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ABSTRACT 

D i f f e r e n t i a l deplet ion is the t e r m ap­
plied to that phenomenon i n solut ion-gas d r i ve 
r e s e r v o i r s in which large pressure and satu­
ra t ion gradients develop as a resu l t of high 
product ion rates , high o i l v i s c o s i t i e s , or low 
f o r m a t i o n p e r m e a b i l i t i e s . This paper des­
cr ibes an inves t iga t ion to ascer ta in the degree 
to which va r ia t ions in the i n i t i a l p roduct ion 
rate and in r e s e r v o i r f l u i d p roper t i e s cause 
d i f f e r e n t i a l deple t ion to occur i n a low p e r m e ­
a b i l i t y (10 md) r e s e r v o i r , and the resul tan t 
effect on recovery at a reasonable economic 
abandonment ra te . 

The resul ts of the r a t e - e f f ec t i n v e s t i ­
gation indicate that f o r the type of r e s e r v o i r 
modeled, i . e . , t h i n , l i n e a r , ho r i zon t a l , 
homogeneous and i s o t r o p i c , the r e c o v e r y at 
economic abandonment is a lmos t comple t e ly 
independent of i n i t i a l p roduc t ion r a t e . Th i s 
fact is t rue even though the rates inves t iga ted 
v a r i e d three hundred f o l d and a la rge amount 
of d i f f e r e n t i a l deple t ion was induced at the 
higher ra tes . However , the producing g a s / o i l 
r a t i o behavior and t i m e to abandonment are 
ve ry d e f i n i t e l y rate sens i t ive . F r o m an eco­
nomic rate of r e tu rn standpoint , i t appears 
that an opera tor can produce o i l at a high 
rate , and thus achieve a g rea te r present 
w o r t h , whi le los ing v e r y l i t t l e of the to t a l 

recoverable o i l . 

The resul ts of the var iab le f l u i d p rope r ty 
inves t iga t ion indicate that as the bubble point 
pressure and the solut ion-gas increase at 
constant A P I g r a v i t y , the amount of d i f f e r e n ­
t i a l depletion decreases . This decrease is 
accompanied by an increase in the amount of 
t o t a l recoverable o i l that had been recovered 
at economic abandonment. For the case of 
v a r y i n g A P I g rav i ty at constant bubble point 
solut ion-gas , the amount of d i f f e r e n t i a l de­
ple t ion decreased s l i g h t l y as the A P I g rav i ty 
inc reased . This decrease in d i f f e r e n t i a l de­
plet ion was accompanied by the same t rend as 
above. 

I N T R O D U C T I O N 

The mathemat ica l p r ed i c t i on of so lu t ion-
gas d r i v e pe r fo rmance has been at tempted f o r 
m o r e than three decades. Muskat and M e r e s 1 

were some of the f i r s t to f o r m u l a t e the theory 
of two-phase f l u i d f l o w . Al though t he i r equa­
t ions are r e f e r r e d to as exact, r a the r gross 
af isumptions r ega rd ing such things as r e l a t ive 
pe rmeab i l i t y and phase behavior are made. 

Muskat l a t e r^ s i m p l i f i e d the two non­
l i nea r , second o rde r p a r t i a l d i f f e r e n t i a l 

References an' i l l u s t r a t i o n s at end of paper. 
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equations to one non- l inea r , f i r s t o rde r d i f ­
f e r e n t i a l equation g iv ing an app rox ima t ion 
that could be solved quite eas i ly by n u m e r i ­
ca l means. Unfor tuna te ly f o r s i m p l i c i t y , 
pe r fo rmance is cha rac t e r i z ed asi t ak ing 
place at an i n f i n i t e s i m a l l y s m a l l p roduc t ion 
rate that does not induce pressure or s a tu r ­
ation contras ts w i t h i n the r e s e r v o i r . It is 
postulated that an "average" pressure and 
sa tu ra t ion can be found that cha r ac t e r i z e the 
ent i re sys tem. Under these assumpt ions , 
r ecovery is e n t i r e l y dependent upon the r e l a ­
t ive pe rmeab i l i t y c h a r a c t e r i s t i c s o f t h e 
r e s e r v o i r rock and the " P - V - T " p rope r t i e s 
o f t h e r e s e r v o i r f l u i d s . 

Several other au thor s^ ' ^ ' ' have p r o ­
posed s i m i l a r techniques for p r e d i c t i n g 
r e s e r v o i r pe r fo rmance using this so -ca l l ed 
"s teady-s ta te" type of m o d e l . These t ech­
niques have been extended or rev ised by 
severa l inves t iga to r s" - ~*> . T h e o r e t i c a l 
inves t igat ions using these techniques to study 
the ef fec t of re la t ive p e r m e a b i l i t y and f l u i d 
p roper t ies on recovery have been repor ted 9, 10 

Tlie f i r s t at tempts to c i r c u m v e n t the 
assumptions that l i m i t the above techniques 
were repor ted by Lope r and Ca lhoun^ 1 and 
M i l l e r et. a l . These techniques combine 
some of the m a t e r i a l balance ideas of the 
previous methods along w i t h r a d i a l f low 
f o r m u l a s to creat a "succession of steady-
states" analysis that a l lows ca lcula t ions of 
p ressure and sa tura t ion p r o f i l e ; ; across the 
rese r v o i r . 

The r igorous so lu t ion o l the n o n - l i n e a r , 
p a r t i a l d i f f e r e n t i a l equations govern ing un ­
steady-state solut ion-gas d r i v e behavior d id 
not begin un t i l the development of mode rn 
d i g i t a l comput ing equipment in the 1950's . 
The c l a s s i ca l unsteady-state paper d e s c r i b ­
ing solut ion-gas d r i v e r e s e r v o i r ? was 
publ ished by West, G a r v i n , and S h e l d o n . ^ 
They, as did those who came l a t e r , rep laced 
the non- l inea r , p a r t i a l d i f f e r e n t i a l equations 
w i t h f i n i t e d i f f e rence analogs and solved the 
resu l t ing sys tem of equations n u m e r i c a l l y . 
T h e i r basic equations neglected c a o i l l a r y 
pressure and g r a v i t a t i o n a l e f f e c t s . Whi le 
these inves t iga tors presented no s t a r t l i n g 
resu l t s , t h e i r e f fec t on f u t u r e w o r k in this--
a rea is cons iderab le . 

W a l l i c k 1 ^ in r e p o r t i n g an a t t empt to 
dupl icate the resul t s of West , e t . a l . d i s cus ­
ses an i n t e r e s t i n g point . In an a t tempt to 
v e r i f y that this technique is v a l i d , he p r e ­
sents resul t s f r o m a se r ies of th ree p r e d i c ­
tions over which the i n i t i a l p roduc t ion rate 
was reduced by a f ac to r of 10. As wou ld be 
hoped, when the producing g a s / o i l r a t i o 
curves were a l l plot ted on the same graph, 
they, as a group, approached that of a 

Musxat type p r eo i c t i on . 

