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A DEPLETION MODEL FOR THE GABBRO ZONE 

(Northern P a r t  of Lardere l lo  F ie ld )  

W i l l i a m  E. Brigham, Stanford Universi ty  
Guiseppi Neri, ENEL-Larderello, I t a l y  

In t roduct ion  

Task DEA-3,19 of t h e  ENEL/DOE j o i n t  agreement is  d i r ec t ed  toward the  

development of simple r e se rvo i r  models which w i l l  match pas t  performance 

da ta  and can be used t o  p red ic t  f u t u r e  production rates and u l t i m a t e  

reserves .  To t h i s  end, i n  1979 the  au thors  s tud ied  the  pressure  and pro- 

duction da ta  ava i l ab le  from the  Gabbro Zone - a small producing i n t e r v a l  

nor th  of the  main praducing area of the  Larderel lo  F ie ld .  Production 

began i n  t h i s  f i e l d  i n  1961. 

developed t o  match these  da ta .  This r epor t  sumnarizes the  r e s u l t s  of 

t h i s  modeling e f f o r t ,  including pro jec t ions  i n t o  the  fu tu re .  

A new type of lumped parameter model w a s  

RESERVOIR PRESSURE - PRODUCTION DATA 

Four w e l l s  provide most of t he  production from the  Gabbro Zone; Wells 

G1, G3, G 6  and G 9 .  Three a d d i t i o n a l  w e l l s  produce minor volumes; 

Wells 6 7 ,  SD-2 and N-155. 

w e l l s  were summed and are shown by s i x  month i n t e r v a l s  i n  Table 1. I n  

t h i s  t a b l e  the  s i x  month average production rate da ta  are a l s o  l i s t e d ,  as 

w e l l  as t h e  average pressures  i n  the  Gabbro Zone producing i n t e r v a l .  

The de ta i l ed  monthfy production da ta  from these  

The r e se rvo i r  pressure  da t a  i n  the  Gabbro Zone deserves special  comment. 
1 The paper by Celati et a1 mentions t h a t  t he  o r i g i n a l  r e s e r v o i r  pressures  

found a t  Gabbro ind ica ted  a pressure  t rend toward the  main Lardere l lo  

producing zone. 

G1, 6 3 ,  G 4 ,  G 6 ,  G-7, G-8, G 9 ,  SD-2, S D - 4 ,  SV-9 and N-115. These i n i t i a l  

pressures  w e r e  extrapolated-back i n  t i m e  t o  a n  equivalent  s t a r t i n g  da te ,  

and i t  became c l e a r  t h a t  an o r i g i n a l  pressure t rend  e x i s t e d  i n  t h e  r e se rvo i r .  

A s tudy w a s  made of t h e ’ o r i g i n a l  pressures  found i n  Wells 

L The pressure decreased i n  the  south-southeast  d i r ec t ion .  
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TABLE 1 
Detailed Production Data, Gabbro Zone W 

Average Cumulative Average 
Production Pres sure 

I I 

! 

I 
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To average t h e  pressure da ta ,  i t  was necessary t o  take  t h i s  reservoi r  

pressure trend i n t o  account. To t h i s  end we mapped t h e  Gabbro Zone i n i t i a l  

pressures including w e l l  loca t ions  and drew i n i t i a l  p ressure  contours. 

t h i s  map it appeared t h a t  t h e  pressure  i n  Wells 6-4, G-9 and SD-2 were very 

c lose  t o  t h e  average r e se rvo i r  pressure,  Wells G-1 an 

Kgm/cm2 above t h e  average, and Well SD-4 was about 3.4 Kgm/cm2 above t h e  

average. 

and Well 155 w a s  about 3.8 Kgm/cm2 below t h e  average. 

From 

7 were about 0.6 

Wells 6-3 and 6-8 were about 1.9 Kgm/cm2 below t h e  average pressure,  

There is a long h i s t o r y  of pressure d a t a  from Wells 6 4 ,  6-8 and SD-4 
and t h e  d i f fe rences  i n  pressure l i s t e d  above have pe r s i s t ed  throughout t h e  

. producing l i f e  of t h e  Gabbro Zone. These th ree  w e l l s  supplied most of t he  

pressure da t a  used t o  determine t h e  average pressures l i s t e d  i n  Table 1. 

addi t ion  the re  were 8 da ta  poin ts  from Well 6-7, 3 poin ts  from Well G-9, 

11 po in t s  from Well SD-2 and one da ta  poin t  from most of t h e  remaining w e l l s .  

Two w e l l s ,  B-3 and S. Michele, contain a high C02 content,  thus t h e i r  indi-  

cated pressures are not r e l i a b l e  and were not included i n  t h e  ca lcu la t ions .  

I n  

The pressure versus t i m e  d a t a  from Table 1 are graphed i n  Fig. 1. 

Notice t h a t  a f t e r  1965 t h e  average pressure drops smoothly with production. 

