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1.0 Introduction 

Since Italy first started producing electricity from geothermal steam in 1904, four

teen other countries have begun to harness it for the same purpose. The continuing 

instability in the world oil market has helped provide the impetus so that more than 

forty countries have become actively involved in geothermal energy exploration (Dono

van, 1984). A substantial percentage of the energy requirements of Iceland, the Philli

pines, and EI Salvador are provided by the exploitation of geothermal resources (Bar

bier, 1985). 

An economically successful exploitation of a geothermal reservoir is dependent on 

the proper characterization of the reservoir system. The rock characteristics can be 

determined through a combination of production tests and drilling data. However, due 

to the heterogeneity of reservoir systems it is necessary to use all the information 

available in understanding a system. 

Most high-temperature geothermal reservoirs are highly fractured·- (DiPippo, 

1980). They can differ substantially in behavior from homogeneous porous medium 

reservoirs (Kasameyer and Schroeder, 1976; Pruess and Narasimhan, 1982; Bodvarsson 

and Witherspoon, 1985; Lippmann et. ai, 1985). In a fractured reservoir, the early 

transients will be controlled by fluid stored within the fractures. Then, after a short 

initial period, the matrix will begin to contribute fluid to the fractures and production 

conditions will stabilize. This is because the fractur.e porosity represents just a small 

fraction of the total void space, so that overall fracture contribution of fluid and 

energy to the recovery is small. The rock matrix has a low flow capability, bu t it 

stores most of the heat and mass for the reservoir. Therefore, prolonged recovery IS 

possible only if the rock matrix provides fluid to the fractures at a rate sufficient to 

sustain production. Using the conventional homogeneous porous medium techniques to 

evaluate a fractured reservoir is equivalent to assuming instantaneous equilibrium 

between fracture and matrix. This ignores the importance of fracture-matrix interac

tions on longterm well preformance. Therefore, techniques are needed to characterize 
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both fracture and matrix parameters in order to accurately predict the longevity of a 

reservoir. 

Many geothermal reservoirs contain significant amounts of non condensible gases. 

The concentration of gas ranges from 0.1 to 10 percent by mass of steam at separator 

conditions. The most abundant noncondensible gas in geothermal systems is CO2 

which typically accounts for more than 90 percent of the gas present (Kestin et aI, 

1980). Other significant gases-include H2S, N2, NH3, H2, and CH4• Appendix A pro

vides 'a brief outline of the types of gases in geothermal systems and their primary 

sources. 

Noncondensible gases can have large effects on conditions within a reservoir (Ellis, 

1959; Sutton, 1976, O'Sullivan et al., 1985). Because CO2 is poorly soluble in the 

liquid phase of water most of it resides in the gas phase. Therefore, the presence of 

CO2 will expand two-phase zones within a reservoir. The total pressure in the gas. 

phase is basically the sum of the partial pressures of water vapor and CO2. Conse

quently, when CO2 is present in a two-phase system, the saturation temperature is 

lower than that for a pure water system for the same total pressure. 

Non-condensible gases can provide important information about a reservoir sys

tem. Many studies have shown that the gases within reservoir can be used to indicate 

the thermodynamic conditions, flow patterns, and to map recharge areas. 

Reservoir rocks will react with reservoir fluids so that non condensible gases can 

be valuable tools for characterizing the thermodynamic state of a system. Many publi

cations have examined the chemically reactive constituents; CO2, H~, NH3, H2, N2, 

and CH4 • Since these constituents are subject to the influence of equilibration 

processes, their study has been shown to provide useful information on the deep tem

perature and pressure conditions within an unexploited reservoir where conditions have 

stabilized (Ellis, 1957; D'Amore and Nuti, 1977; Giggenbach, 1980; D'Amore and Pani

chi, 1980; Arnorsson and Gunnlaugsson, 1983; Andrews, 1983; Nehring and D'Amore, 

1984; D'Amore and Truesdell, 1985; Marini et aI, 1986). In a producing reservoir, 

where conditions are rapidly changing, studies have shown that non-reactive gases are 
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valuable as tracers for How patterns within the reservoir (Mazor et aI, 1982; Nuti, 

1984; Mazor and Truesdell, 1984; D'Amore and Truesdell, 1984). 

The purpose of this study is to gain further understanding of the effects of non

condensible gases (C02) in fractured two-phase geothermal systems. A thorough 

review of previous work on non condensible gases is carried out. In addition, since the 

flowing mass fraction of CO2 is strongly controlled by the flowing saturation, the 

flowing enthalpy literature is also reviewed. Numerical techniques are employed to 

examine how noncondensible gases (C02) affect well transients and to determine the 

value of these effects as tools to evaluate in situ reservoir parameters. Simplified reser

voir models are used to define the effects of CO2 in the reservoir and the resulting 

transient behavior a.t the feed zones to the well. Futhermore, fracture-matrix interac

tion is studied in detail to identify the effects of CO2 on recovery and flow patterns 

within the reservoir. Finally, the insight gained from the sensitivity studies for 

enthalpy and CO2 transients is applied to interpret transient data from well BR21 at 

the Broadlands geothermal field of New Zealand. 



2.0 Literature Survey 

2.1 The Use of Gases to Analyze Geothermal Systems 

Reservoir systems are complex. Non-condensible gases, which are found in 

significant quantities in many geothermal reservoirs (see Table (2-1)), are increasingly 

being employed to help understand and explain the behavior of these systems. 

Table (2-1). Gas Content in Fluids From Various Geothermal Fields 

Location 

Ahuachapan, EI Salvador 

Krafla, Iceland 

Namafjall, Iceland 

Nesjavellir, Iceland 

Kamojang, Indonesia 

Bagnore, Italy 

Larderello, Italy 

Mofete, Italy 

Matsukawa, Japan 

Onikobe, Japan 

Gas Content 

0.05 percent of the total flow by mass with CO2 

accounting for 90 percent (Kestin et al., 1980). 

Gas content rose to 7 percent of the steam by mass 
during 1975 eruption, but fell to 3 percent after 
activity stopped (Steingrimsson et al., 1984). 

1.0 percent gases in the steam by mass, 52 percent 
H2S and 32 percent CO2 (Kestin et al., 1980). 

1300-2700 mg/kg CO2 concentration (Stefansson, 
1985). 

1-2 percent gas by mass (Grant et al., 1982). 

Initially produced 90 percent carbon dioxide, but 
dropped to 7-20 percent since the removal of the 
gas cap (Kestin et al., 1980). 

3-10 percent gas by mass, 95 percent of which is 
CO2 (Pruess et al., 1985). Other gases present 
include helium, methane, nitrogen and hydrogen 
(D'Amore and Truesdell, 1984). 

1-5 percent CO2 by mass (Carella and Gugliel
minetti, 1983). 

0.5 percent gas by mass in the steam (Kestin et al., 
1980). 

0.5 percent gas by mass in the steam (Kestin et al., 
1980). 
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Table {2-1}. Gas Content in Fluids From Various Geothermal Fields 

Location 

East Olkaria, Kenya 

Cerro Prieto, Mexico 

Los Azufres, Mexico 

Broadlands, New Zealand 

Kawerau, New Zealand 

Ngawha, New Zealand 

Wairakei, New Zealand 
• 

Palimpinon, Pbillipines 

Kizildere, Turkey 

Baca, New Mexico, USA 

Desert Peak, Nevada, USA 

Pauzhetka, USSR 

Gas Content 

noncondensible gas content of 500 millimoles per 
kg. of steam (Bjornsson and Bodvarsson, 1986). 

0.2-1.0 percent gas by weight with 90 percent CO2, 

Other gases present are hydrogen sulfide, nitrogen, 
hydrogen, ammonia, argon and methane (Nehring 
and D'Amore, 1984). 

0.2-7.0 percent by mass of steam, primarily carbon 
dioxide and hydrogen sulfide (Kruger et al., 1985). 

0.7-2.77 percent by mass with carbon dioxide 
comprising 95 percent (Brown and Ellis, 1970). 
Other gases present are hydrogen sulfide, hydrogen, 
nitrogen, ammonia and methane. 

2.5 percent gas by mass in the steam of which 91 
percent is carbon dioxide and 8 percent is hydrogen 
sulfide (Kestin et al., 1980). 

1.1 percent gas by mass (Bjornsson and Bodvars
son, 1986). 

0.5 percen t gas by mass of steam (Kestin et al., 
1980). 

0.2-1.0 percent carbon dioxide by mass (Klein et al., 
1982) 

2 percent gas by mass in the steam (Tan, 1984) 

0.4-1.5 percent gas by mass primarily carbon diox
ide. Other gases present include hydrogen sulfide, 
nitrogen, hydrogen, ethane, and methane (Riney 
and Garg, 1982). 

0.02-0.04 percent gas by mass of steam (Goyal et 
al., 1983) 

0.6 percent gas by mass of which 92 percent is car
bon dioxide (Kestin et al., 1980) 

The presence of a large amount of noncondensible gas can have significant effects 

on the pbase distribution within both exploited and unexploited reservoirs. In general, 
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the partial pressures of gases have been shown to cause a gas-water mixture to boil at 

a lower temperature than pure water (Ellis, 1959; Ellis and Golding, 1963; Takenouchi 

and Kennedy, 1964; Sutton, 1976; Sutton and McNabb, 1977; Pritchett et aI, 1981; 

O'Sullivan et aI, 1985). Since the work of Ellis (1959) it is well known that the higher 

the sum of partial pressures of gases present, the lower the boiling temperature will be 

(Ellis studied CO2 effects in particular). In addition, Pritchett et al (1981) noted that 

although the boiling temperature changes significantly, the temperature at which con

densation first occurs remains almost unaffected by the presence of gas. Udell (1986) 

indicates that gas will affect both the temperature of boiling and of condensation. 

At Ohaki-Broadlands reservoir, New Zealand, pressures are substantially higher 

than would be typically found in a boiling water system. In some of the earliest work 

using gases in a reservoir fluid analysis, Sutton and McNabb (1977) showed that this 

pressure-temperature data could be fitted closely by a boiling curve of a COz-water 

mixture (4.4 percent CO2 by mass). Grant (1977a) confirmed this by incorporating 

CO2 in a simple model of the Ohaki-Broadlands reservoir and obtaining a reasonable 

match with field data (See also Zyvoloski and O'Sullivan, 1978a). Later, Pritchett et al 

(1981) used CO2 in the analysis of the natural state of Baca reservoir, New Mexico. 

They concluded that the reservoir could be either single-phase liquid or two-phase 

depending on the amount of gas in the reservoir and that more accurate measurement 

of the gas would be required to determine the exact state of the system. O'Sullivan et 

al (1981) explains the conclusions of Pritchettet al by stating that if a sufficiently 

large amount of CO2 is introduced into liquid water at fixed temperature and pressure, 

the mixture must boil and evolve a gas phase to accomodate the increase in CO2. 

Pritchett etal (1981) found that in order to match the pressure-temperature conditions 

within the reservoir a ga&water mixture in the range of 0.4-1.5 percent gas by mass 

was necessary. 

Ellis and Golding (1963) have shown that only a small amount of CO2 (noncone 

densible gas) can be dissolved in the liquid phase of water, so that most of the CO2 

resides in the vapor phase at conditions typical in geothermal systems (see also 

,-I 



-7-

Takenouchi and Kennedy, 1964). In addition, Ellis and Golding (1963) have shown 

similiar results with sodium chloride solutions typical of geothermal brines. 

O'Sullivan et al (1983) used the work of Ellis and Golding to conclude that if the 

partial pressure of CO2 is held constant, an increase in the CO2 mass fraction can only 

be accomodated by an expansion of the vapor phase. In the expansion from liquid to 

vapor, Straus and Schubert (1979) found that the large fluid volume changes that 

occur as gas leaves solution have large positive effects on the bouyancy of geothermal 

fluids. 

Atkinson et al (1978) used the solubility imbalance noted by Ellis and Golding 

(1963) to explain the development of a large gas cap in the Bagnore reservoir, Italy. 

With the reservoir in equilibrium, cooling by conduction through the impervious cover 

created a situation akin to a heat pipe. The heat is provided for conduction by a 

counter-flow of ascending vapor and descending water formed by condensation. Since 

much more gas was carried up with the rising vapor due to bouyancy than could be 

removed by the descending liquid, a net accumulation of gas resulted at the top of the 

reservoir. A similiar situation at Alfina field, Northern Latium, Italy, is described by 

Barelli et al (1978). 

Grant and Glover (1984) obtained an estimate of the steam saturation within 

Ohaki-Broadlands reservoir by using the solubility imbalance of CO2 and a measure of 

pressure transients from well BR-21. They found that COz-H2S ratios are particularly 

sensitive to the initial steam saturation.· 

Several investigators have examined the effects of CO2 on the dynamics of reser

voirs under exploitation. However, much of the work has centered around the assump

tion of a homogeneous porous medium while geothermal reservoirs are typically in frac

tured rocks. Grant (1977a) used a lumped parameter model of Ohaki-Broadlands to 

examine the transient behavior of gassy reservoirs. Grant (1977a) found that the pres

ence of CO2 gas led to a "degassing" phenomena in liquid dominated reservoirs. He 

showed that almost all the total pressure drop during early exploitation was produced 

by a change in the partial pressure of CO2, Therefore, a substantial pressure drop 

·'ij 
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may occur without significant boiling since the vapor pressure of water is not greatly 

affected. Futhermore, if no CO2 is, present, much larger saturation changes are 

required to produce similiar pressure drops. Grant also noted that the presence of CO2 

made Ohaki-Broadlands reservoir twc:rphase. 

Zyvoloski and O'Sullivan (1978b,1980) used a simple two dimensional model of a 

homogeneous porous medium to show that the "degassing" phenomena that Grant 

recognized was important only when the liquid saturation is low and/or production is 

from the vapor phase. At high liquid saturations, they suggested that discharge is 

mainly from the liquid phase in which CO2 content is low. Therefore, the primary 

effect of the presence of CO2 on the system is in reducing compressibility of the fluid 

which leads to faster propagation of pressure transients. 

Pritchett et al (1981) studied CO2 transients in a homogeneous porous medium 

during a constant rate test. They showed that the CO2 content under the reservoir 

conditions could not be correlated with pressure-temperature measurements made on 

flowing wells and that the measured CO2 content may be either higher or lower than 

that in situ. They found that the flowing ethalpy was strongly dependent on CO2 con

tent; the higher the CO2 content, the higher the initial fluid enthalpy. However, this 

was attributed to variations in saturation caused by the increasing CO2 content at a 

constant pressure and temperature by O'Sullivan et al (1985). Finally, Pritchett et al 

(1981) showed that interpretation of the drawdown data from a gassy field will infer 

smaller permeabilities than exists in a reservoir and that this discrepancy will increase 

with increasing CO2 content. This is shown by the steeper slope on a graph of 

sandface pressure versus the logarithm of time for cases with· high CO2 content. 

