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ABSTRACT

A study of the important parameters of a vapor fiashing plant and
characteristics of its major components is presented. The investigations
by others showed that a steam and water mixture can be transported in a
single pipe without the problems of water hammer, cavitation, and vibration,
and that the pressure drop of a two-phase fluid can be determined using
Lockhart and Martinelli correlation. The optimum flashing temperature has
been calculated by numerical method, and the effects of wellhead pressure and
number of stages on power output were analyzed. The design and operating
features of a bottom outlet cyclone separator are given. The steam rates
of a mixed pressure turbine for geothermal application were estimated in
terms of the size, loading, throttle pressure and temperature, and condensing
pressure. A procedure is described to determine the performance and size of
an induced-draft, cross-flow cooling tower. By performing a simple heat
balance calculation, effects of non-condensable gas content and condensing
pressure on the net power output were determined. Finally, the possible
arrangements of the heat rejection equipment and the factors involved in
the selection of a plant site are discussed.
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CHAPTER I
INTRODUCTION

Geothermal deposits are classified as vapor dominated, liquid dominated,
or dry rock. The existing geothermal plants over the world exploit the first
two types of geothermal reservoirs. Recently, methods have been proposed to
extract energy from the earth's crust containing essentially hot dry rock.

The method of converting the geothermal energy to electric power depends upon
the type of geothermal reservoir and the quality of geothermal fluid. The
Tiquid dominated fields are believed to be many times more abundant than the
vapor dominated fields, yet the number of existing plants exploiting the two
kinds of reservoirs are almost equal. Four kinds of plants have been

proposed to harness energy from the liquid dominated fields: binary vapor-
turbine plant, plant using secondary steam in a closed cycle, plant based on
total flow concept, and vapor flashing plant. In a binary vapor-turbine
plant, working fluid like isobutane or Freon extracts heat from the geothermal
fluid and operates in a Rankine cylce to produce power. In a plant using
secondary steam, pure water instead of isobutane or other refrigerants is used
as the working fluid of the cycle. As to the total flow concept, the thermal
energy of hot brine is converted to kinetic energy by expansion of the liquid-
vapor mixture through a converging-diverging nozzle, and the kinetic energy of
fluid is transformed to mechanical energy through an impulse turbine. This
study deals only with the vapor flashing plant, in which the primary steam
from the well and the secondary steam by flashing are separated from liquid
water and then fed to a turbine. The exhaust vapor is usually condensed in

a direct contact barometric condenser and the non-condensable gases are
removed by gas extractors. A cooling tower is often used to recycle the
cooling water which removes heat from the exhaust vapor. As the liquid is
brought out of the reservoir, its pressure is reduced, and a part of the
liquid water becomes steam in the well. The 1iquid-vapor mixture from the
well contains large amounts of dissolved sa® . and non-condensable gases.

The impurities in water cause the problems of scaling and corrosion. The
non-condensable gases accumulate in the condenser and they must be removed

by gas-extractors to maintain adequate condensing pressure. As compared to



a conventional power plant, the throttle pressure of turbine in a vapor
flashing plant is relatively low. The optimum operating pressure depends upon
factors such as the pressure and temperature of fiuid in reservoir and the
performance of the well. The objective of this study is to recognize the
important parameters of a vapor flashing plant and to study the characteristics
of its major components.

In Chapter II, the feasibility of transporting steam-water mixture in a
single pipe is analyzed. The optimum flashing and wellhead pressures are
discussed in Chapters IIT and IV. Chapter V deals with the development of
an efficient steam-water separator. The important considerations in the
design of a mixed pressure turbine for geothermal applications are given in
Chapter VI. Chapter VII is concerned with the study of heat rejection equip-
ment which consists of barometric condenser, gas extractor, and cooling tower.
A heat balance of a vapor flashing plant using two-stage steam ejector is
included to show how optimum condensing pressure may be determined. Finally,
the possible arrangements of the heat rejection equipment and the factors
involved in selecting a plant site are presented.

