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ABSTRACT 

A prediction method of the reservoir perform- 
ance f o r  a lumped-parameter reservoir model w i t h  
unsteady water influx froman i n f i n i t e  aquifer i s  
presented. In t h i s  method, i t  is  assumed tha t  a 
short  time f l u i d  production and a short  time water 
influx are  a l t e rna te ly  carried out. 

Symbo 1 s 

A : thermal equivalent of work, kJ/m3MPa 
Cr: spec i f i c  heat of rock, kJ/kg°C 
C t :  compressi b i  1 i ty of water, 1 /MPa 
Gp: t o t a l  flow ra t e  of f l u id  produced, kg/hr 
Gr: flow r a t e  of reinjected water, k g / h r  
Ga: flow. r a t e  of influx water, kg/hr 
!p: enthalpy of f l u i d  produced, kJ/kg 
ir: enthalpy o f  reinjected water, kJ/kg 
ia:  enthalpy of influx water. kJ/kg 
k : permeability of aquifer ,  m2 
L : distance,  m 
P : pressure. ElPa 
Pf: i n i t i a l  pressure, MPa 
Pr: pressure a t  L=O,  MPa 
S : area where influx water inflows t o  reservoir,mZ 
t : time, h r  
u : internal  energy, kJ/kg 
VO: pore volume of reservoir,  m3 
v : spec i f i c  volume of f lu id ,  m3/kg 
W : mass of f lu fd ,  kg 
x : steam qual i ty  
a : r a t i o  of pore volume t o  rock volume of reservoir 
Yr: density of rock, kg/m3 
Y w :  density of water, k g / d  
9 : temperature, O C  

~1 : viscosi ty ,  MPa hr 
6a: porosity of aquifer 

S u p e r s c r i p t s  Subsc r ip t  
" : vapor phase 
' : l i q u i d  phase 

s : s e p a r a t o r  

INTRODUCTION 

The main purpose of the reservoir simulation 
i s  t o  adopt an optimum development condition fo r  a 
real reservoir ,  by deducing physical behaviors of a 
reservoir  model. The simulation work, therefore,  
s t a r t s  with making reservoir model, which will  range 
widely from the homogeneous one called lumped-para- 
meter model o r  tank model t o  the heterogeneous 

one cal led block model, and i t  depends on the 
amount of informations on the real reservoir  t h a t  
w h i c h  t ype  o f  model can be appl ied.  

The authors( 1985) have presented a method 
which is  available t o  predict  reservoir temperature 
and pressure changes f o r  a lumped-parameter model 
w i t h  such conditions tha t  flow rates  of  steam pro- 
duced and influx water from aquifer a r e  constant. 
This paper deals with a similar model but w i t h  
d i f ferent  conditions from the previous report. 

L-0 L- w 

Analytical model 

The analytical  model dea l t  with i n  this paper 
is  shown i n  the figure,  where followings are  as- 
s umed : 

the to t a l  flow ra t e  of f l u id  G is constant 
the separator ou t l e t  pressure PS i s  fixed 
the separated water, flow r a t e  of G, and 
enthalpy of i r ,  is reinjected into the reser- . 
voir 
the aquifer adjacent t o  the reservoir has an 
i n f i n i t e  extent  
the f lu id  i n  aquifer i s  i n  the compressed water 
condition and flows l inear ly  to  the reservoir 
i n  accordance w i t h  Darcy's law 
the enthalpy of influx water i a  i s  constant 

THEORY - 
A mass and an energy balance equations i n  the 

above model wi l l ,  respectively,  be 

and 

where the internal energy i s  defined as 

water influx from the infinite aquifer i s  given by 

(1) dW -Gp+Gr+Ga=- 
d t  

dW 
- ~ p *  ip+Gr* iri-Ga*ia=-+aV.Jr~rA.C d t  ( 2 )  

