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MODELING VAPOR DOMINATED SYSTEMS - SERRAZZANO -
LUMPED PARAMETER MODELS

R. Celati, R. Marconcini, G. Neri,
K. Pruess, R. Schroeder and 0. Weres

1 - Inti‘oduction

Task 3/7 of the ENEI~DOE collaboration Vagreement‘ bas been B.evoted
to mumerical si.mnlation of two-phase geothermal reservoirs, The work
' has been conducted by the N_atiqna.l Geothermall Unit of ENEL, Italy end
the Lawrence Berkeley Leboratory of University of California, USA.The
FNational Research Council of Italy also :contributed to the research,

The main objectives of the research ﬁere identified in impifovin;g
‘the understanding of physical processes, investigating the theoretical
‘bases of come simple reserve estimation methods and testing the feas:.
bility of nmumerical simulation of & real vepor-dominated reservoir,

Fatural geothermal reservoirs #re found in a large var:.ety of geolo
glo and hydrogeologic conditions and are characterlzed 'by different
distributions of the phases in the pore volume and fluid compositions,

The distribution of fhe phases in the reservoir affects to a large\'f
extent the production mechanism and the charactex.'istics‘of the fluid
produced (Refs.1,2),

The pressnce of nbncondensable gas (mainly 002) also can be important
“in the conirol of reservoir performance (Refs, 3,4). »

The fact that a reservoir delivers dry or even superheajféd steam do
es not exclude the possibility that the reservoif may also contain ,fluid

in a liquid phase, In effect mass balance calculations for known vapor-

-dominated reservoirs show that the enstence of a condensed phase must

be adnitted in order 4o justify the cumulative fluid product:.on from the
estimated reservoir volume (Refs, 2,5,6,7).

The experience of several exploited geothermal f:.elds of New Zealand,
Mexico and Italy show that fluid extraction can induce 'bo:l»ling inside

reservoirs which were water-dominated in their undisturbed initial con

O
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u ditions. Thus it is likely 'that two-phase gones develop as a result of

exploitation in the ma.jority of. exploited geothermal reservoirs. ]

‘l‘wo major approaches heve 'been followed in the' methematical mo
idelling of geetherma.l reservoirs' lumped pa.rameter and . distri‘bn
ted parameter models. . e : o
. Lumped parameter models assume reservoirs and fluid properties
m_xii‘om in Spece. Although such hypothesie represents a good apprg_ :
| Txima.tion only for & few geothermal res“erizoirs, these models ‘he.ve |
" been successfully applied in several reservoir engineering studies
(Refes 3,4,8,9,10,11)0 . | |
Shple lumped parameter models are preferred when defailed re
servoir information is not availeble or sca.rce, es it is for the
ma.;jority of existing geothermal reservoirs. '
Distributed pa.ra.meter models can take into account complex re
servoir sha.pes, etherogeneity, enhysotmpy, irregular initial a.nd
'boundary conditions €ccC,
4 Although their use requires data which ere generally difficult
to o'btain, they offer the possibility to etudy field behaviour well
per well and carefully investigate phenomene controlled by fluid
'flow. . L -
D:.etr:.buted parameter models have 'been epplied to Wairakei geo__
) ‘thermal fi.eld by severa.l a.uthors (Refs. 12 113414), but up to date
there has been no epplication tc the simule.tion of the prodt.ction
| ’history of a.n exploited vapor-dominated reservoir. , o
| ‘I‘his pe.per presents some general results that can 'be o‘btained
~ from lumped parameter models (PART 1) a.nd the simuletion of the va
por-dominated reservoir of Serrazzano (PA.R'I' 2) in La.rderello field

(Italy).
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2 - Thermodynamic behavior of vapor dominated reservoirs : U/

The most simple way to conceive a geothermal reservoir is to hypo
thesise a "hot box", poesibly adiebatic, containing three different
componen'ts' rocks, wa'ter and noncondensable ga.s, assuming all the pro

, peri:i.es uniform through the box volume — Let us a.ssume that therma.l
equilibrium persists between the 'three components with every process
which ma.y occur in the system, ‘that no chemieal reaction exists betwe
en the components and that the gas is dissolved in the 1iq'u.1d phase |
according to Henry's law. Thus the cha.nges of state ere defined by

the energy ‘and mass conservation equations as follows,

(1) d,t ( Z E Ea ) H@G‘w*‘ HA, G+ ‘Hg Gg’
(2) o -(%E- féq, = ch +. é{,

d = G
(3) raAd 3

Equations (1), (2) and (3) bave been numerically integrated assu
ming T, pa and Pg as independent variables and assigning the total
flow of the fluid extracted or injected. The liquid a.nd steam produc
tion rates have been calculated on the basis of their relative ‘permea
bilities Kps Kv, defined analy‘bically using a corey's equation