O'Sullivan et al (1985) found that the presence of CO2 significantly affects the 

results of transient well tests in a homogeneous porous medium reservoir. They used a 

productivity index to simulate a well producing at a constant bottomhole pressure. 

They found that the early pressure decline is much faster due to the degassing 

phenomena, but the decline is -much slower at late times because of the reduced 

flowing enthalpy. The heat capacity of CO2 is substantially less than that of water 
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vapor. Therefore, the reduced flowing enthalpy due to the presence of CO2 causes a 

slower decline in temperature and consequently, in pressure at later times. O'Sullivan 

et al outlined a technique to determine the in situ vapor saturation from the measure

ment of the stable flowing CO2 content provided the relative permeabilities are known. 

They determined that after an initial short transient period flowing CO2 content will 

reach a stable value as indicated by the asymptotic method outlined by O'Sullivan 

(1981). They also show that the stable flowing CO2 content primarily depends on the 

relative permeability functions, the intial vapor saturation, and the initial partial pres

sure of CO2 while smaller effects are due to the flowrate and porosity. 

Bodvarsson (1984) examined CO2 transients in a composite porous media reser

voir for both constant rate and constant pressure productions. It was found that the 

flowing CO2 content is highly dependent on the vapor saturation due to the solubility 

variation between the phases of water (see also Grant and Glover, 1984). Bodvarsson 

also noted, as O'Sullivan et al (1985) had, that porosity and permeability had little 

affect on the stable flowing CO2 content. From these results, it was concluded that 

the monitoring of CO2 content in conjunction with the flowing enthalpy could provide 

information about radial changes in vapor saturation and hydrologic parameters. Bod

varsson found that if only enthalpy changed that it was representive of a variation in 

porosity or permeabilty since the gas content is independent of these. However, if 

both enthalpy and gas content changed, this could indicate a variation in saturation 

within the reservoir since both transients are highly dependent on saturation. 

Pruess et al (1985) used a fracture model to determine the origin of CO2 in the 

Larderello vapor-dominated reservoir, Italy (see Pruess and Narasimhan, 1982, for a 

discussion on MINC). It was concluded from the tremendous amount of fluid that has 

been recovered from this field (estimated at 400 X 109 kg) that the fluid was originally 

stored as a liquid. Since the solubility of CO2 in liquid water is very low, he suggested 

that CO2 is supplied to the system by an external source or by a mineral buffer (see 

Appendix A for a brief discussion of mineral buffers and Appendix B for a discussion of 

techniques to determine controlling mineral buffers) and could not have been stored 
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within the reservoir. Pruess et al (1985) noted that the gas-steam ratio had remained 

relatively constant since early production and concluded from this that mineral buffers 

were a much more likely source. Numerical simulations were preformed to study CO2 

discharge from the matrix with a prehnite/clinozoisite mineral buffer present. They 

found that the CO2 concentration trends were similiar to those found at Larderello, 

however, field values were somewhat higher suggesting more than one mineral buffer is 

present. From this work Pruesset al concluded that mineral buffers are an important 

source of CO2 in producing reservoirs where flowing concentrations do not vary sub

stan tially. 

2.2 Use of Flowing Ethalpy to Characterize Geothermal Systems 

Analysis of flowing enthalpy transients has recieved increasing attention as a tool 

to determine reservoir characteristics. Although many geothermal reservoirs are con

trolled by fracture flow, much of the work that has been done has examined enthalpy 

transients in a homogeneous porous medium. Grant (1977b) suggested that 

steam/water relative permeabilities of the Wairakei field could be inferred from the 

production history. He considered the enthalpy and discharge histories to obtain a 

curve of steam permeability versus water saturation. His result was a "regional curve" 

with substantial leeway for the permeability reduction factors, however, it did indicate 

that the red uction factors differed su bstan tially from those used previously. 

Horne and Ramey (1978) improved on the shortcomings of the Grant curve. 

They accounted for heat loss from the wellbore. They normalized total discharge by 

bottom hole pressure to filter out changes due to overall pressure decline and used 

downhole enthalpy values calulated from downhole temperatures rather then to 

assume an overall mean temperature. They used the downhole enthalpy in conJunc

tion with the normalized pressure to produce a pair of steam/water relative permeabil

ity curves which suggest that steam is unaffected by the presence of water except at 

very high water saturations. 
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Grant (1979) developed a quasi-analytical solution for constant discharge which is 

formulated with pressure and flowing enthalpy as dependent variables. This method 

assumed a homogeneous porous media. The solution indicated that flowing enthalpy 

changes depend on the well discharge divided by the permeability thickness, porosity, 

initial reservoir pressure and initial saturation. He found an inverse relationship 

between enthalpy and porosity. For solutions with a constant porosity ranging from 

0.10 to 0.30, the pressure response varied little but the rise in enthalpy ranged from 

510 to 260 kJ/kg respectively. 

Using the work of Grant (1979), Sorey et al (1980) developed a series of graphs by 

which porosity of the reservoir can be determined. A enthalpy versus flow rate plot 

was used (since enthalpy transients data is scarce) along with information from pres

sure transient data to provide an estimate of the porosity. They determined that the 

rise in enthalpy depends strongly on the relative permeability functions. Using this, 

Sorey et al outlined a method by which measurements of the pressure transient and 

the stable flowing enthalpy during a two-phase well test can yield information about 

the relative permeability functions. The well history will give krw and krs correct to a 

constant. In addition, they show that the quasi-analytic solution developed for pres

sure, saturation, and flowing entalpy transients is a function of the similarity variable 

t/r2 only. Finally, Sorey et al showed that in a homogeneous porous medium, flowing 

enthalpy will increase until the pressure-log time plot becomes linear, after which the 

enthalpy will remain practically constant. 

Grant and Sorey (1979) indicate that measurement of the discharge enthalpy 

which is equal to the flowing enthalpy at the welI face allows saturation to be 

estimated at at the wellface. They suggest that if the relative permeability is a known 

function of saturation and the reservoir temperature is known, that the saturation and 

each relative permeability can be calculated. In addition, they suggest that properties 

such as density of the flowing mixture, which depends only on the relative permeabili

ties, can be calculated directly from the enthalpy. 
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O'Sullivan (1981) confirmed the work of Sorey et al (1980), showing that enthalpy 

rises to an approximately constant level at a value of t/r2. He also determined that, 

for medium initial liquid saturations, the measurement of flowing enthalpy will enable 

the value of kinematic viscosity to be calculated. However, at high liquid saturations, 

enthalpy changes very little while the permeability divided by the kinematic viscosity 

changes substantially, thus yielding an erroneous result. 

Bodvarsson et al (1980) made use of the rise in flowing enthalpy to study the sen

sitivity of reservoir behavior with regards to relative permeability functions. They 

examined the behavior of a homogeneous porous medium with semi-analytical and 

. numerical techniques. They determined that the change in enthalpy is strongly depen

dent on the nature of the relative permeability functions (also see Sorey et aI, 1980). 

These functions control the phase mobilities, thus determining the fluid enthalpy. 

They also found that the rise in enthalpy is dependent on several other factors includ

ing initial temperature and saturation, porosity (4)), mass flowrate, and the total 

kinematic mobility. They determined that the saturation changes and, therfore, the 

enthalpy changes were far greater at lower temperatures because the kinematic mobil

ity is less. Futhermore, enthalpy rise is greater at lower porosity. At low vapor 

saturations the flowing enthalpy scales linearly with (1 - 4»/4>, however, at high vapor 

saturations non-linear effects "are more pronounced." Using these relationships, Bod

varsson et al concluded that the rise in enthalpy can give information regarding the 

relative permeability functions if permeability-thickness and porosity can be deter

mined from injection and/or interference tests. 

Stefansson and Steingrimsson (1980) indicate that thermal contraction can 

enhance permeability so that enthalpy will not stablize rapidly. Well KG-12 at Krafla, 

a two phase reservoir, reaches a stable flowing enthalpy "after a few weeks" producing 

superheated stearn. However, well BJ-ll in Namafjall, a liquid dominated field, has 

reached a constant waterflow but the stearn flow and enthalpy continue to rise. 

Stefansson and Steingrimsson suggest that thermal contraction is expanding fractures 

around well BJ-lI increasing the flow rate with time. 
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O'Sullivan et al (1985) used a homogeneous porous medium approximation to 

determine that there was a linear relationship between flowing enthalpy and flowing 

CO2 con ten t. They state that exact correlation depends both on the vapor saturation 

of the boiling mixture and on the nature of the permeability functions. Futhermore, 

O'Sullivan et al determine that the presence of non condensible gases lowers the flowing 

enthalpy causing a slower temperature decline in a reservoir. 

Bodvarsson (1984) examined enthalpy transients in a composite porous medium 

allowing for both constant and variable rates with a productivity index. For constant 

rate .tests, Bodvarsson concluded that spatial variations in porosity, permeability, and 

vapor saturation can greatly effect the enthalpy of produced fluids but that distin

guishing between effects maybe difficult. It was found that enthalpy increased with 

both decreasing permeability and with increasing saturation. It was also found that 

enthalpy increased with decreasing porosity as Sorey et al (1980) had concluded. For 

constant pressure production, he found that the enthalpy never stablized. Enthalpy 

had a sharp initial rise followed by a slow decline with time and flowrate typical of 

many field results. He found that other conclusions were similiar to those for constant. . 

ra,te tests. 

Pruess (1983) used numerical and analytical techniques to study nonisothermal 

flow of steam and water in an idealized fractured porous medium. He determined that 

the enhancement of flowing enthalpy by conductive heat flux depends upon the ratio 

of heat conductivity to effective permeability for the liquid phase. A smaller matrix 

permeability results in stronger enhancement of flowing enthalpy. Pruess shows that 

with fracture spacings of 5 m and 50 m that there is little difference in enthalpy 

despite there being 10 times more contact area between the fractures and matrix with 

the 5 m spacmg. He concludes that fractured boiling reservoirs behave quite 

differently from porous medium-type reservoirs and that the assumption of thermo

dynamic equilibrium between fracture and matrix can lead to erroneous results. 

Grant and Glover (1984) used enthalpy transients in conjuction with pressure 

transients to evaluate the reservoir around well BR21, Ohaki-Broadlands, New 
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Zealand. They noted that the pressure transients indicate a transient period of 

min utes or seconds while the enthalpy variation needed weeks to attain stability. 

Grant (1983) found that if there is flashing flow in a homogeneous porous medium that 

the transient period for enthalpy lasted only minutes. Grant and Glover instead 

assumed that the medium is fractured and that heat, but no mass can be transferred 

from the matrix to the fracture (see also Moench, 1978). Grant (1982a,1983) deter

mined that the stabilization time for en thalpy is then equal to the relaxation time for 

conductive equilibrium of the matrix blocks. With these assumptions, Grant and 

Glover determined that the best fit relaxation times were 400 and 1000 hours. These 

fits imply that the average matrix block radius is 1-2 meters and that the fissure 

volume represents a few percent of the total volume 



3.0 Enthalpy and CO2 Transients in Fractured Reservoirs 

3.1 Introduction 

The enthalpy and CO2 transients can provide valuable information about the 

properties of a reservoir. A sensitivity study was performed to determine the impor

tant controllirig parameters for both enthalpy and CO2 transients in fractured two-

phase geothermal systems. Parameters considered were matrix permeability, fracture 

permeability-thickness product, matrix and fracture relative permeability functions, 

initial gas saturation and partial pressure, fracture and matrix porosity, and the frac

ture, spacing. 

3.2 Background 

The movement of mass and energy in geothermal systems is strongly affected by 

the total kinematic mobility and the Bowing enthalpy (Bodvarsson et aI, 1980). For 

two-phase systems in a porous medium, the mobility of each phase is impeded by the 

presence of the other phase. The amount interference between phases depends on the 

volumetric proportion of the phases present. This interference between phases is 

described mathematically by the saturation dependant relative permeability functions 

. krl and krg for the liquid and gas phase, respectively. The total kinematic viscosity (vt ) 

is then a function of both the relative permeability and the viscosity of each phase. It 

is defined as 

(3-1) 

The symbols are defined in the nomenclature. The kinematic mobility is then equal to 

(3-2) 

-15-
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where k is the absolute permeability. The flowing enthalpy is defined as 

(3-3) 

where hI and hg are the liquid and gas phase enthalpies, respectively. 

When appreciable amounts of CO2 are present, the gas can have major effects on 

the behavior of a reservoir under exploitation. Small changes in the CO2 content of a 

reservoir can cause significant changes in enthalpy and CO2 content of the discharge 

fluid. Because of the important role of CO2 in determining the transport parameters 

and thermodynamic characteristics of a reservoir it is essential to include the effects of 

CO2 on these transients. Also, since the CO2 content of a discharge will not change 

substantially in the wellbore unless scaling is occuring, the flowing mass fraction of 

CO2 can provide valuble information about in situ conditions. The flowing mass frac-

tion of CO2 is defined as 

(3-4) 

where <b, qg' and Q are the mass flowrate of the liquid phase, the gas phase, and total 

discharge, respectively. Xci is the mass fraction of CO2 in the liquid phase and is 

determined by Henry's law as 

XcI = o(T)Pc 

and Xeg is the .mass fraction of CO2 in the gas phase given by 

Pc 
Xeg= --

Pc + Pv 

(3-5) 

(3-6) 

The pressure and temperature gradients within a producing reservoir control the 

rate of energy transfer. Therefore, the properties of the fluid and reservoir rock that 

affect these gradients will ultimately control the amount of energy that can be 

recovered from a reservoir. A distributed parameter model was used to examine the 
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sensitivity of flowing enthalpy and mass fraction of CO2 to various reservoir and fluid 

properties. 

3.3 Approach 

The fractured nature of a geothermal reservoir was represented by an idealized 

model having three mutually perpindicular planar fracture sets with equal aperature 

and spacing. The "multiple interacting continua" (MINC) technique for numerically 

simulating heat and fluid flow in fractured porous media was developed by Pruess and 

Narasimhan (1982). This method is similiar to the double-porosity model of Warren 

and Root (1963) except this method allows for fully transient heat and mass flow. The 

:MINC method is implemented in conjunction with the two-phase, multicomponent, 

non-isothermal geothermal reservoir simulator MULKOM (Pruess, 1982). MULKOM is 

coded in a general way to model energy and mass with a separate mass balance equa

tion for each component. The H20-C02 equation of state was· developed by 

O'Sullivan et al (1983), based on the work of Sutton and McNabb (1977). A single

layer radially infinite mesh is developed using the preprocessor program G:MINC 

(Pruess, 1983). In the study, we use a radial grid discretized logarithmically starting 

with a 0.1 meter well element and increasing outward. There were five elements per 

log cycle. The mesh is a single layer so that the effects of gravity are neglected and, 

hence, the initial conditions are the same in the fractures and matrix. 

