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Figure 2. Pressure-Enthalpy Diagram for Superheated, Steam [4]
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ments. The enthalpy of the steam in the reservoir increases significant-

ly with a pressure drop as reported at Larderello, Italy [14]. If the

reservoir follows an isoenthalptic path with both pressure and tempera-

ture declining, then the thermal energy is obtained from the large quan-

tity of sensible heat in the rock matrix [4].

Point "B" in Figure 1 lies on the vapor pressure curve. According

to Gibbs' phase rule, one intensive property determines this type of

system. Although the thermodynamic condition is specified as solid, liq-

uid, and vapor in equilibrium, the relative amounts cannot be determined

unless other thermodynamic properties are known (e.g. enthalpy, steam

quality,etc.). Point "B" in Figure 3, a pressure-enthalpy diagram for

pure water, best illustrates this point.

The mass and energy of the produced fluid and the thermodynamic

path of the producing fluid must be specified. If saturated hot water

was produced isothermally, there would be no reservoir pressure decline

until all the fluid in the reservoir had vaporized. If the reservoir

follows an isoenthalptic path, both pressure and temperature would tend

to decrease. Transfer of heat from the rock to the fluids in the pore

space would occur [4]. One important fact remains clear as long both

liquid and vapor exists in the reservoir: the maximum enthalpy of steam

would be 1204.5 Btu/lb (Figures 2 and 3). Furthermore, the reservoir

steam enthalpy should decline slightly as reservoir steam pressure de-

creases below 700 psia. Therefore, enthalpy of the produced geothermal

fluid may well provide important information regarding reservoir condi-

tions.

The compressed liquid state is represented by point "e" in Figures



Figure 3. Pressure-Enthalpy Diagram for Water [4]
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1 and 3. Similarly as for point "A"t both initial pressure and initial

temperature are needed to determine the initial condition. The differ-

ence lies in that point "c" will eventually reach some point "B" on the

vapor pressure curve. The actual path of the compressed liquid reservoir

is essentially isothermal and isoenthalptic [4].

Points "D" and "E" represent pressures higher than critical. A geo-

thermal reservoir indicated by point "D" would eventually become similar

to a reservoir initially at condition "A". An initial reservoir condi-

tion like point "E" would soon become similar to points "c" and "B" upon

steam production and resultant pressure decline.

ervoir drainage area t p. If the production rates are known at various

reservoir pressures, extrapolation into the future is possible.

Of all the well test analyses t the pressure buildup test is the

(6)

Matthews and Russell [15] state the theoretical basis for the pres-

most important because it yields the static average pressure in the res-

sure buildup test by the following relation for an infinite boundary

111.4. Pressure Buildup Test

reservoir (nomenclature in Table 2).

Pws = Pi + (q~/4TIkh)ln(y*¢~crw2/4k(t+~t»

(q~/4TIkh)ln(y*¢~crw2/4~t)

where Pws = well pressure after shut-in

Pi = initial pressure

t = time during well production

~t = time after well is closed-in

*y = Euler's constant, 1.78
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centipoise (cp)

millidarcy (md)

ft

t, time

r, distance in radial direction

q, production rate

p, pressure

~, fluid viscosity

k, formation permeability

h, formation thickness

¢, formation porosity

c, fluid compressibility

r , well radius
w

I
i,: ,::i' ::, ':.,: ;fiX:,,<.

~t;{q;:r... ~ff.-:' .:"., m '
, h';i"'j!~; ~~,iJ ~~IE !IBI EIA _ _ .. ., .. lIB - - -
I;
~
~
~

~
~
1
~
~

~ Table 2. Practical and Darcy Units
~
~I Parameter Practical Units

i
~
j~

I

I
I
u

adapted from [16]

N
o



I
I
I
I
I
I
I
I
I
I

~tl

::,-1
;::;:::

21

From the law of logarithms equation (6) then reduces to

Pws = Pi - (qll/411kh)ln«t+l1t)/l1t) (7)

By applying the CODmon logarithm and converting into practical units

(Table 2) equation (7) becomes

Pws = Pi - (162.6qllB/kh)log10«t+l1t)/~t) (8)

where B = formation volume factor

Matthews and Russell [15] reported that an equation written for

pressure behavior in an infinite reservoir may be immediately rewritten

* *for a finite reservoir by substituting p for Pi' The variable p is

defined as the well pressure at an infinite shut-in timet (t+~t)/l1t = 1.