( 3 )  u = i - A P r  
From Mil ler ' s  report(1962), the flow ra t e  of 
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G a p (  P t -  ,r)/- s ym ( 4 )  
Although t h e  steam p roduc t i on  and the  wa te r  

i n f l u x  occur  s imul taneously ,  i t  i s  assumed here,  
f o r  convenience'sake, t h a t  a s h o r t  t ime  produc- 
t i o n  and a s h o r t  t ime  i n f l u x  a r e  a l t e r n a t e l y  
c a r r i e d  out .  Therefore,  f o l l o w i n g  fou r  cases 
a re  separa te l y  discussed as; p r o d u c t i o n  o n l y  i s  
c a r r i e d  o u t  under t h e  compressed wa te r  cond i t i on ,  
i n f l u x  o n l y  under t h e  same c o n d i t i o n ,  p roduc t i on  
o n l y  under t h e  s a t u r a t e d  c o n d i t i o n  and i n f l u x  
o n l y  under t h e  same cond i t i on ,  r e s p e c t i v e l y .  
Compressed water condi t ion 
1. Production 

out, the balance equations are 
- c v + G ~ (  I - r ) = - c ~ r = -  

and 

I n  the case where only production i s  ca r r i ed  

( 5 )  dW 
dt  

dWu d d  
V a  t rCr- dt  d t  - G p ( i p - (  1 - x )ir]=--+ 

where x i s  a steam q u a l i t y  a t  the separator ou t l e t ,  
and 

Assuming tha t  GP and i r  are constant, and x i s  
also constant o f  Xm-1 f o r  a short  time production, 
the i n teg ra t i on  o f  eq.(5) w i t h  the condi t ion o f  
W=Wm-1 a t  t = O  gives a mass change i n  the reservo i r  
by a productJon f o r  a t i p e  t 

and from eq.(7) 

(7) Wr=V. 

- c p i  = \Y - wm-l ( 8 )  
. . .  

(9)  
- 0 p x . - I t =  V a I (---- I )  

v' vm-1 

where Wm-i and vm-1 a r e  a mass and a s p e c i f i c  
volume o f ' f l u i d  b e f o r e  t h e  p roduc t i on  s t a r t s .  
S u b s t i t u t i n g  eqs.(3).and (7)  i n t o  eq.(6) g i ves  

As mentioned i n  the author's previous report, 
( i /v -A)  can be approximated -as 

i 
(--A P)p (5778 .9881  I -408917.9890) 

-(2582.57158 -508053.5820)X 10'7 (11) 
Then , eq. ( 10) becomes 

d d  
l i p - (  1 - r ) i r l = ( a  ~ r C r + 5 7 7 8 . 9 8 8 I - 2 5 8 2 . 5 7 l 5 ~ ~ ~ * ~ ) - -  C P  

V. dt 
-- 

+ (508053,5820-25R2.5715 8 ) x 
d t  (12) 

From eq. (9) 
;E- v. I *  

ve l t cprm-I ---- 
c p f m - ,  vB-, 

and 
(14) d f  V a  I 

d t  (iPxm-I , V I  1 
-.E - 

tl' 

Subst i tu t ing eqs.(l3) and (14) i n t o  eq.(12) and 
arranging it, fo l lowing equation may be obtained. 

G p r B - ,  vm-, 

va 1 N m-1 0- - 
C P X D - 8  Y I - 1  

Solving eq.(15) w i t h  the 
t = O  gives a temperature 

e.-, I t  

(20) 
A 8-1 t 

Nu-1 I Am-, -( N b - a - t ) l  
t ( 1 ----.---] 

and the pressure a t  the temperature 8 i s  g iven by* 
P = (9. 6 3 ~ 7 ~  10-p - I .  z I 91 1 * + 81.11377p - 1 5 ~ .  2709 L 

+ 19254.3544~ -98082.2800) X 10'0 

- ( I .  I 717XIO"Q '-1.48591 ' t71.7705.e ' 
- IB7l.  89881  '+ 2 3 W . 8 8 5 4 4  - I 18856.8748) (21 1 

where - e = e/ io  
2. Water i n f l u x  

the f i r s t  production and i n f l u x  as AP1 (=Pf-Pl), 
Wr i t ing pressure drops i n  the rese rvo i r  a f t e r  

the second'asdP2(=Pi-P~),.. , the (m- l ) t h 'as ' -  
APm-!(=Pm-2-Pm-1) and the mth asAP'm(=Pmll-PIm, 
P ' m  i s  the pressure a f t e r  the mth product ion i s  
f in ished) ,  the balance equations w i l l  be 

where 
.. n 4- 
Assuming thatAP'm i s  constant f o r  a shor t  t h e  
i n f l u x ,  cumulative i n f l u x  water f o r  t - tm-1  can be 
given by the i n teg ra t i on  o f  eq.(22) 

where 
o f  f lu i !  a f t e r  the (m-1)th product ionds f in ished. 
and 

-1 and Vm-1 are a mass and a specf ic volume 

V a  I 
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arranging i t ,  
d F ( t )  