The constant reservoir and fluid properties for the base case and the sensitivity 

studies can be found in Table (3-1). The rock and fluid parameters which were varied 

for the sensitivity studies are shown in Table (3-2). 
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Table (3-1). Constant Parameters for Sensitivity Study. 

Parameter 

reservoir thickness 
well bore radius 
productivity index 
rock heat capacity 
rock density 
initial pressure 
diffusion coefficient 
tortuosity 

Reservoir Values 

1000 m 
0.1 m 
1.25 x 1O-12m3 

1000 J/kgo C 
2650 kg/m3 

90 bars 
1.38xI0-5m2 

0.25m/m 

Ta.ble (3-2). Parameters'Varied in the Sensitivity Study 

Parameter 

bottomhole pressure 
fracture spacing 
fracture porosity 
matrix porosity 
fracture transmissivity 
matrix permeability 
thermal conductivity 
fracture relative permeability 

matrix relative permeability 

initial gas saturation 
initial partial pressure of CO2 

intial temperatllfe 

Base Value 

40 bars 
100 m 
1% 
5% 
2.0 dm 
0.01 md 
2.2 W/m °C 
X-curves 

Srl=·O Srg=·O 
SGB curves 
Srl=·05 Srg 040 
20% 
10 bars 
~295 ° C 

Other Values 

20,60 bars 
20,500 m 
0.25%,2% 
0.1%, 10%, 20% 
5.0,10.0 dm 
0.0,0.001,0.1 md 
0.0, 404 W /m ° C 
SGB-curves 

Srl=·O Srg=·O 
Corey curves 
Srl=.05 Srg=AO 
2%, 10%, 30%, 50% 
0.01, 2.0, 20.0 bars 
~295 ° C (depends on P co

2
) 
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A deliverability model is used based on constant bottom hole pressure with the total 

production rate given by 

kri 
Q = I; -p (P.L) (P - P wb) 

i=phase5 Pi 
(3-7) 

Where (P.I.) is the prod uctivity index, P wb is the bottomhole pressure, and P is the 

pressure in the element adjacent to the well. The productivity index employed pro

vides Bowrates typical of high temperature two-phase geothermal wells (25-35 kg/s). 

The fracture relative permeability functions are linear without cutoffs and the matrix 

relative permeability functions are conventional SGB curves (Sorey et ai, 1980) with a 

residual liquid saturation of 0.40 and a residual gas saturation of 0.05- unless otherwise 

noted (see Figure (3-1)). The fracture curves are 

(3-8a) 

(3-8b) 

and the relative permeability functions for the matrix are 

(3-9a) 

(3-9b) 

where 

SI - SIr S·=-----
1 - Sir - Sgr 

(3-9c) 

The computed values for flowing enthalpy, Bowing mass fraction of CO2 and pressure 

reported in this study refer to the inlet conditions at the wellfeeds. 

'-?:,~ I~' 
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3.4 The Base Case 

A base case is first considered in order tq develop a basis for comparison in the 

effects of various parameters on enthalpy and CO2 transients. The base case considers 

a reservoir initially at a total pressure of 90 bars including 10 bars of CO2 gas and a 20 

percent gas saturation. It should be noted that the gas phase (gas saturation) includes 

both water vapor and CO2 gas. The changes in the downhole pressure and flowing 

enthalpy for the base case are shown in Figure (3-2). As production begins, the pres

sure drops rapidly and there is a substantial rise in the flowing enthalpy. The pressure 

gradient must increase around the well in order to overcome the drop in kinematic 

mobility of the fluid as the gas saturation increases (Lippmann et aI, 1985). Figure (3-

3) shows the kinematic mobility versus the gas saturation for both the SGB, linear, 

and the conventional Corey relative permeability functions. The mobility of fluid 

drops rapidly as the gas saturation increases from the initial value of 20 percent. 

At early time, all of the produced fluids come from the fractures, but with time, 

the radius of influence increases rapidly, causing increased surface area for flow from 

the matrix to the fractures. This results in an increase in the rate of heat transfer due 

to conduction and convection. Because of this fracture-matrix interaction, the tran

sient period for the flowing enthalpy will be large. Futhermore, since the heat stored 

within the low porosity matrix is much greater than can be removed by the pore fluid, 

the conductive enhancement of the enthalpy will continue after the matrix has been 

depleted of fluid. These effects can be observed in the flowing enthalpy in Figure (3-2), 

where the enthalpy continues to rise after two years of production. This enthalpy 

enhancement due to fracture-matrix interaction is an important phenomena that is 

ignored in porous medium models where instantaneous equilibrium between fracture 

and matrix is assumed (Pruess, 1983). 

Figure (3-4) shows the flowing mass fraction of CO2, and enthalpy versus time. 

The flowing mass of CO2 is initially 2 percent of the total mass flowrate, but rises to 

almost 3 percent after 2 years. The initial rise is due to the rapid degassing of the 

fractures. Figure (3-5) (O'Sullivan et aI, 1983) shows the mass fractions of CO2 in the 
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liquid and gas phase, respectively, as a function of temperature. This figure indicates 

that even for high partial pressures of CO2, the total amount of CO2 that may be dis

solved in the liquid phase is small. Since most of the CO2 resides in the gas phase, the 

flowing mass fraction of CO2 will be strongly controlled by the mobility of the gas 

phase. The early rise in enthalpy is indicative of the increasing gas phase mobility. 

Also, the amount of CO2 that can be dissolved in the liquid phase drops rapidly with 

temperature, therefore, as the pressure (and temperature under two-phase conditions) 

drops during production, CO2 is driven from the liquid phase to the gas phase, further 

increasing the flowing gas content. Finally, it should be noted that the mass fraction 

of CO2 in situ is only 0.9 percent, much lower than the flowing CO2 content. The 

flowing CO2 content is primarily a function of the phase mobilities and can differ sub

stantially from the in situ mass fractions (Pritchett et ai, 1981). 

3.5 Initial Partial Pressure of CO2• 

The initial p.artial. pressure of CO2 has large effects on the rlse lD flowing 

enthalpy. Figure (3-6) shows the flowing enthalpy transients for initial CO2 . partial 

pressures of 0.01, 2.0, 10.0, and 20.0 bars with all other parameters remaining the same 

as in the base case. The initial flowing enthalpy differs for the various cases because 

the initial temperature for these cases is different, the water vapor pressure is less than 

the total pressure by the partial pressure of CO2 present. Thus, the initial tempera

ture for the case with 0.01 bars partial pressure is 303' C while the temperature is only 

285 0 C when 20 bars of CO2 is present. The total initial pressure is maintained at 90 

bars. Also, since the heat capacity of CO2 is only 55 percent of that for steam, as the 

concentration of CO2 increases, the enthalpy decreases. The initial enthalpies vary by 

150 kJ/kg, ranging from 1300 to 1450 kJ/kg. 

Figure (3-7) shows the pressure and flowing enthalpy versus time for 0.01 and 

10.0 bars initial partial pressure of CO2. The total pressure declines by about 1.0 bar 

more for the case with higher initial partial pressure of CO2 while the rise in flowing 

enthalpy is 250 kJ/kg less. This is due to degassing of the reservoir during early time 

.' 
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production. With CO2 present, a significant pressure drop can occur without much 

boiling so that the rise in the flowing enthalpy is reduced. With low partial pressures 

of CO2 the variation in enthalpy is much greater. However, since the stable flowing 

enthalpy (saturation) is lower for high gas concentrations, the liquid phase mobility is 

larger, leading to an increased mass f10wrate as shown in Figure (3-8). The figure 

shows that the 80wrate increases in direct proportion to the amount of gas present. 

The flowing mass fraction of CO2 is strongly dependant on the initial partial 

pressure of CO2. Figure (3-9) indicates a direct relationship between initial partial 

pressure and flowing mass fraction; the higher the initial partial pressure, the higher 

the flowing mass fraction. By increasing the partial pressure of CO2, the concentration 

of CO2 in each phase will be increased proportionately. This results in a linear 

mcrease in the mass fraction with partial pressure of CO2 as shown in Figure (3-10). 

The rise. in flowing mass fraction .of CO2 is largely due to flow from the matrix since 

the· transient period in the- fractures is very short due to the low storage capacity. 

Therefore, the rise will be linearly related to the initia.l concentration in the matrix. 

The stabilization in flowing mass fraction occurs at late time when quasi-steady state 

flow between fracture and matrix has been established. 

3.6 Bottomhole Pressure 

The bottom hole pressure is defined here as the wellbore pressure during constant 

pressure production. The bottomhole pressure has strong effects on the rate of 

mass80w as shown in Figure (3-11) for bottom hole pressures of 20, 40 and 60 bars. 

Decreasing the bottomhole pressure increases the pressure gradient between the 

wellbore and the surrounding formation. An increase 10 the pressure gradient 

in tensifies boiling both in the fracture and the matrix. Figure (3-12) shows the 

enthalpy transients during the first two years of production. The increase in boiling 

associated with decreasing bottom hole pressure is indicated by the increase in the 

stable flowing enthalpy. However, the total increase in stable flowing enthalpy is less 

than 100 kJ /kg for a 40 bar difference in the bottom hole pressure. The relatively 
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small difference in the flowing enthalpy is due to the presence of a high concentration 

of CO2 in the system. The amount of variation will be much greater at low initial par

tial pressures of CO2 as was shown in section 3.5. The rise in flowing mass fraction of 

CO2 scales directly with the increasing enthalpy as shown in Figure (3-13) where the 

flowing mass fraction is shown for different bottomhole pressures. The solubility 

difference between phases gives rise to the increase in flowing mass fraction of CO2 as 

the gas phase mobility increases .. 

3.7 Fracture Porosity 

The fracture porosity is defined here as the fraction of the total volume of rock 

and pore space which is occupied by the fractures. The fracture porosity has 

significant effects on the rate of rise in flowing enthalpy (see Figure (3-14)). The rise in 

flowing enthalpy decreases- with increasing fracture porosity. Increasing the fracture 

porosity increases the amount of fluid in the. fractures; The larger volume of fluid 

available in the fractures reduces the pressure gradient around the well (see Figure (3-

15)) which in turn lowers the thermal gradient under two-phase conditions. This 

reduces both the amount of boiling in the fractures and the amount· conductive and 

convective enhancement from the matrix, thereby reducing the rise in flowing 

enthalpy. 

It has been observed that porous medium system there is a nearly linear relation

ship between the rise in flowing enthalpy and (1-4»/4> where 4> is the porosity (Bodvars

son et aI, 1980); the lower the porosity the hig~er the rise in flowing enthalpy. With a 

low porosity the region around the well becomes depleted rapidly increasing the pres

sure gradien t toward. the. well and therefore, the amoun t of boiling. In a fractured 

medium without CO2 present it was shown that the fracture porosity had similiar 

effects; the lower the fracture porosity the higher the rise in flowing enthalpy 

(Lippmann et aI, 1985). When the fracture porosity is high, little recharge occurs from 

the matrix during the early transients. However, with a small fracture porosity, large 

gradients of both the pressure and the temperature develop between fracture- and 
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matrix, so that the matrix contributes fluid and heat to the fracture rapidly. However, 

with a large amount of CO2 present, degassing dominates the pressure decline so that 

little boiling occurs in the system. Although large pressure gradients may occur 

between the fracture and matrix the temperature gradient may be small since the pres

sure difference is strongly influenced by the presence of CO2 while the boiling tempera

ture of water is not. 

Figure (3-16) shows·that the flowing mass content of CO2 increases with decreas

ing fracture porosity. The larger pressure gradients developed with low fracture poros

ity drive COz-rich fluid from the matrix causing higher flowing mass fraction of CO2 in 

the fracture flowing to the well. In addition, the large pressure gradient enhances the 

effects of solubility imbalance between the phases. 

3.8 Matrix Porosity 

The matrix porosity has little effect on the flowing enthalpy. Figure (3-17) shows 

the flowing enthalpy transients for. various matrix porosities varying from 0.001 to 

0.20. The flowing enthalpy increases directly with matrix porosity; the higher the 

matrix porosity, the higher the flowing enthalpy. However, the total variation is only 

50 kJ/kg after 2 years of production. This result is opposite to the findings of 

Lippmann et al (19S5) for systems without CO2 present (see Figure (3-1S)). In the 

absence of CO2, the enthalpy increased significantly with decreasing matrix porosity 

because of an increase in boiling within the matrix. 

In gas-rich reservoirs the amount of CO2 within the matrix increases linearly with 

the matrix porosity; the larger the porosity, the more mass of CO2 in the matrix. 

Since CO2 is poorly soluble in the. liquid phase, most of the CO2 is driven to the frac

tures with the gas phase. With a 0.001 matrix porOsity little CO2 is driven to the frac

tures since the total amount of fluid available is small, so that the flowing mass frac

tion of CO2 remains nearly constant in the fractures (see Figure (3-19)). However, 

with a larger matrix porosity the total amount of CO2 driven to the fractures is sub

stantial leading to a significant rise in the flowing mass fraction of CO2 as is shown in 
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Figure (3-19) where the flowing mass fraction of CO2 increases in direct dependence of' 

the matrix porosity. Since the total pressure in the fractures is nearly equal for all 
/ 

cases (differing by only 0.6 bars for matrix porosities ranging from 0.05 to 0.20), the 

increase in the mass fraction of CO2 can only be accomodated by an increase in the gas 

saturation within the fractures (O'Sullivan, 1983). The increase in the gas saturation 

results in higher gas phase mobility and, hence, a higher flowing enthalpy. Since the 

rise in enthalpy is directly related to the amount of CO2 in the matrix, systems with 

lower partial pressures will show behavior more like that observed ,by Lippmann et al 

(1985). 

3.9 Fracture Permeability-Thickness 

The fracture permeability-thickness controls the ability of fractures to conduct 

fluid to the well. The smaller the permeability-thickness product the larger the pres

sure gradient required to move fluid through the fractures. An increase in the pressure 

gradient also increases the temperature gradient under two-phase conditions intensify

ing boiling in the fractures so that flowing enthalpy increases with decreasing 

permeability-thickness. Figure.(3-20) shows the flowing enthalpy tra.nsients for various 

values of the fracture permeability-thickness product. The variation is only 100 kJ/kg 

after 2 years of production with the largest rise in enthalpy occuring for the case with 

the lowest permeability-thickness product. This is only 40 percent of the variation 

Lippmann et al (1985) found without CO2 present. The presence of a large concentra

tion of CO2 in a system reduces the amount of boiling so that the enthalpy variation is 

substantially reduced. 