However, e a r l y  i n  t h e  l i f e ,  from 1960 t o  1965, t h e  th ree  d a t a  poin ts  behave 

i n  an erratic manner. 

very l i t t l e  d a t a  is ava i l ab le  during t h i s  period. 

f i nd  no l o g i c a l  b a s i s  t o  use t o  decide which of these  t h r e e  da t a  poin ts  are 

r e l i a b l e  and which are not. 

t h i s  e a r l y  low-production-rate period makes i t  d i f f i c u l t  t o  decide which of 

t h e  r e se rvo i r  model equations w e  develop later is t h e  most r e l i a b l e .  

It appears t he re  is some e r r o r  i n  these  data.  Also 

Unfortunately, we could 

As w i l l  be seen later, the  paucity of da t a  during 

RESERVOIR MODELING 

The paper by Celati et  a l l  c l e a r l y  shows t h a t  t h e  producing i n t e r v a l  a t  

Gabbro is brecciated carbonates associated with evapor i t i c  depos i t s ,  with a 

f l y s h  cap rock. 

which are somewhat f rac tured .  

geology seen i n  t h e  main p a r t  of t h e  Lardarello f i e l d .  

Beneath t h i s  permeable horizon l ies qua 

This sequence of rock typ is s i m i l a r  t o  t h e  

The volume of steam t h a t  has been produced from Gabbro is  f a r  g r e a t e r  

than could exis t  i n  t h e  r e se rvo i r  as steam alone, thus t h e r e  must be bo i l ing  
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Figure 1. Gabbro zone average reservoir pressure (year end). 
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water supplying most of the steam to the producing interval. It seems 

reasonable to assume this water lies somewhere deep within the quartzites 
and phyllites. This supply 

from Gabbro toward Larderello. Final 
zone would be expected to be lower th 
vertical frictional pressure losses t 

d phyllites. It only r 
tches this verbal picture of 

A studv nf  hnilinu water svstemc Wac marl@ hv Rtia 
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Ld Pressure Drop Due t o  Linear Flow 

To der ive  an equation f o r  t he  pressure drop from the  deep bo i l ing  

zone through t h e  f rac tured  zone t o  the  producing horizon, w e  can envision 

t h a t  t h e  flow geometry i s  approximately l i n e a r .  

thus the  magnitude of t h e  pressure  drop w i l l  depend on the  terms i n  the  

p func t ion  f o r  l i n e a r  flow, and the  timing of t h e  pressure t r a n s i e n t  

w i l l  depend on the  terms i n  the  t function. 

problems have been published by Miller3 and by Nabor and I(arham.4 

and Barham's so lu t ions  are summarized i n  Fig. 2, where t h e i r  term F ( t  ) 

is the  p 

This is  t r a n s i e n t  flow; 

d 
Analytic so lu t ions  f o r  such d 

Nabor 

d 
func t ion  f o r  l i n e a r  flow a t  a constant rate. d 

The th ree  functions shown i n  Fig. 2 depend on the  ou te r  boundary 

condition; Kist is, t h e  boundary condition a t  t he  bo i l ing  water in t e r f ace .  

The F ( t  ) curve is f o r  a system with a closed o u t e r  boundary, t h e  F1,2(td) 

curve is f o r  an i n f i n i t e  system, while t he  Fo(t ) curve is f o r  a system 

with a constant pressure ou te r  boundary. 

approximates Gabbro i s  the  constant pressure  boundary, t h e  Fo(td) curve. 

This is marked more heavily i n  Fig. 2. 

1 d  

d 
The system t h a t  most c lose ly  

A bo i l ing  water system is  not an exact constant pressure boundary, 

f o r  as t h e  system deple tes  the  pressure must decline.  

a good approxination t o  treat t h i s  system as constant pressure when the  

pressure i n  t h e  bo i l ing  zone dec l ines  slowly with t i m e  - as i t  must f o r  

any r e se rvo i r  with a reasonably long producing l i f e .  

t o  c a l c u l a t e  t he  t r a n s i e n t  pressure drop. 

used, t he  superposit ion equation is, 

However, i t  i s  

Whenever the  flow rate varies, i t  is necessary t o  use superposit ion 

If equal t i m e  increments are 

d) 
-4 p t - n A t  

+ ('fit1 n) d (  d ( 5  1 

L e t  us study the  F ( t  ) curve of Fig. 2 i n  d e t a i l .  
t o  t h i s  curve i s  t o  assume t h a t  p 

t i m e  u n t i l  t 

td = 0.785. 