Thus for a finite reservoir t a pressure buildup curve will decrease

after a lengthy time period t as shown in Figure 4. The flattened curve

approaches the average pressure t Pt in the bounded reservoir. The

*straight line portion of the bounded reservoir reaches the value of p

at (t+~t)/~t = 1. In practice t a well will not be closed-in long enough

to attain the condition represented by the flattened portion of the

curvet but it is possibie to estimate P from the extrapolated value of

*p •

* ­Matthews t Brons t and Hazebroek [17] developed equations for (p -p)

* ­versus time for drainage areas of various shapes. A plot of (p -p)/

(70.6qll¢B/kh) versus O.000264kt/¢llcA for various locations of a well in

a square boundary is shown in Figure 5. The quantity A is the reservoir

2area in ft • Plots of various boundary shapes and well locations are

available [17].

The recommended procedure for determining the average pressure is

as follows:

:?S-,

_ .."s: .•"%:h.A~~~~~~~"'""1:~~:W,,-7b.~~4~~~~J:i;.:;:~~~~~4f~~~~~'::~~>N~~.~''='"'"''~~~-.",-,.----._,-_. _._-



Figure 4. Pressure Buildup Curve for Infinite and Finite
Boundary Reservoir [16]
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*1. Plot Pws versus 10glO«t+~t)/~t) to determine p at infi-

nite shut-in time. The graph is extrapolated to the point

where (t+~t)/~t = 1 as illustrated in Figure 6.

2. t
DA

is calculated from the following equation

t DA = O.000264kt/~~cA (9)

3. Use a pressure function plot, like Figure 5, with the

*appropriate drainage area and well location. Since p

is known, calculate p.
It should be noted that to obtain a single p value, there must be

production for at least one month followed by a shut-in and buildup test,

which will require about half a month. Therefore, it may be six to

twelve months before performance prediction can be attempted with any

confidence .

111.5. Hot-Water and Steam Properties

Geothermal fluids may contain salt, silica, calcium carbonate, pot­

aah, manganese, boron, iodine, bromine, lithium, sulfur, fluorine,

potassium, arsenic, antimony, and other dissolved solids [18]. Dry steam

reservoirs also produce non-condensable gases along with steam. The

gases include carbon dioxide, hydrogen sulfide, ammonia, methane, and

ethane. The presence of these non-condensable gases in a dry steam res­

ervoir will affect the thermodynamic and transport properties of the

produced fluid. Unfortunately, almost no experimental work seems to have

been done on the prop~rties of dry steam and non-condensable gas mixtures

[13] •

Ken Mashima [16]reported that the salt water content of the under-

~~'7
~';'~~~."'~'fo/.'!if'''''.~r§'.:~~~.:.~3''.~Y£~V'~,~~~~-:'''~.~~;;;~,t~!l';~~~~~~,,"';;'''~~~~:":;;~=~~~.;>!;~"":~~~=.;~'<':.'o.-:'r:9'r'~~_~""''''''''''_.__'''''-'~''''''''''~''''''''''''''~~'''''''''''''
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ground water at Wairakei reservoir was less than 3% and the properties

of dilute saline solutions are very close to the properties of pure

water. However, Imperial Valley has as much as 30% dissolved solids by

weight in the geothermal fluid [19].

Keeping this in mind, the true vapor pressure of water in a geo-

thermal system may not necessarily be that presented in the steam tables.

For a fixed pressure, the boiling temperature of water will be elevated

by the presence of impurities mentioned above. However, this effect is

usually rather small. The difference according to Ramey [13], would

probably not be measurable in a vapor-dominated geothermal system.

Based on the data in the literature, Chou [20] formulated the in-

terpolated formulas for vapor pressure. specific volume. enthalpy. and

heat of vaporization of ordinary sea water in the temperature range of

32°F to 392°F for salinities of 0 to 120 ppt (parts per thousand). In

Figures 7. 8. 9, and 10 are represented the effect of different salt

water concentrations on these thermodynamic properties. The vapor pres-

sure differences vary slightly for low salt concentrations and increase

with higher salt concentrations (Figure 7). Specific volume is affected

by the salt concentration as shown in Figure 8. The addition of salt re-

suIts in a shift of pure water curve to the left. The greater the salt

concentration. the greater the curve will shift. Figure 9 shows that the

enthalpy value is lowered by the presence of salt. Heat of vaporization

is only affected by salt concentrations at high temperatures (Figure 10).

One trend observed is that the deviation from the pure water curve in-

creases at higher temperatures.

Although the effect of salts in solution and the lowering of vr>~"'c
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