(5*) |
= (4- Se 22 )(1-S; )*
Sg=1-5
Sa = (Se See )/(d. Sc-; - Sro-p)

S gy = residual immobile liquid saturation : o
S

" where

D>y = Tresidual immobile vaper~ saturation



331

Capillary pressure and any adsorption phenomena have not been ta
ken into consideration even though they could play an important role
in the 'reservoir dynamics and in the reserve estimation,

Fig. 1 illustrates an ideal reservoir. This reservoir initially
conta.ins a large volume of vapor and & small volume of liquid water
at boiling point. The fluid delivery is 40 Kg/sec and the water is
presumed to be immobile. o ,.

Fig. 2 shows the change over & period of time of the total pressu
re and of the cumulative steam production.

The main cha.recterietic of the pressure decline curve is given byv
the rapid decrease occurring in the first period of production due to
the ex.tra.ction of the noncondensable gas, This fast decrease ends
when the gas pressure is very small and total pressure is close to
thet of saturation,

The variation of gas content and steanm ea.turation are shown in |
Fige 3. : | |

The reservoir temperature decreases very slowly and obviously de |
termines the vapor pressure as long as two pha.ses are present in the
reservoir. 'I‘he slow decline in tempera.ture signifies that the heat
reserves are much grea.ter than the heat required to vaporize the 1i
- qu:l.d contained in the reservoir, o
It can be seen that after 5400 da.ys (a.pprox. 15 yrs) of produc
tion, 28% of the water stored in the reservoir has been produced can
sing a lowering in the temperature of only 3 °C, In the same period,
the vapor ‘saturation has changed from 80 to o864 ’

In practice, the reservoir engineer can never have complete infor
'mation on the initie.l state of the reservoir, Thus, he will never ha
ve all the information that he needs to build & numerical model of

{he reservoir in order io predict its future evolution, However, a_f_‘

ter the reservoir has been in production for a certain period, infor
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o
RESERVOIR VOLUMEV =410 m3 :

POROSITY

SPECIFIC HEAT
OF ROCK

ROCK DENSITY

INITIAL STEAM
SATURATION

INITIAL GAS
PRESSURE

INITIAL RESERVOIR
TEMPERATURE

INITIAL STEAM
PRESSURE

Initial and boundary conditions for the reservoir

b ..07

Cr =1200 1 /KgC
P - 2500 Kg/m?

So =.8

Pgo=14.8 Bar
T -113°C

Pvo=8.5 Bar

considered in this study.

1
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saturation during the reservoir depletion.
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Fig. 4. Graph of the steam partial pressure versus
steam production. ’
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Fig. 5. Graph of the gas steam ratio versus steam
-production.
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mation will be available for the flow rate and pressure which can
be use@'tb characterize the reservoir and maybe to estimate the re
serves; k | - | ; j

Figs, 2 end 3 show graphs that contain almost all the information
necessary to evaluate the-f1uidkreserves, once it;h;s been establi
shed that the reservoir being studied can'be'conéi@gred'zerofdimgg _
sional, | " , = |

The rock éne:gy.decrease corresponding to & fémperature decréase

ATis: ,' o . o
DBEy = (4-P)VCy Or AT

As moéf othhe‘énergy is qéntained-in the rock rather than in the
fluid, we can assume with a good approximation that this value must
bélance the energy,spéht to #aporize the fluid prqduced and {he work
performed on the fluid leaving the system = - .

Gu(Ew-Ee) b+ GafPpy) AL
The result is . 7 | o e
AT: Galt(hr-Eg)/[(4-$)Cn QYT -+ -

- AP(db Ga(Ho-Ee)At
| Tk (4-4)CeQeV

A more precise caloulation, which stiil presumes that the energy

of the fluid is negligiblekwith respect to the rocks, gives the equa
tion | o | |

ap<(42) G (Hu-h(B) At
Ty (U-d)enpeV



336

). Bebecboly K(p) ( )
Oe - Lo o

Thi.s equation in practice: gives the same results a8, the preuous
equati.on, as the vapor density is ‘generally :lrrelevant compared m.th
that of the ‘liquid, i s