A good approximation 

i s  proportional t o  the  square root  of 

= 0.785 and t o  assume i t  i s  a constant equal  t o  1.00 a f t e r  

The maximum e r r o r  using the  approximation is only about 10%. 

o d  

d 

d 

G 
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4 d  I n  most real systems w e  do not know the parameters i n  t w e l l  enough d 
t o  be ab le  to relate real 

the  real t i m e  t h a t  is equ 

Eq. 5. Hence f o r t h  i n  t h i  

This phrase w a s  chosen f o  n t  t o  imply the 

effectfve steady state fl 

not q u i t e  the  same, 

equal t o  1.00. 

ermine the  ef 

and l e t  us  a l s o  assume t 

Equation 5 becomes: 

E& e ql (1)  + (q2-q1)(1) + (q3-421(1) + (q4- 
1.IL 

/ 

Notice the  l e f t  hand s i d e  of Eq. 6 is eq flow rate if we had 

l i n e a r  steady state flow; thus we can ca 

state flow rate, q . The r i g h t  hand s i d e  contains a number of terms 

t h a t  cancel each o the r ,  so t h e  equation can be s i  
eq 

qeq = q3(l-i4- ')+ q b ( C - 6 )  + 
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, i p l e s  of s ix  months f o r  t he  

shown i n  Table 11 and a l s o  the  

u iva len t  s teady s ta te  flow rates are l i s t e d  f o r  l a g  times ranging up 

l e n t  flow rates f o r  5 4  and 60 

ded i n  t h e  t a b l e  f o r  they were 

11 be discussed later. 

Equations 7 and 8 relate the  equivalent  s teady  state flow rate t o  

nd 6 were w r i t t e n  f o r  l i q u i d  



Date 

61 

- 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

lagtime 
O M 0  

41.2 
41.2 

81.8 
81.8 

100.7 
154.2 

198.2 
232.2 

244.8 
243.0 

247.3 
228.5 

216.7 
221.7 

271.7 
261.7 

263.3 
270.0 

255 .O 
248.3 

240.0 
238.3 

231.7 
228.3 

223.3 
223.3 

220.0 
225.0 

213.3 
213.3 

76 205.3 
a 215.0 

77 206.7 
218.3 

lagt  ine 
1'2 Mo 
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TABLE I1 

Equivalent Flow Rates at Various 
Lag Times (lO'T/Mo) 

lagt  ise 
18 Mo 

243.5 

234.0 

220.2 

264.2 

268.0 

250.3 

238.3 

229.3 

223.3 

223.5 

213.3 

212.1 

214.9 

241.4 

235.7 

221.8 

256.7 

266.9 

253.9 

240.5 

231.0 

224.2 

223.5 

2 U . 5  

212.3 

214.9 

lagtime 
24 Mo 

235.7 

236.9 

225.2 

251.4 

267.5 

255.1 

242.5 

232.2 

225.2 

223.5 

216.1 

212.4 

213.6 

lagtime 
30 El0 

227.0 

236.4 

227.1 

249 .O 

262.7 

255. a 

245.4 

233.9 

226.6 

224.0 

216. B 

213. a 

213.6 

lagtime 
36 Mo 

216.0 

233.1 

228.6 

248.8 

258.7 

257.2 

246.9 

235.7 

227.8 

224.6 

217.4 

214.3 

213.5 

lagtime 
42 Ho 

206 1 

227.2 

228.9 

248.4 

256.4 

254.6 

248.0 

238.3 

229.3 

225.7 

218.2 

215.0 

214.4 

lagtime 
48 Mo 

198.0 

219.0 

226.9 

248.2 

255.8 

252.1 

249.6 

239.9 

231.0 

226.6 

219.1 

215.5 

214.8 
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bi Atkinson and Mannon' have shown t h a t  m(p) is  almost exac t ly  propo 

t o  p2 f o r  steam reservoi rs .  Thus Eq. 9 can be s impl i f ied  to ,  

I 

Note t h a t  Eq. 10 relates flow rate to A(p2), while Eq. 4 requi res  

t h a t  the  flow rate be r e l a t ed  t o  A(P/Z). 

whereby these  terms can be r e l a t ed ,  however an empirical  power law 
equation w a s  attempted which is of t h e  following form 

There i s  no t h e o r e t i c a l  b 

UP/Z)f lOW = D' u A( 2, 
m 

(P/Z> top 

The appl icable  pressure and Z f a c t o r  da ta  are l i s t e d  i n  Table 3. 

t h i s  empirical  equation, pressures ranging from 1 2  Kgm/cm2 t o  30 Kgm/cm2 

were assumed, with A(p/Z) values ranging from 2.71 t o  11.60. 

and h(p/Z) values w e r e  chosen t o  cover the  range of da t a  seen i n  the  Gabbro 
h i s t o r y  and l i k e l y  t o  be  seen i n  t h e  next 15-20 years.  These da t a  were f i t  

t o  Eq. 1 L  using a lest-square formulation, and the  maxiumum e r r o r  w a s  2.5%. 

Host of t h e  e r r o r s  were less than 1.0%. 

were: n = 0.911 and m = 0.519. 

To test 

These pressure  

- 

The values found f o r  t he  cons 

rite a s i n g l e  equation which 

l a r e  can combine Equations 3, 4, 

t o  match the  h i s to ry  of 

g rate t o  the  fu ture .  