Stone and G a r d e r 1 ' ' presented a some­
what d i f f e r e n t f o r m u l a t i o n of the l i nea r gas-
d r i v e mechan i sm. T h e i r equations include 
g r a v i t v e f fec ts but neglect c a p i l l a r y pressure 
and are w r i t t e n in such a manner as to a l low 
a so lu t ion techni jue that is m o r e s t r a igh t ­
f o r w a r d and computa t iona l ly fas te r than that 
used by West , e t . a l . They applv these 
equations in a l i m i t e d study of complete 
p ressure maintenance, solut ion-gas d r i v e , 
and gas-cap expansion d r i v e . 

Using a ma themat ica l f o r m u l a t i o n a l ­
most iden t i ca l to the rad ia l sys tem of 
West, e t . * l . , Levine and P r a t s ^ ' per fo t r i ­
ed a study o f t h e effect of absolute pe rme­
a b i l i t y , w e l l spacing, and, to a ce r t a in 
extent, product ion rate on so lu t i on-ga s d r i ve 
p e r f o r m a n c e . The effect r e su l t ing f r o m 
va r i a t ions in these three pa ramete r s upon 
recovery at economic abandonment {£ ob i / 
day) was de t e rmined . 

Using one f a i r l y t y p i c a l " set o i 
" P - V - T " proper t ies they found that spacings 
ranging f r o m 10 to KO acres had ve ry l i t t l e 
e f fec t on economic r ecove ry . As would oc 
expected the closer spacing was s l i g h t l y 
m o r e f avorab le . However , the effect of 
p e r m e a b i l i t y was much more pronounced, 
an increase of pe rmeab i l i t y f r o m . 5 m d . 
to 25 m d . i nc reas ing the r ecove ry about 
1. 8 t i m e s . Wi th regard to spacing they 
ment ion that f o r a f o u r - f o l d increase in 
rate the r ecovery at economic abandonment 
is a lmos t comple te ly unaf fec ted . 

One f a c t o r causes some doubt to be 
shed on t h e i r p e r m e a b i l i t y v a r i a t i o n e x p e r i ­
ments : they held every th ing constant ex­
cept p e r m e a b i l i t y . It is known f r o m pet ro-
p h y s i c s ^ that a basic r e l a t ionsh ip exists 
between absolute p e r m e a b i l i t y , po ros i t y , 
and connate water s a tu ra t i on . Consequently, 
p e r m e a b i l i t y can not be v a r i e d , at constant 
connate water sa tura t ion , wi thout also 
v a r y i n g the p o r o s i t y . A l s o , as shown by 
Fe l sen tha l ' r e la t ive p e r m e a b i l i t y to o i l 
and gas is re la ted to absolute p e r m e a b i l i t y . 
Unfo r tuna te ly , as yet, no inves t iga t ion has 
been c a r r i e d out to obtain an ana ly t i ca l 
express ion re l a t ing the two. 

Levine and Pra t s ment ion one f u r t h e r 
point that is hard to accept; us ing a graph, 
they show that the g a s / o i l r a t i o data f o r a l l 
t h e i r runs f a l l along the same c u r v e . They 
conclude that GOR behavior i s independent 
of spacing, ra te , etc. This seems f a i r l y 
u n l i k e l y . 

A l s o using a mode l a lmos t i den t i ca l to 
that of West , G a r v i n and Sheldon, Heuer , 
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C l a r k and D t w n studied the ef fec t on economic 
recovery of w e l l spacing, p e r m e a b i l i t y c o n ­
s t ruc t ions , and produc t ion ra te . T h e i r con­
clus ion concerning spacing (40-80 ac res ) 
concurs w i t h that of Levine and P r a t s . How­
ever, they do point -out that the t ime to 
abandonment is d i r e c t l y p r o p o r t i o n a l to the 
spacing; this fac t should be the main c o n s i ­
de ra t ion . For the p e r m e a b i l i t y cons t r i c t ed 
model they found l i t t l e ef fect on economic 
recovery even though t h e i r sys tem contain 
two ra ther severe p e r m e a b i l i t y v a r i a t i o n s . 
They, also, did not vary poros i ty o r r e l a ­
t ive p e r m e a b i l i t y w i t h changing absolute 
p e r m e a b i l i t y . Wi th r ega rd to rate v a r i a t i o n s , 
the i r resu l t s more or less substantiate those 
of Levine and P ra t s : f o r a t w o - f o l d increase 
in rate, the recovery at economic abandon­
ment was v i r t u a l l y unaf fec ted . 

Ridings , Dal ton , j e t . a l . ^ present the 
most r igorous mathemat ica l model yet des­
c r ibed in the l i t e r a t u r e pure ly f o r so lu t i on -
gas d r i v e behavior . T h e i r model considers 
c a p i l l a r y pressure and g rav i ty and is a p p l i ­
cable to e i ther a l inea r or r a d i a l sy s t em 
through proper de f in i t i on of t e r m s . A l s o , 
they use a d i r ec t solut ion technique proposed 
by R i c h m y e r as opposed to the i t e r a t i v e 
and s e m i - i t e r a t i v e methods used by other 
w o r k e r s . These inves t iga to rs concluded 
that u l t ima te recovery is independent of p r o ­
duction rate and spacing but that g a s / o i l 
ra t io behavior is dependent upon both p r o ­
ducing rate and spacing of w e l l s . 

As can be seen f r o m the above d i scus ­
sion, considerable w o r k has been done i n 
unsteady-state solut ion-gas d r i v e p e r f o r m ­
ance p red ic t ion , but much more needs to be 
done. A l m o s t a l l o f t h e above ment ioned 
papers cover only a s m a l l range of data; 
i . e . , most of them use only one set o f r e l a ­
t ive p e r m e a b i l i t y curves , one set of f l u i d 
p roper t i es and r a r e l y more than one or two 
producing ra tes . Consequently, a comple te 
inves t iga t ion of this mechanism, is needed. 

With this need in m i n d , the present 
study was undertaken. In o r d e r to keep 
involvement w i t h ma themat i ca l p rob lems 
low and a l low m o r e e f f o r t to be used in 
inves t iga t ive s tudies , this i nves t iga t ion was 
r e s t r i c t e d to a one-d imens iona l analys is of 
a low p e r m e a b i l i t y , t h in , homogeneous and 
i s o t r o p i c , h o r i z o n t a l sandstone r e s e r v o i r 
producing by solut ion-gas d r i v e . The 
ma themat i ca l model was o therwise c o m ­
pletely r igo rous in the one d i m e n s i o n ; i . e . , 
f u l l unsteady-state and c a p i l l a r y p r e s su re 
effects were inc luded . 

The phenomenon def ined e a r l i e r as 
d i f f e r e n t i a l deplet ion was inves t iga ted and 
i ts e f f ec t on r e c o v e r y at economic abandon-
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ment was de te rmined . The independent 
pa ramete r s , i n i t i a l p roduct ion rate and 
f l u i d p rope r t i e s , were va r i ed in an at tempt 
to induce va ry ing degrees of d i f f e r e n t i a l 
deple t ion . P ressu re and saturat ion be­
hav io r w i t h i n the r e s e r v o i r and f l u i d p r o ­
duction were mon i to red as a funct ion of t i m e . 