IO- 
dB dt 
dt -t e I F (t)+n.-a I I F (t) t I I .-~ - # , I  

dz[ b o +  2 e 0 1  F ( t )  t IIL~ I '  ) 

I F(t)  t m - 1  I I F(t)  t i l . - 1  -1.1 
d t  

will be obtained, where 
V o  2582.5715><10'-- 

IO-- 
2 B Y m a 7 rCr+5778 .9661  

V I  508053.562OXlO' 
b o = y  -- 

2 D f (I Y r C r t 5 7 7 3 . 9 6 6 1  

(31 1 
. (32) 

D Y m  i a  
e = - - .--- 

V o  (I Y r C r t 5 7 7 6 . 9 0 6 1  

v *  I 
2 B Y m  F 

nm-l =- - 

Solving eq.(28) with the condition o f  8=8,-1 a t  
t'tm-1 gives 

L* t 2 aoeo11.-1 -- ' 2 e o +  nm-tlF(t)tar-,arl I F ( t )  

.oF(t) ] ',-, 
n a - I I P ( t ) t n m - ~ - a o l  (33) t [  1 -  

The pressure i s  given by eq.(21). 

Saturated condi t i o N  
1. Production 

From re1 ations 

the f i r s t  term o f  the right side in eq.(6) will be 

Substi tuting eq. (8)  into eq.(38) gives 

i' *- - i '  .' d i '  - io  
-CpX.- , (  'v. )-GpX.-1-( It 

(39) 
d t  v- - v '  

Then, eq.(6) can be writ ten by the subst i tut ion of 
e'qs. (39) and ( 9 )  as 

i' v- - 1 -  
1- -1. 

) I  - G p l i p - (  1 - Xm- l i r -  X u * (  

1 
d '- - ' *  dF V d i' v D  -io I' uv*-  Jt ( - - v J - A V m J t  +* r( v-  - v '  

d i' v' - io v '  
t V.~rCr-----C;pXm-,---(---~ It (40) d B  

d t  d t  v- - v '  

Eq.(40) can be rewrit ten as 
1 

C p l m - l  i '  v"  - io v '  i p - (  I - X m - l ) i r  
X .  1 

I( -", 1- 
d i' -;' V o  

o ( I --( -;) - A I t 4, ( cv-l 1 
dP v- - v  vm-1 JP v- 'V. 

J B  C p X r - l  d i' v -  - io  I' dP 
dP V. dP v - - v '  Jt ( 4 1 )  

+ (I 7 rCr-- -- -( --)t ] -..- 

For ranges of 20O0C&3OO0C and 0.7MPacPclOMPa I 

following relations will be easi ly  obtained. 

e = I ~ ~ . ~ u ~ I O P * ~ ~ O  
de 
dP 

--~42.8139P~*"' 

t' -i' T- )=751.0391 Pa'" 
v- 'I' 

) = 177.2452P -a"' 
d i' T- - io v'  

-( dP v- - v *  

d io - i '  F( ."1.)- A = 8 i99.7385 P ".l " 

Writing the pressure P as 

eqs.(43)-(46) can be rewritten as 

--=(-).-,( 1 t p ) ' a " '  

P=P.- , (  1 t p )  

d8 d #  
dP dP 

-i- v *  i' v- -i- 
1- - v *  v -  - * *  

(L--) =(-- I.-, ( 1 t p)**'O 

i s  obtained, where 

(51 1 
and arrang- 

Solving eq.(52) with the condition of p=O a t  t = O  
resul ts  

[ J.-,I( 1 t p ) " " -  1 I K.dtl( 1 -pIu"- 1 I- I 
t= 

( I t p 1 ' " ' - M ~ i  0.806 0.290 

(58) 
I l l  

L.-II( I t ~ l ) ~ . " ~ -  
0.238 

The temperature i s  given by eqs.(47) and ( 4 2 ) .  