12 seem appropriate a 

e f i r s t  time such a 

model has been used i n  a geothermal r e se rvo i r  such t h a t  t r ans i en  

wi th in  the  r e se rvo i r  is coupled wi th  a lumped parameter material b a l  

I n  o i l  r e se rvo i r  w i th  water in f lux ,  a somewhat similar concept has 

occasionally been used: but with a d i f f e r e n t  equation form. 

as w e  know, t h i s  is t h e  first t i m e  anyone has s 

simply and accura te ly  r e l a t e d  t o  Am(p). The be 

Also, a 







Measured 

- Date Kgm/cn2 
P/Z 

1960 34.55 

1965 24.55 

23.40 

21.76 

19 20 . 40 

1969 19.40 

19 70 18.80 

19 71 18.40 

19 72 17.70 

1973 17.20 

19 74 16.95 

19 75 16.20 

19 76 16.30 

15.90 

dev ia t ion  

L; kgm/cm2 
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TABLE I V  

Calculated Values f o r  p/Z i n  Gabbro 
Compared t o  Measured Values 

V I  

(Various Assuned Lag Times)  

c-- 

Calculated p/Z f o r  va r ious  l a g  t i m e s  

t t 
l a g  l a g  

24 Mo 30 Mo 

34.67 34.65 

23.95 24.08 

22.86 22.86 

22.07 22.11 

20.61 20.61 

. 

19.44 19.41 

18.91 18.79 

18.45 18.35 

17.96 17.92 

17.45 17.44 

16.88 16.91 

16.40 16.43 

15.98 16. i)2 

15.39 15.44 

0.37 0.34 

t 
l a g  

36 .Mo 

34.62 

24.29 

22.90 

22.08 

20.55 

19.41 

18.66 

18.25 

17.86 

17.43 

16.92 

16.46 

16.07 

15.51 

0.29 

34.58 34.57 

24.46 24.53 

'22.97 ' 23.06 

22.00 21.93 

20.48 20.42 

19.39 J 19.38 

18.67 18.74 

18.18 18.13 

17.77 17.73 

17.40 17.35 

16.92 16.92 

16 -48 16 -49 

16.13 16.15 

15.57 15.63 

0.24 0.21 
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- I  1 

f 
W 

TABLE V 
* 

Best F i t  Equations to Gabbro Data 
Using Various Lag Times 

General Equatfon Form 



- 
Probably t h e  only v a l i d  conclusion t h a t  can be reached from these  r e s u l t s  L 
i s  t h a t  any of t he  f i v e  equations and l ag  t i m e s  f i t s  t h e  da t a  q u i t e  

s a t i s f a c t o r i l y ,  and w e  have no va l id  method of picking one over another. 

Table V shows t h e  equations t h a t  were generated from the  1 

squares f i t s .  A study of t hese  equations constants shows t h a t  a broad 

range of reservoi r  parameters could be used t o  f i t  t h e  Gabbro data. 

example compare the  constants f o r  t h e  24 month lag  t i m e  equation with 

the  constants f o r  t he  42 month equation. 

h ighes t  i n i t i a l  p ressure  (A = 36.174), t h e  l a r g e s t  l i qu id  reservoi r  volume 

(B = 0.01027), t he  g r e a t e s t  pressure l o s s  due t o  flow toward Carderello 

(C = 0.06823) and the  smallest f r i c t i o n a l  pressure drop (D = 0.16866). 

For t h e  42 month equation a l l  these  constants are a t  t h e  opposite 

extreme; t h e  lowest i n i t i a l  pressure (35.398), t h e  smallest l i q u i d  

reservoi r  volume (B = 0.08888), t h e  snallest l o s s  due t o  flow 

Larderello (C = 0.03697) and t h e  g r e a t e s t  f r i c t i o n a l  Pressure 

(D = 0.25109). These d i f fe rences  are q u i t e  s i g n i f i c a n t ;  f o r  example, 

t h e  r e l a t i v e  r e se rvo i r  volumes between these  tvo cases are 8.65/1, and 

t h e  r e l a t i v e  flow towards Larderello f o r  these  two cases are 16/1. 

I f  the  r e s u l t s  f o r  t he  24 month l a g  t i m e  are not considered w e  f i nd  t h a t  

t h e  ranges of parameters narrows considerably. The maximum range of 

reservoi r  s i z e  i s  from the  42 month t o  the  48 month equation and i t  i s  

1.53/1; t he  maximum range of l o s s  t o  Larderello i s  from t h e  30 month 

t o  t h e  42 month equation, and i t  is  2.09/1. 

For 

The 24 month equation has  t h e  

I n  b r i e f ,  these  r e s u l t s  t e l l  us t h a t  we can match the  pas t  

very w e l l  indeed using Eq. 12 ;  iiowever, because a number of l ag  t i m e s  

match the  da ta  almost equally w e l l ,  we do not  have an accur 

of the  s i z e  of t h e  system, the  amount of l o s s  toward Larderello n 

t h e  f r i c t i o n a l  pressure drop. 

Fortunately t h i s  problem may not be as se r ious  as w e  migh 

expect. Often when we achievea good h i s to ry  match, w e  f i nd  t h a t  

j e c t i o n s  i n t o  the  fu tu re  are real is t ic  even i f  t he  s p e c i f i c  para 

used t o  make t h a t  match are not. 

next s e c t  ion. 

