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CONCLUSIONS

Based on the re s u lts  o f  th is  study the fo llow ing was concluded:

1. When the a q u ife r  s ize  compared to the s ize o f the gas re s e rv o ir  

(R /R ) is  less than or equal to 2 .0  the e f fe c t  o f  the aq u ife r
® y

on the performance o f  the gas re s e rv o ir  can be neglected.

2. Regardless o f  the s ize  o f  the re s e rv o ir  when RQ/Rg > 2 . 0  the 

pressure in the unsteady s ta te  water in f lu x  equation must be 

corrected to the o r ig in a l  gas-water contact. F a i lu re  to do 

so re s u lts  in an e r ro r  over 1 0 0  percent in the cumulative  

water in f lu x  which in turn could lead to  the wrong conclusions 

regarding the performance o f  the gas re s e rv o ir .

3. Cumulative gas recovery appeared to be sen s it ive  to the aq u ife r  

s ize  (when R^/R,. > 2 . 0 ) ,  i n i t i a l  re s e rv o ir  pressure, and gasa Q

production ra te .  As Ra/Rg and the i n i t i a l  re s e rv o ir  pressure

increases, cumulative gas recovery decreases. The s e n s i t iv i t y

to gas production ra te  increases in the large re s e rv o ir  as

R / R  increases. I t  appeared to  be more sen s it ive  when the a g

production ra te  is allowed to dec line .

4 . The dec lin ing  production ra te  should be avoided as much as 

^po^s^b le  in order to maximize cumulative gas recovery and

decrease the producing l i f e  o f  the rese rvo irs .
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5. The ra te  a t  which the gas-water contact advances is con tro lled  

by the a q u ife r  s ize  compared to the s ize  o f  the gas re s e rv o ir ,  

and gas production ra te  when Ra/R g > 3 .0 .

6 . As Ra/RQ increases the expansion o f  the trapped gas in the
** y

water invaded zone decreases, and could be neglected when 

Ra/R g > 4 .0 .

7. The performance o f  the water drive-gas re s e rv o ir  must be analyzed  

fo r  a l l  the possible development and production programs in 

order to determine the optimum production.
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INTRODUCTION

Pred ic ting  the advance o f  a gas-water contact in a water d r iv e -  

gas re s e rv o ir  plays an important ro le  in the eva lu a tio n , fo recas ting ,-an d  

analyzing the re s e rv o ir  performance.

The purpose o f  th is  study was to p red ic t  the behavior and the 

r is e  o f  the^gas-water contact assuming i t  remains h o r iz o n ta l;  and to  

determine i t s  e f fe c t  on u lt im ate  gas recovery. Several factors  are 

recognized to control the r is e  o f  the gas-water contact. Some o f the 

more important factors  are the s ize  o f  the a q u ife r ,  gas production ra te ,  

i n i t i a l  re s e rv o ir  pressure, and formation perm eab il ity .  These factors  

account fo r  the abandonment o f a number o f  gas reservo irs  a t  e x t ra ­

ordinary high pressure.

Several methods have been developed fo r  p red ic ting  the volume o f  

water in f lu x  in to  a re s e rv o ir ,  the Van-Everdingen-Hurst method is used 

in th is  study.

The performance ca lcu la ted  in th is  study was based on the m ateria l  

balance equation fo r  a gas re s e rv o ir .  The gas re s e rv o ir  pressure was 

adjusted to the o r ig in a l  gas-water contact fo r  the water in f lu x  equation, 

and the trapped gas in the water invaded zone was accounted fo r  in the  

water invaded region.
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LITERATURE REVIEW

Several methods fo r  p red ic t in g  the dep letion  performance o f  water

drive-gas reservo irs  have been published in the l i t e r a t u r e  ~  .

5/Bruns e t  al — , studied the e f fe c t  o f  water in f lu x  on the P/Z-  

cumulative gas production curves. From t h e i r  study they concluded th a t  

i t  is  dangerous to ex trap o la te  the P/Z charts on a s t ra ig h t  l in e  w ithout

considering the p o s s ib i l i t y  o f  water in f lu x .

Agarwal e t  al —  9 used a m ateria l balance model to study the 

e f fe c t  o f  water in f lu x  on natural gas recovery. Based on t h e i r  c a l ­

cu la tions they concluded th a t  gas recovery depends on ( 1 ) the production

r a te ,  (2 )  the residual gas s a tu ra t io n ,  (3 )  the a q u ife r  s trength , (4 )  

the p e rm e a b il ity ,  and (5 )  the volumetric sweep e f f ic ie n c y  o f  the encroaching 

water zone.

An experimental study o f  residual gas sa tura tion  under water d rive

12/was performed by Geffen e t  al —  in 1952. The resu lts  o f  t h e i r  e x p er i­

mental study ind icated th a t  residual gas sa tu ra tio n  under water d rive

varies from 15 to 50 percent pore space depending on the type o f  sand used.

8/Dumord, J.M. — predicted the fu tu re  behavior o f  a bottom water  

d rive  gas re s e rv o ir .  In his study he neglected the to ta l  co m p res ib i l i ty  

and assumed th a t  ( 1 ) a l l  the gas in the re s e rv o ir ,  and the f re e  gas in  

the water invaded zone to be a t  the same average re s e rv o ir  pressure, ( 2 ) 

the r is in g  o f the gas-water contact remains horizontal a l l  the tim e. On 

the basis o f his study he concluded th a t  ( 1 ) use o f  the t im e -in teg ra ted  

cumulative water in f lu x  is  a convenient means o f  c a lc u la t in g  water in f lu x  

in to  a re s e rv o ir ,  (2 )  the s t ra ig h t  l in e  re la t io n s h ip  between P/Z and G
r
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obtained from re s e rv o ir  pressure data in the ea r ly  l i f e  o f  the re s e rv o ir ,  

does not necessarily  in d ic a te  a dep le t io n -typ e  production mechanism, but 

is consis tent w ith a moderate water in f lu x ,  (3 )  the ca lcu la ted  P/Z curve 

( in  his example o f  a gas re s e rv o ir )  deviated very l i t t l e  from the s t ra ig h t  

l in e  u n t i l  more than 50 percent o f  the i n i t i a l  gas in place has been 

produced, (4 )  when the pressure dropped to 90 atm (1323 psi) the ca lcu la ted  

Gp was about 85 percent o f the i n i t i a l  gas in p lace, and the gas-water 

contact had risen to about 70 percent o f  the closure o f  the re s e rv o ir .

Shagroni, M.A. —  ,  studied the e f fe c t  of formation co m p re s s ib il i ty ,  

and edge water o f  gas f i e l d  performance. From the resu lts  o f  his study 

he concluded th a t  ( 1 ) i t  is  in co rrec t  to ex trapo la te  the e a r ly  part  o f  

the P/Z curves as a s t ra ig h t  l in e  to P/Z = 0 .0  to estimate the i n i t i a l  gas 

in place w ithout considering the p o s s ib i l i t y  o f water in f lu x  and the 

e f fe c t  o f  formation c o m p res s ib il i ty ,  ( 2 ) the s e n s i t iv i t y  o f  the performance 

curves (P/Z vs. G ) to formation com press ib il ity  increases as the i n i t i a l
r

re s e rv o ir  pressure increases, and decreases as the a q u ife r  s ize  increases.