THE I N V E S T I G A T I V E STUDY 

Since, as noted above, d i f f e r e n t i a l 
deplet ion (DD) can be a r e su l t of low rese r ­
v o i r p e r m e a b i l i t y , high product ion rate , or 
adverse f l u i d p rope r t i e s (high v i s cos i t y ) 
w o r k i n g separately or together , represent ­
at ive values f o r these var ious parameters 
had to be selected fo r use in the study. A l ­
though i t i ^ t rue that r e l a t i ve p e r m e a b i l i t y 
c h a r a c t e r i s t i c s a re a func t ion of absolute 
p e r m e a b i l i t y ^ , the re la t ionsh ips have not 
been general ly developed; consequently, i t 
was decided to hold the absolute p e r m e a b i l i t y 
constant at a low value and sys t ema t i ca l ly 
va ry the other two p a r a m e t e r s . To th is 
end, a ser ies of p roduc t ion rates and a 
group of f l u id p rope r t i e s were chosen f o r 
use that were bel ieved to span a large 
amount of those condi t ions found in o i l f i e l d 
producing opera t ions . 

As mentioned i n the i n t roduc t ion , 
severa l authors have indicated that u l t i ­
mate r ecovery i n a solut ion-gas d r ive f i e l d 
is independent of such parameters as w e l l 
spacing, producing ra te , etc. However , i t 
has been shown that r e c o v e r y at some nor ­
m a l economic abandonment rate (say 2-R 
bb l /day) is a f fec ted by ce r t a in of these 
f a c t o r s . Consequently, f o r this study i t 
was decided to use r ecovery at some eco­
nomic abandonment condi t ion as an i n d i ­
ca t ion of the e f f ec t of the two subject 
parameters on so lu t ion-gas d r i v e p e r f o r m ­
ance. 

The ma themat i ca l mode l used in this 
study is presented i n Appendix A . A p r o ­
posed method f o r c o r r e l a t i n g the product ion 
rate f o r the l i nea r sys t em used in this i n ­
ves t iga t ion wi th that f o r a m o r e r e a l , r a d i a l 
sys tem is presented i n Appendix B . 

The Rate E f f e c t Study 

F o r this study, the f l u i d p roper t i es 
f o r a f a i r l y " t y p i c a l " r e s e r v o i r o i l shown 
i n F igures l a and l b were used. The 
c a p i l l a r y pressure curve used is shown 
i n F i g u r e 2, and the r e s e r v o i r and produc­
t ion parameters are presented i n Table 1. 
The r e l a t ive p e r m e a b i l i t y c o r r e l a t i o n used 
is presented i n Appendix C. 

A l l calculat ions made in th is study 

S. 3. THURBER and 3. J. PIRSON 
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were constant t e r m i n a l rate (CTR) u n t i l the 
product ion point pressure dec l ined to 70 p s i . 
A t that t i m e , the change was made to con­
stant t e r m i n a l p ressure [ C T P ) p roduc t ion 
and the producing rate was a l lowed to decl ine 
according to the condit ions at the p roduc t ion 
point . In an at tempt to keep "ex t raneous" 
va r ia t ions f r o m e f f ec t ing the resu l t s , the 
i n i t i a l t ime step length was ad jus ted so as 
to keep the amount of o i l produced per t i m e 
step as constant as poss ible . 

The i n i t i a l l inea r sys tem rates and 
the i r cor responding i n i t i a l t i m e step lengths 
are shown in columns (1) and (2) of Table 2. 
Columns (3) and (4) give an i n d i c a t i o n o f the 
u l t ima te f r a c t i o n a l recovery of o i l and gas 
f o r a l l ra tes . As can be seen t h e r e , the 
general f ee l ing that u l t ima te r ecove ry is 
f a i r l y independent of p roduc ing ra te was 
v e r i f i e d . Columns (5) and (6) show the r a t i o 
of the r ecove ry of the var ious rates to the 
recovery at the highest rate, 30 bb l /day , 
and i t can be seen that the greatest dev ia ­
tion are app rox ima te lv . 7% f o r the o i l and 
. Z% for the gas . 

An in te res t ing point is apparent when 
the o i l r ecover ies are viewed beginning w i t h 
the highest rate and proceeding to the lowest . 
Upon doing th is , i t is apparent thai: the 
recovery increases s l igh t ly as the i n i t i a l 
rate is decreased to 2.0 bb l /day ; t h e r e a f t e r 
the recovery decreases to i ts m i n i m u m 
value at the lowest rate . The o i l r e cove ry 
predic ted fo r the . 1 bbl /day case is v e r y 
close to that of a s teady-state p r e d i c t i o n 
(0.2731 at 70 ps i ) . As f a r as the gas reco­
very is concerned, it genera l ly decreases 
very s l igh t ly as the rate decreases . 

In order to ascer ta in the degree to 
which DD is induced in the r e s e r v o i r by the 
various i n i t i a l rates, F igures 3 th rough 6 
should be inspected. For these f i g u r e s , 
four of the producing rates - - . 1 , 1.0, 
10.0, an t 30.0 bbl /day - - were selected 
along wi th six representa t ive stages of 
r e s e r v o i r deple t ion. These six stages are 
at cumula t ive f r a c t i o n a l r ecover i e s of; 
0.U0, 0 .045, 0 .10, 0 .15, 0 .20 , and 0 .275 . 
Each f igu re shows the r e s e r v o i r p r o f i l e s , 
pressure and sa tura t ion , f o r the va r ious 
stages of deplet ion fo r a p a r t i c u l a r i n i t i a l 
rate . 

As can be seen f r o m these p r o f i l e s 
the amount of DD induced increased 
t remendous ly as the i n i t i a l ra te v a r i e d 
over the range covered . The p r e s su re 
appears to be m o r e responsive in th is r e ­
gard , but the effect is much in evidence in 
the sa tura t ion p r o f i l e s at the h igher ra tes . 
I t can be noticed that the sa tu ra t ion near 
the product ion point continues to decl ine 

a f t e r the boundary condi t ion change f r o m 
CTR to C T P p roduc t ion . 

lnc iden t ly , bv examin ing the r e s e r v o i r 
p r o f i l e s f o r the 0. 1 bb l /day case shown in 
F igure 3, i t is quite evident why this case 
predic ted a recovery e x t r e m e l y close to 
that of a steady-state p r e d i c t i o n . I t is e v i ­
dent. that f o r this case the assumpt ion 
exp l i c i t in the s teady-state p red ic t ion 
technique that no p ressure or sa tura t ion 
d i f f e r e n c e exists ac ross the rese rvo i r was 
quite c losely app rox ima ted . 

