REFERENCES

Billiotte, J., De Moegen, H., and Oren, P.E. (1993) Experimental micro-modeling
and numerical simulation of gas/water injection/withdrawal cycles as
applied to underground gas storage reservoir. SPE Advanced Technology
Series,1(1), 133-139.

Bittkow, P., Kretzschmar, H-J., and Kana, J. (1991) Simulation of conversion of
Lobodice underground gas storage facility from town gas to natural gas.
Erdoel Erdgas Kohle. 107(3), 118-123.

Camahan, B, Luther, HA., and Wilkes, J.0. (1969). Applied Numerical Methods.
New York WI|%/. ) o
Chapra, S.C., Canale, R.p. (2002). Numerical Methods for Engineerings, McGraw-

Hill.

Killincer, N. and Gumrah, F. (2000) Numerical simulation study on mixing of inert
cushion gas with working gas in an underground gas storage reservoir.
Energy Sources, 20(10), 869-879.

Misra, B.R., Foh, SE., Shillari, Y.A,, Berry,R.M., and Labaune, F. (1988). Use of
inert base gas in underground natural gas storage. Special Report, 20, 162-
169,

Park, Y.C., Syng, W.M,, and Kim, SJ. (2002) Development of a FEM reservoir
model equipped with an effective permeability tensor and its application to
naturally fractured reservoirs. Energy Sources, 24(6), 531-542.

Rasin Tek, M. and Wilkes, J.0. (1966) New Concept in Underground Storage of
Natural Gas. New York: American Gas Association Inc.

Sonier, F., Lehuen, p., and Nabil, R. (1993) Full-field gas storage simulation using
a control-volume finite-element model. Proceedings - SPE Annual
Technical Conference and Exhibition. Sigma, Reservoir Engineering, 10,
515-524,

Tan, Y., Chen, j., and Yu, Q. (2001) An optimization running analysis of bottom
water drive underground natural gas storage in seasonal peak shaying.
Natural Gas Industry. 21(3), 86-89.



49

Tan, Yu-Fel. and Chen, Jia-Xin. (2001). Optimization of underground natural gas
storage reservoir in summer. Journal of Harbin Institute of Technology.
34(4), 525-528.

Wilkes, J.0. (1999) Fluid Mechanics for Chemical Engineering. New Jersey:
Pretice-Hall PTR.

Yeh, Y.J. and Kuo, M.C.T. (1994) Design of tracer tests for natural gas underground
storage operations - a simulation approach. Proceedings of the SPE Latin
American and Caribbean Petroleum Engineering Conference. 3, 1231-1245,



Appendix A Source Code for Natural Gas Storage Problem .

PROGRAM GAS STORAG
¢ PRELIMINARY VERSION , ,
¢ Program for computing transient pressures in gas-storage field.

ALPHA TEMP*PSITS

BETA POROS*SQRT(MU/2
BIGQS Current gas withdrawal rate SCF/daY ,
Conversion Factor, 6.327E-3 cp sq fmd day psia
COUNT Counter on number of time Sli%s

CX(l,J C*K(l,j))*DT/(2*BETA*DX
CY(l,J C*K(l,)*DT/(2*BETA*DY**2
DELTA(U) Array 0f %as withdrawals. The only nonzero value
oceurs at the single well, 1= 1W, J=JW
Time step, days o
DX.DY Grid spacing$ inthe x and y directions:
EPS Porosity =~ . .
FREQ fre?uenc of printing
Formation thickness, ft o
Column and row indicates (x and y direction)
IW,JW Indicates, of block in which well IS located
Permeablllt?/, md
Length of storage field,ft
Number of increments in x direction
MU (585 VISCOSIty,cp v
N Number of increments in y direction
Pressure,psia , , ,
| Minimun requwed delivery pressure into well psia
PHI Gas potential,(psia) A2/cp
PS.TS standard pressurea(psia),standaard temperature (R)
PERO Initial Pressure (unn‘ormg. psia)
(5as withdrawal rate, SCF/ aY
AX Maximun gas withdrawal rate, SCF/day
Gas withdrawal rate, SCH/day cu ft =I/day
Effective drainage radius of well, ft
Wellbore radius, t
Time,In-.
TEMP Reservolr temperature R .
TMAX Maximun time for simulation,days
Width of storage field, ft

(e N ol NerNarNar NepNaerNaerNerNer NollN e Nor Ner Ner Nor Ner Nor Nor Ner NollN o No il ev Ner Nar Nap Ner Nep Ner Ner Nap Nas No NN o)



............... Read a n ch ck mputv{}arameters...............
READA T F H,IW,JW,L,M,MU,N,PD,PS,PZERO,
* XR W, TEMP,T M AXTS,

a e

READS J:INJS)}’-li-ll\/lPl)
o2 CONTINOE !