13/Pepperdine, L. — studi ed the performance o f the Devonian gas 

f ie ld s  in northeastern B r i t is h  Columbia. The o b jec t ive  o f  his study was 

to : es tab lish  means o f  e a r ly  recognition  o f water dr ive  gas f ie ld s ;

f ind  the most e f f i c i e n t  methods fo r  p red ic t in g  gas from water d r ive  gas 

f ie ld s ;  and estimate the recovery e f f ic ie n c y  to be expected under various  

conditions. From the resu lts  o f  the mathematical model and the analysis  

of the actual f i e l d  data he concluded th a t :  ( 1 ) to achieve maximum

recovery o f  gas the dep letion  process should be increased as much as 

possible by production p ra c t ic e s , ( 2 ) the important fa c to r  in the low 

e f f ic ie n c y  o f  gas recovery was water in f lu x  ra th e r  than the coning
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phenomenon in the portion  o f  the Clarke Lake f ie ld  th a t  was modelled.

14/Givens, J.W. — ' used a sim ulation model to determine the e f fe c ts  

of well den s ity ,  production ra te s ,  water in f lu x ,  water coning, and rock

and f lu id  properties  on the dep letion  performance o f  dry gas reservoirs
/

with bottom water d r iv e .  On the basis o f  his resu lts  he concluded th a t :  

( 1 ) the best performance fo r  reservo irs  w ith  bottom water dr ive  w i l l  not 

necessarily  be obtained by high producing ra tes ;  ( 2 ) the presence o f  

bottom water d r ive  in gas reservo irs  lowers the u lt im ate  recovery and 

increases the producing l i f e  o f  the gas rese rvo irs .

v
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MATHEMATICAL CONSIDERATION

In th is  study the gas re s e rv o ir  was taken to have rad ia l  water 

d rive  and id ea lize d  geometry. The re s e rv o ir  was assigned a dip angle 

of 15 degrees w ith a geometric shown in Figure 1.

Basic Assumptions:

1. No phase change in the re s e rv o ir ;

2. No shale water in f lu x ;

3. Residual gas sa tura tion  in the water invaded zone (S )3 ' grwy
equal to 2 0 %;

4. No gas produced from the water invaded zone;

5. No water production

6 . Gas-water contact remains horizonta l a t  a l l  times.

Or i g  g-w c o n t a c t Ah

Aqui f e r

Figure 1. Schematic sketch of simplified radial flow model.
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The general form o f the m ateria l balance equation (MBE) fo r  the  

gas re s e rv o ir  under the stated assumptions is

GB .

G(Bg ' V + I=F. ( C W Swi + Cf> {prp) + 5'615 we = GpBg + 5‘615 WpBw; (1)
W1

where G = standard volume o f  f re e  gas o r ig in a l ly  in place 

G = standard volume o f  cumulative gas produced
r

B • = gas formation volume fa c to r  a t  pressure P . ,  cu f t / s c fy i I
B = gas formation volume fa c to r  a t  pressure P, cu f t / s c f  y
Bw = water formation volume fa c to r ,  res bb l/su rface  bbl 

Cw = average water c o m p re s s ib i l i ty , p s i” *

C.p = average formation c o m p re s s ib il i ty ,  p s i” ^

P. .= i n i t i a l  re s e rv o ir  pressure, psi 

P = average gas re s e rv o ir  pressure, psi

S .  = average connate water s a tu ra t io n ,  f ra c t io n
W1

IaL = cumulative water in f lu x ,  bbls. e

W = cumulative water production, bbls.
r

The gas formation volume fa c to r  can be w r it te n  as:

B = 0.02829 ^  (cu f t / s c f )  (2 )

where Z is  the gas com press ib il ity  fa c to r ;  and T is  the re s e rv o ir  

temperature, °R.

Arranging the MBE in terms o f P and Z, and assuming no water 

production equation (3) is obtained
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We Gp x Z/P -  G x (Z /P  -  Z . /P . )  -  G x x (CwSw. + Cf )
W1

X  (P . -  P) A x 5.615
(3 )

where A = Tr e f / ( P r e f  x Tres)

0Tre _p = reference temperature = 520 R;

Pre f  = reference pressure = 14.7 psia;

Tres = reserv° i r  temperature, °R

when the gas re s e rv o ir  is  considered to be a part  o f  a cone w ith  a f a u l t  

located a t  R^  as shown in Figure 1, the volumetric ca lc u la t io n  o f  the 

i n i t i a l  gas in p lace, G, can be obtained by the fo llow ing equation:

GB . = W h ( R 2  -  R?) (1 -  S . )  (5 )gi g 1 v wi

where ¥ = shape fa c to r  = °45 /°360  in th is  study 

$ = average re s e rv o ir  p o ro s ity ,  f ra c t io n  

h = net pay th ickness, f t .

Rg = radius o f  the in te rn a l boundary o f  the a q u ife r ,  f t .

R-j = radius o f  the in te rn a l boundary o f  the gas re s e rv o ir ,  f t .

R-j can be expressed in terms o f  R̂  such th a t:

= a x R • ( 6 )

S u bstitu ting  equation ( 6 ) in equation (5 )  resu lts  in:

GBgi = lirfhRg (1 -  a2 ) (1 -  Sw i ) • (5A)

Equation (5A) can be solved fo r  Ro . and the i n i t i a l  pore volume ) 

i f  G. P . .  T, $ , h, a , and S, . are known.
1 WI
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Knowing R , the water in f lu x  (Wg ) fo r  a rad ia l system can be c a l ­

culated using the unsteady s ta te  water in f lu x  equation o f  Van-Everdingen 

and Hurst: .

W.
vF2Tr$hC R 
 e q

5.615

J=1
-  V AP>n J - l

(6)

where t^ =

AP, =

0.006328k t__________W

^ $Ce R2g

( PJ - 2 ' ,V fo r  J > 2; and

(7)

( 8 A)

P. -  P.
= _J J.

1 2
fo r  J = 1 (SB)

Q(tj-j) is the dimension!ess water in f lu x  function as defined by 

Van-Everdingen and Hurst—

The cumulative pore volume of the water invaded zone can be calcu lated  

by the fo llow ing  equation:

Pore Volume o f  Water 

Invaded Zone, Bbl
w AVw

J= 1

(9)

where AVw |(W -W )-(W B ) ,  x (W B ) ,  , 
( /  e j  p w 'J  + p w 'J - 1

AVwi

i . i  bj i

W ,1
5.615

-7- (1-S .-S )' wi grw
(10)
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Having determined the cumulative pore volume o f  the water invaded zone, 

the current pore volume containing fre e  gas (V ) above the gas-water  

contact can be obtained by the fo llow ing  equation:

n
V = V. -  3  AV (11)c i —  w, v '

n j - i  0

And the corresponding r is e  o f the gas-water contact (Ah ) can be obtained  

from the fo llow ing  re la t io n :

Ah = (R -  R ) sin 0 (12)
' y yn

Where R is the current rese rv o ir  radius a t  the new gas-water contact.q 3Jn
Using the foregoing equations, the pressure a t the o r ig in a l  gas-water 

contact can be ca lcu la ted  with equation (1 3 ) .

dH %  l n < V Rq >
P Gorlg g-w contact = Pn + 0.433Ahn x yw + ^  • 0 . 0 0 7 0 8  k . (13)

rw

where y is the s p e c if ic  g ra v ity  o f  the w ater, and u .  is  the v isco s ity  w w

o f the water in cp, and k is  the r e la t iv e  perm eability  to water in the 

water invaded-zone.