W i t h these observat ions concerning 
the p r o f i l e ? f o r the var ious cases in m i n d , 
let u • examine the average r e s e r v o i r p res ­
sure and producing g a s / o i l r a t i o curves 
for ce r ta in of these tests that a re shown in 
F igures 7 and 8, r e spec t ive ly . The aver ­
age r e s e r v o i r p ressure valueb are on a 
volume weighted basis . For reference- the 
curves f r o m a ste J< ; \ - s tu te p red ic t ion are 
a lso in. hided. As can be seen the ave rage 
r e s e r v o i r p ressure is not unduly a f fec ted 
by the lar-^e va r i a t ions in rate and amount 
of DD. As would be expected f r o m e x a m i ­
nation of the p r o f i l e s , the greatest dev ia ­
t ion f r o m a steady-state pe r fo rmance 
o c c u r r e d f o r the h igher ra tes . However , 
the producing GOR behavior is t r e m e n ­
dously a f fec ted by the i n i t i a l producing 
rate and amount of DD. This bei iavior is 
of course a r e f l e c t i o n of the pressure ano 
sa tura t ion values in e f fec t at the producing 
poin t . As can be observed in Figures 3 
through 6, the value of these var iables at 
that point f o r a p a r t i c u l a r t ime in the p r o ­
ducing h i s t o r y is ve ry much af fec ted by 
the i n i t i a l ra te . 

The " V " shape cha rac t e r i zed m i n i m u m 
point in the GOR curves is a r e f l e c t i o n of 
the change f r o m CTR to C T P p roduc t ion . 
The r i se and resul tant hump in the GOR 
curve a f t e r this change is eas i ly expla ined . 
As the w e l l bore p ressure is d rawn down 
to a m i n i m u m by f l u i d p roduct ion , the GOR 
curve takes on a f a i r app rox ima t ion to a 
s teady-state cu rve shape (although i t may 
be sh i f t ed cons ide rab ly ) . A f t e r the change 
f r o m CTR to C T P , the pressure at the 
producing point r emains constant, but the 
o i l sa tura t ion continues to dec l ine . Th i s 
dec l in ing o i l sa tura t ion a l lows the GOR to 
increase ( r e l a t i v e p e r m e a b i l i t y cons ider ­
a t ions ) . However , l a t e r in the p e r f o r m ­
ance the o i l sa tura t ion reaches a m i n i m u m 
value and s lowly inc reases . This increase 
in sa tura t ion decreases the r e l a t i ve p e r m e ­
a b i l i t y to gas, and thus the GOR decreases 
to a f i n a l value f a i r l y close to that of a 
s teady-state p red ic t ion at app rox ima te ly 
the same average r e s e r v o i r abandonment 
p.-es sure . 
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An interesting point concerns the amount 
of gas that is produced (and thus must be 
handled) du r ing var ious stages of r e s e r v o i r 
deple t ion . By examining F igu re 8 i t can be 
seen that as the i n i t i a l p roducing rate i n -
creas. . the producing GOR curve r i ses much 
higher i n i t i a l l y but does not reach as l a rge a 
value la te r Consequently an opera to r p r o ­
ducing a r e s e r v o i r at a " h i g h " rate w i l l 
i n i t i a l l y experience a need f o r much l a r g e r 
gas handl ing f a c i l i t i e s than would be p r o ­
p o r t i o n a l l y necessary i f p roduc ing at a 
lower ra te . L a t e r in f i e l d l i f e when the 
lower i n i t i a l o i l rate GOR curves have 
higher values than those f o r the h igher i n i t i a l 
o i l ra tes , the lower o i l p roduc ing rates keep 
the actual amount of gas produced per day 
f r o m ever exceeding that f o r the h igher 
i n i t i a l ra tes . 

Now, to consider the foca'i point of this 
va r i ab le rate sect ion: the e f fec t of rate on 
recovery at some economic abandonment. 
In this r ega rd at tention is d i r ec ted to F i g ­
ure 9. Here the producing rate is shown as 
a func t ion of cumula t ive f r a c t i o n a l r e c o v e r y . 
It is read i ly apparent that i n i t i a l p roduc ing 
rate has l i t t l e e f fec t on the p roduc ing rate 
at some l a t e r t i m e , and thus the r e c o v e r y 
at some economic abandonment rate is 
v i r t u a l l y unaffected by i n i t i a l p roduc ing 
ra te . However , by examin ing F i g u r e 10 
wh ich shows the p roduc ing t i m e f o r var ious 
i n i t i a l rates as a func t ion of cumula t ive 
r ecovery , i t can be seen that the t i m e r e ­
qu i r ed to achieve a p a r t i c u l a r amount of 
p roduc t ion is v e r y d e f i n i t e l y rate sens i t ive . 
This last observat ion i s , of course , to be 
expected. 

To b r i ng these two points c l e a r e r in to 
focus , two values f o r abandonment r a d i a l 
sys tem equivalent rate (RSER) w e r e chosen 
and the r ecove ry and t i m e at those points 
were examined. R e f e r r i n g to Table C - 1 , 
i f a value of " h " between 25 feet and 30 feet 
is used, a value of 0.05 f o r R T i s p e r m i s ­
s ib l e . T h e r e f o r e , i f values of 3 and 40 
bb l /day are selected f o r U8e as abandon­
ment (RSER), the l i n e a r abandonment rates 
are . 15 and 2.0 bb l / day . 

Summar ies of the resu l t s obtained v/hen 
produc t ion is t e rmina ted at these th ree rates 
are shown i n Tables 3 and 4, r e s p e c t i v e l y . 
Columns (6), (7), and (8) of these tables a re 
the most i m p o r t a n t . I n these co lumns the 
ra t ios of the o i l and gas r ecove r i e s and p r o ­
ducing t ime f o r each ra te to those of the 
highest rate (30 bb l /day) are presented . By 
observ ing these columns the percentage i n ­
crease i n o i l and gas r e c o v e r y gained by 
using a l ower i n i t i a l ra te can be weighed 
against the ex t ra p roduc ing t i m e i n v o l v e d . 

1 

First for an abandonment RSER of 3,0 
bbl/day, Table 3 indicates that using an 
i n i t i a l l i nea r rate of 2.0 bb l /day in p r e f e r ­
ence to one of 30.0 bb l /day , w i l l increase 
o i l r ecove ry by about 1% but w i l l increase 
the producing t i m e by about 62%. This 
long, ex t ra producing time obviously is not 
j u s t i f i e d . A l s o v e r y i n t e r e s t i ng is the fact 
that f o r an i n i t i a l l inea r rate of 0. 5 bb l /day 
the amount of o i l recovered is ac tua l ly 
lower than that f o r the 2. 0 bbl /day case 
eventhough the p roduc ing t ime a lmost t r i p l e s . 
The lower r ecovery at that rate is a r e f l e c ­
t ion of the closeness of the r e s e r v o i r p r o ­
f i l e s to steady-state condi t ions . 