The flowing mass fraction of'C02 increases as the pressure gradient in the frac-

tures increases (see Figure (3-21)). The gradient increases the fluid contribution from 

the matrix. Since the matrix relative permeability function provides a much higher gas 

phase mobility, the fluid recharge from the matrix is CO2-rich. This increases the 

flowing mass fraction of CO2, However, boiling in the fractures produces little CO2 so 

that the rise in the flowing mass fraction is not su bstan tial. The variation in the 
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flowing mass fraction of CO2 is only 0.4 percent after 2 years, primarily resulting from 

the increased fluid contribution from the matrix. 

The production of fluid is strongly controlled by the permeability-thickness pro

duct. Decreased boiling combined with a decrease in the flowing mass fraction of CO2 

leads to a large increase in the liquid phase mobilities providing large mass flowrates as 

shown in Figure (3-22). 

3.10 Matrix Permeability 

Pruess (1983) determined that the effective matrix permeability has large effects 

on the flowing enthalpy. Reducing the matrix permeability increases pressure and 

therefore temperature gradients between ma.trix and Cracture. This causes a. large 

increase in the conductive enhancement of the fracture fluids by the matrix. 

Lippmann et al (1986) showed that the conductive enhancement was very important 

when the, matrix is nearly impermeable causing a rise in the flowing enthalpy of over 

700 kJ/kg (see Figure (3-23}). However, in the presence of a large amount of CO2, the. 

effects of matrix permeability on the flowing enthalpy are weak. Figure (3-24) shows 

the the flowing enthalpy versus time for matrix permeabilities of 0.0, 10-17, and 10-16 

m2. With an initial partial pressure of CO2 of 10 bars the total variation in flowing 

enthalpy is less than 25 kJ/kg after 2 years. 

The saturation temperature for a system with CO2 is less than that Cor a pure 

water system under two-phase conditions. The amount of saturation temperature 

lowering is determined by the partial pressure of CO2 for a constant total pressure; the 

larger the partial pressure of CO2, the lower the vapor pressure of water and therefore 

the saturation temperature. 

With a high matrix permeability, fluid flows rapidly from the matrix. Since most 

of the CO2 resides in the vapor phase and substantial boiling occurs, the matrix 

becomes rapidly depleted in CO2, Therefore, the matrix has little CO2 while the frac

ture has a substantial flowing partial pressure. The higher partial pressure of CO2 in 

the fracture indicates a lower vapor pressure of water and, hence, a lower saturation 



-0> 
.:::£ -.. 
J 
.:::£ -
>-
Q. 
ct3 
.r. -c 
W 

-49-

Matrix Permeability (md) 

2000 

1800 

5 X 10-3 

1600 
5 X 10-2 

1400 ~~~~~~~~~~~~~~~~~ 
0.0 1.0 

Time (years) 

2.0 

XBL 8612-12815 

Figure (3.23). Effect of fracture permability-thickness product on Bowing 
enthalpy transients without CO2 present (Lippmann et al, 1985) 

., 



-0) 
~ -.... 
J 
~ -

1800 

>. 1600 
C-eo 

.r::. ...... ' C' 
W 

1400 

-50-

Matrix Permeability (md) 

Impermeable 

1 X 10-2 

1200 ~~~~~~~~~~~~~~~~ 
0.0 

Figure (3-24). 

1.0 2.0 

Time (years) 

XBL 8612-12810 

Effect of matrix permeability on Bowing enthalpy transients with 
10 bars initial partial pressure of CO2 present. 



-51-

temperature. The difference in temperature between the fracture and the matrix is 

increased as a result of the disparity in CO2 partial pressures leading to enhanced ther

mal conduction. 

When the matrix has low permeability, conditions change rapidly in the fractures 

because the matrix provides little fluid. During production the gas saturation rises in 

the fractures and the partial pressure of CO2 drops rapidly. Therefore, the partial 

pressure of CO2 is much larger in the matrix than in the fractures because little gas 

can escape due to the low permeability. The lowering of the partial pressure of CO2 in 

the fractures reduces the amount of boiling in the system. Because boiling is reduced, 

the temperature drops more slowly. The smaller temperature difference between the 

fracture and the matrix reduces flowing enthalpy enhancement due to conduction. 

Therefore, the presence of CO2 in a system enhances thermal conduction when 

the matrix permeability is high. However, when the permeability is low, differences in 

CO2 partial pressures between the fractures and matrix reduce the temperature gra

dient by lowering the amount of boiling in the fractures and therefore the amount of 

enthalpy enhancement due to conduction. However, this effect is directly related to 

the partial pressure of CO2 present in the system. If the partial pressure is small, the 

water vapor pressure will be close to the total pressure for the system and boiling will 

be significant. This results in a larger temperature gradient, and thus behavior similiar 

to a reservoir withou t gas. 

The flowing mass fractions of CO2 for the different permeability cases are shown 

In Figure {3-25}. When the matrix permeability is high the CO2 mass fraction rises 

rapidly and stablizes. The flowing mass fraction of CO2 stabilizes when flow of heat 

and mass reaches quasi-steady state between fracture and matrix. For lower matrix 

permeability decreases, there is less rise in the flowing mass fraction, however, the 

mass fraction continues to rise after two years of production because of the prolonged 

disequilibrium in the fracture/matrix interaction. There is very little difference in the 

CO2 mass fraction between the cases. 
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The total mass flowrate transients for the first 2 years are shown in Figure (3-26). 

The matrix permeability has little effect on the mass flowrate as the total variation is 

less than 2 kg/s during the first 2 years. This small variation relates directly to the 

CO2 effects on flowing enthalpy. Since there is little enthalpy enhancement with large 

amounts of CO2 present, the mobilities for each case are very similiar leading to little 

variation in mass flowrate. 

3.11 Initial Gas Saturation 

The initial gas saturation has strong effects on the flowing enthalpy. Figure (3-

27) shows the flowing enthalpy transients for initial gas saturations of 0.02, 0.10, 0.20, 

0.30, and 0.50. The flowing enthalpy is determined using the saturation dependant 

relative permeability functions so that the initial and stable Bowing enthalpies will 

increase proportionately with the initial gas saturation. The total variation in the 

stable flowingenthalpies is 400 kJ/kg (1350-1750kJ/kg) between initial gas saturations 

ranging from 0.02 to 0.50. This variation is substantially smaller than that observed 

in a reservoir without CO2, One would expect that for an initial gas saturation exceed

ing 0.3, that pure steam would be prod uced . (en thalpy of 2800kJ /kg) if the CO2 con

tent in the reservoir was low. The rather small enthalpy rise when CO2 is present is 

again due to less boiling, as some of the pressure drop is due to degassing, as well as 

the low en thalpy of CO2, 

The initial gas saturation has l.arge effects on the flowing mass fraction of CO2 

(see Figure (3-28)). Since the amount of CO2 that can be dissolved in the liquid phase 

of water is small, most of the CO2 resides in the vapor phase. Therefore, the flowing 

mass fraction of CO2 will practically scale linearly with initial gas saturation of the 

reservoir. The total variation between gas saturations of 0.02 and 0.50 is more than 4 

percent after 2 years of production. 

The flowrate varies inversely with the initial gas saturation; a lower gas satura

tion means increased liquid phase mobility and consequently higher rates (see Figure 

(3-29)). However, we find that downhole pressure is almost independant of the initial 
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gas saturation, varying by only 1 bar over the two year period for the different cases. 

Pressure drop due to degassing for high CO2 mass fractions (high gas saturations) 

tends to offset the pressure drop due to the larger production rates for the cases with 

low initial gas saturation. 

3.12 Thermal Conductivity 

The thermal conductivity of the rock controls how rapidly heat is transferred 

from the matrix to the fracture fluids: Lippmann et al (1985) showed that the thermal 

conduction had large effects on the flowing enthalpy when no CO2 is present as shown 

in Figure (3-30). We find much less significant effects for the cases with 10 bars initial 

partial pressure of CO2 as shown in Figure (3-31). The conductive enhancement of 

flowing enthalpy amounts to only 50 kJ/kg for a thermal conductivity of 4.4 W 1m· C 

over no conductive enhancement. As noted previously, the presence of CO2 decreases 

the amount of boiling in the system as well as the temperature gradients. The lower 

temperature gradient significantly reduces the rate of conduction from the matrix to 

the fractures. Therefore, the presence of large concentrations of CO2 in the system 

significantly reduces the flowing enthalpy. 

After two years of production the partial pressure of CO2 is 4.5 bars and 5.5 bars 

for thermal conductivities of 4.4 W 1m· C and 0.0 W 1m· C, respectively. This consid

erable difference in the partial pressure of CO2 results in a substantial difference in gas 

saturation in the fractures. A lower concentration of CO2 results in a lower gas 

saturation. A drop in the. gas saturation causes a drop in the gas phase mobilities 

which lowers the flowing enthalpy. 

The partial pressure variation between the two cases is related to the complex 

thermodynamics of H20-C02 mixtures which causes fluid to recharge the matrix in 

order to equilibrate CO2 partial pressures between fracture and matrix (see Chapter 4). 

Because the rate at which CO2 is lost to the matrix is related to the rate of thermal 

conduction, the partial pressure and therefore the flowing mass fraction of CO2 vary 

directly with the thermal conductivity (see Figure (3-32)). However, the total variation 
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in flowing mass fraction of CO2 after two years is less than 0.2 percent. 

Since the mass flowrate is controlled by the gas saturation in the fractures, the 

flow rate increases slightly with decreasing thermal conductivity (see Figure (3-33)). 

3.13 Fracture Spacing 

The fracture spacing is defined as the distance between two parallel fracture 

planes of the three mutually perpendicular fracture sets discussed previously. For a 

given reservoir volume, the fracture spacing is inversely proportional to the total sur

face area between the fractures and the matrix. Figure (3-34) shows the flowing 

enthalpy transients for fracture spacings of 20, 100 and 500 meters. The fracture spac

ing has significant effects on the rate of rise in flowing enthalpy. The larger the frac

ture spacing, the slower the rise in flowing enthalpy. The lo,,:er surface area between 

the fractures and the matrix reduces both the conductive and convective enhancement 

of fracture fluid enthalpy. The reduction in the convective enhancement can be 

inferred from the pressure transients shown in Figure (3-35). With a large fracture 

spacing, the pressure near the well drops rapidly because the recharge rate to the frac

ture is low. However, with 20 meter fracture spacing the pressure at the well drops 

much slower initially because of the large recharge from the matrix. After 18 months of 

production the pressure for the 20 meter fracture spacing case has declined to that of 

the 100 meter case. This results from the depletion of CO2 in the fractures near the 

well in the 20 meter case as CO2 backflows into the matrix. As the amount of CO2 in 

the fractures drops, the flowing enthalpy declines because of a drop in the gas phase 

mobilities which accompanies the loss of CO2 (see Figure 34). This will also occur for 

. cases with higher fracture spacings, but a longer time is necessary to deplete the larger 

matrix blocks due to the reduced surface area between the fractures and matrix. 

In versely, since the rate of heat transfer is enhanced with lower fracture spacing the 

pressure will drop more rapidly at late time. 

The fracture spacing has significant effects on the rate of rise in the flowing mass 

fraction of CO2 (see Figure (3-36)). The time frame is less than that for flowing 
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enthalpy because of the- poor solubility of CO2 in the liquid phase of water. The CO2 

is rapidly lost to the fracture with the vapor phase and is further depleted in the 

matrix by boiling while the enthalpy requires conduction of heat for stabilization of 

fracture-matrix interaction. For the 20 meter case, the flowing mass fraction of CO2 

rises rapidly and then begins to decline with time after less than 25 days 6f produc

tion. The decline in the mass fraction is caused by loss of CO2 to the matrix too near 

the well where it has been depleted and the total pressure has reached equilibrium (see 

Chapter 4). 

The mass flowrate is moderately effected by fracture spacing. The total variation 

is slightly more than 2 kg/s for the first 2 years (see Figure (3-37)). This results from 

the lower liquid phase mobilities with decreasing fracture spacing. A combination of 

increased boiling a.nd high flowing CO2 content a.t early times increase the gas satura

tion and therefore, the saturation dependant gas relative permeability. 

3:14 Relative Permeability Curves 

Lippmann et al (1985) showed that the flowing enthalpy is strongly controlled by 

the saturation dependent fracture relative permeability functions when no gas is 

present (see Figure (3-38)). The relative permeability functions cause large variation in 

the total kinematic mobility as shown in Figure (3-3). Because the SGB curves have a 

much higher gas phase mobility, the results using these curves show 400 kJ/kg 

enthalpy enhancement in comparison with the results using X-curves. In the presence 

of CO2 the effects of the various relative permeability curves are substantially reduced 

as shown in Figure (3-39). The matrix relative permeability -functions have little effect 

on the flowing enthalpy with gas" present. Figure (3-40) shows the variation in flowing 

enthalpy versus time for the Corey and SGB curves. The case with SGB curves for 

matrix relative permeabilities has only 50 kJ/kg greater enthalpy after 2 years than for 

the case with Corey curves. CO2 degassing drastically reduces the the pressure gra

dient from the matrix so that the contribution of fluid from the matrix is small. Also, 

the temperature gradient will be much smaller and, hence, less enthalpy enhancement. 
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Therefore, the higher gas phase mobilities have only a slight effect on the flowing 

enthalpy. With a lower partial pressure of CO2, degassing would be less significant. A 

lower pressure drop due to degassing would result in more boiling and, hence, higher 

flowing enthalpy. 

The flowing mass fraction transients of CO2 are, however, more strongly affected 

by the type of matrix relative permeability functions used (see Figure (3-41)). Because 

of the higher gas phase mobility of the SGB curves, the flowing mass fraction of this 

case rises 0.6 percent higher after 2 years than that with conventional Corey curves. A 

higher gas phase mobility allows more CO2 into the fractures causing a decline in the 

liquid phase mobility. 

3.15 Summary 

The presence of CO2 in a geothermal reservoir has large effects on the flowing 

enthalpy transients of wells penetrating the reservoir. With CO2 present, the boiling 

temperature of water is lower causing an expansion of the two-phase zones within the 

reservoir. The initial changes in the distribution of the phases can result in large vari

ations in the mobilities of the phases and therefore the flowing en thalpy when com

pared to that of a reservoir without CO2 present. Also, the pressure can drop 

significantly due to degassing of CO2, The reduction in boiling will result in a lower 

rate of heat transfer in the reservoir. This causes the important parameters which 

determine the rise in flowing enthalpy to differ substantially from those without gas 

present. 