W e  w i l l  test t h i s  hypothesis 
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64 FUTURE PRODUCING RATE 

Before pro jec t ing  t h e  u tu re  i t  w a s  necessary 
t o  p red ic t  t he  r e se rvo i r  a s  a function the  average r e se rvo i r  

pressure. I n  general  f o  from a r e se rvo i r  i t  

c a l c u l a t e  t he  flow rate based on a version of t he  Forchheimer equation, 

- 
ere p = t h e  ave ng zone pressure,  Kgm/cm2 

= the  flowing wellhead pressure,  Kgm/cm2 Pt f  

q = t h e  producing rate, 103T/Mo 

a & b = unknown constants 

Equation 1 3  is commonly used f o r  gas flow. 

the  Darcy r e s i s t a n c e  t o  flow i n  t h e  reservoi r .  

the  sum of non Darcy e f f e c t  i n  t h e  r e se rvo i r  p lus  the  flowing f r i c t i o n  

wi th in  t h e  w e l l  from the  bottom t o  the  wellhead. 

The constant,  a, expresses 

The constant,  b, expresses 

The h i s t o r i c a l  production rate da ta  at: Gabbro were t e s t e d  aga ins t  

t h i s  equation. 

r e se rvo i r  flow data.  

Individual’well  da ta  were s tud ied  as w e l l  as o v e r a l l  

We found t h a t  ?be nast r e se rvo i r  rate could be matched 
with a maximum e r r o r  of 13% and a standard deviation of 5.7%. 

equation w a s ,  

The b e s t  f i t  

-2 p - p t f  = 0.00436q2 

The Darcy term i n  Eq, 13, t h e  constanf, a, was found t o  be negl ig ib le .  

The producing rates and pressures were projected i n  the  fu tu re  

assuming the  producing wellhead pressure would remain constant a t  6 Kgm/cm2 

absolute.  

year,  f o r  t h e  flow rate and t h e  r e se rvo i r  pressure are interdependent i n  

Equatibns 12 and 14. 

This p ro jec t ion  requi res  a t r i a l  and e r r o r  ca l cu la t ion  each 

We always found rapid convergence t o  the  answers i n  

2 t o  i i n t e rac t ions .  

13 
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The flow rates w e r e  projected f o r  18 years  through the  year 1995 using 

These pro jec t ions  are shown i n  Table V I  where 
LJ 

a l l  f i v e  l a g  t i m e  equations. 

both production rate and cumulative production pro jec t ions  are shown. 

A study of t h i s  t a b l e  shows t h a t  a l l  t h e  pro jec t ions  are q u i t e  similar 
even though t h e  parameters i n  t h e  equations d i f f e red  markedly. The g r e a t e s t  

d i f fe rences  are between the  24 month and t h e  30 month projections.  But 

even they d i f f e r  by only 6% in flow rate by '1935, and only d i f f e r  by 3% 

i n  cumulative production at  tnat t i m e .  

There is a sound reason t o  consider t he  24 month l a g  t i m e  p ro jec t ions  

inva l id ,  f o r  t he  a c t u a l  production rate from Gabbro a t  the  end of 1978 w a s  

193 x 103T/Mo while the  24 month equation pro jec t ion  w a s  210.9 x 103T/:.Io. 

Thus a l l  t he  later projected rates may be too  high f o r  t h i s  case. 



.~ 

Year 

19 78 
19 79 
19 80 
19 81 
19 82 
1983 
1984 
1985 ’ 

19 86 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 

- 

TABLE VI 

Pro jec t ions  of Gabbro Production t o  t h e  Future  
Various Lag Times 

tla = 24 
END YR 
9 9 

210.9 44.52 
204 . 1 47.01 
198.2 49 . 42 
193.2 51.77 
188.2 54.06 

183.4 56.29 
178.9 58 . 46 
174.5 60.58 
170.2 62.65 
166.2 64.67 
162.3 66.64 
158.6 68 . 57 
155 .O 70.45 
151.5 72.29 
148.2 74.08 
145 .O 75.84 
141.9 77.57 
139 .O 79.25 

* 30 tlag 
END YR 
2. 9 

195.7 44.43 
191.1 46 . 75 
186 . 8 49 -02 
181.7 51.23 
176.9 53 . 38 
172.4 55.48 
168.1 57.52 
164 . 0 59.51 * 

160.0 61.45 
156.2 63.35 
152.5 65 . 20 

149 .O 67.01 
145 . 7 68.78 
142.5 70.51 
139.4 72.20 
136.4 73.86 
133 . 6 75 -48 
130.8 77 -06 

- 36 
‘lag 
END YR 

9 9 
196.9 
192.0 
187.6 
182.7 
178.0 

173.4 
169.2 
165 .O 

161.0 

157.1 
153.4 
149 . 9 
146 . 5 
143.1 
140 .O 

136.9 
134.0 
131 . 1 

44.44 
46.77 
49.05 
51.27 
53.43 
55 054 
57.60 
59 . 60 
61.56 
63.47 
65 . 33 
67.15 