In o rder to de termine whether or not 
the abandonment RSER of 3. 0 bb l /day is 
too low to be mean ingfu l , the other value 
was inves t iga ted . Here , however, the 
same general t rend was observed; i . e . , 
the ex t r a r ecove ry gained by using a lower 
i n i t i a l product ion rate was d r a s t i c a l l y 
over-shadowed by the addi t ional r ecovery 
t i m e needed. Table 4 indicates that by 
using the 2 .0 bb l /day l inea r rate instead 
o f t h e 30.0 bb l /day rate , the o i l r ecovery 
is inc reased only 6% whi le the producing 
t ime increased about 360%. 

The two points just made should be r e -
emphasized: (1) Recovery at a reasonable 
economic abandonment rate is essent ia l ly un­
af fec ted by i n i t i a l producing rate even though 
rates used v a r i e d three hundred fo ld and 
the amount of DD induced changed t r e m e n ­
dous ly . However , the t ime to achieve this 
abandonment rate is very d e f i n i t e l y depen­
dent on i n i t i a l r a t e . (2) The ex t ra recovery 
at tained by using a lower producing rate is 
d e f i n i t e l y overshadowed by the addi t iona l 
producing t i m e necessary . 

The r a m i f i c a t i o n s of these observat ions 
in the i n d u s t r y are obvious . While i t must 
be r e m e m b e r e d that the r e s e r v o i r modeled 
in this study was quite i dea l - - l i n e a r , h o r i ­
zon ta l , homogeneous and i so t rop ic - - these 
resul t s cast considerable doubt on the be­
l i e f held by many people w i t h i n the i n d u s t r y 
that the i n i t i a l p roduc ing rate of a so lu t ion-
gas d r i v e r e s e r v o i r should be c u r t a i l e d to 
conserve r e s e r v o i r energy i n o rde r to 
recover more o i l l a t e r . The resu l t s of 
this study indicate that f r o m an economic 
standpoint (present w o r t h of money) th is 
p rac t i ce is f a l s e . 

The F l u i d P r o p e r t y E f f e c t Study 

To cha rac te r i ze the var ious sets of 
fluids used, the A P I g r a v i t y and the bubble 
point so lu t ion GOR were used as the i d e n t i ­
f y i n g f a c t o r s . Us ing this sys tem, an o i l 
designated by 22-600 indicates an A P I 

S. S. THURBER and S. J. PtRSON 
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gravity of 22° and a bubble point solution 
GOR, R8b, of 600 scf/bbl. 

F o r this study two groups of fluid p r o ­
per t ies were developed f o r t e s t i ng : ( l ) o i l s 
w i t h A P I g rav i t i e s of 1 5 ° , 2 2 ° , 3 0 ° , and 
4 0 ° a l l w i t h an R s b of 600 s c f / b b l ; (2) o i l s 
w i t h an A P I g r a v i t y of 4 0 ° and having R s b ' s 
of 200. 600, 1000 and 1400 s c f / b b l . T h i s 
data waa taken f r o m i n f o r m a t i o n g iven i n 
the d i s se r t a t ion of B u l l o c k 2 2 and A b i b 2 ^ . 
The i n f o r m a t i o n presented by these two 
authors was taken f r o m var ious c o r r e l a t i o n s 
in the l i t e r a t u r e . 

Graphic presenta t ion of the f l u i d data 
is shown in F igures 11 th rough 20. In 
Table 5 the value of the p rope r t i e s f o r the 
var ious o i l s at the bubble point ( i n i t i a t i o n 
of the r e s e r v o i r p red ic t ion) a re shown. 
A l s o shown are the i n i t i a l o i l and gas con­
tents o f t h e r e s e r v o i r (see Table 1 f o r 
r e s o r v o i r d imens ions , p o r o s i t y , e t c . ) . 
F o r the R s b = 600 o i l s the i n i t i a l B 0 ' s a r e 
quite s i m i l a r and this is r e f l e c t e d i n the 
close s i m i l a r i t y of the r e s e r v o i r contents . 
The main d i s t ingu i sh ing c h a r a c t e r i s t i c of 
this set of crude oi ls is the wide v a r i a t i o n 
in the o i l v i s c o s i t i e s . For the A P I - 4 0 ° 
o i l s , the main d i s t ingu i sh ing c h a r a c t e r i s t i c s 
are the i n i t i a l values of R 8 , and consequently 
of B 0 . The B O D values range f r o m 1. 10 to 
1. 87 as the cor responding R S D values range 
f r o m 200 to 1400 s c f / b b l , The wide 
ranging B 0 ^ and R S D values are r e f l e c t e d 
i n the wide ly v a r y i n g amounts of o i l and 
ga6 o r i g i n a l l y i n -p l ace : p r o g r e s s i n g f r o m 
the 40-200 o i l to the 40-1400 data the o i l -
i n -p l ace decreases f r o m 14, 330 bbl to 
10,310 bb l , but the gas - in -p lace increases 
f r o m 3, 3*51, 000 scf to 14, 245, 000 scf . 

The r e s e r v o i r p rope r t i e s and produc­
t ion pa ramete r s f o r th is group of tests a re 
much the same condit ions as those of the 
previous sect ion, but w i t h three notable 
exceptions: (1) the i n i t i a l p roduc ing ra te 
was 3. 0 bb l /day and the i n i t i a l t ime step 
length was set at 5.0 days f o r a l l t es t s ; 
(2) the w e l l bore p ressure was a l lowed to 
decl ine to 50 psi before the change was 
made f r o m CTR to C T P boundary cond i t ions ; 
and (3) the e q u i l i b r i u m gas sa tu ra t ion was 
reduced to 0,035 a f t e r examin ing s eve ra l 
f i e l d r e l a t i v e p e r m e a b i l i t y curves in r e f e r ­
ence 18. 

Considerable ins igh t i n to the r e su l t s of 
these tests can be gleaned f r o m Tables 6 
and 7. In Table 6 the to t a l r e c o v e r y of o i l 
and gas on both a v o l u m e t r i c and f r a c t i o n a l 
basis a re presented along w i t h a nota t ion 
of the average (volume weighted) o i l sa tu­
r a t i o n at r e s e r v o i r abandonment. No t i ce 
should be made that the u l t i m a t e o i l r e c o v e r y 

Increased as the API gravity increased for 
the R8b = 600 oils, but the gaB recovery de­
creased. These observations are true on 
both a v o l u m e t r i c and f r a c t i o n a l bas is . For 
the 4 0 ° A P I o i l s , i t is seen that although the 
gas r e c o v e r y increased on both a f r a c t i o n a l 
and v o l u m e t r i c basis as the R 8 b was i n ­
creased, the o i l shows a somewhat d i f f e r e n t 
t r e n d . The u l t i m a t e o i l r ecove ry increased 
on a f r a c t i o n a l basis as the R s b increased , 
but due to the r ap id cor responding increase 
in BQJJ, the ac tua l v o l u m e t r i c r ecove ry de­
creased . Th i s is t rue since 34% of the ST 
o i l contained i n a r e s e r v o i r f i l l e d w i t h a 
f l u i d of B Q = 1.87 is cons iderab ly less than 
26% of the ST o i l contained i n the same 
r e s e r v o i r f i l l e d w i t h a f l u i d of B D = 1. 10. 
The t r e n d i n i nc rea s ing f r a c t i o n a l o i l 
r e c o v e r y as a func t ion of R 8 D and A P I 
g r a v i t y i s in l ine w i t h those repor ted by 
A r p 6 and R o b e r t s " 0 , and by B u l l o c k 2 * . As 
would be expected, the o i l sa tura t ion at 
u l t i m a t e abandonment decreased as the 
f r a c t i o n a l o i l r ecove ry inc reased . 

