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r ll ,' isoc lironic 1IIL' IIi, • .! 1i ;1' IleVL'r hecn lI sed , hllt a gllod 
sl; ,1, ili i'_atiun has usu;dh " L'L' n atlained in del ennining the 
1';IL f.. -press urc CurVL" _ T li i, p;l per g i ve ~ a disc ussion of Ihe 
1L' ~ t res ults amI the probkl l l ~ ;Iris ing f ro III their interpretation_ 

ANALYSIS METHODS USED 

,\I1 ost of th e mctilm" dl'l 'clopcd in oil reservoir e n~inc erin g 
rl l r ;Inal yzi ng wc ll t e~ I ' ;II-e ba se d on the hypo the sis that 
l li l' fluid flow is radial alld isothernwl and that the re servo ir 
,- " n he sc hel1lati zed ;IS ;1 po rlHI S, ho mogencous i so tr I -c 

TIll' p ressllre l: rad icll l ~ in Ihe reservoi r are also assll med 
III hc small. the gr;l " il y effcc ts neg ligible , and the f1l1id 

0 c:osit y constant. 

Build-Up Analysis 

Thc ex isting anal ys is Illelhud s have in general bec n devcl­
"I'cd fo r fluid s w ith small compress ibilit y , In our case, w here 
I IiL' f luid isstea m II' hic:h is lIrten superhea tcd , th c vapor 
fill " has bec n assu mcd ;lI l d dea lt w ith both as an equi va lcnt 
li quid fl ow according III IhL' method sugges ted by Matthews 
,l lId Russell and using IhL' pressure-squared rorm (M allhell' s 
,lIld RlI ~s e ll , 1%7)_ 

T hc conve ntio nal sC lll i logarithll1ic ri ot by H orner (Figs_ 
I , ~ _ ,_ 4) was used in lklermin ing th \: ilk (thickness' per­

" I~t y ) va lucs, hUI II'C werc unable to evaluatc t ile 

" 'E 1 

1',' r l1l l " " .,1111 J.. , ;IS " IIlca llingful val ul' of " was i lllposs ihk 
10 l ic-l cnlli IlL'_ Willi llii s Ill l' thod the skin efrect cannot he 
ddi ll l'l i "i lll prl'L' isill ll as I; and .1, arc unknow n_ 

-Ule t )' pe -L'urV!' Dlal ching method generall y pro vides a 
di rc CI L',,; !luation or the hydraulic dirrusivit y , 1; /"'1+('" and 
l li L' sf.. ill di'c CL Howl' ver, Illorc than IInc matching is ort en 
o hl ;li 'I L' d rnlm Ihe,sL' Illethods ma inl y hecause th en : arc not 
L' nough Sll cL'L'"i vc Illea surement s immediatel y ariel' w ell 
Slllll - i li. Co nse quentl y, one single valli e rllr hydraulic dir­
fu siv il Y L';UlllOt he determined _ 

\-Vith reg;lrd 10 the dimensionless pressure. on the o ther 
hand , IhL' imprcc ision in rilling. and conseq uentl y in deter­
minillg I,/; , is small_ 

The l li co relica l stlldi es o n transient fluid flo w ,ind we ll 
l est allal vsi s over Ihc las t few years al so pe rmit an anal ys is 
o f Ihe data referring to the period before the con ventional 
st ra ight l i ne. on a se milog plo t . is reached , Thus t~ f1!f!Q!-s 
infiuenc in,-! the first period o f press ure build-up. suc h as 
we ll -bore stora ge and skin effec t. may be evaluated , 

T y pe c lir ves arc al so available fo r analyzing frac tured 
\V c ll s, The ~ e c urves also permit LI S to identify th e sect io n 
or IhL' p res ~ lIrc hllild -up curve w here well-bore storage is 
Ihe c\11 1l n 1ll ing crfec t (s lo pc I or the log-log type curve). 
Ihe el l ' llI lI<1I line;lr fl ow periods (l y ing o n a straight line 
of sl"I'L' I / ~ ) whic h occur at ea rl y times in fractured we ll s . 
and Ih l' heg inning o f a prope r straight line on a conventio nal 
selllil llg; lrithmic plo !. 

