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RESERVOIR ENGINEERING STUDIES OF THE

TRAVALE-RADICONDOLI RESERVOIR

A. Barelli, M. Economides, G. Manetti, and F.G. Miller

1. INTRODUCTION

Initial reservoir engineering studies of the Travale-Radicondoli steam-
field in the Larderello region of Italy were begun in late 1976, with the
ultimate objective of estimating energy reserves. Research centered on
pressure»tfansient (well test) studies. - Reasonable success was attained
in studying mathematical models of the reservoir in an attempt to dupli-
cate the pressure buildup behavior of Travale Well 22 as observed in'the
field. A well interference testl was later designed and implemented, in-
volving Well T~22 as the test well, and seven other nearby observation
wells. Results of analysis of the test appeared to be conclusive. They
indicated the direction of the main fracture in the reservoir which is
penetrated by Well T-22, the steam flow pattern in the reservoir, and that
the reservoir can be represented by a parallelepiped model.

Following this study, it was believed that a better concept of the
Travale reservoir structure and the flow behavior of its fluids could be
developed through analysis of the pressure—pfoduction histor& of Well T-22
over a period of two years and seven months, beginning just after construc-

tion of a power plant in 1973.

2. METHODOLOGY
The data available (Fig. 1) consist of a long wellhead pressure his-"
tory from Juiy 1973 td'July‘1975. During this period, flowrates, well> ~

head temperatures and noncondensable gas composition were recorded/once a

month; By means of this information, bottomhole pressures were calculated.



. S9%

20—

Q
-ou
-
L
-

2004 |, T —

100

J'a's'o'N"pTulTeE'm'a'm's's"Aa's'o'N'D's'FIMia'm' sy’
1973} 1974 . | 1975 '

FIG. 1 - Wellhead pressure history



466

Flowrate changes and many shut-ins also took place during this period.
Since almost all models used in well test analysis are based on constant
flowrdte and the superposition principle, tﬁe data have been processed

to make them comparéble with these models. The result of this process-
ing is the pressure drawdown response to a unit step flowrate. This
idealized drawdown will be named "influence function" hefeinafter.6 Com-
parison between the influence functioﬁ and the most appropriate models

can disclose information on flow pattern and reservoir parameters.

3. PARALLELEPIPED 1NTERPRETATION

3.1 Description of the Model

Parallelepiped models were developed.z’a’4

A parallelepiped reser-
voir such as that depicted in Fig. 2 was introducgd. The system was
bounded laterally by vertical impermeable planeé, the top of the reservoir
was a horizontal no-flow boundary, and underlying the reservoir was a con-
stant pressure plane. The general assumptions for this model are as fol-
lows:

1) The well produced at a constant flowrate in an anisotropic homo-
geneous reservoir of constant properties (k and ¢ were independent of
pressure and temperature).

| 2) The reservoir contained a slightly compressible fluid’of constant
viscosity, U, and compressibility, c,- Although this assumption is not
valid, there is considerable evidence that it is a gobd approximation for
gaseous systems when the m(p) function is used.

3) There were only small pressure gradiemts in the reservoir, and

negligible gravity effects.

\or

-

Qb;
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4) Well fluid production was via a vertical fracture which partially
penetrated the reservoir. The top of the fracture could be located at any
elevation, and the fracture could extend to any depth.

5) The ;ﬂi;ial,pressure, pi3~ﬁas the same throughout the reservoir.

Although the fracturé could'ﬁevlécatedkanywhere in the reseryoir and
the reservoir dimensions could be chosen:arbitrarily, the only cases stud-
ied were those in which the ftactqte_waéglocated in the center of a paral-
lelepiped reservoir of squafeihofiiontalgcross—section, with the fracture

extending downward from the tbb”of the reservoir and oriented parallel to

two of the vertical boundaries. Using Green's and sohrce functions, equa-~

tions of the dimensionless pressure, time, and reservoir thickness were

presented:
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A computer program was written to calculate the pressure drop at any

point in the system at any dimensionless time, t. . Several runs were

Dxf

nademby‘conSideringidifferent'values of dimensionless‘formation thickness,
D’ fracture penetration ratio, x /xf, and dimensionless fracture height
hf/xf.‘ The dlmensionless formation thickness varied from 2 to 20 »the
fracture penetration from 2Jto§lQ,;and the dimensionless fracture height
was,assumed to be unity. =

. All cases exhibited a unique one-half slope straight line for small values

of.time, This behavior was caused by the linear flow behavior in the.

- vicinityxofrthe fracture. At large values of time, the wellbore pressure

, f“dropﬁstabiliaed, indicating steady—state‘flow.in_the'system. Figures 2

fand'3sshow thatrover a large region of the graph, the curves for pressure.

-response at a fractured well in a: parallelepiped reservoir were similar

in slope to the infinite conductivity vertical fracture solution for an

infinite reservoir.