*This equation is v a l id  u n t i l  R = R,+h/2 sine cose
1
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SUMMARY AND DISCUSSION OF THE RESULTS

The resu lts  o f  the ca lcu la t io ns  fo r  small (G=10 BSCF) and r e la t iv e ly  

large (G=100 BSCF) gas reservo irs  are shown in Figures 1 through 29 

and summarized below.

Figures 2 through 7 show the performance of the cumulative water . 

in f lu x  (We ) ca lcu la ted  using average gas rese rv o ir  pressure corrected  

to the o r ig in a l  gas-water contact. The e f fe c t  o f  the' i n i t i a l  re s e rv o ir  

pressure and a q u ife r  s ize  are also shown in these f ig u re s . From these 

f igu res  the fo llow ing  resu lts  were obtained:

1. Regardless o f  the gas re s e rv o ir  s ize  when Rg/Rg < 3.0 the

performance o f the gas re s e rv o ir  is  not a ffec ted  by the

a q u ife r ,  and the average re s e rv o ir  pressure can be used to

c a lc u la te  the cumulative water in f lu x .  The a q u ife r  can also

be trea ted  as a f i n i t e  storage tank. This re s u l t  j u s t i f i e s

the f i r s t  assumption o f Dumor£, J .M ^ in  his c a lc u la t io n  o f  the

cumulative water in f lu x .  However, when R /R„ increased froma g

3 .0  to 6 .0  the d iffe ren c e  between the average re s e rv o ir  pressure 

and the pressure ca lcu la ted  a t  the o r ig in a l  gas-water contact 

increased from a n e g lig ib le  amount to more than 4000 psi in 

some cases. This ind icates th a t  Dumor£'s f i r s t  assumption 

can not be used when Rg/Rg > 2 . 0 .

2. When Rg/Rg = 6 .0  the e f fe c t  o f  the aq u ife r  boundary was noted 

only fo r  small gas res e rv o irs .  This is because the area o f



ER-2209 13

disturbance which created by the flowing o f  water across the

gas-water contact reached the outer boundary in the small

a q u ife r  fa s te r  than th a t  in the the large a q u ife r .

Figures 8  through 12 show the response o f the P/Z curves to the

i n i t i a l  re s e rv o ir  pressure and a q u ife r  s iz e .  This response shows th a t

as Ra/Rg and the i n i t i a l  re s e rv o ir  pressure increase the average rese rv o ir

pressure is  maintained a t higher le v e ls .  In regard to pressure le v e l ,

the ca lcu la ted  gas recovery a t  a f i e l d  production ra te  o f 25 MMSCF/D

ranges from 76 percent fo r  an i n i t i a l  re s e rv o ir  pressure o f  10,000 psi

to in excess o f 92 percent fo r  an i n i t i a l  re s e rv o ir  pressure o f 5,000 psi

(Figures 10 and 12). Cumulative gas recovery was found to be sen s it ive

to gas production ra te  only when RQ/Rg > 2 .0 .  This re s u lt  ind icates

th a t  recovery in dep le t ion -type  gas reservo irs  is not s e n s it iv e  to gas

production ra te  even wi'th some edge water in f lu x .

In general as Ra/Rg and i n i t i a l  re s e rv o ir  pressure increase the

cumulative gas recovery decreases and becomes more sen s it iv e  to gas

production ra te  and a q u ife r  p erm eab il ity .

Although the e f fe c t  o f  a q u ife r  perm eability  on the gas re s e rv o ir

performance is not o f in te re s t  in th is  study, i t  is  worthwhile to mention

some resu lts  obtained from th is  study regarding the sub ject.

The e f fe c t  of a q u ife r  perm eab il ity  on gas re s e rv o ir  performance

5/w ith water in f lu x  was studied by Bruns e t  a l— fo r  f i n i t e  a q u ife rs .  They

showed th a t  fo r  Ra/R g = 1-5 the e f fe c t  o f  the aqu ife r  on the performance

o f the gas re s e rv o ir  is n e g lig ib le  fo r  the given water com press ib il ity  

- 6  - 1o f 3 .0  x 10’  p s i ’  , poros ity  o f  0.25 and water v is c o s ity  o f 1 .0  regardless
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of the p e rm eab il ity .

This re s u l t  agrees with the resu lts  obtained from th is  study fo r  

Ra/Rg = 2 .0 .

Agarwal e t  a l -^  showed th a t  the a q u ife r  perm eability  has a great  

e f fe c t  on the gas re s e rv o ir  performance and on the cumulative gas recovery  

fo r  an i n f i n i t e  a q u ife r .  They also showed the e f fe c t  o f  gas production 

ra te  on the cumulative gas recovery fo r  various aq u ife r  p erm eab il it ies  

and concluded th a t  cumulative gas recovery decreases as the perm eability  

increases.

In th is  study an a q u ife r  perm eab ility  o f 300 md was used and as

R /R increased from 2 to 6 , the cumulative gas recovery appeared to be a g

s e n s it ive  to gas production ra te .  Figure 18 shows th is  e f fe c t  fo r  production  

rates o f  1 MMSCF/D per 4 , 6 , and 8  BSCF o f  i n i t i a l  gas in place resp e c tive ly .

Figures 14 through 21 show the e f fe c t  o f the aqu ife r  s ize  i n i t i a l  

re s e rv o ir  pressure, and gas production ra te  on the ra te  a t  which the 

gas-water contact advanced.

In response to the pressure drop in the gas re s e rv o ir ,  because o f  

gas production, the a q u ife r  reacts to o f fs e t  or re tard  the pressure 

decline by providing a source o f  water in f lu x  or encroachment by the 

expansion o f  the water and a q u ife r  rock co m p ress ib il ity .  Consequently, 

the gas-water contact advances entrapping some gas behind i t .  As the 

re s e rv o ir  pressure continues to dec line  the gas-water contact continues 

to advance and the trapped gas expands re s u lt in g  in an acce le ra tion  o f  

the ra te  a t  which the gas-water contact advances. From the above f igures  

(14 -21 ) i t  can be seen th a t  the ra te  a t  which the qas-water contact 

advances was co n tro lled  by the ra te  o f  water in f lu x  and the expansion o f  

the trapped gas in the water invaded zone. As R /R increases the
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expansion o f  the trapped gas decreases, and can be neglected when R./R_ >a y

4 .0 .

Figures 27 through 29 present the resu lts  when the i n i t i a l  ra te  

of production was the same but one ra te  was maintained constant and the 

other ra te  declined in proportion to the volume o f  the re s e rv o ir  not 

invaded by water. The constant ra te  performance was analyzed and discussed 

in d e ta i l  elsewhere in th is  study, and presented here fo r  comparison 

purposes only.