T y pe curvcs from Aga rwal . AI Hussain y . anti Ramey 
( 1<J7() ) for \Veil s drill cd in infinit e rese rvoirs with we ll -borc 
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Figure 4. Pressure build-up for Travale 22 steam well, Travale. 
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storage and skin effect were used (Fig. )). dimensionless storage constant 

I n these curves dime nsionless pressure 

(I) 

vs dimensionless lime 

Ii. I 
II) -

afC displayed ill a log-log plot with dilll'!l'111 \;dlll'S or 

c 
c{)= ------

21Tr,}h<j,C, 
(3) 

and skin effect as parameters. (See Table I for the no­
menclature of all mathematical expressions in this paper.) 

These curves. relative to the drawdowns, can he applied, 
according to Agarwal. AI Hussainy, and Ramey (1970), to 
buiid-up analysis provided that the time since shut-in is 

small compared to the flow time. 
As wellhead shut-in pressure is used. the flow pressufe 
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T.lb lc I . Nomencla lure of Ill,I IIlt'llla ti c,ll expressions. 

C, Total comprl'~' ii1il i l y 
C Well -bore stor.lg(' «()nstant 
Co Dimensionless storage constant 
C" Performance codficient 
G Mass productioll r. ile 
h Permeable fOrlll.il ioll Ihickness 
k Permeabilit y 
L Fracture hall length 
M Molecular weight 
P Pressure 
Po Dimensionless pressure 
P ; Initial reservoir pressure 
PO' Static well pressure 
Pwl Flowing well pressure 
Pw, Well pressure after shut-in 
q Volumetric production rate (reservoir cond itions) 

Radius 
r <' Exterior boundary rad ius 
rw WeI/bore radius 
R Gas law constanl 
5 Skin factor 

Time of fl owing 
10 Dimensionless time 
T Absolute temperailife 
v Apparent velocity 
Vw Wellbore storage volume 
x,. Side length of the s'luare reservoir 
x, Fracture length 
z Compressibi l it y b ctor 
f3 Turbulence factor 
t:J.1 Shut-in time 
~) Poros ity 
fl. Viscos ity 

has bee n assumed to be equal to th at measured at the instant 
the valve was closed (Ramey. 1970) . From the matching 

H .. S. k /<p fl.C,. and C can be o btai ned . 
When we can clearly identify the pressure build-up section. 

to tall y dependent on well -bore storage. Cca n be determined 

" pr iori 

q 6, 1 
C = -

6, /1 
(4) 

htt! C ()cannot be determined as the va lue o f"<I> is unknown . 
T herefore a previously calculated CD value canno t be 

lI sed in identify ing the famil y o f curves o n which matching 
is to be applied . 

T he C value can be obtained fro m 

hk I 
C = 2'TT - Cf)- (5) 

fJ. I I) 

w here I and I I) are correspo ndi ng values in matching. even 
w hen slo pe I section is miss ing. 

T he C value can also be ca lculated from 

C = V".C, (6) 

In sho rt-time well tes t anal ys is the curves give n by 
F: ar lo ugher and K ersch (1 970) were also used . These consist 

of a log- log plo t o f p D C f)/ t IJ versus t o/ Co w ith C I) e2S 

as pa rameter ( Fig. 6). In this case matching takes place 
hetwecn the t ype-curve and the graph 6 p / 6t ve rsus 6 1. 
C . "" . and S ill th co r y call he dl' tt:r llliIl L'd f ro m matchi ng. 

M al chillg should be car r ied (11 11. es tim ating C frolll th e 

we ll vo l II lil t: :l ll d t"i ng thi s to lot.:a te the horizontal asympto te 
o n the data pl ll i. In o ur t.:ase S could not be obtained fro m 
the parameter C /) ,, !S as " (1) wa s unknown . 

-Al so used fOI: the analysis were the type curves for II 
vertica ll y frac tured we ll s. relative to both uniform flu x 
fra c tures and infinite t.:onductivity fractures. taken from I 
G ringan en. Ramey. and Raghavan (1972) (Figs . 7. 8). 

The authors point o ut th at th e first is suitable for analyzing 
well s with natural fractures and the second for analyzing 
hydraulit.:ally frac tured well s. The curves are valid in the 
case of plane f rac tures in infinite reservoirs or in closed 
square reservoirs. In the latter. if enough long-time data 
are availablc . the match also gives the ratio between the 
side o f the rese r vo ir and the length of the fracture. 

Dimensionless quantities are defined as 

27Thk 7ThkM 
PI) = --;;:- ( p ; - P".,) = GfJ.z

RT 
(pf - p~v{) (7) 

kt 
I lx =--- -

<l>fJ. C,U 
(8) 

C 
C D I = - - - --

. 27T(ll " C ,L 2 
(9) 

and therefore C can again be ca lculated from Equatio n (5). 