Without CO2 present, the properties that primarily affect the flowing enthalpy 

are matrix permeability, matrix thermal conductivity, fracture spacing, fracture per

meability thickness product, and fracture porosity. With significant amounts of CO2 

present the temperature gradients between the fracture and matrix are reduced with 

the associated decrease in boiling such that most of these properties have little effect 

on the flowing enthalpy. 
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Only the initial gas saturation and the initial partial pressure of CO2 have large 

effects on the flowing enthalpy. The initial gas saturation and the initial partial pres

sure affect the phase distribution within the system, thereby altering phase mobilities. 

Also, an increase the mass fraction of CO2, which has a lower heat capacity than 

steam, will lower the flowing enthalpy. The large effects of the initial partial pressure 

of CO2 on the flowing enthalpy suggest that other parameters may be important at 

lower partial pressures. The fracture spacing has significant effects on the rate of rise 

in flowing enthalpy. The variation in surface area with fracture spacing affects both 

conductive and convective heat transfer to the fractures. The flowing mass fraction of 

CO2 can be a valuable tool in determining reservoir properties. The flowing mass frac

tion of CO2 will vary little in the wellbore unless substantial scaling is occuring and is 

relatively easy to measure at the surface. 

The initial gas saturation, the initial partial pressure of CO2 and the matrix 

porosity all have strong effects on the amount of CO2 in a system and therefore, con

trol the amount of rise in the flowing mass fraction. The matrix permeability and the 

fracture spacing both have strong effects on the rate of rise in the flowing mass frac

tion of CO2, These two parameters control the rate of recharge to the fracture from 

the matrix. 

The flowing mass fraction of CO2 can be used in conjunction with the flowing 

enthalpy to determine, qualitatively, the characteristics of a reservoir. The fracture 

spacing and matrix porosity have strong effects on the rise in the flowing mass fraction 

of CO2, However, only the fracture spacing has substantial effects on the rise in the 

flowing enthalpy. Therefore, if there is a rise in the flowing mass fraction without a 

similiar response in the flowing enthalpy then it is likely that there is a change in the 

matrix porosity. Likewise, if there is large rise in both the enthalpy and the flowing 

mass fraction of CO2 after sustained production this points to an increase in the gas 

saturation. However, if the rise occurs upon initial production it can be the result of 

either an increase in the gas saturation or a large initial CO2 partial pressure. Another 

possibility is if the enthalpy rises without a change in the flowing gas saturation then 
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this represents a change in the permeability of the fractures or matrix. These elimina

tion processes can be very valuable in determining characteristics of the reservoir. 

They point to the great importance of using all the information that is available in 

order to characterize a reservoir system. 



4.0 Fracture-Matrix Interaction and Fluid Recovery 

From Gas-Rich Reservoirs. 

4.1 Introduction 

It has been shown that significant amounts of CO2 can greatly affect the beha.vior 

of a reservoir during exploitation (Grant, 1977; Zyvoloski and O'Sullivan, 1978; Zyvo

loski and O'Sullivan, 1980; Atkinson et aI, 1980; Pritchett et ali 1981; Barelli et aI, 

1982; O'Sullivan et al,1985; Pruess et al,1985). 

The primary ?bjective of this study is to examine how the presence of CO2 alters 

the interaction of fracture and matrix in geothermal systems under exploitation. In 

addition, the current state of understanding of the kinetics of reactions involving CO2 

will be reviewed. Futhermore, techniques will be examined to improve recovery from 

geothermal systems by using the effects of CO2 on flow patterns within the reservoir. 

The simulations were conducted using the numerical simulator MULKOM 

(Pruess, 1982) and an equation of state for H20~C02 mixtures developed by O'Sullivan 

et al (1985). The effects<of capillarity have-been neglected: 

4.2 Approach 

A simple model which includes a single logarithmically discretized matrix element 

(100 m3) with time independent boundary conditions (see Figure (4-1)) was used to 

investigate fracture-matrix interaction in H20-C02 systems. Models used in this study 

are based on the MINC (multiple interacting. continua) method (Pruess and 

Narasimhan, 1980) which is similiar to the double-porosity model of Barenblatt et al 

(1960) except that the MINC method allows for fully transient heat and mass flow 

between fracture and matrix (Pruess and Narasimhan, 1980). The fracture element is 

assumed to be near a producing well so that the thermodynamic state of the fracture 

fluids remain constant with time. To determine the necessary conditions for the frac

ture, simulations were carried out using a radially infinite reservoir with a well at the 

center. The well was produced using a productivity index (see Equation (3-7)) with a 
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constant bottomhole pressure of 40 bars. The rock and fluid properties were the same 

as those used in the sensitivity studies. The simulations were run until quasi-steady 

state conditions were achieved (2 years) in the fractures. These conditions were then 

used as boundary conditions in this study. This approximation neglects the early time 

effects of transients of pressure and gas saturation in the fracture, however, these 

effects are not very important in our analysis. The pressure in the fracture was 

assumed to be 40 or 70 bars, corresponding to a constant bottomhole pressure produc

tion and the matrix is initially at 90 bars. Note that for the following cases the total 

initial pressure is always kept the same so that when different initial partial pressures 

of CO2 are used, the initial temperature will be different. Other reservoir parameters 

can be found in Table (4-1). 

Table (4-1). Reservoir Parameters. 

Parameter 

reservoir thickness 
block size 
wellbore radius 
bottom hole pressure 
productivity· index 
fracture spacing 
fracture porosity 
matrix porosity 
fracture transmissivity 
matrix permeability 
thermal conductivity 
rock heat capacity 
rock density 
fracture relative permeability 

matrix relative permeability 

initial pressure 

initial gas saturation 
initial partial pressure of CO2 
intial temperature 
d iff usion coeffic ien t 
tortuosity 

Radial Value 

1000 m 

0.1 m 
40 bars 
1.25 x 1O-12m3 

100 m 
1% 
5% 
2.0 darcy meters 
0.01 md 
2.0 W/m·C 
1000 J/kg· C 
2650 kg/m3 

X-curves 

Srl=·O.Srg=·O 
SGB curves 
Srl=.05 Srg=.40 
90 bars 

20% 
0,10 bars 
~295·C 

1.38xl0-Sm2 

0.25m/m 

Block Value 

100 m 

5% 
2.0 darcy meters 
0.01 md 
2.0 W/m·C 
1000 J/kg· C 
2650 kg/m3 

X-curves 

Srl='O Srg='O 
SGB curves 
Srl=.05 Srg=.40 
40 or 70 bars fractures 
90 bars matrix 
2%,10%,20%,30%,50% 
0.01,1.0,5.0,10.0 bars 
~295· C 
1. 38xl0-sm2 

0.25m/m 
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4.3 Results 

Figure (4-2) illustrates the effects of CO2 partial pressure on the mass recovery 

normalized by the fully saturated mass in the matrix. This figure shows an inverse 

relationship between initial partial pressure of CO2 and the amount of fluid that can 

be recovered from the matrix; the higher the initial partial pressure, the lower the 

recovery from the matrix. This relationship is due to the effects of CO2 on the boiling 

curve of water. For a given total pressure, the higher the partial pressure of CO2, the 

lower the water vapor pressure and, hence, the lower the saturation temperature. A 

large pressure drop can occur without a significant amount of boiling in the system 

thereby reducing the amount of fluids produced from the matrix. This phenomena can 

result in tens of bars initial pressure drop (Atkinson et aI, 1980; O'Sullivan et aI, 1985) 

which will dramatically reduce the amount of recoverable reserves in liquid dominated 

geothermal systems where there are large amounts of gas present. 

Another important phenomena is suggested by the decline lD recovery at late 

time which is due to the complex thermodynamics of H20-C02 mixtures. In order to 

achieve complete thermodynamic equilibrium between the fracture fluids and the fluids 

in the adjacent matrix, there must be equilibrium in the pressure, temperature, and 

partial pressures of the non-condensible gases which are present (Bodvarsson and 

Gaulke, 1986). Most geothermal systems are believed to be approximately in thermal 

and hydrological equilibrium prior to exploitation. During exploitation, the fluid pres

sure in the fracture near the well will stablize rapidly to the production level, creating 

a large pressure gradient between the fracture and the matrix. Figure (4-3) schemati

cally shows the results of changes in pressure, temperature, gas saturation, and CO2 

partial pressure with time for a typical matrix block. Two cases are represented in 

Figure (4-3); the solid line represents the case in which chemical reactions involving 

CO2 may be neglected and the dots represent results when chemical buffers are 

included. The chemical buffers in the latter case are assumed to provide CO2 to the 

matrix by rock-fluid reactions at a rate necessary to prevent recharge of CO2 from the 

fracture fluids. The dashed lines represents the stablized fracture conditions. 
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Initially, the large pressure gradient drives fluid to the fracture from the matrix. 

This results in declining pressures, boiling and an increasing gas saturation in the 

matrix. CO2 flows into the fracture with the gas phase and since little CO2 is pro

duced by boiling due to its low liquid solubility, the partial pressure of CO2 in the 

matrix drops drastically. Eventually, the pressure in the matrix becomes the same as 

that in the fracture but a temperature gradient still exists due to the imbalance in the 

partial pressures of CO2. The equilibration of CO2 partial pressures between the frac

ture fluids and those in the matrix may be accomplished in two ways, either by chemi

cal reactions in the matrix which produce CO2 or by flow of gas-rich fluids from the 

fracture to the matrix (backflow). CO2 can be produced by rock-fluid reactions in the 

matrix as the temperature equilibrates due to conduction. If this happens, the satura

tion will stabilize because the production of CO2 by reactions will maintain a total 

pressure in the matrix equal to that of the fracture. However, if the rate of CO2 pro

duction by rock-fluid reactions in the matrix is slow when compared to the rate of heat 

transfer to the fracture fluid, the temperature drop in the matrix will cause the total 

pressur.e in t~e matrix to dip below the total pressure in the fractures since two-phase 

conditions prevail in the matrix. The pressure imb.alanceds due to the excess CO2 in 

the fractures which increases the total pressure there without affecting the stable tem

perature. This in turn will drive gas-rich fluid from the fracture to the matrix until 

the two continua achieve total equilibrium. Fluid recharge to the matrix from the 

fractures causes a declining gas saturation there as shown in Figure (4-3). 

An analytical expression has been derived for estimating the amount of back flow 

that will occur in dependence of the, gas saturation. The derivation which neglects 

binary diffusion and chemical buffers, is given in appendix C. The amount of backflow 

per unit pore volume assuming negligible changes in the fracture gas saturation is 

M --= 
¢V 

( 4-1) 

All symbols are defined in the nomenclature. This expression defines the total amount 
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of fluid per unit pore volume that must be supplied to the matrix in order to equili

brate the partial pressure of the matrix in with that of the fracture. Using the final 

saturation in the matrix, the numerator gives the total amount of CO2 required to bal

ance the partial pressure in the matrix with that in the fracture based upon the 

assumption that the matrix is gas depleted when backflow begins. This approximation 

appears reasonable, as complete degassing of the matrix block during pressure equili

bration occurs in most cases. The final gas saturation of the matrix is what primarily 

determines how much CO2 is necessary to equilibrate the fracture and matrix partial 

pressures given a liquid-vapor distribution determined by Henry's law. The denomina

tor defines the fraction of each phase that is mobile, thereby, designating the relative 

amounts of each phase flowing into the matrix. 

Figure (4-4) shows the norma.lized recovery from the matrix of our two continua 

model versus time in dependence of the flowing saturation in the fracture. The matrix 

has 20% initial saturation and other conditions are as listed before. A decrease in the 

recovery in the matrix at late time is indicative of backflow of fluid from the fracture 

to the matrix. The amount of backflow is inversely related to the flowing gas satura

tion in the fractures; a high gas saturation in the fracture indicates a high gas phase 

mobility. Therefore, only a small amount of fluid mass is required to equilibrate the 

CO2 partial pressures, because of the high CO2 concentration in the gas phase. How

ever, if the gas saturation is low, liquid mobility is high and a large amount of fluid 

back flow to the matrix is required to equilibrate the CO2 partial pressures. 

Gas saturation and mass fraction of CO2 scale linearly for a given partial pres

sure. This indicates that the amount of backflow that will occur can be estimated by 

measuring the mass fraction of CO2 at the surface. Figure (4-5) shows that the 

amoun t of back flow per unit pore volume depends on the matrix gas saturation and 

the flowing mass fraction of CO2. The data shown in Figure (4-5) were calculated 

using Corey curves for relative permeabilities. Chemical reactions producing CO2 were 

neglected. Numerical simulations were completed in order to verify the results in this 

figure. The variations between analytical and numerical values at steady state were 
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small. The variations are the result of the assumptions that CO2 was not present in 

the matrix prior to backflow of fluid from the fractures. If this slight error is removed 

the analytical and numerical results are identical. 

Figure (4-5) also shows that since the amount of backflow is primarily dependant 

on the flowing mass fraction of CO2, backflow is very substantial for low enthalpy 

wells, but is insignificant for wells which produce predominantly stearn. This is 

confirmed in Figure (4-6) which shows that the amount of backflow per unit pore 

volume is dependent on the flowing enthalpy. There is a sharp increase in the amount 

of backflow with decreasing flowing enthalpy. It should also be noted that there is lit

tle change in the amount of backOow for various initial gas saturations, therefore, the 

in situ conditions are not very important in predicting the amount of backflow that 

occurs. It is shown clearly in Figures (4-5) and (4-6) that backftow may be very impor

tant for low enthalpy wells for which the amount of backftow can be hundreds of kilo

grams per cubic meter. 

Figure (4-7) shows the normalized recovery versus the initial pressure gradient 

between the fracture and the matrix for various initial partial pressures of CO2, Two 

curves are included for each partial pressure; the upper curve indicates recovery prior 

to backftow and the lower curve includes the effects of backflow. This figure confirms 

that the initial partial pressure of CO2 has large effects on recovery. This figure also 

shows that the amount of fluid which is required to equilibrate partial pressures 

between the fracture and the matrix is practically independent of the initial pressure 

gradient. Since the partial pressure of CO2 rapidly decreases as CO2 flows out of the 

matrix with the gas phase and boiling produces little CO2, the matrix becomes 

depleted of CO2 even for small initial pressure gradients. 