68.93 
70.67 
72 . 36 

74.03 
75.65 
77.24 

= 42 tlaR 
END YR 

9 4 
198.2 44.44 
193.0 46.79 
188 . 4 49.08 
184.3 51.32 
179 . 7 53.50 
175.2 55.63 
171  . 0 57.71 
166.9 59.73 
163.0 61.71 

159 . 3 63.65 
155 . 6 65.54 
152.1 67.38 

148.7 69.19 
145.5 70.95 
142 . 3 72.68 

139.3 74.37 
136.4 76.02 

133.5 77.64 

= 48 5 a g  
END YR 
‘ 4  9 
199.2 44.45 
194.1 46.81 
189 . 4 49 . 11 
185.3 51.36 
180 . 9 53.56 
176.6 55.70 
172.6 57.80 
168.7 59. a4 
164.9 61.85 
161.3 63.80 

65.72 157.9 
154.5 67.59 
151.3 69.43 
148.2 71.22 

72.98 145.2 
142.4 74.71 
139.6 76.40 

136.9 78.06 
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I f  only the  remaining four  p ro jec t ions  are considered, the  lowest i s  

f o r  a l a g  t i m e  of 30 months and the  h ighes t  is  f o r  a l a g  t i m e  of 48 months. 

I n  1995 these  d i f f e r  by only 5% i n  producing rate and only by 1.3% i n  

cumulative production. Thus our earlier speculat ion,  t h a t  t h e  var ious 

equations w i l l  g ive similar pro jec t ions  i n t o  the  fu ture ,  appears va l id .  

Thus the re  is oonsiderable reason t o  assume these  pro jec t ions  w i l l  be 

realist ic.  

The h i s t o r y  matches and pro jec t ions  t o  t h e  year  1995 are shotm f o r  

t h ree  cases i n  Figures 3, 4 and 5. 

months. 

period. Figure 5 is f o r  a l a g  t i m e  of 48 months; i t  p r e d i c t s  the  least 

decl ine.  Figure 4 is f o r  a l a g  tine of 42 months. This is the  case which 

p red ic t s  t he  g r e a t e s t  deple t ion  due t o  production, t h e  smallest deple t ion  

due t o  flow toward Lardere l lo  and the  g r e a t e s t  drop i n  pressure  due t o  

t r a n s i e n t  vertical flow. In  s p i t e  of t h e  l a rge  d i f f e rences  i n  the para- 

meters used i n  these  equations,  t he  fu tu re  pro jec t ions  from a l l  t h ree  are 

very s imi la r .  

Figure 3 i s  f o r  a l a g  t i m e  of 30 

Tiiis i s  the  case which p red ic t s  the  g r e a t e s t  dec l ine  during t h i s  

Eiese f i g u r e s  a l s o  i n a i c a t e  the  ti-es when the  four  major w e l l s  s t a r t e d  

t o  produce. 

1967, t h e  average r e se rvo i r  pressure decl ined more rap id ly  f o r  a period of 

t i m e  and gradual ly  tended t o  level o f f .  

r e se rvo i r  da t a  and i n  the  equation curve f i t s .  

r e s u l t  of t he  t r a n s i e n t  l i n e a r  flow assumed i n  the  model. 

Note i n  p a r t i c u l a r ,  t h a t  when iv'ell G 9  s t a r t e d  producing i n  

This can be seen both i n  the  

This behavior is a d i r e c t  

It would have been poss ib le  t o  ex t r apo la t e  these  :)reduction rates f u r t h e r  

i n t o  the  f u t u r e  using Equations 1 2  and 14 .  

p o s s i b i l i t y  of using dec l ine  curves f o r  ex t rapola t ion .  

curves w e r e  t r i e d ,  but  w e  m e t  with only l imi ted  success.  

t h a t  w e  found i t  d i f f i c u l t  t o  d i f f e r e n t i a t e  between the  var ious  hyperbol ic  

dec l ine  constants  due t o  the  s c a t t e r  i n  the  da ta  a t  e a r l y  t i m e .  

Instead w e  chose t o  study the  

The Fetkovich' dec l ine  

The problem w a s  

Another approach w a s  t r i e d ,  which, as f a r  as w e  know, has  no t  been used 

before.  

genera l  dec l ine  equation has  the  following form 

We w i l l  d i scuss  t h i s  new Rethod i n  the  following paragraphs. The 

c 
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where q '( t)  = t he  r e se rvo i r  flow rate a t  any t i m e ,  t 

Q ( t )  = t he  cumulative production a t  any t i m e ,  t 

'i = t he  i n i t i a l  flow r a t e  

c and n = hyperbolic dec l ine  cons tan ts  

when rearranged Eq. 15 becomes, 

(16) dQ = qi (l+Ct)-"dt 

Equation 16 can be in t eg ra t ed  t o  any t i m e ,  t ,  and can a l s o  be in t eg ra t ed  

t o  i n f i n i t e  t i m e  t o  ge t  an expression f o r  t he  u l t ima te  reserves .  