For ve ry earl y-time da ta interpretation Ramey (unpub. 
data) gave us type curves for vertically fractured well s with 
well -bore storage (Fig. 9). These curves were also used 

in Ollr stud y. 

Back-Pressure Curves 

A s no bo ttom-hole pressure curves of this type are 
available at the mo ment they were calculated by the method 
described by Rumi ( 1967) . Press ure-sq uared difference was 
plo tted vers us Ihc produc ti on rate on a log-log sca le, T he 

plo t allows us to determine the performance coefficient C" 
and the expo nenl 1/ according to the formula 

G = C ,,(p / - p,,/)" ( 10) 

The expo nenl 1/ varies betwee n I , for laminar flo w . and 
0.5 for completely turbulent flow . Where the value of 1/ 

indicates the prese nce o f turbulent flow, Forchheimer' s 

equation 

elp fJ. 
- = - \' + rJ P V 2 

d r k 
«(( ) 

leads us to ex pec t a relatio nship between pressure and fl ow 
rate of the type (Gov ier . 1965) 

p / - p "/ = a G + b G 2 (1 2) 

w here 

r 
fJ. ln - " 

r ", z R T 
( I = ( 13) 

7T " " M 

b = 
II Z I~ I (I I ) --- -- -

). . /1 2 tI'l r r ' 
" .., \\' t' 

( 14 ) 

- ----1------ ------------- --- --------- -- - _ 
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We can determine a a nd h by fitting the ex perime ntal data 
and ilk ca n be thu s obtained from th e valu e o f II. There 
is co nside rable uncertainty as to the estimation of the 1'../ 1'". 
ra tio . 

RESULTS 

Although a great number of wells were examined. they 
a re not representative of all Italia n geothermal well s: they 
were not chosen accord ing to s ta ti stical criteria but by the 
relative availability of the data . 

Transmissivity 

Most 11k values range between 0 .5 and mo re tha n 100 
Darcy-meters . Sometimes the da ta can be interpreted by 
different methods. In this case the values o f hk obtained 
are in agree ment with one a nother. (Deviation is ge ne rall y 
within 30%.) 

We think tha t the differe nce ohtained from method s based 
on the same hYRo thesis a re main ly due to reservoir het..:roge ­
n-;;Tt . : in fact ea rly-time meas ure me nts are affected by 
tra nsmi ss ivit y near the we ll which would ge ne r'a ll y diffe r 
fro lll that al a certain dis tance from the we ll . 

Despite the fact tha t e rro rs in fi",{ have a grea t influe nce 

o n the behavior of the /1p versus /11 c urve in its firs t portion , 
the hk value from type-curve matching does not change 
to an appreciable extent if shut-in time is long enough. 

Severa l times the proper straight line section of the 
se mi logarithmic plot was difficult to identify even with the 
help of the type curve. 

In so me wells (Fig. 4) the Horner plot shows several 
secti o ns w ith ever-increasing slopes (slope ratios 2 to 4). 
The increase in slope could be explained by the existence 
of one or more linear ba rrier faults or of layering. This 
is often confirmed by the geological reconstruction . 

Hydraulic Diffusivity 

The values of k/ <PfJ.C, were obtained by' i 'th 
the type curves gIven by Agarwal, AI Hussa iny , a nd Ramey 
( 1970) for a n infinite reservoir with well bore s to rage a nd 
sk in effect. 

Due to the lack of precision in the initia l data and the 
imposs ibilit y of determining the value of CD beforehand, 
the match ca n sometimes be carried out o n mo re tha n o ne 
t )Ire c urve (Fig. II) a nd the uncertain ty in diffusivity is 
l1)ore than one order of magnitude. 

1, / eI ' IL e , ranges from 10 to IO '~ JIl 2/ hr with va lues more 
of ten be tween 10 3 and 10 ·. (An interfere nce tes t run In 
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neity and isotro'py of the reservoir. In many cases. in fact, 
a suitable match can also be obtained with the type curves 
for fractured wells . 

k/ (1)J-lC t L 2 Ratio 

100 ~---~~~-------~------~~---~ 

Using the type curves for vertically frac tured wells 
kl</)J-lC,L2 '= tDlt was evaluated where matching was 
poss ible . The resulting values ranged from I to some tens 
of hours -I (By assuming for k/<I>f.LC, the values most 
frequently met with. the L of the semifractures then ranges 
between 10 and 100 m.) 
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Although the wells under study draw their fluid from 
a fractured reservoir, matching with type curves for fractured 
wells can only be applied for 70% of them . 