W i t h r ega rd to the amount of DD induced 
in the r e s e r v o i r , Table 7 should be examined. 
Columns (2) and (4), r e spec t ive ly , 6how the 
m a x i m u m pressure and sa tura t ion contras ts 
developed f o r each o i l . Columns (3) and (5) 
contain the " n o r m a l i z e d " equivalents of these 
"absolu te" va lues . "The n o r m a l i z e d " 
values were ca lcula ted using the f o l l o w i n g 
f o r m u l a ; 

Maximum L\F 

[I n i t i a l (max imum)" ! P M i n i m u m value "1 
value of F J L of F J 

(1) 

where F is e i ther p ressure or sa tu ra t ion . 

F o r the R 6 D = 600 o i l s , the m a x i m u m 
&p values v a r i e d quite w i d e l y , but when these 
values a re " n o r m a l i z e d " , no c lear pa t tern is 
d i s ce rnab le . W i t h the exception of the 15-600 
data, the va lues , on th i s basis , are ra ther 
c lose . F o r the sa tura t ions , a m o r e obvious 
t r end is present : as the A P I g r av i t y i n ­
c reased , the m a x i m u m sa tura t ion contrast 
decreased somewhat on both an absolute and 
" n o r m a l i z e d " bas is . These two trends i n d i ­
cate that a l though the amount of DD induced 
appears to be about the same on a " n o r m a ­
l i z e d " p res su re basis , i t decreases some­
what as the A P I g r a v i t y inc reases . This is 
most l i k e l y a r e f l e c t i o n of the decreas ing 
v i s c o s i t y . 

F o r the 4 0 ° A P I o i l s a somewhat r eve r se 
s i tua t ion ex i s t s i n the p ressure cont ras t s ; 
i . e . , the absolute m a x i m u m contrasts a re 
a l l about the same, but when these values 
are " n o r m a l i z e d " a v e r y de f in i t e t r end de­
ve lops . The amount of DD obvious ly is v e r y 
high f o r the 40-200 o i l and decreases to a 
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manner as to decrease the amount of dif­
ferential depletion, the fraction of total 
recoverable o i i that w i l l be recovered at 
economic abandonment w i l l i nc rease . 

CONCLUSIONS 
A N D R E C O M M E N D A T I O N S 

Reviewing the w o r k discussed i n this 
paper the f o l l o w i n g conclusions can be 
reached. 

1. D i f f e r e n t i a l depletion (DD) is a rea l 
phenomonon capable of being modeled w i t h 
an unsteady-state ane.lysis o f t h e f l u i d f l o w . 

2. D i f f e r e n t i a l deple t ion can be caused 
by a high producing rate or by adverse f l u i d 
p roper t ies . 

3. Spec i f i ca l l y w i t h r ega rd to producing 
rats , the fo l lowing observat ions are va l id : 

a. Increas ing the i n i t i a l p r o ­
ducing rate , increases the amount 
o f DD and thus causes r e s e r v o i r 
conditions to be e n t i r e l y d i f f e r e n t 
f r o m that indicated by a steady-
state analysts . 

b. The devia t ion of the p r o ­
ducing GOR curve f r o m that of a 
s teady-state p red ic t ion is a mea­
sure of the amount of DD induced. 

c. The DD induced devia t ion 
of the producing GOR behavior 
w i l l cause the p roduc ing gas rate 
to be higher than would be p r o p o r ­
t iona l ly expected f r o m the i n ­
creased o i l p roduct ion r a t e . 

d. While high i n i t i a l p r o ­
ducing rates cause a la rge amount 
of DD to occur , :hei r e f f ec t on the 
producing rate l a t e r i n the p r o ­
ducing h i s t o r y is r e l a t i ve s m a l l , 

e. Due to the phenomenon de­
sc r ibed in d. the cumula t ive f r a c ­
t iona l r ecovery at some reasonable 
economic abandonment ra te is es­
sen t i a l ly the same f o r a l l i n i t i a l 
ra tes , 

f. The producing t ime r e q u i r e d 
to reach the above abandonment 
rate is v e r y d e f i n i t e l y rate sens i t ive . 

g. Cons ider ing points e and f, 
the be l ie f held by many in the indus ­
t r y that the i n i t i a l p roduc t ion ra te of 
a solut ion-gas d r i v e f i e l d should be 
c u r t a i l e d i n o r d e r to obtain g r e a t e r 
r ecove ry l a t e r is not only w r o n g but 

v e r y damaging f r o m a present 
w o r t h of money standpoint . 

5. Spec i f i c a l l y wi th regard to f l u i d p ro ­
per t i e s , the f o l l o w i n g observat ions are va l id : 

a. The absolute amount of p res ­
sure contras t induced in a r e s e r v o i r 
decreases as the A P I g r a v i t y i n ­
creases at constant R s b - However , 

BF B D ' l f l a r e i ' f e ^ f s ' e ^ e f t t i a f r y W?a^nt 
fected by changing A P I g r a v i t y . The 
sa tura t ion contrasts indicate that the 
DD decreases somewhat w i th i n ­
c reas ing A P I g r a v i t y . 

b. F o r constant A P I g r av i t y w i t h 
v a r y i n g values of R S u > the absolute 
amount of p ressure draw down is es­
sen t i a l ly the same; however on a 
" n o r m a l i z e d " basis , i t is obvious 
that the amount of DD decreases as 
the R s ^ inc reases . The sa tura t ion 
contras ts indicate that this conclus ion 
i s t rue . 

c. The devia t ion of the p r o ­
ducing GOR curve fo .• an unsteady-
state p r ed i c t i on f r o m that of a steady-
state p red ic t ion is again a good i n d i ­
ca tor of the amount o l DD induced. 

d. The f r a c t i o n of to ta l r ecove r ­
able o i l and gas that had been re ­
covered at economic abandonment 
increased w i t h inc reas ing A P I g r a ­
v i t y at constant K s (- , , and increased 
w i t h inc reas ing R s b at constant A P I 
r\ r av i ty . 

e. Combin ing a, b, and d, i t 
seems evident that as the r e s e r v o i r 
f l u i d p roper t i e s change in such a 
manner as to decrease the amount 
of DD the f r a c t i o n of tota l r e c o v e r ­
able o i l that w i l l be recovered at 
some reasonable economic abandon­
ment rate w i l l i nc rease . 