Figure (4-8) shows the normalized recovery versus the initial gas saturation for 

various initial partial pressures. This figure confirms that the recovery is strongly 

influenced by the initial partial pressure as previously indicated. The dashed line in 

the figure indicates the normalized mass of fluid per unit pore volume within the sys

tem initially. This would be the maximum amount of fluid that can be recovered. 
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Deviation of the curves from the slope of the ideal curve at low initial gas saturations 

is indicative of backBow to the matrix. At low gas saturation the liquid mobility is 

high, therefore, the Buids backBowing into the matrix will have a low gas content and, 

hence, a large amount of backBow will occur before complete thermodynamic equili

brium has been achieved. In addition, since the presence of CO2 reduces the boiling 

temperature for water in relation to the partial pressure of CO2, the amount of boiling 

will be red uced with increasing partial pressures. Less boiling results in lower Bowing 

gas saturations at higher partial pressures of CO2 so that backBow will be increased 

with increasing partial pressures as well as with decreasing gas saturation. 

It is of interest to determine which factors control the rate of backBow and over 

what time period it occurs. This is very important if chemical buffers involving CO2 

are present so that there are ways to compare the kinetic rates of reactions which sup

ply CO2 with the rate of backBow. The primary factors controlling the rate of 

backBow are the geochemical, thermal and hydrological parameters of the matrix 

blocks. As backBow occurs during the time when the temperatures in the fractures 

and matrix' are equilibrating, the thermal parameters, especially the thermal cond uc

tivity, are important. The hydrological parameters of ' the matrix are also important, 

especially the absolute and relative permeabilities. However, the fracture spacing is 

probably the single most significant parameter controlling the rate of backftow. The 

fracture spacing (D) strongly affects both the conductive heat transfer and the rate of 

fluid Bow since the surface area (per unit surface area) between the matrix and the 

fractures is proportional to D2, Thus, one would expect that for reservoirs with rela

tively small average fracture spacing, the time period necessary for back flow to occur 

would be small. 

4.4 Radial Cases 

In order to test the backBow theory on a more realistic problem, a numerical 

model of a well in a fractured reservoir of uniform thickness (lOOOm) was studied. All 

reservoir parameters are listed on Table (4-1). The grid was developed using the 
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MINC method (Pruess and Witherspoon, 1982) for a fractured porous reservoir. A 

productivity index was used to provide Bowrates (30-40kg/s) typical of high tempera

ture geothermal wells. Linear curves without cutoffs were used for the fracture relative 

permeabilities and Corey curves were assumed for the porous rock matrix. Gravity 

effects were neglected in these simulations so that the fractures and matrix started 

with a uniform saturation. In the simulations, binary diffusion was included as out

lined by Pruess et al (1985). The diffusivity was calculated using a Bosanquet type for

mulation (Pollard and Present, 1948) and adjusted for reservoir temperatures and pres

sures with a method introduced by Perry, (1963). This method assumes that 

diffusivity is directly related to temperature, however, recent work suggests that tem

perature effects on gas diffusivity are limited by pore radius within the medium (Toku

naga, 1985) so the actual diffusivity may be lower than that calculated at reservoir 

temperatures. 

Figures (4-9) and (4-10) show the gas saturation transients for CO2 partial pres

sures of 0 and 10 bars, respectively. The various curves represent conditions within 

fracture and matrix elements at different radial distances from the producing well. It 

is important to note that the matrix curves represent conditions nearest to the frac

'tures; the matrix is discretized into five different elements after the method of Pruess 

and Narasimhan, (1983). In both cases the gas saturation in the fractures rises mono

tonically until it reaches quasi-steady state. The stablization time is dependant on 

many of the reservoir parameters, however, of primary importance are the fracture 

spacmg or surface area, between matrix and fracture and the matrix permeability 

(Lippmann et aI, 1985). Basically, the gas saturation in the fractures stabilizes when 

quasi-steady state B uid and heat Bow has been established between the fracture and 

matrix. The gas saturation in the fracture elements rises significantly higher when 

noncondensible gas is not present as compared to the case with a 10 bar partial pres

sure of CO2. 

There is a substantial variation in the gas saturation transients of matrix ele

ments for the two cases. Without CO2, the gas saturation in the matrix rises drasti

cally due to both boiling and the Bow of high enthalpy Buids to the fractures. In 
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contrast, with CO2 presen t there is less boiling and, hence, a smaller rise in gas satura

tion because degassing causes a substantial pressure drop without boiling. Later, the 

gas saturation in the matrix declines, which suggests a reversal of flow patterns; gas

rich fluid flows from the fractures to the matrix. In Figure (4-10), the outer most 

matrix elements have a lower gas saturation after a simulated 30 year production 

period than they intially contained. As Figures (4-9) and (4-10) only show the gas 

saturation transients in individual matrix elements, it is of interest to determine the 

net gas saturation changes intergrated over the entire matrix blocks. Figure (4-11) 

shows the variations in the average matrix gas saturation with radial distance for the 

case with 10 bars of CO2 present. Gas saturation profiles are shown for different times 

ranging from 1 to 30 years. The figure shows that substantial backflow occurs near 

the well after 5 years, the time necessary for pressure equilibrium of the large matrix 

blocks (100 m3
) with the fractures. Figures (4-9) through (4-11) clearly show that the 

presence of non-condensible gases in a liquid dominated reservoir can substantially 

reduce the matrix depletion. With CO2 present however, the total mass flowrate from 

an infinite reservoir is higher than without CO2 present (see Figure (4-12)). This 

results from the effect of CO2 on the boiling- temperature in a reservoir. Since the 

pressure drops substantially without boiling when CO2 is present, the flowing satura

tion is lower and thus the total fluid mobility is higher. Without CO2, there is more 

vigorous boiling, higher gas saturation and, hence, a lower oyerall fluid mobility. Fig

ure (4-13) shows the flowing enthalpy transients feeding the well for the cases with 10 

bars and without CO2, When CO2 is not present, the enthalpy is much higher. This 

is due to more vigorous boiling and also the lower enthalpy of CO2, Futhermore, the 

rise in enthalpy at late times is greater without CO2 because of the higher enthalpy 

fluids recharging from the matrix as a result of more substantial boiling in the matrix. 

Figure (4-14) shows the gas saturation transients for the same infinite reservoir 

with gaseous diffusion included. The diffusion coefficient used was 1.38xl0-5m2js along 

with a tortuosity of 0.25. Comparison of Figures (4-10) and (4-14) shows that the 

effects of binary diffusion for the case studied are rather small. With gaseous diffusion 

included the gas saturation in the fracture elements rises approximately 2-3% higher 
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after a simulation period of 30 years. Initially the gas saturation rise in the matrix ele

ments is higher, however, the final conditions in the matrix elements are almost identi

cal for the two cases indicating that gaseous diffusion is not an important factor in the 

problem considered here. 

4.5 Chemical Effects and/or Backflow 

As mentioned earlier, it is possible that the equilibrium of CO2 partial pressures 

in the fractures and the matrix is attained through chemical reactions involving CO2 

rather than by backflow from the fractures into the matrix. Some considerations of 

chemical buffering of CO2 and experience from producing geothermal fields are given 

below. CO2 is actively introduced to geothermal systems in two general ways; either 

by volcanism, as in Krafla, Iceland, and/or by rock-fluid reactions involving carbonate 

rocks such as are found in the Larderello field of Italy. Certainly over geologic time, 

CO2 will equilibrate with the local suite of rocks, the equilibrium conditions depending 

upon the rock composition and the prevailing temperature. This includes dissolution 

of CO2 from the ftuid as the ftuid reacts with minerals such as andesine to form calcite 

on fracture and pore surfaces (Ellis, 1969). If the partial pressure of CO2 is known or 

can be estimated, simple calculations can be carried out using the free energy of forma

tion to determine the equilibrium mineral assembleges in an unexploited r~servoir (see 

Appendix B). The presence of calcite, along with other carbonate minerals, can be 

expected to buffer changes in the partial pressure of CO2 within a reservoir by dissolu

tion to produce CO2 gas. The effectiveness of this buffering is dependent on the 

amount and distribution of the buffering agent and the kinetics of the rock-fluid reac

tions. The stability and distribution of the buffering agents are influenced by factors 

that include temperature, permeability, porosity, rock type, fluid composition, total 

pressure, and the rate of 8uid flow (Brown and Ellis, 1970). Geothermal reservoirs are 

complex systems where all of these parameters may vary both temporally and spa

tially. In a producing reservoir where boiling and acceleration in 8uid movement are 

likely to combine with decreasing temperatures, reaction rates can be substantially 
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reduced, progressively impeding attainment of rock-fluid equilibrium (Giggenbach, 

1981). Under these conditions it is difficult to apply static equilibrium tables and 

obtain any deep insight as to the chemical state within a producing reservoir. 

Given the current limitations of theoretical work on the kinetics of CO2 systems, 

valuable insight may be obtained from experience with producing reservoirs. Wells in 

Larderello have produced steam with a similiar concentration of CO2 for decades 

(Pruess et aI, 1985). Pruess et al (1985) preformed numerical simulations of CO2 tran

sients and concluded that most of the CO2 was not contained in the fluids originally in. 

place but was introduced into the system by other sources, probably by chemical 

buffers. This suggests rather r:~pid kinetics of CO2 chemical buffers, at least for the 

carbonate rocks at Larderello. However, significant transient changes in produced CO2 

content were noted during an injection experiment at Larderello indicating incomplete 

buffering of CO2 (Giovannoni et aI, 1981). 

Another example is Kraft a geothermal field in Iceland where there were significant 

changes in the CO2 concentration of the produced fluids as shown in Figure (4-15). 

These changes indicate incomplete buffering of CO2 (Steingrimsson et aI, 1984). 

Between the years of 1976 and 1978 volcanic activity produced large amounts of CO2. 

After the volcanism ceased there was a rapid decline in CO2 within the reservoir. This 

was due to either ~ot enough mineral buffering within the system and/or the kinetics 

were too slow to effectively control CO2 transients in the producing reservoir. These 

field examples suggest that the effectiveness of chemical buffering of CO2 depends on 

the rock types involved. The back flow phenomena proposed here and in an earlier 

paper (Bodvarsson and Gaulke, 1985) may only be important for certain reservoirs. 

4.6 Injection Effects 

It is of interest to investigate how injection of fluids with low gas content will 

affect the fluid recovery from the matrix. This scenario is modeled in rather a coarse 

manner by spatial variations in the initial gas concentration. A single well is modeled 

with gas-rich fluids close to the well. Outside a radial distance of 1 kilometer from the 
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well there are fluids with a low gas concentration (see Figure (4-16)). Other parame

ters are the same as those discussed in the previous sections. This model neglects the 

temperature difference due to the varying gas content, however, this approximation is 

not very important for the aspect of the problem we are interested in. 

Figure (4-17) shows the transien ts in total fluid mass flowrate and CO2 con ten t at 

the well. In less than a year there is a pronounced drop in the CO2 content of the pro

duced fluids accompanied with stablization and then a rise in .the total mass produc

tion rate. This is caused by the low gas content of the outer regions fluids. The low 

flowing CO2 concentration increases total fluid production in two ways, by decreasing 

the gas saturation in the fractures and by increasing recovery from the matrix. With a 

lower gas saturation, the liquid phase mobility will be increased. This in turn allows 

more fluid mass to flow to the well. This is shown clearly when Figures (4-12) and (4-

17) are compared. The fluid recovery is much greater as the CO2 content declines in 

the reservoir. 

Recovery from the matrix will be enhanced by the creation of a CO2 concentra

tion gradient between the fractures and the matrix. This gradient prevents back flow 

of fluid to the depleted matrix near the well. Consider again Figure (4-11) where the 

gas saturation near the well begins dropping significantly 5 to 10 years after produc

tion initiates. This is the indentical case as before except for the lower gas content in 

the outer region. The matrix is much less depleted after 30 years than it was at 5 

years for a distance from the well of several hundred meters. With the lower gas con

tent of the outer region, the resaturation of the matrix indicated in Figure (4-11) will 

not occur or will be drastically reduced depending on the CO2 depletion of the matrix. 

The low flowing gas content (partial pressure) in the fractures is nearly equal to that in 

the CO2 depleted matrix and, hence, the temperature variations between fracture and 

matrix fluids associated with partial pressure imbalances is much less. Therefore, the 

pressure drop related to cooling of the CO2 depleted matrix is not significant. This is 

confirmed by the rise in the flowing mass fraction of CO2 after 7 years of production 

while the total flowrate is declining. The CO2-rich fluids flow out of the matrix while 
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no backflow occurs near the well. The amount of additional fluid recovery (ie. matrix 

depletion) may be estimated by using Figure (4-5) since the decrease in· the flowing 

mass fraction of CO2 is known. The flowing mass fraction of CO2 declines from 2 per

cent to 0.8 percent in the first 5 years of production. Thi..c:; indicates an improvement 

in recovery per unit pore volume of between 150 and 500 kilograms depending on the 

final matrix saturation. Thus, injection of gas-free water will drastically reduce poten

tial adverse effects of CO2 on matrix depletion and energy recovery. 

4.7 Summary 

Numerical simulation techniques are used to investigate the effects of CO2 on 

matrix depletion and fluid recovery from fractured geothermal reservoirs. It is shown 

that the degassing of liquid dominated geothermal reservoirs due to the effects of CO2 

on the boiling curve of water can substantially reduce fluid recovery from liquid dom

inated systems. The drop in total pressure of the reservoir, due to degassing of CO2• 

results in lower heat and mass recovery. 

The backftow of fluid to the matrix, due to the effects of CO2 on the pressure

temperature relationship of water, is identified. An analytical expression is derived to 

quantify the total amount of backftow that might occur depending on the final satura

tion in the matrix while neglecting chemical reactions involving CO2, It is noted that 

complete thermodynamic equilibrium, including the partial pressures of CO2, must be 

considered to understand fracture-matrix interaction in a producing reservoir. The 

equilibration of CO2 partial pressures between the fracture and matrix can occur by 

"backflow" of gas-rich fluids or chemically by rock-fluid reactions. Much more work is 

necessary to understand the kinetics of rock-fluid and water-gas reactions within com

plicated reservoir systems to determine the relative importance of each phenomena. 

The petrology of the reservoir can have large effects on the buffering of CO2 partial 

pressures causing the buffer to be weaker or stronger. A static equilibrium balance 

equation is inadequate to accurately predict the behavior in a transient reservoir. 
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In addition, backflow can be very substantial for low enthalpy two-phase systems. 

It can amount to hundreds of kilograms per unit pore volume. It will not be very 

significant in vapor dominated systems. Finally, injection of low gas content fluids can 

increase recovery from a fractured geothermal reservoir. This is achieved by increasing 

liquid mobilities within the fractures and reduction in the backflow, hence, increasing 

matrix recovery. 