WR|TE§§201 DT EPS EREQHIW.W L MMUN PDPS PZERO)
* K ,TEMP,T 1S,

C=6.327E-3
COUNT =0

DY = WIN
RE = SQRT(DX*DY)
WRITE (6.202) DX DY,RE

ALPHA = TEMP*PS/TS
BETA = EPS*SQRT(MUI2)

MPL=M+L
NPL=N+1
DO 3 1=1MPI

CX(1)=C*K I,J *DT 2*BETA*DX**2
CY(II}=C KIJ*DT/Z*BETA*DY**Z
DET( -
)=PZERO

PIE P22 My

3 END DO
.Inertial pertubation at center should declay with time
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C

PHI(6,6)=2.% PHI(6,5)
P(6,6)= SQRT(2.*MU*PHI(6,6))

........ Print premiability (1 for k), and initial pressure
(2 for P) and potential (3 for PHI) field......
CALL PRINT (1,M N K)
WRITE (6,203) T,QS
CALL PRINT (2,M N,P)
CALL PRINT (3,M,N,PHI)

...perform calculations over successive time StepS......

4 COUNTCOUNT+1

T=T+DT

..... Update the value of the well withdrawal rate......
BIGQS = QMAX*(1. - ABS(2*TITMAX - 1))
QS =BIGQS/(DX*DY*H)
DELTA(IWJW) = ALPHA*SQRT(PHI(IW,JW))*QS*DT/(2.*BETA)
.................... Update potentials....... .c.......
CALL IAD (CX,CY,DELTA M N PHI)
..Print pressure and potential fields when request,
first converting potentail to pressure.............
IF (COUNT/FREQ*FREQ.EQ.COUNT) THEN
DO 1=1,MPI

P(1,J)=SQRT(2.*MU*ABS(PHI(1,J)))

CALL PRINT (2,M N P)
CALL PRINT (3,M,N,PHI)
END IF
..... Stop if delivery pressure is unacceptable....
PW=SQRT(P(IW JW)**2 - MU*BIGQS*ALPHA/(PI*K(IW JW)*H)*
* (ALOG(RE/RW) - 0.5)/C)
WRITE (6,204) PW
IF (PW .LT.PD) THEN
WRITE (6,205)
STOP
END IF

.................... Stop if time exceed upper limit,
IF(T.GT.TMAX-DT/2.) THEN
STOP

"“lsr GOTO 4
END IF
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C o Formats for output statements.............
201 FORMAT (IX,'Simulation of gas-storage reservoir with'/
. ‘DT ='F10.3,2X,'days"/
. 'EPS  ='F10.3/
'FREQ ="16/
. Ho = F103,.2X ' ft!
. W =16/
. W =" 16/
. L =" F10.3,2X,'ft!
) M ="' 16/
: 'MU =" F10.3,2X,'cp'l
. \ =" 16/
i} 'PD -,F10 .3,2X,"psia’l
: PS =" F10.3,2X,'psia'/
. '‘PZERO ='F10.3,2X,"psia’l
'QMAX ="E10.3,2X,'SCF/days'/
Lt ‘RW ='F10.3,.2X 'ft'/
. ‘TEMP="F10,3,2X,'R7
. TMAX ='F10.3,2X,'days'/
: 'S =" F10.3,2X 'R/
' =" F10.3,2X 'ft")
20% FORMAT ('DX =" F10.3,2X,'ft'/
‘DY =" F10.3,2X,'ft'/
* ‘RE ="' F10.3,2X,'ft")

203 FORMAT ("Attime T ="'F8.2,2X,'days,at a withdrawal rate'/

205 FORMAT (' Delivery pressure has fallen to unacceptable value:'/
¥ "STOP EXECUTION')
STOP
END

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

IMPLICIT NONE
INTEGER I.J,MPLNPL,M N

REAL A,B,C.D,CX,CY DELTAPHIPHISTAR,V,LAMBDAX LAMBDAY
DIMENSION A(21),B(21),C(21),CX (21, 21),

* CY(21,21)D(21),DELTA(21,21),

* PHI(21,21),PHISTAR(21,21),V(21),
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* LAMBDAX(21,21), LAMBDAY (21,21)
MPI = M+l
NPI = N+l