Whi le the resul t s of this study o f f e r many 
in t e r e s t i ng and i n f o r m a t i v e ins ights in to 
so lu t ion-gas d r i v e behavior , severa l aspects 
need f u r t h e r i n v e s t i g a t i o n . Consequently, i t 
is recommended that the f o l l o w i n g steps be 
taken: 

1. Expand the present sys tem in to a 
r a d i a l geometry and, then, two and three 
d imens ions . Using these expanded mode ls , 
invest igate the v a l i d i t y of the basic conc lu ­
sions reached here concerning i n i t i a l p r o ­
ducing ra te i n a m o r e " r e a l " sy s t em. 
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2. Expand the range of f l u i d data 
covered, and i n conjunc t ion w i t h #1 , develop 
a genera l d i scuss ion of the p roduc ing cha rac ­
t e r i s t i c s of solut ion-gas d r i v e r e s e r v o i r s . 

N O M E N C L A T U R E 

B Gas F o r m a t i o n Vo lume F a c t o r , 
g res . f t . J / s c f . 

B O i l F o r m a t i o n Volume Fac to r , 
° res . b b l / S T B . 

B , Bubble Point B , r e s . b b l / S T B . 

ob o 

C T P Constant T e r m i n a l P r e s s u r e 

CTR Constant T e r m i n a l Rate 

DD D i f f e r e n t i a l Deple t ion 

k Absolute P e r m e a b i l i t y , Darcys 

k Rela t ive P e r m e a b i l i t y to Gas 
k Relative Permeability to Oil ro ' 

GOR G a s / O i l Rat io 

P c C a p i l l a r y P r e s s u r e , ps i 

p^ Gas P re s su re , psi 

P o O i l P r e s s u r e , ps i 

q O i l P roduc t ion Rate, 
° f t 3 / ( f t J r e s . v o l . * day) 

R Produc ing G a s / O i l Ra t io , s c f / S T f t 3 

R s Solut ion G a s / O i l Ra t io , s c f / S T f t 3 

R . Bubble Poin t R , s c f / S T B 
6 0 6 

S Gas Sa tura t ion , F r a c t i o n a l 
g 

S E q u i l i b r i u m Gas Sa tura t ion , F r a c t i o n 
ge 

S Q O i l Sa tura t ion , F r a c t i o n a l 

S . I r r e d u c i b l e O i l Sa tura t ion , F r a c t i o n a l o i r 

S Connate Water Sa tura t ion , F r a c t i o n a l 

wc 

t T i m e , days 

v Gas V e l o c i t y , f ee t /day 

V Q O i l V e l o c i t y , fee t /day 

x Distance, feet 

<f> P o r o s i t y , f r a c t i o n a l 

Gas V i s c o s i t y , cent ipoise 

U O i l V i s c o s i t y , centipoise 

o P a r t i a l D i f f e r e n t i a l Opera tor 

d To t a l D i f f e r e n t i a l Opera tor 

L Del ta , Change in a Quant i ty 
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A P P E N D I X A . 

D E V E L O P M E N T O F 

T H E M A T H E M A T I C A L M O D E L 

The equations used desc r ibe a th in , l i n e a r , 
h o r i z o n t a l , i s o t r o p i c and homogeneous r e se r ­
v o i r w i t h constant c r o s s - s e c t i o n a l area in 
wh ich o i l and gas are f l o w i n g s imul taneous ly . 
The f o l l o w i n g assumptions are necessary in 
this development . 

1. The f l u i d f l o w i n the r e s e r v o i r is 
i s o t h e r m a l . 

ize 
2. The f l u i d p rope r t i e s can be cha rac t e r -

id by the so -ca l l ed " P - V - T " r e l a t i onsh ips . 

3. The re la t ive p e r m e a b i l i t i e s of the two 
f l u id s can be descr ibed by a f u n c t i o n a l r e l a t i on ­
ship dependent only on s a tu ra t i on . 

4. The water phase is a lways at non-
movable connate s a tu ra t i on . 

5. The r e s e r v o i r rock is composed of 
consol idated sandstone conta in ing only i n t e r ­
g r a n u l a r p o r o s i t y . 

The basic equations needed a re : 

Con t inu i ty equation fo r each phase - -

o i l : 

A U t e r m s def ined i n the nomenc la tu re . 
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gas: 

* R 8 V ° L „ R** 

a 
at 

R S , s o 
"TT 

( A - 2 ) 

Da rcy ' s law f o r each phase - -

o i l : 

6. 328 k k 3p 
ro *o 

9x 
( A - 3 ) 

gas: 

6.328 k k op 
£L __£-

U „ o x 
( A - 4 ) 

C a p i l l a r y p ressure equation r e l a t i ng 
p and p - -
t o R 

P c ( S 0 ) = P g - P 0 ( A - 5 ) 

And , the sa tura t ion sum equ<ition - -

S +S + S = 1.0 (A-6 ) o wc g * 

By r e a r r a n g i n g A - 5 and app ly ing the 
chain ru le whi le d i f f e r e n t i a t i n g the r e su l t 
w i t h respect to " x " the resu l t i s : 

g 
5x 

dp BS 
*c o 

ST ( A - 7 ) 

Expanding the t i m e d e r i v a t i v e on the r i g h t 
hand side of the equations that r e su l t when 
equations A - l , A - 2 , A - 3 , A - 4 , A - 6 and 
A - 7 are combined, the f o l l o w i n g a r e obtained: 

B o w o k r 
R = R

s

 + TT 'Tr" i r s 

g g r o 

o i l : 

"ox" V B Q U O §k I 3x 

d ? c a - <bS 

— a i r ~qo - * sc 

b . 328 k k R 
ro 8 

B a o o 

( 1 

k at 

H - B 7 - s o ^ ~ [ Bo|-d57-J ot 

( A - 8 ) 

gas: 

r 6.328 k 

g 8 

k R \ op n 
r o s J g I 

B u &x J 
o o I 

a 
ax 

6. 328 k k R dp &S 1 ro s r c o 
~B Ci 

o o 

bJ4 
dR 

o 

R dB 
s o 

-q R 
n o 

o r o B 

+ 1 - S d P g ( B ^ ] " ! * 

1 c / 1 s_ 
~ W o I B dp 

g \ o K o 

R d B 
s 

d B \ d p c jfo 
at 

(A-9) 

These two non - l i nea r , p a r t i a l d i f ­
f e r e n t i a l equations have nine dependent 
va r i ab l e s : S , p , u , u , R , B , B , 

o' * y M o ' M g ' s' o' g ' 

k r Q , and "* rg» ^ n e a u x i l a r y equations 

necessary to make a consistent set a re : 

B = 

B = 

R = 

and: 

r g 

Bo<Po>' 

W 

k (S ) , rg" o 

^o = ^ P o ' ' 

Ug = w 
(A-10) 

k = k (S ) ; 
r o r o o 

( A - l l ) 
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Along with the definitions of A-10 and A-H, 
equations A-8 and A-9 constitute a system in 
essent ia l ly two unknowns, pg and S Q . 