5.0 Field Example - Well BR21, Ohaaki, New Zealand 

5.1 Introduction 

Most geothermal fields are liquid-dominated with pressure increasing hydrostati

cally with depth. Some liquid-dominated reservoirs have large two-phase iones which 

will significantly alter their production behavior. Many investigators have examined 

two-phase reservoirs at Momotombo (Dykstra and Adams, 1978), Baca (Grant and 

Garg, 1981; Pritchett et aI, 1981), Krafla (Stefansson, 1980; Bodvarsson et aI, 1983) 

Nesjavellir and Namafjall (Steffansson and Steingrimsson, 1980), and Broadlands 

(Mahon and Finlayson, 1972; Ellis and Mahon, 1977; Grant, 1980; Grant, 1984). These 

reservoir systems are complex, and the thermodynamic and hydrologic conditions are 

often not well known. The study of well behavior, including the analysis of changes in 

thermal, hydrologic, and chemical characteristics, must be incorporated to help under

stand two-phase systems. In Chapter 3, we examined how enthalpy and CO2 tran

sients change with rock and fluid parameters for gassy reservoirs. We have shown that 

insight into the reservoir behavior can be obtained if detailed transient measurements 

are made for gassy two-phase geothermal systems. 

Data are available on well BR21 (Grant and Glover, 1984) to verify the applica

bility of techniques suggested in Chapter 3. The well was opened to a constant throt

tle while the transient changes in downhole pressure, discharge enthalpy, and flowing 

mass fraction of CO2 were monitored for a two week period. The flowrate during this 

period was about 25 kg/so The results are typical of two-phase systems showing a 

high degree of variability in enthalpy and Bowing mass fraction of CO2 (see Figure (5-

1)). In addition, there is an extended transient period before the enthalpy and mass 

fraction of CO2 stabilize suggesting a fractured system as opposed to a porous medium 

(Grant and Glover, 1984). 
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In this chapter, results from numerical simulations are shown to aid in the 

in terpretation of the data from well BR21. A match of the pressure, enthalpy, and 

mass fraction of CO2 is accomplished to provide insight of the conditions insitu. The 

use of CO2 transients is shown to be valuable in the interpretation of reservoir parame

ters affecting the performance in two-phase wells. 

5.2 Reservoir and Well Description 

Ohaaki (Broadlands) is the third geothermal field in New Zealand to be substan

tially developed. Its location on the North Island is shown in Figure (5-2). The area is 

an active rift zone where extensive geothermal development has occured. To date, over 

thirty wells have been drilled at the site. Extensive well testing has occured at Broad

lands and a large data set exists. The field is a "hot-water" system containing a 

significant amount of noncondensible gas (carbon dioxide). The exact amount of gas 

present within the reservoir is still debated although the general concensus is that the 

reservoir contains between 2 to 4 percent CO2 by mass (Grant, 1977; Sutton and 

McNabb, 1977; Grant and Glover, 1984). Total bore discharges show gas fractions of 

between 0.5 to 10 percent by weight (Grant, 1977). 

During the initial discharge period in 1971, the fluid from BR21 contained 4.8 

percent gas by mass, however, during a flow test in 1975 the gas content was down to 

1.9 percent by mass. The extent of two-phase zones within the field is not known but 

BR21 is a two-phase well producing fluids with enthalpy in excess of that for a 

saturated liquid under reservoir conditions. The location of the well within the field is 

shown in Figure (5-3). The well was drilled to a depth of 1120 meters in 1970 and was 

cased to 425 meters. There are permeable zones at 500 meters and at 800 to 900 

meters, however, the upper zone "dominates" during discharge (Hitchcock, 1971; Grant 

and Glover, 1984). The lower zone produces fluid with a temperature of 270 0 C. The 

temperature of the upper zone is believed to be 255 0 C but upflow from the lower zone 

disguises the exact temperature. The upper zone has an injectivity of 15 kg/bar-s and 

a productivity of 1.5 kg/bar-so The lower zone is not as permeable with corresponding 
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values of 1.5 kg/bar-s and 0.3 kg/bar-s (Grant and Glover, 1984). 

A simiplified cross section for BR21 is shown in Figure (5-4) with the inclusion of 

the major feedzone (Ministry of Works and Development, 1977). It should be noted 

that the feedzone is located close to a fault but the fault is not thought to be the pri

mary source of fluid. The major feedzone occurs in the Waiora Formation. This unit is 

a pumacious lapilli tuff which is locally water-laid and with a low quartz content (Min

istry of Works and Development, 1977). Overlying the Waiora F?rmation is the Ohaki 

Rhylite. The Ohaki Rhyolite is· dense and largely impermeable. The unit directly 

below the Waiora Formation is the Broadlands Dacite. It is a very dense plagioclase 

dacite and has low permeability. The lower feedzone is located in the Rautawiri Brec

cia, a lithic tuff. The permeability in this unit is thought to be largely along the con

tacts. It is separated from the Waiora Formation by the Broadlands Dacite above. 

The unit below the Rautawiri Formation is the Rangitaiki Ignimbrite, a quartz

plagioclase welded vitric tuff, which has low permeability. 

5.3 The Well Data 

Grant and Glover (1984) carried out an extensive analysis ofBR21 using analyti

cal techniques developed by Grant (1979). They noted that the enthalpy took weeks 

to become stable and that the pressure transients indicated a transient period of only 

minutes or even seconds. Given reasonable parameters for Ohaaki, they determined 

that the transient period for the enthalpy should be on the order of minutes for a 

porous' medium. From this Grant and· Glover concluded· that a fractured medium was 

required to match the .enthalpy transients. Impermeable matrix blocks were used to 

match the.short period required for the pressure transients ,to gain stability. The time 

necessary for stability of the enthalpy transients was then assumed to be equal to time 

required for thermal equilibrium between the fluid and the impermeable matrix blocks. 

They calculated a "relaxation time" for conductive equilibrium between the imperme

able matrix block and the discharging fluid. The matrix blocks were then estimated to 

be 1 to 2 m3 given a relaxation time of between 400 and 1000 hours. Analysis of the 
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Figure (&-4), Cross section showing the geology surrounding well BR21, 
Broadlands geothermal field, New Zealand (Ministry of Works 
and Development, Wellington): 
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chemical transients was determined to be too complex to approach in this' study 

(Grant and Glover, 1984). These transients can be valuable using numerical methods 

to provide further insight. 

Using the simulator MULKOM (Pruess, 1982) with an equation of state for 

H20-C02 mixtures developed by O'Sullivan et al (1983), studies were undertaken to 

determine the characteristics of the reservoir near well BR21. The upper feedzone was 

assumed to provide all of the fluid for production and, hence, a single layer radially 

infinite model was used. The mesh consisted of logarithmically discretised elements 

with five elements per cycle extending to a radial distance sufficient to prevent boun

dary effects. The MINC method (Pruess and Narasimhan, 1982) was used to approxi

mate the fractured nature of the reservoir with the matrix being discretised into five 

nested elements. The effective thickness of the reservoir was assumed to be 100 meters 

by inspection of the cross section shown in Figure (5-4). The reservoir had initially 50 

bars total pressure at the primary feed point and the well was produced at a constant 

rate of 25 kg/so The relative permeability functions used in this simulation are linear 

curves. The fracture curves are without cutoffs and the matrix curves provide for a, 

residual liquid saturation of 40 percent and a 5 percent residual gas saturation'. Other 

rock and fluid parameters can be found in Table (5-1). 

The match with the pressure, enthalpy, and mass fraction of CO2 transient data 

from BR21 is shown in Figure (5-5). The actual data is shown with a dashed line and 

the match is indicated with a solid line. A composite reservoir is necessary to match 

the data. The early transients are dominated by conditions in the fracture. The rapid 

decline in pressure.without a .concurrent rise ,in enthalpy (see-Figure (5-5)) indicates 

that the fracture storage is small and that the fracture is fairly permeable. The,small 

storage in the fracture (fracture porosity of 0.5%) causes the pressure to drop rapidly 

while the permeability of 0.1 Darcy near the well prevents a rapid rise in the flowing 

enthalpy. The small storage requirement confirms the choice of a reservoir thickness of 

100 meters. If thickness were greater an unrealistic fracture porosity would be neces

sary to match the pressure decline. Ten meters from the well the permeability is 

dropped to 0.09 Darcy in order to match the steeper decline in the pressure after 4000 
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Table (5-1). Reservoir Parameters. 

Parameter 

reservoir thickness 
well bore radius 
flowrate 
fracture spacing 
fracture porosity 
matrix porosity 
fracture transmissivity 

matrix permeability 
thermal conductivity 
rock heat capacity 
rock density 
fracture relative permeability 

matrix relative permeability 

initial pressure 
initial gas saturation 

initial partial pressure of CO2 

intial temperature 
diffusion coefficient 
tortuosity 

Reservoir Value(s) 

100 m 
0.12 m 
25 kg/s 
30 m 
0.1% 
18% 
1.0 dm from well to 10 m 
0.9 dm from 10 to 125 m 
0.1 dm beyond 125 m 
0.3 md 
2.2 W/m °C 
1000 J/kgo C 
2650 kg/m3 

X-curves 
Srl='O Srg='O 
X-curves 
Srl=.05 Srg=.40 
50 bars 
6% in fracture to 70 m 
15% in fracture beyond 70 m 
33% in matrix 
2.0 bars 
:::::::260°C 
1.38x10-sm2 

0.25m/m 

The initial gas saturation computed in fractures near the well is 6 percent so that 

the initial flowing enthalpy is 1184 kJ/kg and the initial flowing mass fraction of CO2 

is 0.28 {see Figure (5-5)). If the gas saturation is higher the pressure will drop more 

rapidly to provide for the constant rate production. If the gas saturation is lower the 

pressure will drop too slowly and the enthalpy will be too low. The partial pressure 

of CO2 corresponding to the flowing mass fraction of 0.28 is 2 bars. 

With the initial conditions met we will consider the rise in both enthalpy and 

flowing mass fraction of CO2, An increase of the gas saturation is required in order to 
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match the sustained rise in the flowing mass fraction of CO2 (see Figure (5-5)). The 

initial stablilized value of both the enthalpy and the flowing mass fraction of CO2 help 

to determine three other parameters. The enthalpy of approximately 1400 kJ /kg is 

representative of the equilibrium flow between the fracture and the matrix. Therefore, 

this value dictates the required gas saturation in the matrix. The matrix gas satura

tion was determined to be 33 percent. In Chapter 3 the matrix porosity was shown to 

have strong effects on the rise in the flowing mass fraction of CO2 without significantly 

affecting the enthalpy. Using a matrix porosity of 18 percent provided sufficient CO2 

to cause the increase to 1.1 percent by mass. The matrix porosity would seem rather 

high except that the rock is pumaceous suggesting a large void volume. 

The time necessary for the rise in both the enthalpy and the flowing mass frac

tion of CO2 is controlled primarily by two parameters. The fracture spacing is propor

tional to the surface area between the fractures and the matrix and, hence, will control 

the rate at which equilibrium flow of heat and mass is established between the fracture 

and matrix. In addition, the matrix permeability will also control the amount of fluids 

recharging the fractures from the matrix. Using a simple trial and error method it is 

easily established that the best fracture spacing for the time of rise is about 30 meters. 

The matrix permeability which provides fluid at a rate necessary to enhance the 

enthalpy and flowing mass fraction of CO2 is 0.3 millidarcy. If the permeability were 

lower the rise in enthalpy would be too high and the rise in flowing CO2 content would 

be too slow. 

The final consideration here is the moderate rise in the both the flowing en thalpy 

and the flowing mass fraction of CO2 accompaning a steep drop in the pressure at late 

times (about five days). If only the enthalpy and the pressure are considered, their 

changes would be representative of boundary effects. However, since the flowing mass 

fraction of CO2 also rises boundary effects are not sufficient by themselves to provide 

the the changes. Therefore, a combination of ~hanges in the gas saturation and frac

ture permeability are required in order to accurately match these data. The pressure 

pulse travels along the fracture more rapi~ly than the fluid. This indicates that 
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moderate changes in gas saturation are needed closer to the well than a decrease in 

fracture permeability in order to match transient conditions. Thus the gas saturation 

in the fracture is increased to 15 percent from 6 percent at 70 meters while the frac

ture permeability change from 0.09 Darcy to 0.01 Darcy is at 125 meters. This allows 

the effects to propagate along the fractures and arrive at the well at approximately the 

same time. A composite diagram of the model is shown in Figure (5-6). 

5.4 Summary 

A model of well BR21 (see Figure (5-6)) has been developed that matches the 

pressure, enthalpy, and flowing mass fraction of CO2 fr0l!!_ the well adequately (see Fig

ure (5-5)). The gas saturation in the fracture near the well could be expected to be 

rather low considering that the well was produced previously. The gas saturation was 

6 percent near the welUncreasing to 15 percent ,at 70 meters from the well. Condensa

tion around the wellbore would reduce the gas saturation after production. This 

would also explain the relative high matrix gas saturation of 33 percent near the well 

siIi-ce production will deplete the matrix. The fracture permeability varying from 0.1 

down to 0.01 Darcy away from the well was used. The matrix permeability was 0.3 

millidarcy. The reservoir thickness of 100 meters combined with 0.5 percent fracture 

porosity were used to match the small storage requirements indicated by the rapid 

pressure decline. The matrix porosity of 18 percent helped provide a sufficient rise in 

the flowing mass fraction of CO2, The CO2 partial pressure of 2.0 bars is reasonable. 

These results show the importance of including CO2 transient measurements in field 

data. 

• 
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Fracture Distribution 

Key 

~ k, - 0.1/0.09 Darcy, SgFraclure - 0.06 

f%BrRA k, - 0.09 Darcy, SgFraclure - 0.15 

k, - 0.01 Darcy, SgFraclure - 0.15 

Constant Parameters 

kMalrix - 0.3 md 
SgMalrix - 0.0.33 
f.s. - 30m 

<PFraclure - 0.005 
<PMalrix - 0.18 
H 100m 
a 25 kg/s 

XBL 8612·12791 

Figure (5-6). Diagram of best fit model including important reservoir and 
fluid parameters. 



6. Conclusion 

The purpose of this study was to examIne the effect of significant amounts of 

noncondensible gas on the behavior of fractured two-phase geothermal reservoirs. The 

amount of noncondensible gas in geothermal systems was surveyed and found to be 

significant and widespread. The current level of understanding of the effect of noncon

den sible gas on geothermal systems was reviewed. Information on the behavior of frac

tured gassy reservoirs under exploitation is limited, however, enthalpy and pressure 

transients had been examined in terms of controlling parameters for two-phase sys

tems. Since the flowing mass fraction of CO2 is closely related to the en thalpy in gassy 

reservoirs, a review of enthalpy transients was made. This work incorporates non con

densible gas (C02) into modeling of fractured two-phase reservoirs to examine the 

transient behavior of these systems. A clear understanding of the effects of non con

densible gases in two-phase systems would improve the evaluation of well transients 

and, hence, the assessment of the economic feasibility of high temperature geothermal 

systems. 