Comparing the performance of the gas re s e rv o ir  predicted with the 

dec lin ing  and the constant production rates showed agreements in the 

f i r s t  two years. However, a f te r  about two years o f  production h is to ry  the 

fo llow ing resu lts  were noted: ( 1 ) the average gas rese rv o ir  pressure

declined fa s te r  fo r  the constant production ra te ;  and ( 2 ) the cumulative 

gas recovery decreased from 82 to 73 percent o f the i n i t i a l  gas in place 

when the i n i t i a l  production ra te  was allowed to dec line w ith  time. In 

the same time the producing l i f e  o f  the gas rese rv o ir  increased from 9 

years to about 27 years.

The above noted resu lts  fo r  the dec lin ing  production ra te  agree

14/with th a t  presented by Givens, J.W.-=—' in his study w ith  bottom water 

dri ve .

From the above resu lts  i t  is  recognized th a t  the behavior o f  the 

average re s e rv o ir  pressure fo r  the dec lin in g  production ra te  is  more l ik e  

what most people associate w ith a water d r ive  gas re s e rv o ir .  However, 

the behavior o f  the average re s e rv o ir  pressure fo r  the constant production  

ra te  could lead to the conclusions th a t  in d ic a te  the absence o f  a water 

d r iv e .  The P/Z -  Gp performance shown in Figure 29 fo r  the dec lin ing



ER-2209 16

production ra te  ind icates  th a t  special a t te n t io n  should be given when 

evaluating  and analyzing the performance o f  the gas re s e rv o ir .  Such 

a t te n t io n  should not be confused w ith  the e f fe c t  o f  formation co m p res s ib il i ty ,  

a c t iv e  water d r iv e ,  and high a q u ife r  perm eab il ity .
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DATA USED IN THIS STUDY

1. Rock and f lu id  p roperties :

a. Aquifer perm eab ility

b. Porosity

c. Water v is c o s ity

d. Gas s p e c if ic  g ra v ity

e. Formation com press ib il ity

f .  Connate water com press ib il ity

g. Connate water sa tu ra tio n

h. Residual gas saturation  in the w ater-  

invaded zone

i .  Gas com press ib il ity  fa c to r  (Z) is  

calcu la ted  as a function o f Pr and Tr  

using ZFACT Subroutine.

j .  Gas formation volume fa c to r  (Bg) is

ca lcu la ted  as a function  o f  compressibil i t y

fa c to r  ( Z ) ,  pressure, and temperature using 

equation 2, cu ft /SC F .

2. Reservoir and Aquifer conditions:

a. Reservoir thickness

b. Shape fa c to r

c. I n i t i a l  re s e rv o ir  pressure

= 300 md 

= 0.25  

= 0 .7  cp 

= 0.65

= 4X10'6 p s i ' 1 

= 8X10~ V 1 " 1I

= 12X10 V i ' 1 

= 3 .5X 10 '6 p s i ' 1 

= 0.25

=  0.2

= 30 f t  

=  1/8

= 1 0 , 0 0 0  psi 

= 5,000 psi
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d. R e la t ive  s ize  o f  the a q u ife r  Ra/Rg = 2 .0

= 3 .0  ~

= 4 .0  

=  6 . 0

e. I n i t i a l  gas in place = 10 BSCF

= 100 BSCF

f .  Production ra te  = 1 MMSCF/D per 4 ,
6 , and 8  BSCF of  
I n i t i a l  gas in place

g. Reservoir temperature is  ca lcu la ted  as a

function o f  i n i t i a l  re s e rv o ir  pressure using the 

fo llov/ing equation:

P. = 0 .6  X D;

T = 74?0 + 1.7 X D/100;

T = 74?0 + (1 .7  X P i ) / ( 0 . 6  X 100) + 460.0 °R.

h. Reference temperature = 520° R

i .  Reference pressure = 14.7 psia

j .  k = 150 md°  rw
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CALCULATION PROCEDURE

The fo llow ing  steps summarize the c a lc u la t io n  procedure:

A. For a f ixe d  time increase o f two months (60.83 days), and a production  

ra te  o f 0.000125 x G SCF/D, the value o f  Gp is obtained.

B. For a s p e c if ic  value o f  i n i t i a l  rese rv o ir  pressure, formation

co m p re s s ib il i ty ,  Rn/R _ , R*/Rn > and assumed average rese rv o ir  pressurei g a g

P, the m ateria l balance equation, equation (3 )  is  solved

Z , /P ,
l
"wi

W
n

G x Z/P -  G x (Z/P -  Z ^ P . )  -  G x P -s ^
W1

x (CwSwi + cf ) ( pi ' p) j  A X  5.615 ^

C. The cumulative pore volume o f  the water invaded zone is  ca lcu la ted  

using equation (9)

V = —  AV (9)
wn 2 1  WJ 

J=1

D. The remaining pore volume o f  the gas rese rv o ir  is ca lcu la ted  using 

equation ( 1 1 )

v “ < -  i i  a ,»0 ( n i
J = 1

E. The gas re s e rv o ir  radius o f  the remaining pore volume (R ) is
9n

ca lcu la ted  using the fo llow ing  equation:
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V '  v  y ^ h ( i - a2) (1-Sw i}

F. The r is e  o f  the gas-water contact (Ah ) - i s  calcu lated  using

equation ( 1 2 )

Afi = (R„ -  R ) sin 0 (12)
n 9 9n

G. The pressure a t  the o r ig in a l  gas-water contact was calcu lated  using 

equation (13)

P @ o r iq .  g-w contact = P + 0.433 Ah x y + *  ̂ n n w

u f ln (R  /R„ ) dVT Kw g g ' e x n
d t 0.00708 k hT rw

H. The Van-Everdingen and Hurst unsteady s ta te  water in f lu x  equation,  

equation ( 6 ) is solved using the pressure a t  the o r ig in a l  gas-water 

contact.

n _

Q(tp -  t D ) APj ( 6 )
’KJrtC hR 

U =  e _ S
e 5.615   . w u ,  .n 1_  n 0 - 1

I .  Steps B through H are repeated assuming another rese rv o ir  pressure 

u n t i l  the water in f lu x  ca lcu la ted  by the MBE, Equation ( 3 ) ,  and the

unsteady s ta te  water in f lu x  equation, Equation ( 6 ) are in s a t is f ie d
v

agreement.
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J. Steps A through I are repeated u n t i l  the gas re s e rv o ir  is  abaondoned.

K. Steps A through J are repeated fo r  d i f f e r e n t  values o f  R./R •y
L. Steps A through K are repeated fo r  d i f f e r e n t  C^.

M. Steps A through L are repeated fo r  d i f f e r e n t  gas production ra tes .

N. Steps A through M are repeated fo r  d i f f e r e n t  i n i t i a l  rese rv o ir

pressure.
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TABLE 1

Cumulative Gas Production and Corresponding Properties at Increasing 
Time Steps of Two Months (60.83 days) for Pi=5,000 psi, G=100 BSCF, 
Cf=4.0X10-6psi"1, Q=2SMMSCF/D, kw=300 md, Sgrw=20%, and Ra/R =6.0.