In the present f o r m u l a t i o n the p roduc t ion 
t e r m s , q Q and q Q R i n the d i f f e r e n t i a l equations, 
are used to take care of f l u i d f l o w out of the 
sys tem, t h e r e f o r e , a n o - f l o w condi t ion must 
be imposed at the boundaries of the r e s e r v o i r . 
This is accompl i shed by se t t ing the dis tance 
de r i va t i ve of p ressure to ze ro ; i . e. , 

?x 
1 . 0 (A-12) 

A l s o , we must e i the r spec i fy the produc­
t ion rate or the p ressure at the w e l l b o r e . 
These two condit ions can be r ep resen ted as 
f o l l o w s : 

Constant t e r m i n a l rate (CTR) case - -

q = constant ( A - 1 3) 
o 

Constant t e r m i n a l p ressure ( C T P ) case - -

Sl constant ( A - 1 4 ) 

In e i ther case, C T P or C T R , when one quant i ty 
is set the other must v a r y and becomes an 
unknown i n the so lu t ion . 

Equations A - 8 and A - 9 a re n o n - l i n e a r , 
second o rde r p a r t i a l d i f f e r e n t i a l equations f o r 
which no ana ly t i ca l so lu t ion ex i s t s ; conse­
quently a n u m e r i c a l scheme had to be de­
veloped. To this end, a t i m e - d i s t a n c e s o l u ­
t ion g r i d was adopted and f i n i t e d i f f e r e n c e 
analogs to the basic equations w e r e w r i t t e n . 
A n i t e r a t i v e scheme was developed f o r so lv ing 
these equations to p red ic t the r e s e r v o i r 
p e r f o r m a n c e . A complete d e s c r i p t i o n o f t h i s 
technique can be found i n Chapter 3 of r e f e r ­
ence 25. 

A P P E N D I X B . 

D E R I V A T I O N OF T H E 
" R A D I A L - S Y S T E M - E Q U I V A L E N T - R A T E " 

(RSER) E Q U A T I O N 

Since the ma thema t i ca l m o d e l used i n 
this study is f o r a l i n e a r s y s t e m , there 
exists the p rob l em of c o r r e l a t i n g p roduc ing 
rates f o r th is sys tem w i t h those f o r a m o r e 
r e a l mode l : a r ad i a l s y s t e m . I n an a t ­
tempt to resolve this c o n f l i c t the f o l l o w i n g 
" r a d i a l - s y s t e m - e q u i v a l e n t - r a t e " (RSER) 
equation was d e r i v e d . Whi l e i t i s r e a l i z e d 
that this technique and the r e s u l t i n g equa­
t ion are ra ther i d e a l i s t i c , i t i s at least 
a f i r s t a t tempt at a c o r r e l a t i o n . 

From single phase, steady-state fluid 
flow, the producing rate is given by 

L i n e a r sys tem 

9, 
1.127 A k Ap 

U L 
( B - 1 ) 

(B-2 ) 

Rad ia l sys tem: 

- 7.07 h k Ap 
l r r 

i e 
l i l n r w 

where : q = f l ow rate (bb l /day) 

A = area (feet squared) 

h = thickness ( f ee t ) 

k = absolute p e r m e a b i l i t y (darcys) 

Ap = p ressure d rop (psi) 

| j = v i s c o s i t y (cent ipoise) 

L = length (feet) 

r g - r e s e r v o i r radius (feet) 

r = w e l l bore rad ius (feet) w 

Now, le t us def ine : 

R = - i 
1.127 A k Ap u l n -

7.07 h k Ap | i L 
_w_ (B-3 ) 

I f we assume that the v i s c o s i t y and per ­
m e a b i l i t y values are equal , and, a lso, that we 
w i s h the pressure d rop i n the two systems to 
be the same, we get: 

1595 A In 

R = 
r 

( B - 4 ) 
L h 

Equat ion B - 4 expresses the r a t i o of the 
produc ing rates f o r a l i n e a r and a r a d i a l s ingle 
phase, s teady-state sy s t em. 

A s shown i n the t ex t , the p red ic t ions i n 
this study were made w i t h a r e s e r v o i r l eng th 
of 1000 fee t and a c r o s s - s e c t i o n a l a rea of 1000 
feet squared. T o keep a reasonable s i m i l a r i t y 
between our r a d i a l and l i n e a r Bye terns we 
should use r e a 1000 feet and p ick a reason­
able value f o r r w , say . 333 fee t . Subs t i tu ­
t ing these values i n t o B - 4 we obtain: 

1595 11000) i n ^ 275 

1000 h 

( B - 5 ) 
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Whi le the choice of . 333 f o r r w may seem 
ra ther a r b i t r a r y , not ice that i f r w = . 5 , the 
numera to r of equation B-5 wou id only change 
to 1 .211 . Obviously R r i s r a the r insensi t iv t -
to the value of r w . 

Using equation B - 5 , Table B - 1 was gener­
ated showing the r e l a t i o n between R r and h . 

Table B - 1 

h R 
r 

5 . 255 
10 .1275 
15 . 0875 
20 .06375 
25 . 510 
30 .0425 
35 .03643 
40 .031875 
45 .02833 
50 .0255 

For obtaining k r Q an equation proposed by 
P i r s o n ^ ' was used: 

r S - S . -, 
f o o i r I 

= LT^ "J (C-3) 
o i r 

When k r is needed separate ly i t is obtained 
as the product of the r e su l t i ng values f r o m 
C-1 and C-3 . 

A P P E N D I X C. 

R E L A T I V E P E R M E A B I L I T Y 
C O R R E L A T I O N USED 

In the basic equations to be solved the 
t e rms k r o , k , and k r & / k r o appear . Since 
this study wasTo approx ima te a " t y p i c a l " 
sandstone r e s e r v o i r , the dec i s ion was reached 
to forego using the r e l a t i v e p e r m e a b i l i t y 
cha rac t e r i s t i c s f o r any p a r t i c u l a r r e s e r v o i r ; 
i t was decided to use some of the genera l 
cor re la t ions ava i lab le i n the l i t e r a t u r e . 

To obtain k / k the f o l l o w i n g was used: r g r o • 
( a f t e r Wahl . M u l l i n s , and E l f r i n k 2 6 ) 

k 

ro 

where 

= * ( 0 . 0435 + 0.45564) (C-1) 

1.0-S -S - S 

S - S . o o i r 
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f>9- la--Var ous Fluid Properties for Rate 
Ccnparison Runs. 

Fig. lb--Gaa Formation Volume Factor 
for Rate Comparison Runs. 

Fig. 2 - C a p i l l a r y Pressure Curve Used. 
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Fig. 3a--Reservoir Pressure Profiles 
I n i t i a l Rate = 0.1 B/0. 
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Fig. 3b--Re»Brvoir Saturation P r o f i l e s 
I n i t i a l Rate = 0.1 B/0. 



Fig. 6a- Rvssrvoir Pressure Profiles 
I n i t i a l Rate = 30 B/D. 
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Fig. 28--Av»rage Pressure and Producing GOR 
Curves. 40-1000 O i l . 




