,MP1)
END DO
END SELECT
RETURN
END

89



501

502

SUBROUTINE TRIDAG (FIRST,LAST,A,B,C,D,V)
Procedure for solving a system of simultaneous
linear equation with a triagonal coefficient matrix
IMPLICIT NONE
INTEGER FIRST,I,LLAST
REAL A,B,BETA,C,D,GAMMA,V
DIMENSION A(301),B(301),BETA(301),C(301),D(301)
DIMENSION GAMMA(301),V(301)
........... Compute intermediate arrays BETA and GAMMA
BETA(FIRST)=B(FIRST)
GAMMA(FIRST)=D(FIRST)/BETA(FIRST)

DO 501 I=FIRST+1,LAST

BETA(I)=B(I)-((A(T*C(I-1))/BETA(I-1))

---------------

GAMMA (D=(D(D-(A(I)* GAMMA(I-1)))/BETA(I)

CONTINUE
V(LAST)=GAMMA(LAST)
DO 502 I=LAST-1,FIRST,-1
V(I)=GAMMA(I)-(C(I)*V(1+1)/BETA(l))
CONTINUE
RETURN
END
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APPENDIX F Input Parameters in FEMLAB Software

Computer Specification : Pentium 4 CPU 2.4 GHz, Ram 2.0 GHz.
Software version : FEMLAB 3.1

Governing equation

Table Fi Governing equations in FEMLAB-‘ software

Location Equations Description
In the reservoir | Darcy’ law (transient flow) € = porosity
| Variable: p k = permeability

SM =2(£.’f@)+2 (p f@) 1 = viscosity

o a¢ Tr;ax @’ T?}@I P = pressure

ps = standard pressure

In the drainage | Darcy’ law (transient flow) gs= volume flow rate per

area Variable: p volume

ga(p/T)=__a_(pk@) t=time
ot ox T nox
o pkaop, 4.p,
R o I =
@( T7 ay) T Ts = standard temperature

X

T = temperature

*All variables are in SI units.




Subdomain setting

Table F2 Subdomain setting in FEMLAB software

Item (unit) Symbol Value
Operating condition
Gas withdrawal rate per
volume (s") ; qs 1.473
Production time (days) T 500
Reservoir pressure (Pa) Dre , 6.9¢6
Reservoir temperature (K) Tre 311
Properties of gas reservoir
Fanning friction factor fr 0.0047
Gas Viscosity (Pa.s) n Se-5
Permeability (m”) k le-13
Porosity € 0.148
Standard pressure (Pa) Psc 1.013e5
Standard temperature (K) Tsc 273
Reservoir geometry
Reservoir length (m) L. 1524
Reservoir thickness (m) H 15.24
Reservoir width (m) W 1524
Well depth (m) wd 1220
Well radius (m) Tw 0.152

Procedure of Programming
1. From Model Navigator, choosing the solving equation , (Figure F1), i.e.,
2 D - Chemical Engineering Module > Momentum balance -> darcy’s law

-> transient analysis .
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Figure F1 Model navigator interface.

2. Drawing reservoir shape and withdrawal well by using drawing tools
(Figure F2).
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Figure F2 The graphical interface with the reservoir shape.
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3. Setting Subdomain condition in the model (Figure F3) :

- Subdomain 1 (reservoir)

p = pe/Tre
K = k/e
n = 9
F =‘0

ple) = cxp(-le9"'x2) + Dre
- Subdomain 2 (withdrawal well)

P = pe/Tye .
K = le-12/¢

n =1

F = gsPsc/Tsc

plto) = exp(-1€9*x’) + pre

s, SUBdOmaln SEing SO S LOW O i

rm = }
3p/ot + Ve(p(-xinVp)) =F 1

- Subdomain selection ﬁﬂlwl

: AR r—— G
% :
4
v

': Quantity Value/Expression Description

i | [P itho*por | Densty

| | {permipor | Permeabiity
- [ Select by group | eta | Dynamic viscosity
. # Activeinthis domain |~ F o | Source term

Figure F3 The subdomain-settings dialog box.

4. Setting boundary condition in the model (Figure F4, 5) : reservoir
boundary (1-2-3-4) are insulation, neu =0, u = -k/n(Vp).
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Figure F4 Boundary conditions in model.
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Figure F5 The boundary-settings dialog box.

5. Setting solver parameters (Figure F6) :
Solver : Time Dependent
Times : 0: 86400 : 4.32¢7
Linear system solver : Direct (UMFPACK)
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Figure F6 The solver parameters dialog box.

6. Generate the elements on the model until the mesh content reach 10000

elements (Figure F7).
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Figure F7 The finite-element grid.
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