A complete understanding of flow in two-phase systems is essential to assess the 

effects of noncondensible gases in geothermal systems. A review was made outlining 

the importance of phase mobilities and relative permeabilities in controlling tra,nsients 

for these systems. 

Upon review of fractured systems, it was determined that the important hydrolo

gic and fluid parameters affecting the transient behavior of these systems are the 

matrix permeability, fracture permeability-thickness product, matrix and fracture rela

tive permeability functions, initial gas saturation and partial pressure of CO2, fracture 

and matrix porosity, and fracture spacing. A sensitivity study was performed to define 

the important controlling parameters for both enthalpy and CO2 transients in gassy 

geothermal systems. Using a base case the effects of changes in various hydrologic and 

fluid parameters were studied. Figures showing enthalpy transients without CO2 were 

included to highlight the significant effects of noncondensible· gases on reservoir 
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behavior. 

Evaluating the results of the sensitivity study shows that a high concen tration of 

gas in geothermal systems has large effects on the transient behavior of the reservoir. 

The presence of CO2 in a reservoir significantly reduces the variability in enthalpy 

transients. The sensitivity on wellhead measurements of flowing enthalpy for actual 

geothermal systems is almost 100 kJ /kg. This indicates that most reservoir parameters 

can not be determined using enthalpy transients when high noncondensible gas concen

trations are present (10 bars). However, if the concentration of CO2 is lower, the 

effects of the hydrologic parameters may be grouped according to their effects on the 

enthalpy to obtain information about reservoir conditions. Parameters such as frac

ture spacing, fracture and matrix permeability, and thermal conductivity are shown to 

affect the rate of rise in enthalpy. The initial gas saturation, initial partial pressure of 

CO2, and the permeabilities, both fracture and matrix, are shown to affect the total 

rise in flowing enthalpy. With a high concentration of CO2 the initial gas saturation 

and the initial partial pressure of CO2 are the only significant parameters affecting the 

flowing enthalpy. 

The noncondensible gas transients are far more valuable than the enthalpy tran

sients for reservoir evaluation when high gas concentrations are present. The concen

tration of CO2 will not change substantially in the wellbore unless scaling is occuring. 

This allows accurate measurement of the gas content. The flowing mass fraction of 

CO2 varies significantly with several reservoir parameters. It was shown that the ini

tial partial pressure of CO2, the initial gas saturation, and the matrix porosity have 

strong affects on the total rise in flowing mass fraction of CO2. These three factors 

control the amount of CO2 in the system. The matrix permeability and the fracture 

spacing are shown to have significant affects on the rate of rise in the flowing mass 

fraction of flowing mass fraction of CO2. These parameters control the interaction 

between the matrix and fractures. 

It was determined that enthalpy transients when used in conjunction with CO2 

transients can be used to provide information that could not be determined otherwise. 
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The matrix porosity was shown to have large effects on the flowing mass fraction of 

CO2 while it had little effect on the enthalpy. The initial partial pressure will drasti

cally reduce the rise in enthalpy and increase the flowing mass fraction of CO2 in con

trast to an increase in the gas saturation which also increases the flowing mass fraction 

of CO2 but causes a large increase in the enthalpy. Similiarly, fracture spacing and 

matrix porosity have strong effects on the rise in the flowing mass fraction of CO2, 

However, only the fracture spacing has substantial effects on the rise in the flowing 

enthalpy. Therefore, if there is a rise in the flowing mass' fraction of CO2 without a 

similiar response in the flowing enthalpy, it is likely that it is caused by variations in 

the matrix porosity. It is concluded that the most accurate assessment of a gassy 

two-phase reservoir requires careful monitoring of both the enthalpy and the the 

flowing mass fraction of CO2, 

A simple model of a single matrix block, was used to examme the ultimate 

recovery of a reservoir with varying initial partial pressures. It was shown that the 

higher the initial partial pressure the lower the recovery from geothermal systems. 

Due to the lower vapor pressure of water in these systems less boiling will occur reduc

ing the recovery from a system. The backflow of fluid to the matrix, due to the effects 

of CO2 on the pressure-temperature relationship of water, is identified. It is noted that 

thermodynamic equilibrium, including the partial pressures of CO2, must be considered 

to understand fracture-matrix interaction in a producing reservoir. The equilibration 

of CO2 partial pressures between the fracture and matrix can occur by ""backflow" of 

gas-rich fluids or chemically by rock-fluid reactions. An analytical expression IS .• 

derived to quantify the total amount of backflow that might occur depending on the 

final saturation in the matrix-while neglecting chemical reactions involving CO2, This 

expression was used to develop curves to estimate fluid loss to the matrix due to 

back flow. Much more work is necessary to understand the kinetics of rock-fluid and 

water-gas reactions within complicated reservoir systems to determine the relative 

importance of each phenomena. The petrology of the, reservoir can have large effects 

on the buffering of CO2 partial pressures causing the buffer to be weaker or stronger. 

A static equilibrium balance equation is inadequate to accurately predict the behavior 
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in a transient reservoir. 

In addition, backflow can be very substantial for low enthalpy two-phase systems. 

It was shown that backflow may amount to hundreds of kilograms per unit 'pore 

volume. However, backflow will not be very significant in vapor dominated systems 

where liquid phase mobility is small. It is identified that fluid injection of low gas con-

tent fluids can increase recovery from a fractured geothermal reservoir. This is done by . 
increasing liquid mobilities within the fractures and, due to the complex thermodynam-

ics of H20-C02 systems, increasing matrix recovery. 

Finally, the background obtained from the literature review, the review of two

phase flow principles, and the sensitivity studies of enthalpy and flowing mass fraction 

of CO2 transients was applied to analyse the transients from well BR21 in Broadlands 

geothermal field of New Zealand. The pressure, enthalpy, and flowing mass fraction of 

CO2 were matched for this reservoir. It was shown that much information can be 

gained by analyzing CO2 transients in addition to pressure and enthalpy transients. 

The model developed for this well is consistant with the geology of the area and the 

hydrology around the well. The fracture permeability was determined to decrease with 

distance from the well, 0.1 Darcy initially and decreasing to 0.01 Darcy as shown in 

Figure (5-6). The matrix permeability of 0.3 millidarcy and a 30 meter fracture spac

ing produced sufficient lag in the time of rise for enthalpy and flowing mass fraction of 

CO2, The fracture porosity of 0.5 percent and effective reservoir thickness of 100 

meters is consistent with both the geology and the steep pressure decline (small 

storage). The high matrix porosity of 18 percent is compatible with a pumaceous for

mation and contributes to the increase in the flowing CO2 mass fraction. The results 

of this study can be used as a starting point for a wider study of this field. The use of 

all the available information in modeling of geothermal fields will lead to more a accu-

rate reservoir evaluation. 
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Appendix A: Sources of Commonly Found Gases in Geothermal Reservoirs 

Typically, reservoir fluids have a significant amount of gas which can be helpful 

in inferring conditions within the reservoir. The most abundant gas is carbon dioxide 

which in general, accounts for more than 90 percent of the gases present (Kestin et aI, 

1980) with hydrogen sulfide also being significant. Other gases present include nitro

gen, methane, ethane, argon ammonia, hydrogen, radon, helium, krypton, and xenon 

(Kestin et aI, 1980; D'Amore and Truesdell, 1984; Semprini and Kruger, 1984; Nuti, 

1984). 

Geology is important in determining the gas constituents within a reserVOir. 

Gases may be derived from a variety of sources including volcanism, rock-fluid reac-

. tions, decay of organic compounds, and radioactive decay. If the source is known, gas 

may be used to determine flow patterns in the reservoir. Carbon dioxide, by far the 

most abundant gas, is derived both from volcanism and from rock-fluid reactions 

involving carbonate rocks. Carbon dioxide from volcanism, a primary source, was 

noted by Steingrimsson et al (1984) during an eruptive period at Krafla field in Iceland. 

Pruess et al (1985) suggested that carbonate rocks buffer carbon dioxide fugacities, a 

secondary source, at Larderello field in Italy. The following equilibrium reactions for 

controlling carbon dioxide were suggested by Cavarretta et al (1982) for the largely 

carbonate Larderello-Travale reservoir: 

3 K-bearing mica + 4 calcite + 6 quartz == 

2 clinozoisite + 4 K-feldspar + 4C02 + 4H20 

2 clinozoisite + 3 quartz + 2 calcite == 3 prehnite + 2C02 

(A-I) 

(A-2) 

The reservoirs of both Bagnore and Larderello fields in Italy contain a large volume of 

carbonate rock which can reaCt with reservoir fluids as indicated above to produce car

bon dioxide. Both fields have stable flowing carbon dioxide concentrations well above 

other systems where widespread carbonates are not present. In volcanic terrains, car

bon dioxide is derived from degassing of magma at depth (Arnorsson and Barnes, 1983) 

and is a minor constituent of nepheline syenites (Nockolds and Allen, 1954) which can 
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be released during hydrothermal alteration. At temperatures >250' C, Arnorsson and 

Barnes (1983) suggest carbon dioxide levels are controlled by the assemblage epidote

prehnite-calcite-quartz for volcanic rock reservoirs of basic to acidic composition. It 

has not been established which minerals control carbon dioxide fugacities at <250' C 

or what rate the above reactions will occur. 

Hydrogen sulfide is derived from volcanism (Ellis, 1967) and rock-fluid reactions 

with iron oxides and silicates (Nehring and D'Amore, 1984). At Cerro Prieto, S

fugacities along with geology suggest that the presence of pyrite. and epidote control 

hydrogen sulfide concentrations in the reservoir (Nehring and D'Amore, 1984). At the 

Geysers in California, widespread reaction of realgar and/or other epithermal sulfides 

with reservoir fluids is thought to control hydrogen sulfide fugacities (Hebien, 1985). 

Arnorsson and Barnes (1983) suggest that the mineral assemblage pyrrhotite-epidote

magnetite buffer hydrogen sulfide in the presence of liquid with <500 ppm chloride 

and pyrite-epidote-prehnite-magnetite or chlorite buffer hydrogen sulfide with >500 

ppm chloride present. 

Methane, ethane, ammonia and nitrogen in hydrothermal systems are believed to 

be derived ftom the decay of organic compounds containing carbon and nitrogen in 

local sedientary rocks (Hulston and McCabe, 1962; Ellis, 1967; D'Amore and Nuti, 

1977; D'Amore and Truesdell, 1984). The reservoirs with sedimentary rocks such as 

Larderello and Cerro Prieto contain substantial amounts of nitrogen, methane, and 

ammonia due to the presence of organic material while reservoirs in volcanic terrains 

are much less likely to have organic material and therefore methane, nitrogen and 

ammonia. Ohaki-Broadlands reservoir has partial pressures-of nitrogen, methane and 

ammonia that are five to ten times higher than those at "Wairakei. This is thought-to 

originate from the greater volume of sedimentary rock at Ohaki-Broadlands (Mahon 

and Finlayson, 1972). 

Helium, radon and other noble gases are derived from the radioactive decay of Th 

and V-rich rocks (Cionni et ai, 1984; Semprini and Kruger, 1984; D'Amore and Trues

dell, 1984) although helium and other noble gases can be derived from the atmosphere 
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by shallow recharge (D'Amore and Truesdell; 1984). 

. . 
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Appendix B: Determination of Controlling Mineral Assembleges 

To determine the mineral assembleges that control the noncondensible gas con

tent in a geothermal system under equilibrium conditions, the free energy of formation 

can be calculated for the reaction from the measured partial pressure. The partial 

pressure 15 

f 
Pgas '= -

"1 
(B-1) 

where f is the fugacity and "1 is the activity coefficien t. However, if the gas is assumed 

to behave ideally under reservoir conditions then 

&gas = Pgas (B-2) 

where &gaa is the activity of the gas and P gas is the partial pressure of that gas. This 

assumption is quite good for conditions typical in high temperature geothermal sys

tems where the elevation in temperature compensates for the high pressure. The 

activities for liquids -and solids under isothermal conditions are 

p 

In a = _1__ J V dP 
RT latm 

(B-3) 

where a is the activity of the solid or liquid, R is the universal gas, T is the tempera

ture in degrees Kelvin, V is the volume, and P is the pressure of interest. Under 

moderate pressure changes the volume V is essentially constant and much less than 

RT so that the activity is usually assumed to be unity and the thermodynamic equili-

brium constant (Kreaction) goes from 

to 

#ofproducts 
n a; 
i=l 

Kreaction = #ofreactants 
n 
i=l 

Kreaction = agas = P gas 

(B-4) 

(B-5) 
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RT 
In Kreaction = ----=--

~Gf,reaction 
(B-6) 

for a standard state of 1 bar with R the universal gas content and T the temperature 

in degrees Kelvin. Finally, the free energy of formation (~Gf,reaction) for the minerals 

controlling the partial pressure is 

#ofproducts #ofreactants 

~Gf,reaction = E ~Gf,i - E ~Gf,i (B-7) 
i=l i=l 

Substituting the free energies for likely mineral reactions allows the determination of 

the controlling assemblege for a known partial pressure of gas. Giggenbach (1981) 

used this technique to develop mineral stability diagrams under natural state geother

mal reservoir conditions, however, little is known about reaction rates within a produc~ 
. . 
109 reservoIr. 
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Appendix C: Analytical Expression for Backflow to the Matrix 

Consider a matrix element with time independant boundary conditions. The fluid 

in the matrix is initially at a temperature T 11 a total pressure P lI and is without CO2. 

The boundary element (fracture) is at a lower temperature T 2, an equal total pressure 

P 2, and has a CO2 partial pressure of P c2. In order to have total equilibrium between 

the two elements under two phase conditions the temperature, pressure, and partial 

pressure of CO2 must be equal. As the matrix cools due to conduction, CO2 is required 

in the matrix to maintain thermodynamic equilibrium. The amount of CO2 necessary 

to equilibrate the partial pressure in the matrix is then 

(C-l) 

where Sg is the final saturation in the matrix of volume V and the other terms are as 

defined in nomenclature. To determine, how much fluid is required to supply this 

amount of CO2 to the matrix, it is necessary to determine the fraction of each phase 

that is mobile. The mass fraction of the liquid phase is then 

(C-2) 

and the mass fraction of the gas phase is 

(C-3) 

where lit is the total kinematic viscosity and is defined as 

(C-4) 

The total flow of CO2 is then 

(C-5) 

where M is the total mass of back flow and Xc is defined as 

,'" 



• 

(C-6) 

Dividing the total amount of CO2 neededby the fractions of each phase that is mobile 

gives the total mass of back Bow per unit pore volume as 

M 
-= 
4>V 

(C-7) 
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