CHAPTER II
PRESSURE DROP OF TWO PHASE FLOW IN PIPE

If the geothermal fluid flows out freely through a well in a Tiquid-
dominated field, a part of the 1iquid will become vapor because of the
pressure drop caused by friction and the potential energy change. The amount
of vapor separated depends on the heat content of the fluid and the pressure
drop. There are two options to treat the two-phase fluid at the wellhead.
The first is to separate steam from brine at the wellhead, using a centrifugal
cyclone separator. Thereafter, steam and brine are piped separately to the
power plant where the flashed steam is produced from the brine at a lowered
pressure, and is fed to the turbine in an intermediate-stage. This option
was adopted at Wairakei under the fear of water-hammer, cavitation, surging
flow and excessive vibrations which might occur in the transportation of
two-phase fluid through a pipe. To prevent flashing, the hot brine was
pressurized by pumps and cooled by the injection of cold water. The second



option is to transport the liquid-vapor mixture from the wellhead to the
plant through a single pipe. Tie separation of vapor from liquid takes place
in the plant. The advantages of the second option are the reduction in
‘pipeline cost and the increase of power output.

Through a series of experiments James [27] and Takahashi, et al. [42]
demonstrated that there was no serious difficulty, previously suspected, in
the transportation of steam-water mixture. From experimental results and
analytical considerations of flow patterns, they concluded that when the
flow pattern is in the annular flow region, the flow is stable even in pipes
of large diameters. Even flow regimes described as slug and stratified
are not dangerous for a pipe filled with flowing water, since a slug or wave
will not be able to attain high velocities with water and steam in its path.
Cavitation cannot be a problem for a pipeline carrying steam-water mixture
because of the presence of water vapor, carbon dioxide, hydrogen sulfide and
other non-condensable gases. These gaseous compounds provide a buffer to the
impact forces [30]. However, care should be taken in starting up and the line
should be initially heated and pressurized with steam to avoid pressure
fluctuations and Tocal water accelerations. There has been only one incident
of water hammer at Wairakei when steam entered a closed pipe containing a
large quantity of cold condensate. In James' experiment, a mixture of flash-
ing steam and water flowed into a cold pipe which contained cold water in the
upper leg of expansion bend; no water hammer was detected and only slight
vibrations were noticed. The conclusion of the experiment was that the
transportation of steam-water mixture in pipes can be as acceptable as tha
of steam alone and is perhaps preferable when there is residual water in the
Tine.

There are three methods being suggested for calculating the pressure
drop of two phase flow. The first method, introduced by Benjamin and Miller
[9], involves the direct solution of the continuity and energy equations.
They assumed isentropic expansion for determining the density of the Tiquid
water mixture. Although the expansion of the fluid is not isentropic due to
the friction loss, the results of their calculations fit the experimental
data very well, due to the fact that the density of the mixture varies in
nearly the same manner whether an isentropic or isenthalpic expansion is
assumed. For clean steel pipes, they found the friction factor to be .012.



The second method was initiated by James [27] who 1gested that the pressure
drop AP of a two-phase flow can be determined by 1.3t calculating the pressure
drop APSf of steam flow in the mixture alone and then dividing it by x0'5,

- 0.5
AP = APSf/x (2.1)

where x is the dryness fraction. This equation was for moderate flows through
the pipe, where the speed of the steam fraction is of the same order of
normally recommended speed of steam alone. The calculated results by this
equation were found to be inconsistent with the experimental data. The third
method was originated by Lockhart and Martinelli. James [26] and Takahashi,
et al. [42] found that Lockhart and Martinelli's correlation gave calculated
values of pressure drop in excellent agreement with experimental results for
horizontal loops and that the pressure drop for vertical expansion loop

could also be predicted quite accurately with an additional factor. The first
step is to calculate the dimensionless number y as follows:

1.8 0.2
AP Wy Ps £ Mg
X= 3~ T =] (2.2)
sf Ys f P1f s f

where p, u, P and W are the density, viscosity, pressure and mass flow rates,
and the subscripts 1f and sf refer to the liquid and steam fractions respec-
tively. Figure 1 gives the non-dimensional pressure loss factor ¢ as a function

of x and the total pressure drop is

2 2
MP = &gp DPgp = 0ryp BPpg (2.3)

James stated that the Lockhart and Martinelli correlation is applicable to

the flows with steam fraction velocity not less than about 60 ft/sec. At Tower
velocities, slug flow appears and the correlation becomes less accurate.
Pressure drop increases exponentially with the increase of velocity. The
optimum pipe diameter D for reasonable pressure drop was recommended by him

as follows:

0.5
) Wex (2.4)
D 0.1365 (EBTZ7>

8
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Figure 1. Lockhart Martinelli Correlation for Turbulent Liguid, Turbulent Vapor Case



Equation (2.4) can merely serve as a very rough guide. The optimum size

of pipe can be determined only after the cost of piping and cost of power
loss due to pressure drop are carefully appraised.

' Total annual piping cost = annual capital cost of piping + annua1'cost
of power loss. The annual capital cost of piping is a function of the
diameter D of pipe; the annual cost of power Toss is affected by the pressure
drop, which 1s inversely proportional to the fifth power of diameter.

2 |
- 2 ° B ° !:_ [ ] (]_X).L‘J . -I . = o(-l—x ._11._
&P =97 - f o p [anup } T A (2.5)
1f

In summary, investigations by Takahashi [42] and James [27,30] have
shown that two-phase geothermal fluid can be transported through pipes
without suspected troubles of water hammer, cavitation and excessive vibra-
tions. The Lockhart and Martinelli correlation is recommended for the

determination of pressure drop.

CHAPTER III
FLASHING PRESSURES

In a vapor flashing system hot water is flashed to steam at a pressure
iower than the welihead pressure. The vapors thus generated may be used
to drive a mixed pressure turbine. Flashing may be done in a centrifugal
cyclone separator. Bengma [8] discusses the development and selection of a
steam water separator. Chierici [12] draws some important conclusions about
the feasibility of using a condensing plant.

Work output from the turbine is the product of steam flow rate and the
available energy. In a simple flashing system, the iower the flashing pressure,
the higher the steam production rate. However, available energy associated
with each pound of steam decreases with lowering of the separator pressure.
Therefore, there exists an optimum flashing pressure for obtaining maximum
power from the hot water. At a pressure higher than the optimum, work output
is small due to small available energy. At a pressure lower than the optimum,
low turbine work results because of the diminished steam flow rate.

10



By employing multi-stage fl. :iing, the temperature of discharged water
is lowered and thus the work output of tne plant can be greatly increased.
The number of stages of flashing is a matter of economic justification.

Power contribution of an additional stage decreases as the number of stages
increases, and specific volume of steam increases rapidly at low pressure to
cause high cost of the multi-stage arrangement. An advantage of multiple
admission of steam to a mixed pressure turbine is to improve quality of the
exhaust steam thereby reducing erosion of the turbine blades. Also steam
flashed from separated water is practically free of gases. The percentage
of gas content in the exhaust steam can be lowered by blending of the flash
steam with the steam directly from the well. In a mixed-pressure turbine,
there are separate inlets for steam at different pressures, and each inlet
is equipped with its own control valve.

Hansen [22] stated that for a simple flashing cycle, optimum flashing
pressure corresponds to a saturation temperature halfway between the well
water temperature and saturation temperature of the condensate in the condenser.
For example, for 400°F well water and 120°F condensate, the optimum flash
temperature should be 260°F. He extended the rule to the multi-stage
flashing plant. For well water at 400°F, condensate at 120°F, and three-stage
flashing, optimum intermediate pressures should correspond to saturation
temperatures of 330°F, 260°F and 190°F respectively. A procedure, described
in the next paragraph, has been worked out to determine the exact optimum
flash pressure with numerical methods and the results confirm Hansen's
rule of approximation.