AUG.RES. PPqRIG. CUM PORE HEIGHT OF
TIME CP PRESSURE G U C0NT P / 2 CUM WE VOL. INV ADED C U CONT

(DAYS) (BSCF) ( P S I ) ( P S I  ) ( P S I ) (MMBBLS) (MMBBLS) ( F T )

0 . 0 0 0 0 . 0 0 5 0 0 0 . 0 0 5 0 0 0 . 0 0 4 9 6 6 . 9 9 0 . 0 0 0 0 0 . 0 0 0 0 O.OC
6 0 . 3 3 0 1 . 5 2 4 8 7 8 . 9 5 4 9 0 0 . 6 0 4 8 9 9 . 7C 0 . 0 7 0 3 0 . 1 2 7 8 3 . 1?

1 2 1 . 6 6 0 3 . 0 4 4 8 0 9 . 2 7 4 8 1 6 . 1 3 1 8 3 3 . 7 1 0 . 2 3 7 7 0 . 4 3 2 3 1 0 . 3 0
1 3 2 . 4 9 0 4 . 56 4 7 2 5 . 2 6 4 7 3 9 . 5 3 4 7 8 0 . 5 0 0 . 4 5 2 5 0 . 8 2 3 2 2 0 . 5 8
2 4 3 . 3 2 0 6 . 0 8 4 6 4 5 . 6 5 4 6 6 9 . 3 6 1 7 2 4 . 3 0 0 . 7 0 4 1 1 , 2 8 1 3 3 2 . 1 0
3 0 4 . 1 5 0 7 .  60 4 5 6 9 . 4 6 4 6 0 4 . 3 6 4 6 6 9 . 5 7 0 . 9 8 5  4 1 . 7 9 3 7 45. .02
3 6 4 . 9 3 0 9 . 1 2 4 4 9 6 . 0 3 4 5 4 3 . 3 3 4 6 1 5 . 9 3 1 . 2 9 2 1 2 . 3 5 2 7 59 . 17
4 2 5 . SI  0 1 0 . 6 5 4 4 2 5 . 0 5 4 4 8 7 . 1 3 4 5 6 3 . 2 7 1 . 6 2 0 5 2 . 9 5 1 7 74 . 40
4 8 6 . 6 4 0 12 .  17 4 3 5 6 . 0 2 1 4 3 3 . 3 6 4 5 1 1 . 2 4 1 . °  6 8 3 3 . 5 8 6 3 9 0 . 6 1
3 4 7 . 4 7 0 1 -3. 67 ■4287.51 4 3 3 0 . 0 1 4 4 5 3 . 3 1 2 . 3 1 9 2 4 . 2 2 7 1 1 0 7 . 0 7
6 0 8 . 3 0 0 1 5 . 2 1 4 2 1 8 . 2 3 4 3 2 2 . 7 9 4 4 0 4 . 9 7 2 . 6 5 7 3 4 . 8 4 6 2 1 2 3 . 0 4
6 6 9 , 1 3 0 1-6.73 4 1 4 3 . 3 6 4 2 6 4 . 5 2 4 3 4 9 . 8 3 2 . 9 3 6 0 5 . 4 4 7 1 1 3 3 . 6 2
7 2 9 . 7 6 0 1 8 .  25 40 7 3 . 2 5 4 2 0 6 . 0 8 4 2 9 3 . 6 3 3 . 3 0 7 3 6 . 0 3 6 0 1 5 3 . 9 6
7 9 0 . 7 9 0 1 9 . 7 7 4 0 0 3 . 0 8 4 1 4 7 . 7 5 4 2 3 6 . 5 2 3 . 6 2 4 0 6 . 6 1 7 4 1 6 9 . 1 7
8 5 1 . 6 2 0 2 1 . 2 9 3 9 3 3 . 0 2 4 0 8 9 . 9 1 4 1 7 8 . 6 1 3 . 9 3 8 1 7 . 1 9 4 3 1 0 4 . 3 5
9 1 2 . 4 3 0 2 2 . 3 1 3 3 5 8 . 1 9 4 0 3 2 . 4 4 4 1 2 0 . 0 1 4 . 2 5 1 2 7 . 7 7 1 2 1 9 9 . 5 3
9 7 3 . 2 8 0 2 4 .  33 3 7 9 3 . 7 1 3 9 7 5 . 7 2 4 0 6 0 . 7 5 4 . 5 6  41 3 . 3 4 8 2 2 1 4 . 3 ?