[t is thought tha t the analysis methods for nonfractured 
wells are the most suitable for wells whose permeability 
is due to small isotropically distributed fractures . With this 
matc h the boundary effect was rarely seen and the x.1 xf 
ratio could not be evaluated. [n a very few cases only finite 
values of more than 10 were found. 

1 n several cases matching was a lso poss ible with type 
curves for horizontally fractured wells (Gringarten, Ramey, 
a nd Raghavan, 1972) , but this generally occurs with type 
curves which are very similar in shape to those for vertically 
fractured wells. It is thus impossible to distinguish between 
the two types of fracture. 
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Skin Facto.!.. 

The skin factor was evaluated with the type curves given 
by Agarwal. AI Hussainy, and Ramey; Earlougher and 
Kersch; and with Horner's method. The S value obtained 
from the last two methods is somewhat doubtful as the 
h,,> product or the k/ 'j> ratio must be estimated. 

However, the values of S obtained in this way differ 
only by a few units from the more reliable values obtained 
from the curves after Agarwal, AI Hussainy . and Ramey . 
Almost all the latter values ran ed between 0 and - 5. T . 
~eems in accor ance with the fact that the wells produce 
from natural fractures. 

It must be noted that no st imlliation (acidization, hydraulic 
fracturing, and so on) occurred. 

Well-bore Storage Constant 

The values of Ccalculated with C = V". C, range between 
I and I 0 m '~ / at!1J., while the values of C = ql1/ / 11(i calculated 
~"'hen I1p is proportional to 11/. range between 20 and 500 
Ill

J / atm. 
When applying the Earlougher curves. as matching is 

impossible with horizontal sliding only. curve matching wa s 
obtained by leaving out the initial position of th e asymptote . 
and C was then calculated . 

Although CD may sometimes vary by some orders of 
magnitude. this inaccuracy does not apply to the values 
of C as a result of the simultaneous variation in (D ' 

The values of C obtained from the well volume are always 
at least one order of magnitude below those obtained from 
other methods. This may be attributed to the pre sence of 
natural cavities or vapor condensation phenomena after well 
shut-in . In support of this second hypothesis we might add 
that the only well producing incondensible gases gave the 
same C value with the different methods . 

Shut-in Pressure 

Horner 's semilogarithmic plot hardly ever shows one 
s ingle straight section for long times. In some casc s the 
s lopes increase (continuous ly or discontinuously) : in others 
they decrease (Figs. I to 4). However. there is alwa}/s 

difficulty in obtaining shut-in pressure at 11/ = "'. 
Our present lack of knowledge on some aspects of the 

phenomena involved. the difficulty in defining the geometry 
of the system. and boundary conditions all combine to 
prevent us transferring the methods of dete rmining s tatic 
pressure used in oil reservoir engineering to the geothermal 
field. 

Back-pressure Curves 

The analysis of the back-pressure curves was confined 
to the wells with highest flow' rate in order to get a s c lose 
as possible to adiabatic flow conditions. Well s with long 
o pen hole sections we re not cons idere d in orde r to avoid 
inaccL:racy on the friction factor. 

The valuc s or thc cxponent 1/ of the pcrformance cur ves 
range betwccil OJ, and (l .l) and rcwal thc presence of 

- turbulent flow in thc fprnw r ion .... 
The value s of hk obtained from Equation (13). correcting 

r". for skin effect. differ at the most by a factor of 2. 
This discre pancy ma y be partly justified by the uncertainty 
as to the value or r, .. 

CONClUSIONS 

The analysis performed on 40 geothermal wells reveals : 

I. Consist e.n.qW:lc.L\lLe.C.Jl-tbe reSII/ts from Ibe methods of 
analysis used. 
2~e clfr yes based on simple models fit field data. 
3. NQ.£.b.auli.UnJU'-\(a.l.u.c-<ullL,<;.kin factors has been revealed 
when build-up tests have been repeated on the same well. 
4 . The re s ult s [or hk skin and storage are in agreement 
with what we can expect from geological knowledge. 
5. Short -time data and PLQ.per straight line se c tions of 
build-up tes ts can be analyzed , whereas long-time data are 
not yet easil y ex plained . 
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