Using a three stage plant as an example, as indicated in Figure 2, we
have the following equations from the consideration of mass and heat balance:

my +my = 1, (3.1)
My + Mg = my, (3.2)
My + Mg = Mg, (3.3)
m]h] + m4h4 t gy = hO’ (3.4)
m2h2 + m5h5 tq, = m4h4, (3.5)
m3h3 * mghg q3 = m5h5, (3.6)

1
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where q is the heat Toss from the flashing tank per pound of fluid at
wellhead, h is the specific enthé]py, m is the mass of the fluid, and the
subscripts refer to the locations of points given in Figure 2. The conditions
of steam and liquid water are not exactly saturated. Assume:

hy = hf, + [T - x(1)] hfg], (3.7)
hy = hf, + [T - x(2)] hfg,, (3.8)
h3 = hf3 + [T - x(3)] hfg3, (3.9)
h4 =1+ z(1)] hf], (3.10)
he = [1+2(2)] nf,, (3.11)
h6m= [1+ 2(3)] hf3, (3.12)

in which x is the moisture content and z is a parameter used to modify the
heat content of liquid water, depending upon the efficiency of the flash tank.
Upon solving the above equations, we have

y(1) hg - [1+ 2(1)] hf,

™ = IT=X(IT W, 2 (1) R (3.13)
m y(2) [T+ z(1)] hf, = [T + 2(2)] hf
M2 1 , 2 (3.14)
My LT - x(2)] hfg2 - z(2) hf2
m, y(3) [1+ z(2)] nf, - [1 + z(3)] hf
3. 2 3 (3.15)
Mg LT - x(3)] hf93 - 2(3) hf3 )
where
ho -
y(1) = 21 (3.16)
0
[1+ z(1)] hf] - g
_ y(2) = T+ z(07] hf] (3.17)
1+ z(2)] hf, -
SRR (3.18)

y(3) = T,

13



The total work done per pound of well water is the sum of the products of
turbine efficiency n, mass flow rate m and isentropic work Ahs,

Total work = & n m (Ahs). (3.19)
- The values of the enthalpies of saturated water are functions of temperature.
In the range of 150°F to 380°F, the following two interpolation equations

were found by least square method:

hf, Btu/lb = - 430.622108 + 0.8109447839T + 0.146245395 x 107°T%, (3.20)
hfg, Btu/lb = 1183.89061 + 0.529042078 x 1072T - 0.4812738654 x 107°T% (3.21)

where T is the absolute temperature in degrees Rankine. The corresponding
standard errors of estimate are 0.095818758 and 1.3655710 Btu/1b respectively.
The isentropic work can also be expressed in terms of flashing temperatures

if the condensing temperatures of turbine and the moisture content of the
flashed vapor are given; for example, at 120°F condensing temperature, the
following two emperical equations were determined as functions of absolute
temperature for flashed vapors at saturated condition and at 3% moisture

content respectively:

~2171.27186 + 6.3073419T - 0:05344237355T2

+ 0.1602543655 x 10°°T3, (3.22)

Ahs, Btu/1b

1]

1657.42837 + 4.211654994T - 0.2512764913
x 107272 + 0.3221495851 x 107673, (3.23)

Ahs, Btu/1b

1

The respective standard errors of estimate are 1.4406118 Btu/1b and 1.539438
Btu/1b. With the hf, hfg and Ahs represented as functions of temperature,
the total work became a function of three independent variables T]9 T2, and
T3.
cumbersome calculations. The steepest ascent method was applied to the

The process of determining the optimum flashing temperatures involves

calculations with the aid of a digital computer.