DO 101 1= 1,MP1

LAMBDAX(U) = CX(I,J)*SQRT(ABS(PHI(1,J)))
LAMBDAY(I,J) = CY(I,J)*SQRT(ABS(PHI(I,J)))
102 CONTINUE
101 CONTINUE
c ..Compute temperature for first halftime increment(implicit by

DO 105 J=1,NP1
B(1)=2.0*(1+LAMBDAX(L,J))
C(1)=-2.0\LAMBDAX(1,J)
A(MP1)=-2.0*LAMBDAX(MP1,J)
B(MP 1)=2.0*(1+LAMBDAX(MP 1.J))
IF(J.EQ.1)THEN
D(I) = 2.0%(1-LAMBDAY(1,1))*PHI(1,1)
* +2.0*LAMBDAY/(1,2)*PHI(1,2)-DELTA(L1)
D(MP 1)=2.0* (1-LAMBDAY(MP 1,1))*PHI(MP 1,1)
+2.0*LAMBDAY(MP 1,2)*PHI(MP 1,2)
-DELTA(MP1,1)
ELSE IF(J.EQ.NP I)THEN
D(1)=2.0* LAMBDAY (L,N)*PHI(1,N)
+2.0*(1-LAMBDAY(1,NP 1))*PHI(L,NP 1)
-DELTA(LNPI)

D(MP1)=2.0*LAMBDAY (MPL,N)*PHI(MPL,N)
+2.0%(1-LAMBDAY (MP 1,NP 1))*PHI(MP 1,NP 1)
-DELTA(MP1 NP1)

ELSE
D(1)=LAMBDAY (1,J-1)*PHI(1,J-1)
* +2*(1-LAMBDAY (1,3))*PHI(1,J)
* +LAMBDAY (1,J+1)*PHI(1,3+1)-DELTA(1J)
D(MP1)=LAMBDAY (MP 1,J-1)*PHI(MP 1,J-1)
+2*(1-LAMBDAY(MP 1.3))*PHI(MP 1,J)
+LAMBDAY (MP LI*PHI(MP 1,J+1)
-DELTA(MP1,J)
END IF
DO 103 1=2,M
A()--LAMBDAX(1,J)
B(1)=2.0%(1+LAMBDAX(1,J))
C(I3=-LAMBDAX(I,J)
IF(J.EQ.1)THEN



D(1)=2.0%(1-LAMBDAY (1,1)*PHI(1.1)
x +2.0LAMBDAY (I2)*PHI(I:2)-DELTA(I,1)

ELSEIF(J.EQ.NP I)THEN
D(1)=2.0%(1-LAMBDAY (I,NP 1))*PHI(INP 1)

* +2.0* LAMBDAY (I,N)*PHI(I,N)-DELTA(I,NP 1)
ELSE
D(1)=LAMBDAY (I,J-1)*PHI(I J-1)
* +2*(1-LAMBDAY(1,9))*PHI(1,J)
* +LAMBDAY (1,J+1)*PHI(1,J+1)-DELTA(I,J)
03 CONT A"
CALL TRIDAG (1,MP1,AB,CD,V)
DO 104 1=1 MPI
PHISTAR(1,J)=v (1)
104 CONTINUE
105 CONTINUE
c ...Compute temperature for second half time increment(implicit by
columns)........ L
DO 110 1=1,MPI

B(1)=2.0%(1+LAMBDAY (L,1)
C(1)=-2.0<LAMBDAY(I,1)
A(NP 1)=-2.0LAMBDAY(I,NP 1)
B(NP1)=2.0%(1+LAMBDAY(I.NP1))
IF(LEQ.1)THEN
D(1)=2.0%(1-LAMBDAX(L,1))*PHISTAR(L,1)

x +2.0*LAMBDAX (2,1)*PHISTAR(2,1)-DELTA(1,1)
D(NP1)=2.0%(1-LAMBDAX (1,NPL))*PHISTAR(L,NPY)
x +2.0*LAMBDAX(2 NP1)*PHISTAR(2,NP1)-

DELTA(L,NP1)
ELSEIF(I EQ.MP1)THEN
()= 0*LAMBDAX(M 1)*PHISTAR(M 1)
* +2.0%(1-LAMBDAX(MP L1))*PHISTAR(MP 1,1)-
DELTA(MPU)
D(NP 1)=2.0*LAMBDAX (M NP 1)*PHISTAR(M NP 1)
+2.0%(1-LAMBDAX(MPLNP1))*PHISTAR(MPLNP1)
-DELTA(MPI,NPY)