3.2 . Data Manipulation and Type-Curve Matching"

The first major task was to‘manipulate the physical data. First,
since there were no accurate pressure data during the initial 47 days, a
widely practiced method of averaging was used. All cumulative production
prior to the 47th day was added ‘and then divided by the 1ast flowrate (150

tons/hour). Thus a tpseudoﬁitinewof roughly 16 days was obtained. This

‘has . theoretical basis in?superposition in time, as can be found in Hornmer

and other sources. Theréfore, "day zero" in the long drawdown data is day
16. The second "data manipulation” concerned the three shutdowns that

appear on the data. Since no pressure data‘were collected during the

shutdown; they were "hand smoothed." A simple influence function,
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Ap2/q, was uSed; fhe‘grééﬁ apégars4§n Fig. 4.A A:Caftesian graph was
used to show théjihflﬁeqc§ fQﬁéti§n (bq;tomhoie pressutgs;were used
‘throughout the calculations). =

~ The next:tgsk’was to graph ;he influencg f#@ction'éq lpg-log paper,
matched on a tyﬁé—curve prepared for a’“parallelépiped reservoir" pene-
:trated by a verticai fracture (Fig. 5). Several integim calculations
;were done in Qrder to,facilitate»the type-curve matchiﬁg. If the parallele-
piped assumptions are fg‘be acceﬁééd;“tﬁen the flattening of the preésure
curve that appears 6n Fig. 5 should be interpreted as the result of boil-
‘_ing'subformatioh water.- ThiS'breakpoint'appeafs to: be about day 475. The‘A

=”type-curve.matching resulted in the following set of points:

xeD = xe/xf -3
Ap2/q =10
“'PD/hD'=WO‘94'f

t = 100 days

T
h

From X.p = 5, YeD = 5, and their definition, we obtain:

k =k
x y

Since the reserVOi: lateral extent is known (1rkm in each direction), then:
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x_ =50m 7 ¢
e

From the definition of the dimensionless pressure: -~

2 2
Py Wik xe (pyop)
hy ~ Relu T G

and substituting the known variables:
(k3% = 3.34x1072 darcy - )

From the definition of dimensionless time:
‘ -

k t
Lot

- %uﬁ av?uctff .
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'JCombihingVEqs.?4‘aﬁd*Sfénd‘féﬁéﬁberiﬁgithétjkku='k&j we-obtain two equa-
tions:

‘k “k i i - i ,J’
L2 . 7.8x107 darcy’

o i ISR :qgui .
"k—z cp= 0.47 | (6-b)
x ,

(6-a)
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Combining Eqs. 5 and 6-~b, then:

ok = 1.5x10'2_darcy
Introducing the definitions ofThD~in Eq. 6-b:

$=47.7m

#|>

D

and hence:

hé = 430 m

The pore volume is then:

Vo = 4 yexe‘h¢ = 4x108 m3
Another interpretation using ;he same match can be madebby following
Grant's approach8 which considers the thermodynamics related tovphase
changes. He shows that for small pressure changes,'the diffusion equation
is still valid in the two-phase zone if ¢ct is replaced by an "effective
compressibility," the value of which is on the order of 0.06 atm-'l in this
case.

Calculations have been repeated starting from Eq. 4 downwards. The

main results are:

h = 0.3 km | Q;;)

v = ‘003J1qn
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4. AN ALTERNATE APPROACH

4.1 Bottomhole Pressure Calculations
Bottomhole pressure history was calculated by Rumi's method.7 Adia-

batic'flow of pure steam maslconsidered.

4.2 Influence Function: Calculations and Results

Using the‘calculated bottomhole pressure-history, the drawdown due

to a‘unit step flowrate (influence function) was calculated according to

ref. 5 assuming only that the superposition in time is valid.é

The influence function was calculated in terms of (p {P f)/G Squared
p's were used because steam is considered to be a perfect gas. (Figs. 6 and
7). The drawdown preSSure history match based on Ap2 is shown on Fig. 8.
The calculated influence function is graphed on log-log paper on. Fig. 6.
A certain scatter is evident, probably due to uncertainties in. the data

(especially”in'the‘first period). Nonlinear phenomena”in thexreservoir

may also invalidate the superposition principle. o

Type-curve matching has been attempted with models considering frac-
tured reservoirs. Satisfactory matches were obtained but reservoir ‘param-—
eters such as fracture height, fracture length and reservoir volume are
in contrastpvith the sizepof the known reservoir, probably because‘the
models do not/consider phase changes.‘:iﬁﬂ o

‘Since the interference test conducted in Aprilll977 revealed the
presence of linear flow in the reservoir, the influence‘function was
graphed vs the square root of time (Fig._7) to identify a possible linear
flow regime. The main portion of the data (from 45 days to 2. 5 years)

seems to lie on a straight line,'suggesting linear flow.
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The slope of this straight line is (0.184 atm ) / (t/h//~——) webdo
not know why this line does not intersect the origin, since in linear.flow,
pressure drops are proportional to the square root of time.