For saturated well water at 400°F and condensing temperature of 120°F,
the total turbine work per pound of well water is tabulated in Table 1
for one to 4-stage plants. With reasonable amounts of heat Tosses through
the flashing tanks, Hansen's rule of approximation yields nearly the same
amount of work as obtained by the exact method. As expected, the power
contribution of an additional stage diminishes as the number of stages
increases. The extra work outputs due to second, third and fourth stages are

14



Tab

le 1. Flashing Temperatures and Total Work for Saturated Water
at L0O°F and Condensing Temperature at 120°F.

Work, Btu Per Pound

Index tl°F t2°F . t3°F tqu of Well Water
280 - - - L 22,377
1 260 - - - 23.085°
2h0o - - - 22,89
220 - - - 21.743
2 307 213 - - 29.33°
330 260 190 - 32.03L4°
3 326.6 257.1 186.04 - . 32.068
322.91 255.23  183.31 - 32.084%
313.9%  248.04  173.94 - 31.979
34k 288 232 176 33.173°
) 335.2L  276.37 216.02 170.93 32.681
332.56  275.0 218.71 167.80 33.713%
334 168.65  221.46 161.67 33.615
330 260 190 - 31.193°
322.02  253.57 185.33 - 31.267
> 316.83 247.10 180.75 - 31.271%
30k.92  22h.22  172.18 - 30.962
330 260 190 - 27.035°
¢ 315.12  2h7.25 181.36 - 27.513
300 228 169 - o7.7 ¥
287.6 173.8 132.64 - 20.563
330 260 190 - 17.088°
7 301.67 253.3 174,09 - 19.571
267 192.29  1h6.39 - 20.892%
25h.62  173.8 132.64 - 20.562

Equal distribution of temperature difference.
Optimal flashing temperatures.

l-stage flashing, no heat loss, zero moisture ccontent of
flashing vapor, saturated water leaving tank.



Table 1. (continued) Flashing Temperatures and Total Work for

Saturated Water at 400°F and Condensing
Temperature at 120°F.

~J

2-stage flashing., no heat loss, zero moisture content of
flashing vapor, satursted water leaving tank.

3-stage flashing, no heat loss, zero moisture content of
flashing vapor, saturated water leaving tank.

h-stage flashing, no heat loss, zero moisture content of
flashing wvapor, saturated water leaving tank.

3-stage flashing, no heat loss, 3% moisture content of
flashing vapor, superheated water leaving tank (z = 0.015).

3-stage flashing, with heat loss (y = 0.97), 3% moisture
content of flashing wvapor, superheated water leaving tank

(z = .015).

7 moisture

L . . 1-
eaving tank

)s
e Faleal : - > . -
content of flashing wvapor, superheated water

(z = 0.015).

3-stage flashing, with heat loss (y = 0.90), 3
- o l

Turbine efficiency is assumed to be T5%.

16



29.33, 9.39 and 5.01 percents of the work of single stage plant respectively.
Also, the specific volume of steam increases rapidly to cause difficulty in
turbine design. Thus the number of flashing stages is likely to be Timited
to two only. Because of the pressure drops through pipes and high cost of
low pressure equipment, the most economic flashing temperatures should be
slightly higher than the calculated optimum temperatures.

17



CHAPTER IV.
WELLHEAD PRESSURE

The wellhead pressure affects the sizes of pipeline and plant components,
the total flow rate of fluid from well, and the specific steam consumption
for power production. Table 2 gives some typical values of wellhead pressures
at various geothermal plants. The range of pressures is 60 to 210 psig.
Contini [13] stated that the wellhead pressure should be 50 percent of the
closed-in pressure; however, this rule is not followed usually. James [28]
showed that no such relationship exists. Bruce [[11] proposed that for vapor
dominated fields, if the shut-off pressure is around 450 - 480 psig, the
wellhead pressure should be about 120 psig. He also showed that for a shut-
of f pressure of 180 psig, the turbine inlet pressure should be 65 psig. As
to vapor flashing plants using two cyclone separators, he suggested the
inlet pressures of a mixed pressure turbine to be 75 and 2 psig respectively.
For a plant using primary steam alone, Einarsson [17] concluded that the
production of power increases with decreasing wellhead pressure and that the
lower Timit of the wellhead pressure depends upon the sizes and costs of
the wellhead equipment, steam pipe and turbine. The upper limit of turbine
inlet pressure is set by the requirement that the wetness in the turbine
exhaust should not be greater than 14 percent unless a special moisture
removal device is provided.