1 0 3 4 .  110 7 5 .  35 3 7 2 9 . 4 8 3 9 1 ? . 5 2 4 0 0 0 . 8 6 4 . 8 7 7  4 3 . 9 2 6 7 2 3 0 . 3 2
1 0 9 4 . 9 4 0 -r — 3 6 5 0 . 3 0 3 8 6 3 . 5 0 3 9 4 0 . 2 ? 5 . 1 ? C 5 9 . 5 C 5 7 2 4 5 . 8 4
1 1 3 5 . 7 7 0 2 3 .  89 3 5 9 1 . 7 1 2 S 0 7 . 5 9 3 8 7 9 . 0 0 5 . 5 0 US 1 0 . 0 8 4 4 2 6 1 . 4 2
1 2 1 6 . 6 0 0 3 0.  42 3 5 2 3 . 0 5 3 7 5 1 . 5 5 3 8 1 6 . 9 3 5 . 8 1 3 6 1 0 . 6 6 1 3 2 7 7 . 0 4
1 2 7 7 . 4 3 0 3 1 . 9 4 3 4 5 4 . 5 3 3 6 9 5 . 8 0 3 7 5 4 . 1 0 6 . 1 2 3 2 1 1 . 2 3 7 3 2 9 2 . 7 1
.1 w) JO « kC/U 3 3 . 4 6 3 3 8 6 . 1 3 364 0 . 0 8 3 6 ? 0 . 48 6 . 4 3 1 4 ; 1 . 8 1 2 0 3 0 3 . 4 2
13' "7 . : ? c 5 4 . 5 3 1 7 . 3 3 35 3  4 . 5 7 3 6 2 6 . 0 ? tl> • / -V (_> 1 2 . 3 8 5  7 3 2 4 . 1 3
1 4 3 ? . 9 2 0 36 . LO­ 3 2 4 9 . 6 3 3 5 2 9 . 2 2 3 5 6 0 . 9 0 7 . 0 4 4 1 1 2 . 9 5 8 8 3 4 0 . 0 1
1 3 2 0 . 7 5 0 SS . 02 3 1 8 1 . 5 2 3 4 7 4 . 1 6 3 4 9 4 . 9 4 7 . 3 4 9 0 1 3 . 5 3 1 8 3 5 5 . 9 2
1 5 8 1 . 5 0 0 3 9 . 5 4 3 1 1 3 . 4 9 3 4 1 9 . 2 0 3 4 2 8 .  IS 7 . 6 5 2 ? 1 4 . 1 0 4 3 3 7 1 . 9 1
1 c, 4 2 . 4x0 •4 1 . 06 3 0 4 5 . 5 3 3 3 6 4 . 5 1 ~l ■; •' c\ L 7 . ? 5 6 2 14 .678-1 3 3 3 . 0 0
1 7 0 3 . 2 4  0 4 2 . 5 3 2 9 7 7 . 6 0 3 3 0 9 . 8 0 7 y -7 -> -7 8 . 2 5 8 5 1 5 . 2 5 2 2 4 0 1 . 1 8
1 7 6 4 . 0 7 0 4 4 .  10 2 9 0 9 . 6 9 3 7 5 5 . 3 1 3 2 2 3 . 1 0 3 . 5 6 0 0 1 5 . 0 2 6 8 4 2 0 . 4 7
1 8 2 4 . 9 0 0 45 * 62 2 S 4 1 . 7 5 3 2 0 0 . 7 8 3 1 5 3 . 1 0 8 . 8 6 0 7 1 6 . 4 0 2 0 4 3 6 . 8 7
1 8 S 5 . 7 3 0 4 7 .  14 2 7 7 3 . 3 0 3 1 4 6 . 5 7 3 0 3 2 . 2 7 9 . 1 6 0 7 1 6 . 9 7 8 7 4 5 3 . 4 0
17 4 6 • 5 6 0 4 3 . 6 6 2 7 0 5 . 7 7 3 0 9 2 . 1 6 3 0 1 0 . 5 9 9 . 4 5 9 9 1 7 . 5 5 6 4 4 7 0 . 0 6
2 0 0 7 . 3 9 0 5 0 .  13 2 6 3 7 . 6 6 3 0 3 3 .  12 2 9 3 3 . 0 7 9 . 7 5 3 5 1 3 . 1 3 6 3 1 8 6 . S7
"‘0 6 3 .  220 5 1 . 7 1 2 5 6 7 . 4 3 2 9 8 3 . 9 7 2 8 6 4 . 6 9 1 0 . 0 5 6 6 1 8 . 7 1 9 3 5 0 3 . 3 4
2 1 2 9 . 0 5  0 5 3 . 2 3 2 3 0 1 . 0 4 2 9 2 9 . 9 0 2 7 9 0 . 4 4 1 0 . 3 5 1 0 1 9 . 5 0 3 0 5 2 0 . 9 ?
2 1 8 7 . 5 8  0 5 4 . 75 24 3 2 . 4 8 x 3 7 6 , 0 5 2 7 1 5 . 3 2 10 6 5 1 3 1 9 . 8 9 1 1 3 3 3 . 3 5
2 2 3 0 . 7 1 0 5 6 . 2 7 '1 7 T> t. O 2 8 2 1 . 9 1 2 6 3 9 . 3 0 1 0 . ? 4 7 i ) 2 0 . 4 3 2 5 5 5 5 . 9 1
2 3 1 1 . 3 4 0 5 7 . 7 9 2 2 9 4 . 6 4 2 7 6 8 . 1 2 2 5 6 2 . 4 0 1 t  . 2 4 4 2 2 1 . 0 7 3 7 5 7 3 . ?2
2 3 7 2 . 3 7 0 5 9 . 3 1 2 2 2 5 . 2 ? 2 7 1 4 . 0 9 - 2 4 3 4 . 5 8 1 1 . 5 4 0 3 2 1 . 6 7 9 6 5 9 1 . 7 8
2 4 3 3 . 2 0 0 6 0 .  33 2 1 5 5 . 5 9 2 6 6 0 . 2 2 2 4 0 5 . 8 4 1 1 . 8 3 6 2 2 2 . 2 8 6 4 6 1 0 . 1 4
2 4 9 4 . 0 3 0 6 2 . 3 5 2 0 8 5 . 4 9 2 6 0 6 . 2 6 2 3 2 6 . 1 7 1 2 . 1 3 2 0 2 2 . 8 9 9 9 6 2 8 . 8 2
2 5 5 4 . 8 6 0 6 3 . 3 7 2 0 1 4 . 9 5 2 5 5 2 . 2 5 2 2 4 5 . 5 5 1 2 . 4 2 7 7 2 3 . 5 2 1 0 6 4 7 . 8 7
2 6 1 5 . 6 9 0 6 5 . 3 9 1 9 4 3 . 9 1 2 4 9 8 . 2 7 2 1 6 3 . 9 7 1 2 . 7 2 3 4 2 4 . 1 5 1 0 6 6 7 . 3 2
2 6 7 6 . 5 2 0 6 6 .  91 1 8 7 2 . 3 0 24 44  . 1 8 2 0 8 1 . 4 2 1 3 . 0 1 9 2 2 4 . 7 9 1 1 6 3 7 . 2 3
2 7 3 7 • 3 5 0 6 8 . 4 3 1 3 0 0 . 0 7 2 3 9 0 . 0 7 1 9 9 7 . 8 7 1 3 . 3 1 5 0 2 5 . 4 4 3 0 7 0 7 . 6 5
2 7 9 8 . 1 8 0 6 9 . 9 5 1 7 2 7 . 1 5 2 3 3 5 . 8 9 1 9 1 3 . 3 1 1 3 . 6 1 1 0 2 6 . 1 0 3 5 7 2 8 . 6 6
2 8 5 9 . 0 1 0 7 1 . 4 8 1 6 5 3 . 4 8 2 2 8 1 . 3 1 1 8 2 7 . 7 3 1 3 . 9 0 7 3 2 6 . 7 9 0 1 7 5 0 . 3 5
2 9 1 9 , 8 4 0 7 3 .  00 1 5 7 8 . 9 6 2 2 ^ 7 . 4 7 1 7 4 1 . 0 9 1 4 . 2 0 3 6 2 7 . 4 9 0 1 7 7 2 . 3 1
2 9 8 0 . 6 7 0 74 . 52 1 5 0 3 . 5 3 2 1 7 3 . 2 9 1 6 5 3 . 3 9 1 4 . 5 0 0 2 2 3 . 2 1 2 1 7 9 6 . 1 8
3 0 4 1 . 5 0 0 7 6 .  04 1 4 2 7 . 1 0 2 1 1 9 . 0 6 1 5 6 4 . 5 9 1 4 . 7 9 6 ? 2 8 . 9 6 0 2 8 2 0 . 6 2
3 1 0 2 . 3 3 0 7 7 . 5 6 1 3 4 9 . 5 6 2 0 6 4 . 8 0 1 4 7 4 . 6 7 1 5 . 0 9 3 6 2 9 . 7 3 9 4 8 4 6 . 3 2
3 1 6 3 . 1 6 0 7 9 . 0 8 1 2 7 0 . 8 4 2 0 1 1 . 0 7 1 3 8 3 . 6 1 1 5 . 3 9 0 4 3 0 . 5 5 6 9 8 7 3 . 5 6
3 2 2 3 . 9 9 0 3 0 .  , 7 1 1 9 0 . 3 1 1 9 5 7 . 0 6  , 1 2 9 1 . 3 7 1 5 . 6 8 6 7 3 1 . 4 2 0 8 9 0 2 . 6 7
3 2 8 4 . 8 2 0 8 2 .  1 2 1 1 0 9 . 3 7 1 9 0 3 . 9 3 1 1 9 7 . 9 2 1 5 . 9 8 2 4 3 2 , 3 4 3 4 9 3 4 . 1 3
3 3 4 5 . 6 5 0 8 3 . 6 4 1 0 2 6 . 3 9 1 8 5 1 . 2 0 1 1 0 3 . 2 3 1 6 . 2 7 6 8 3 3 . 3 4 0 4 9 6 8 . 5 9
3 4 0 6 . 4 8 0 8 5 . 1 6 9 4 1 . 7 5 1 7 9 9 . 5 2 1 0 0 7 . 2 7 1 6 . 5 6 9 3 3 4 . 4 3 4 7 1 0 0 6 . 9 7
3 4 6 7 . 3 1 0 8 6 . 6 8 8 5 5 . 3 1 1 7 4 9 . 4 1 9 0 9 . 9 8 1 6 . 8 5 8 6 3 5 . 6 5 9 8 1 0 5 0 . 6 9
3 5 2 8 . 1 4 0 8 8 .  20 7 6 6 . 9 1 1 7 0 1 . 6 3 8 1 1 . 3 5 1 7 . 1 4 3 1 3 7 . 0 6 6 7 1 1 0 1 . 9 0
3 5 8 8 . 9 7 0 3 9 .  72 6 7 6 . 4 2 1 6 5 7 . 3 2 7 1 1 . 3 2 1 7 . 4 2 0 2 3 8 . 7 3 7 3 1 1 6 4 . 2 4
3 6 4 9 . 8 0 0 9 1 . 2 5 5 8 3 . 6 5 1 6 1 8 . 6 0 6 0 9 . 8 5 1 7 . 6 8 5 5 4 0 . 8 1 2 5 1 2 4 4 . 1 5
3 7 1 0 . 6 3 0 . 9 2 . 7 7 4 8 8 . 4 0 1 5 8 9 . 6 3 5 0 6 . 9 2 1 7 . 9 3 2 3 4 3 . 5 5 5 6 1 3 5 4 • 5 5
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<3S>
siSi'J-sO 1 P d> orig g-w contact