ELSE
D(1)=LAMBDAX(I-L,1)*PHISTAR(I-1,1)
x +2%(1-LAMBDAX(1,1))*PHISTAR(I 1)
x +LAMBDAX(I+1,1)*PHISTAR(I+11)-DELTA(L,1)
D(NP 1)=LAMBDAX (I-LNP 1)*PHISTAR(I-LNP 1)
x +2*(1-LAMBDAX(I,NP 1))*PHISTAR(I,NP 1)
x +LAMBDAX (1+1NP 1)*PHISTAR(I+1NP 1)-

DELTA(I,NP1)
END IF
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DO 108J 2N
LAMBDAYSJ
3)=2.0%(1+LAMBD AY(l,]
LAMBDAY@D
IF(I EQ.1)THEN
D(J)=2.0%(L -LAMBDAX (19))*PHISTAR(LJ)
* +2 0*LAMBDAX (2,J)*PHISTAR(2,)-DELTA(L,J)
ELSEIF(.EQ.MPL)THEN
D(J)=2.0%(1-LAMBDAX(MPLJ))*PHISTAR(MP1,J)
* +2.0*LAMBDAX (M J)*PHISTAR(M,J)-
DELTA(MPI1J)
ELSE

Dé\]) LAMBDAX(I-1J)*PHIST Rﬁ -15)
+2(FLAVEDAX(l oLiSTARNL)

* +LAMBDAX(1+1,J)*PHI(1+1 ,J)-DELTA(I,J)

08 CONIQUEIF
CALL TRIDAG (1,NPLAB,C,D,V)
DO 109 J=1NP1
PHI(1J)=V()
109 CONTINUE
110 CONTINUE
RETURN
END

SUBROUTINE PRINT (CODE,M N,X)
c For printing the fields of permeabillity,pressure,potential, or
c potential at the end ofa haif time-step,depending on the vallue
c of CODE being 1,2,34.

IMPLICIT NONE

INTEGER CODE, ,M,N,MP1NP1

REALX

DIMENSION X(21,21)

MPI = M+l

SELECT CASE (CODE)
CASE(l)
WRITE (6,201)
201 FORMAT (' The permeability field ma'/
* 'standting with the row J=NP1 is:"/)

WRITE (6,202)(X(1,J),1= LMP 1)
202 FORMAT (" 11FT)
END DO
rASF/9
WRITE (6,203)
203 FORMAT 0 The current pressure field (psia) is:')



WRITE (6,204)(X(1,d),1=1,MP 1)
F7

204 FORMAT C11F7.1)
END DO
CASF.m
WRITE (6,205)
205 FORMAT (' The current potential field,M M (psiaA2/cp)is:"/)
WRITE (6,206)(X(1,J)/1 ,E6,1=1 , MP 1)
206 FORMAT ("11F7T)
END DO
r Agpl/4'l
WRITE (6,207)
207 FORMAT ¢ The current pressure field,M M (psiaA2/cp)is:7)
WRITE (6,208)(X(1,J)/1.E6,1=1,MP1)
208 FORMAT (M1FT7T)
END DO
END SELECT
RETURN
END

SUBROUTINE TRIDAG (FIRST,LAST,AB,C,D,V)

c Procedure for solving a system of simultaneous
c linear equation with a triagonal coefficient matrix
IMPLICIT NONE

INTEGER FIRST,I,LAST

REAL ABBETA,CD,GAMMA\V

DIMENSION A(21),B(21),BETA(21),C(21),D(21)

DIMENSION GAMMA(21),V(21)

C Compute intermediate arrays BETA and GAMMA
BETA(FIRST)=B(FIRST)
GAMMA(FIRST)-D(FIRST)/BETA(FIRST)

DO I=FIRST+1,LAST
BETA(1)=B(I)-A(1)*C(I-1)/BETA(I-1)
GAMMA(D-(D(I)-A(*GAMMA(I-1))/BETA(I)

END DO

Co Compute final solution vector V ...

V(LAST)=GAMMA(LAST)

DO I=LAST-1,FIRST -1
V(1)=GAMMA(1)-C(I)*V (I+1)/BETA(1)

END DO

RETURN

END



Appendix B The relation between ® and p.
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