o]

W

D

The advantages of applying high wellhead pressures are: 1. 1
1

specitic steam consumption; 2. small borenold diameter; 3. small diameter of

Q;

the main pipeline; 4. small size of the turbine for the same power output;
5. low rate of scale formation in the well. Geothermal wells are subjected
to scaling mainly due to the precipitation of silica compound and calcium
carbonate. The rate of precipitation is related to pressure, temperature,
rate of flow, chemical composition of the solution, and gas content in the
vapor. One of the methods of reducing the precipitation in wells is to
operate the well at an adequately high pressure at the expense of lowering the
flow rate and power output.

WeTThead pressures most commonly used now are in the range of 70 to
100 psig. In some plants at Geysers, the wellhead pressures have been
lowered from 100 to 70 psig to improve plant efficiencies. At Wairakei, a

18



Table 2.

Tield

Vapor Dominsted

n tr

Location

Wellhead Pressures of Geothermal Plants.

Wellhead Pressure psig

Larderello, Italy
Matsuda, Japan

Geysers, U.S.A.
>

Kamchatka, U.S.S.R.
Otake, Japan
Reykjavik, Iceland
Wairakel, New Zealand

Cerro Prieto, Mexico

“4g-

60
65

110 - 70

37
TO
5

80, 140, 170, 210

120



number of high pressure wells which originally discharged at pressures of
about 220 psig are operating at 80 or 170 psig.

James [28] studied the problem of wellhead pressures by assuming three
different cases. The first case is for vapor flashing plants using a single
cyclone separator. For typical boreholes with the enthalpies of liquid-
vapor mixture from 420 to 1200 Btu/lb, the optimum wellhead pressure varies
from 70 to 100 psig if the pressure drop in the pipeline from the well to the
plant is 25 psi. The second case is for steam filled aguifers where steam
exists within a finite volume without an associated water phase, and the
porosity of the volcanic rock varies from 0.1 to 1.0 [29]. The optimum
wellhead pressure is calculated to be 70 psig, and it does not depend upon
the initial closed~in pressure or the amount of volcanic rock associated with
the steam. The third case is for a hot water aquifer, for which two
possibilities exist. The steam may be drawn off from the top, or the
pressurized hot water may be tapped from the bottom. The pressures that give
 the maximum operational life of the reservoir are 50 psig for the extraction
of steam and 70 psig for the removal of hot water. Next he considered
capital cost factor as a function of the wellhead pressure. The minimum
cost occurs at the operating pressure in the range of 80 to 100 psig.

The power output can be enhanced by employing a multi-stage flashing
plant. To evaluate the effect of wellhead pressure and number of stages on
power output, the optimum wellhead pressures have been calculated in this
study for different arrangements as shown in Figure 3. In the arrangement A,
the steam is separated in a cyclone separator at the wellhead and the
remaining liquid is rejected. In the other arrangements, the Tliquid vapor
mixture is transported in a single pipe to the plant, where the steam is
separated and flashed out in two or more stages. The typical flow rates of
wells for the purpose of calculations are given in Figure 4, which shows that
the well flow rate decreases as the wellhead pressure increases. The power
output is the product of the flow rate and the work per pound of fluid, whose
available energy decreases with the decrease of wellhead pressure. There
exists an optimum wellhead pressure for the maximum power output of each
arrangement. The optimum flashing pressures can be determined by using the
rule discussed in Chapter III. The enthalpy of the mixture is assumed to be
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460 Btu/1b. To account for the pressure drop and the condensation loss in