2 Avg. Reservoir pressure

Aquifer boundary effect

Ra/Rq = 3.0
Ra/Rg = 2.0

Ra/Rg = 6.0

0 . 00 5 0 0 .00  1000.00  1500.00  2000 .00  2500 .00  3000 .00  3500 .00  ^ 000•00

We(MBBLS)
Figure 2. Water Influx Performance for Pi = 5,000 psi ,

G = 1 0 . 0  BSCF, O = 2.5 MMSCF/D, C f = 4.0 X 10
psi , and various Ra/Rg.
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P (a) orig g-w contact 
Avg. ' Reservoir pressure

-Aquifer boundary effect

Ra/Rg
CD";

Ra/Rg

Ra/Rg = 3.0

Ra/Rg = 2.0
1500.00 2000 .00  25 00 .00  3 000 .00  3500 -1000.‘0 . 00

We(MBBLS)

Figure 3. Water Influx Performance for Pi = 10,000 psi,
G = 10.0 BSCF, Q = 2.5 MMSCF/D, Cf = 4.0 X 10
psi- 1 , and various Ra/Rg.
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orig. g-w contact

Avg. Reservoir Pressure

1 0. 00 1 5 . 00 25. 00 30. 00

We(MBBLS)
Figure 4. Water Influx Performance for Pi = 10,000 psi,

Ra/Rg = 2 . 0 ,  G = 100.0 BSCF, Q = 25 MM SCF/D, and
= 4.0 X 10“6 psi"l .
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CM-

Aquifer boundary effect

orig. g-w contact

Avg. Reservoir Pressure

15. 00 30. 00 40. 00

We(MBBLS)
Figure 5. Water Influx Performance for Pi = 10,000 psi,

Ra/Rg = 3, G = 100.0 BSCF, Q = 25 MMSCF/D, and
Cf = 4.0 X 10"6 psi"1.
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Aquifer boundary effect

ong. g w contact

Avg. Reservoir Pressure

■_! , , 1 , 1 1 ! !

0 .0 0  5 .0 0  10 .00  15.00 20 .00  2 5 .0 0  33 .00  35 .00  40 .00

We(MBBLS)
Figure 6. Water Influx Performance for Pi = 10,000 psi

Ra/Rg = 4, G = 100.0 BSCF, Q = 25 MMSCF/D,and
Cf ='4.0 X 10-6 psi-l
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§

C M -

orig g w contact

Avg. Reservoir Pressure

o .

15 .000.00 5. 00 1 0 . 00 2 0 . 00 40. 00

We(MBBLS)
Figure 7 . Water Influx Performance for Pi = 10,000 psi,

Ra/Rg = 6.0, G = 100,0 BSCF, Q = 25 MMSCF/D, and
= 4.0 X 10“6 psi”-*-.



ER-2209 29

Ra/Rg
Ra/Rg
Ra/Rg
Ra/Rg

O -

o _

Pi 10,000 psi
© _

O -

5,000 psiPi

o _

O -

7.000.00 1.00 2.00 3.00 4.00 5.00 6 00
G P (M M M S C F )

8.00 9.00 10.00

Figure 8. P/Z Performance for Pi = 5000 psi, Pi = 10000 psi,
G = 10.0 BSCF, O = 2.5 MMSCF/D, and C , =8.0 X10-6 psi-i f
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o_
2.50 MMSCF/D 
1.66 7 MMSCF/D 
1.25 MMSCF/Do_

Ra/Rg
Ra/Rg
Ra/Rg
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O -
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O -

0 0 0 1 0 0 2 0 0 3.00 5.00
M M M S C F

60 0 7 00 8.00 90 0 1 0 0 0
GP

Figure 9. Effect of Field Production Rate on Gas Recovery 
For Pi = 5,000 psi, G = 10.0 BSCF, and C =
4.0 X 10 psi-1.
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1 Ra/Rg
2 Ra/Rg
3 Ra/Rg

in
f\2_

oo

4 Q = 25.00 MMSCF/D
5 Q = 16.67 MMSCF/D
6 Q = 12.50 MMSCF/D

0.00 10-20 20 40  30.60  40  80 51.00 61.20 71.40 81.60 91.80GP(BSCF)
Figure 10. Effect of Field Production Rate on P/Z Performance 

for Pi = 5000 psi, G = 100.0 BSCF, Cf = 4.0 X 10”6 
psi”-*-/ and various Ra/Rg.
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Ra/Rg = 6.0
o
o
in

Ra/Rg = 4.0

©

Ra/Rg = 3.0
2.50 MMSCF/D 
1.667 MMSCF/D 
1.25 MMSCF/D

Ra/Rg = 2.0

0.00 1.00 2.00 3.00 4.00  5.00 6 00GP(BSCF) 9.00 10.00

Figure 11. Effect of Field Production Rate on P/Z Performance, 
for Pi = 10,000 psi, G = 10.0 BSCF, Cf = 4.0 X 
10"® psi”l, and various Fa/Rg.
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Ra/Rg