Figure 7 also shows the ‘result of the intérference test. The two
slopes appear to be the same despite the fact that different ranges of time
were investigated The earlier data are difficult to understand but are

.unreliable since the flow pressure history of the first 45 days is unknown.

5. CONCLUSIONS
lsting the parallelepiped model, two major benefits can be extracted:
“l)x— a;diagnosis of‘the shape of the reservoir and
’_z)xalthevwalues of the directional permeahilities;;

SIn}this‘case unfortunately the data scatter prevents a unique match
and‘consequently thevreservoir parameters are not well determinable.~

The parallelepiped model gives a larger pore volume than would be
expected from geological knowledge; this observation leads to the hypothesis
of phase_changes with‘strong thermodynamic{inplications,Aas;suggested by
Granttg‘a: E )

An alternate Approach to the problem was also nade and an‘"influence
function generated postulating only that the. principle of, superposition
in time is valid. This influence function permitsvcalculation of the pres-
sure response for a given flow rate history independently of the type of
model used.‘ud'

Both the parallelepiped model and the alternate approach reveal the

presence.of a,linearrflow pattern as indicated by the interference test

and buildups, but they differ from each other at later times.
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NOMENCLATURE

c, = isothermai'compressibility'
G = mass flowrate

h = pay thickness

hf; = f;acture heigh;

k = permeability

m(p) = real gas potential

M’ = molecular weight

"b = préésuré

Py = initial pressure

P,¢ = flowing pressure R
P = shﬁé-in'pressure

R = universal gas constant
T = absolute temperafure
t = flowing time

Xe = half—fr#cture length
x, = boundary location

Ye =vboundary location

V = reservoir bulk volume
z = gas deviation factor
H = viscosity

¢ = porosity

’Subscrigt

D = dimensionless



479

REFERENCES ...

1.

Atkinson, P., Barelli, A,, Brigham, W.E., Celati, R., ‘Manetti, G.,

~ Miller, F.G., Neri, G., and Ramey, H.J., Jr.: "Well Testing in

Travale-Radicondoli -Field," Proc., ENEL-ERDA Workshop, Larderello,

Italy, Sept. 12-16, 1977; Geothermics (1978), 7, No. 204, 145-184.

Cinco-Ley, H., Brigham, W.E., Economides, M.J., Miller, F.G., Ramey,
H.J., Jr., Barelli, A., and Manetti, G.: "A Parallelepiped Model to

Analyze the Pressure Behavior of Geothermal Steam Wells Penetrating
.. Vertical Fractures,” Paper SPE 8231, presented at the.54th Annual

':p Fall Meeting, SPE of AIME Las Vegas, Nevada, Sept. 23 26 1979

; Barelli, ‘A.,: Celati, R., Manetti, G., and Neri, G.:fProgress Report

on a Mathematical Model of a Parallelepiped Reserv01r with No Pene-
trating Wellbore -and Mixed Boundary Conditioms," presented at the -

... Workshop,-on Geothermal Reservoir Engineering, Stanford, California,

Dec. 1975

e

~Economides, M. J., Ogbe, D., Miller, F.G., Cinco-Ley,. H., and Fehlberg,

E.L.: "Pressure Buildup Analysis of Geothermal Steam Wells Using a
Parallelepiped Model," Paper SPE 8886, presented at the 50th Annual

fCalifornia Regional Meeting, SPE of AIME Los Angeles, Apr. 9 11,

1980.

:'ia£211i“ A., and\Palama,>a.. "on'Sbaé Conputation'Methods of Unit
“iResponse Functions from Varying Rate Data," Geothermics (1980), 9.

":Economides, M J., Brigham, W E.,vCinco—Ley, H., Miller, F G., Ramey,

H.J., J¢., Barelli, A., and Manetti, G.% "Influence Functions and
. .Their Application to Geothermal Well Testing," Geothermal Resources
, Council (1979), III 177. o
- .Rumi, - 0..1“Some Con51derations on the, Flowrate-Pressure Curve of the
Steam Wells of Larderello," Geothermics (1973), 2 Nos. 3 4 154 173.
~Grant, M.A.: "Water Content of the Kawah Kamojang Geothermal Reservoir,
= Geothermics (1979) 8, 21-30. -
ACKNOWLEDGMENTS

'This work was carried out as:a part of Project 3 of thevDOE;ENEL

"AgreeMent on’ Cooperative Research and Development in Geothermal Energy.

The authors thank their sponsoring agencies for the Opportunity to

- participate in this binational cooperative: effort,