is done and the  r e s u l t i n g  expressions are rearranged, w e  develop the  

following equation, 

When t h i s  

where 

Q* = Ultimate reserves ,  1 G 6  Tons 

To use Eq. 17 one can assume the  u l t ima te  reserves, Q*, then graph 

Q*-Q(t> versus  q ( t )  on log-log paper. 

assumed, the  da ta  w i l l  

number of values  of Q* can be assumed, and the  da t a  can be f i t  t o  the  

bes t  s t r a i g h t  l i n e  on log-log paper using least-squares  equations.  

b e s t  value f o r  Q* and b(or  n) w i l l  be f o r  the  equat ion which has the  

I f  t h e  c o r r e c t  cumulative is 

l i e  on a s t r a i g h t  l i n e .  Using t h i s  concept, a 

The 

minimum standard deviat ion.  

This concept was  appl ied t o  the  pro jec t ions  from Equations 12 and 14 

assuming a 30 month l a g  t i m e  (which predic ted  t h e  lowest f u t u r e  producing 

r a t e s )  and t h e  48 month l a g  t i m e  (which predicted t h e  h ighes t  f u t u r e  rates). 
Using t h e  concepts ou t l ined  above, when var ious  values  of Q* are assumed, 

t h e  s tandard devia t ion  should show a minimum value.  

no t  occur; t he  g r e a t e r  t h e  v a l u e o f  Q* assumed, t h e  smaller w a s  t h e  s tandard 

In  a c t u a l i t y ,  t h i s  d id  
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6, deviation. 

t h a t  t h i s  s t range  behavior w a s  caused by the  scatter i n  t h e  ea r ly  producing 

rate da ta .  

production d a t a  which shows t h i s  scatter. 

f i g u r e  t h a t  t h e  pro jec t ions  i n t o  the  fu tu re ,  using Equations 12 and 1 4 ,  
dec l ine  q u i t e  smoothly. 

da t a  and pro jec t ions  were ca lcu la ted  using Equation 17,  and then the  standard 

devia t ions  were c 

When t h i s  technique w a s  used, a range of minimum e r r o r  was found, but t h i s  

minimum w a s  very shallow, thus t h e  answer was  no t  exact.  For example, t he  

optimum r e s u l t  using t h e  30 month l a g  t i m e  equation gave an u l t imate  
reserves value,  Q*, ranging from 250 t o  300 mi l l i on  tons. 

using t h e  48 month l a g  t i m e  equation gave a value of Q* ranging from 350 t o  

400 mi l l i on  tons. 

When a d e t a i l e d  Btudy w a s  made of t he  da ta  i t  became clear 

Figure 6 shows a graph of t h e  producing rate versus cumulative 

It is  a l s o  clear from t h i s  

A compromise technique was  developed. Best least-squares f i t s  of t h e  

d a t e d - b a s e d  only on the  pro jec t ions  i n t o  t h e  fu ture .  

The optimum 

Such an inexact r e s u l t  is reasonable when one looks i n  d e t a i l  a t  t h e  f u t u r e  

pro jec t ions  of producing rate. 

h i s t o r y  wi th  a continuing gradual dec l ine  i n  rate. 

dec l ine  cannot be fo recas t  accurately.  

behavior is q u i t e  similar t o  t h a t  seen i n  Larderello,  which is  i n  a much later 

s t age  of deple t ion  than Gabbro. 

A l l  t h e  equations p red ic t  a very long producing 

The exact na ture  of t h a t  

It is i n t e r e s t i n g  t h a t  t h i s  projected 
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ANOTHER RESERVOIR MODEL 

To be complete i n  t h i s  r epor t  w e  should d iscuss  an attempt t o  match 
W 

t h e  d a t a  with ’a s l i g h t l y  d i f  

l a t e d  i n  Eq. (12) , t h e  model umes t h a t  t h e  dep ion  from t h e  deep 

zone due t o  flow toward Lardere l lo  is due t o  l i q u i d  flow (s ince  w e  are 

using ZAP). 

Further, t he  model assumes the  flow i s  only v i t h i n  the  deep zone s ince  t h e  

f r i c t i o n a l  p r y u r e  drop term t o  the  shallow zone only includes the  a c t u a l  

Gabb r o  product: Lon. 

n t  model of t h e  Gabbro system. As formu- 

It would be equally l o g i c a l  t o  assume t h a t  the  l o s s  t o  Larderello ‘is 

steam which f i q s t  must ris 
LarderelXo. I f  suc  

be proportional t o  

a f r i c t i o n a l  loss term which w i l l  include an equivalent Ap2 term which 
has been ad jus ted  f o r  t he  l a g  time. Such a model can be formulated as 

follows: 

the  shallow zone and then move on t h e  

s assumed then the  flow t o  Larderello w i l l  

1 r a the r  than Z(p-8). I n  addi t ion  we would need 

~ , ’ , . . ,  . 1. .. , ”  . . . .  . I .. . ~ . ., .,. ,. . , , . . ~  I. - . .. ”. . .. 