25 M.MSCF/D 
16.6 7 MMSCF/D 
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Ra/Rg = 3.0

o -

Ra/Rg = 2

100.0090.0080.0070.0040 00 50.00 60.GP(MMMSCF)30.0010.00 20-000.00

Figure 12. P/Z Performance, for Pi = 10,000 psi, various 
Ra/Rg, various field production rate, G = 100.0 
BSCF, and Cf = 4.0 X lO^psi”1.
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o _

o -

Pi 5,000 psi

o -

o _

©_

O”
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8.03.02.00.0

Figure 13. Effect of Formation Compressibility on the 
P/Z Performance for Pi = 5,000 psi, Pi =
10,000 psi, G = 10.0 BSCF, Q  = 2.50 MMSCF/D,and Ra/Rg = 2.0. > .,
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i
Ra/Rg = 2.0 
Ra/Rg = 3.0 
Ra/Rg = 4.0 
Ra/Rg = 6.0
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o _
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o
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9.00 10.000.00 1.00 2.00 4.00 5.00 6 00 7.00 8.003 00

GP (MMMSCF)
Figure 14. Gas-Water Contact Performance for Pi = 5 0 0 0  psi,( 

G = 10.0 BSCF, Q = 2.5 MMSC.F/D, and Cf =
4.0 X 10 ^psi \
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o
© _ Ra/Rg

Ra/Rg
Ra/Rg
Ra/Rg

© -

o _

0.00 10.00 20.00 3000 5 0 00 60.00 70.00 80.00 90 00 100

GP(MMMSCF)
Figure 15. Gas-'Water Contact Performance for P^ = 5,000

psi, G = 100.0 BSCF, Q = 25.0MMSCF/D, C f =
4.0 X 1 0 "6 psi“l, and various Ra/Rg.
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GP(MMMSCF)
Ficmre 16. Gas-'Water Contact Performance, for Pi = 10,000

psi, G = 10.0 BSCF, Q = 2.5 0MMSCF/D,
C f = 4.0 X 10“6 psi“l, and various Ra/Rg.



HE
IG
HT
 

OF 
GA
Sr
WA
TE
R 

CO
NT
AC
T 

(F
T)

ER-2209
38

o
o

Ra/Rg
Ra/Rg
Ra/Rg
Ra/Rg

o
oo_

o_

o
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90.00 100 0070 00 30.0050.00 50.000 0 0 10.00 4-0.0020.00 3000

GP(MMMSCF)
Figure 17. Gas-^Water Contact Performance for P^ = 10,000 psi,

G = 100 BSSF, 0 = 25.0MMSCF/D, Cf = 4.0 X 10“6
psi”l, and various Ra/Rg.
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Figure 18. Effect Field Production Rate on the Gas-Water 
Contact Performance for Pi = 5000 psi, G = 
100.0 BSCF, Cr = 4.0 X 10”6 pSi-lf and various 
Ra/Rg.
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§
Ra/Rg
Ra/Rg
Ra/Rg
Ra/Rg

CM_

0 . 00 50 0 .00 1500.00 2000 .00  2500 .00  3000 .00  3500 .00  4000 .001 0 0 0 .0 0

We(MBBLS)
Figure 19. Effect of Ra/Rg on (We - Gas—Water contact)

Performance for Pi = 5,000 psi, G = 10.0 BSCF, 
0 = 2.5 MMSCF/D, and Cf = 4.0 X 10“6psi_1.
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Figure 20. Effect of Ra/Rg on (We - G-W Contact)
Performance for Pi = 5,000 psi, G = 10D.0 BSCF, 
Q = 25.0 MMSCF/D, and Cf = 4.0 X-10“6psi .
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(X>_

Ra/Rg

Ra/Rg

Ra/Rg

40 .0030. 00

We(MBBLS)
Figure 21. Effect of Ra/Rg on (We - Gas^water contact)

Performance for Pi = 10,000 psi, G =_L00.0 BSCF, 
Q = 25.0 MMSCF/D, and Cf = 4.0 X 10_6psi
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<S>
<S>

Ra/Rg = 4
Ra/Rg = 3 Ra/Rg = 6

Ra/Rg = 2

1600 .00 2400.00 3200.00 4000.00 4B00.000 . 00 B 0 0 .00
UIE( MBBLS)

Figure 22. Effect of Ra/Rg on (We - cum. pore volume
invaded) Performance, for Pi = 5000 psi, G =
10.0 BSCF, Q = 2.5 MMSCF/D, and G = 4.0 X 10“6psi_1.
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Ra/Rg = 
Ra/Rg = 
Ra/Rg =

25 .0015 .00
UIEC MBBLS)

5 . 00

Figure 23. Effect of Ra/Rg on (We - Cum. Pore Volume 
Invaded) Performance, For Pi = 5,000 psi,
G = 100.0 BSCF, Q = 25 MMSCF/D, and Cf =
4.0 X 10“6psi”1.
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Figure 24. Effect of Ra/Rg on (We - Cum » Pore Volume 
Invaded) Performance for Pi = 10,000 psi,
G = 10.0 BSCF, Q = 2.5 MMSCF/D, and Cf = 4.0 X 
10”6 psi"l .
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Ra/Rg
Ra/Rg
Ra/Rg
Ra/Rg

0 . 00 00 3 0 . 3 5 .0 0

Figure 25, Effect of Ra/Rg on (We - Cum* Pore Volume 
Invaded) Performance for Pi = 10,000 psi,
G = 100.0 BSCF, Q = 25 MMSCF/D,and C = 4.0 X 
10“6psi--*-.
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R /R a (
R /R a <
R /R

4.0
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Figure 26. Effect of the expansion of the trapped gas in
the water invaded zone on the cumulative voluum
invaded. For P. = 4#000 psi, G = 100 BSCF,

1 6 - 1  Q = 25 MMSCF/D, Cf = 4.0 x 10 psi ,
and various R^/R^. (The upper set represents
the cumulative pore volume invaded and the lower 

, set represents the associated gas expansion of 
the trapped gas in the water invaded zone.)
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Decline Gas Production Rate

Constant Gas Production Rate 
(25 MMSCF/D)

1 0 . 009 . 0 02 .0 0  
TIME( DATS)

4. 0 00 . 00

Figure 27. Effect of Constant and Decline Gas Production Rate on
the Performance of Average Gas Reservoir Pressure for
P. = 10,000 psi, G = 100 BSCF, Cf = 4.0 X lO^psi”1,
and Ra/Rg = 4.0.

V2. 0 0
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<S>

<— Constant Gas Production Rate 
(25 MMSCF/D)

Decline Gas Production Rate
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1 0 . 00

Figure 28. Effect of Constant and Decline Gas Production Rate on the 
Cumulative Gas Recovery for P. - 10,000 psi, G = 100 BSCF, 
Cf = 4.0 X 10 psi , and Ra/ftg = 4.0.
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Figure 29. Effect of Constant and Decline Gas Production Rate on the 
P/Z Performance for P. = 10,000 psi, G = 100 BSCF, Cf = 
4.0 X 10" psi“l and Ra/Rg =4.0.
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Calculate We.M-B

Calculate Volume Invaded
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Print Out

Calculate Gpc from M.B.Eg.
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Read in Rock & Fluid Properties 
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Aquifer Conditions
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Figure 30. Simplified Flow Diagram of Calculation Procedure
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