Finally, given that Hv, El and h (p) are functions which va.ry sli.
ghtly with respect to p, the significa.nce_ of the prey:.ogg e‘quaftivgn is
that preséu_ré is ;aj.ln‘xost & linear function of tﬁg mass produced.'l‘he
siépe of the ﬁlot of the pressure vs the mmulati_fe steam p:;qcﬂhvctionv
js approximately proportional _to‘ the inverse of the hgé_t capacity of
the ‘r_ock. In practiée, for a reservoir of this type, it is poésible
to evaluate the rock volume (if the density and specific heat are kno
wn) by measuring the decrease in pi'essure or temperature corresponding
{0 & given mass of vapor produced, ,

Using the resulis given in Fig. 1 and applying these concepis, the
graph shown in Fig, 4 is obtained, Estimating that the average X (p)
~ is between 8,5 end 8 bar and assuming for Hv-El, the value for the
initial reservoir conditions, we obtain: ‘

(4-$)V = 3744 10°m3

which i8 in good sgreement with the actual value of 37,20 40°m3.
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3 -~ Gas content ‘decline

'ﬁle previous thermodynamio oonsidera.tions do not allow the calou
lation of fluid reserves. - A ,
Eowever the gas, wh.ich is a.lso present in the reservoir, at equi
* 1ibrium conditions is much more concentrated in the vapor pha.se tha.n
 in the liquid, "
'l‘hus, if fluid produotion also derives from 'boiling of the liquid
) presen‘l; in the reservoir, the va.ria.tion of gas content in the stea.m
" produced clearly depends on the amount of liquid initially in pla.oe.
| ‘Let Mgv be the ma.ss of gas in the vapor phase, ’ ‘

Lssuming the temperature of the system to be almost constant, we have
_ a

A
i "\ e«, &S &
where Mg,e is the nass of gas;dissolved. in_'l:he liquid,
Introducing the distribution coefficient K which is dependent on
" temperature, and considering also that the vapor saturation varies ve
ry little during the time period being considered, we obiain

& oo (ios)bv A P & pron chpivge &
&TH”TU' S)V e &‘ EEBV‘ ¢ S)Wﬁ &«

Abu'l'; ~
A M3

oor.

[4>vs o +14- 5)4>V80——-52L = MGw=Gy
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Thereforei for short time periods, there is a linear relationship
between the logarithm of the ga.s/steam rati.o and the cumulative steam
‘production,Fig, 5 gives graph of . lnq) in function of the vapor ‘produ
ceds If the value of the quantity # V is known, we can estimate S from
the .slope of the straight line shown in the figure, ~obtaining

For vapor—dominated system in which S is quite large, usually the
_5 ;expression(»{ S)ee / KD can be- ignored with reSpect to @\,S and the pro
duct ¢ VS can thus be calculated directly. ‘

In the example'sbove, where S is quite large we obtain

VS = . 239 107 o
while the actual value is 224 109 3

Therefore, if the products § VS and (1 - §) V are known, it is pos
sible to estimate(4-5)4>vee, i.e, the fluid reserves, evaluatingV or
¢ by other methods, e.ge geophysical,

4 - COnclusions

The evolutionb of the tempera.fure of a homogeneous two-phase geo
'thermai reservoir is controlled exélusively by the vaporisation pro
cess, In vapor dominated system,. the gas contént of the fiuid produ
ced depends mainly on the volume fraction of the i‘eservoir which was

| initi.a".lly occupied by vapor,

Adopting these two concepts in the analysis of the evolution of
{the reservoir temperature and the g_a.s/steam ratio it is possible to

evaluate the fluid reserves, :

Actually these concepts can-only be applied in particular cirQu_x_g
stances (Ref. 4). Normally the liquid water in a reservoir is not -

uniformly distributed, the reservoir is not homogeneous or isotro
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pic, fluid properties are different from place to pla.ce and probably

“the assumptions concerning the gas are incomplete,

These factors can 'be ta.ken in-bo cons:.deration w:.th distributed pa

ramei:er models.

§

H

4

T e mmpe:atnrgf-f*

" - 'J.ﬁmaist'e} :

a
r
€
i

Fomenclature

‘a-Energy
= Specific enthalpy of fluid
= Hass

5..Flowrate e e o
- () 0 for in;iection, < 0 for produotion)

- Volumetric vapor satnra’cion ' 7

T Pressnre '

= Rock porosity

= Specific energy of fluid
™ Fl'nid density

e Ga.s - steam ratio N

= Mass of the gas !.n the liquid pha.se

. Subscripts

= Hater

= Gas
= Injection

= Specific heat 'bf -the reservoir rock

: - Mass of the gas in the vapor phase

L
€l

- Joule

‘ Joulé/lfg

- Kgfs.

o Liquid water
- Gas in vapor pha.se
= Gas in liquid phase
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