Equatior, 19 vas t e s t ed  aga ins t  t he  d a t a  using a l a g  t i m e  of 36 months. ’ 

d,,due t o , t h e  add i t iona l  constant,  the  r e s u l t i n g  equation As might be ex 
f i t  the  da t a  very w e l l  indeed 

completely u n r e a l i s t i c  

p o s i t i v e  from physical ns idera t ions .  Therefore, f u r t h e r  work on t h i s  

However, the  r e su l t i ng  constants were 

ometimes giving negative values when they m u s t  be 

.model was abandoned. 

t 

1 ’  

1 

crl 
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L CONCLUSIONS 

The r e se rvo i r  pressure  da t a  i n  t h e  Gabbro Zone c l e a r l y  show a pressure  

t rend toward Lardere l lo  which has p e r s i s t e d  throughout t h e  productive l i f e  

of t h i s  r e se rvo i r .  During t h e  pas t  t en  years  t h e  number of producing w e l l s  

i n  t h e  Gabbro Zone has remained constant ,  and during t h i s  t i m e  both the  

producing rate and t h e  Gabbro Zone pressure  have decl ined continuously.  

t h e r e  is  s t rong  evidence t h a t  t he  Gabbro Zone is  exh ib i t i ng  deplet ion.  

A reasonable hypothesis of t he  Gabbro Zone production dynamics is t o  

assume t h a t  deep wi th in  the  r e se rvo i r  is a zone of b o i l i n g  water which is 

supplying steam t o  the  upper producing i n t e r v a l  i n  which t h e  w e l l s  are 

completed. 

Gabbro Zone and a l s o  due t o  flow from the  Gabbro r e s e r v o i r  toward t h e  main 

p a r t  of t h e  Lardere l lo  Field.  Fur ther ,  s ince  t h e  deep zone seems t o  be 

connected t o  t h e  producing zone by a system of r e l a t i v e l y  t i g h t  f r a c t u r e s ,  

Thus 

Depletion of t h i s  deep zone can occur due t o  production from t h e  

an a d d i t i o n a l  t r a n s i e n t  pressure  drop w i l l  occur i n  the  producing zone due t b  

f r i c t i o n a l  l o s ses  as t h e  steam flows v e r t i c a l l y .  

The above concepts have been successfu l ly  incorporated i n t o  a r e se rvo i r  

model of the  Gabbro Zone production h i s to ry .  This is a lumped parameter 

model which includes t r a n s i e n t  flow. 

assumed t o  f i t  l i n e a r l y  with p/Z. 

assumed f o r  t h e  dynamics of flow from Gabbro t o  Larderel lo .  The t r a n s i e n t  

l i n e a r  v e r t i c a l  flow is  ca lcu la ted  using a l a g  t i m e  concept t o  change t h e  

t r a n s i e n t  flow terms t o  an equivalent  s teady s ta te  flow rate. Various 

l a g  t i m e s  w e r e  s tud ied  and included i n  t h i s  p a r t  of t h e  model i s  a new 

empir ical  equation which accura te ly  relates ZAP' t o  A (p/Z) . 

The b o i l i n g  water zone deple t ion  is 

A s teady s ta te  flow formulation i s  

The r e s u l t i n g  p red ic t ive  equat ion is l i n e a r  and thus least-squares  

equations could be used t o  match the  model t o  t h e  r e s e r v o i r  data .  

combinations of r e se rvo i r  s i z e ,  l a g  t i m e ,  l i n e a r  flow pressure  drop, and 

flow rates t o  Lardere l lo  were found t o  f i t  t h e  d a t a  equal ly  w e l l .  Thus, 

t he re  is  a uniqueness problem assoc ia ted  with these  f i t s  of t h e  da ta .  

Lag t i m e s  ranging from 30 t o  48 months appear t o  f i t  t h e  da t a  equal ly  w e l l .  

The equation f o r  a 24 month l a g  t i m e  p red ic ted  a somewhat higher  producing 

rate i n  1978 than a c t u a l l y  occurred. Lag t i m e s  less than 24 months and 

g rea t e r  than 48 months were a l s o  attempted. 

Severa l  

The r e s u l t i n g  equat ions f i t  

t h e  da t a  q u i t e  w e l l ;  bu t  some of t he  cons tan ts  were negat ive ,  which is Ll 

phys ica l ly  u n r e a l i s t i c .  



463 

A study of the extrapolatiuns of these various equations into the future 
showed that the projections to the year 1995 differ by only 6% in that year. 
Thus, although the reservoir parameters in the equations varied widely, 
the projected producing rates were quite similar. 

Further projections of the flow rates were made using a revised 

formulation of the standard hyperbolic decline equations. 
predicted a long producing life with a gradually declining rate. 
similar to the history seen in Larderello. 

These projections 
This is 

The calculations project an 

reserve ranging from 2 to 400 mi1Um-l tons of steam. This rather 

large range of predictions is caused b 
predictions in the next century. 

> 
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