2. Water influx 
I n  th i s  case, the d i f fe ren t ia l  equation will 
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be 

(59) 
Writing 

and w i t h  eas.(47) (SI) ,  eq.(59) becomes s imilar  
equation t o  
condition of F(t)=O a t  p=O 

eq.(52), and s o l v i n g  i t  w i t h  the 

I [--+-I! j m - t l (  1 tp) '""  1 I kr-il( 1 t p ) ' a ' ' -  

F ( + ' = - c  0. 868 0.238 

I 1.-11( 1 +p)***rn- 1 I 
+ 0.238 

can be obtained. 

CALCULATION PROCEDURE 

Calcu la t ions  are  made by sh i f t ing  the i n i t i a l  
reservoir conditions one a f t e r  another. The proce- 
dures  are d e t a i l e d  as follows; 

Compressed water condition 
The f i r s t  s t ep  
1. Determine the i n i t i a l  enthalpy i n  and the specif- 
i c  volume of f lu id  i n  the reservoir-at given i n i t i a l  
temperature 90 and pressure Pf.  
2. Calculate steam qual i ty  xo a t  the separator out- 
l e t  pressure P, by 

i @ - i s '  -- 
[Production f o r a t  i s  carr ied out] 

3. Substituting x in to  xm-1 , vo into Vm-1 , At.  in to  
t i n  eq.(13), tl ?nto e,,,- i n  eq.(20) and 1 in to  m 
i n  eqs.(16)*(197, calculaie  TO, 80 and VO by eq.(21) 
respectively. 

4. Subst i tut ing 90, vo and A P ' l m  into Om- , h - 1  
and F ( t ) ,  calculate  v1 by eq.(25), '91 by eq.133) and 
PI by eq.(21). 
5. Determine 11 a t  91 and P i .  

[Water iilfiux f o r  d_t is carr ied out] 

The second s t ep  
1 .  Giving P i ,  81,-il 2nd v1 t o  the i n i t i a l  condi- 
t ions,  calculate  Pi ,  01 and Ti similar ly  to  the . .  
prodecures 1.~4. 

[Water influx for  A t  
- 2. Substituting (Pf-Pl] intoAP1 

dT in to  F ( t ) ,  calculate  v2 by 
e 
(29)-( 32) and eq. (33) , and P2 by eq. (21 ) , respec- 
t ively.  
3. Determine 12 a t  92 and P2 
Repeat above procedures unt i l  
becomes saturated condition. 

The (n+l ) th  s tep  

1 .  Substituting the l a s t  reservoir conditions in 
the compressed water condition, Pn,  On and Vn in to  
eqs.(53)-(52) and giving A t  t o  t in eq.(58), f ind 
P ,  t ha t  i s  Pn+l=,Pn(l+p). 
2. Substituting Pn+l in to  P f n  eq.(42), calculate  

3. Calculate Bpti by eq.(13). 
4. Determine 1nt I  a t  Pn+1 o r  Bn+,. 

5. Substituting Pn+1 into Pm- and 7 +1 into Tm-1 
i n  eqS.(60)-(64) and giving Flnt(n+l)f] into F(t )  , 
find p,  t h a t  i s ,  Pn+l:Pntl(lfp). 
6. Substituting Pn+l  in to  P i n  eq.(42), calculate  
%+I 
7. Determine in+ a t  P n t  o r  Bntl. 
8. Substituting ![bt(n+l]] in to  F( t )  and vnt1 in to  
Fm-1 , calculate  vn+l. 

Repeat above procedures. 

into em-l ,  Tjl into Vm-1 and 

the reservoir f lu id  

Saturated condition 

[Production for  A t ]  

ent i .  

[Water inf lux forb t] 

SUMMARY 
--I 

For the reservoir system as shown in the f ig-  
ure, the reservoir performance can be predicted by 
eqs. (20), (21 ) , (33) , (42) and (58). by condidering 
t h a t  f lu id  production and water inf lux are a l te r -  
nately carr ied out. Tak ing  each time s t e p h t  as 
short  as possible, accurate resu l t s  will be obtain- 
ed, especially i n  the compressed water condition. 

. 
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