the main pipeline, a pressure drop of 20 psi and a cendensation loss of 5
percent of the fluid heat content are assumed. A combined turbine-generator
efficiency of 73 percent has been used in this example. Under these
assumptions, the variations of the gross power output for the four arrangements
shown in Figure 3 are determined, and the results are given in Figure 4 in
terms of wellhead pressure. The maximum power output of the arrangement A
shown in Figure 3 is at the wellhead pressure of 80 psig, which is also the
optimum pressure suggested by James [28]. By adding a flashing stage to the
basic arrangement, the gain in power output is about 28.2% as shown in Figure 4.
As the number of stages increases, the optimum wellhead pressure also increases
and the rate of power gain diminishes. The second and third additional stages
contribute relatively small gain in power output, 8.2 and 3.9% of the power
output of the single stage plant respectively. The specific volume of the
flashed steam and the size and cost of turbine increase rapidly with the number
of stages. However, the moisture of exhaust steam in a multi-stage arrangement
is Tower than that in the single stage arrangement. The moisture contents

and the specific volumes of the steam in the last flashing stages of the four

arrangements of the example are as follows:

Single Stage 2-Stage 3-Stage 4-Stage

v of steam
ft3/]b 4.6 22.2 36.4 53.5
X, 1b. water 18.5% 16. 5% 16.14 15. 84

1b. mixture

In consideration of the overall costs, the optimal number of stages might be
two for the majority of the plants.

In the arrangement E shown in Figure 3, steam and water are separated at
the wellhead and transported separately to the plant, where water is flashed
to steam. Takahashi [42] and James [30] carried out their studies independently
and concluded that the arrangement E is not as economical as the arrangement B,
which can yield the additional power at the Teast cost.

Generally, a turbine is driven by steams from several wells. Each well
has its own flow characteristic. The characteristic curves of the flow rate
versus wellhead pressure for the individual wells may be superimposed to
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obtain the combined characteristic « = in the same manner as dealing with
the overall performance of pumps ir ; allel. Tne pressure drops in the
branches and the main line are directly related to the power loss, the design
and the cost of the piping system. In some existing systems, the pressure
drop amounts to about 15-20 psi. When selecting the wellhead pressure, the
effect of pressure drop on the system performance must not be neglected.

In Figure 4, the curves near the points of maximum power output are
flat. It appears desirable to select a wellhead pressure higher than the
optimum pressure since the sizes of pipes and eguipment can be Towered by
increasing the working pressure. However, Usui et &l. [43] argued that it is
not advisable to select a wellhead pressure nigher than the pressure which
gives the maximum power for the reason that such a design is apt to suffer
power decrease by scale deposition on the nozzles and blades of the turbine.
Another reason is that the well flow rate does not remain constant with time.
At Tow wellhead pressure, the drop of flow rate may be retarded, and the
underground paths of water are less likely to be blocked.

CHAPTER V.
CYCLONE SEPARATOR

A. Design and Performance

The main function of a cyclone separator in a geothermal plant is to
separate the steam fraction from the steam-water mixture. A tangential inlet
of the separator creates the spinning vortices in the fiuid. The liquid water
is centrifuged to the walls while the steam fraction is removed from a
concentric outlet.

In the bottom outlet cyclone (BOC) separator shown in Figure 5, steam is
removed from the bottom. At present, the BOC type of separator is very
popular in vapor flashing plants. It can produce steam at a quality of 99.9
percent or better. A spiral inlet is better than a tangential inlet (Figure 5)
because it can streamline the flow so that the erosion of the wall can be
reduced. Bengma [8] conducted tests on a BOC separator to evaluate the

performance and determine the optimum dimensions. He analyzed his results
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with inlet mass wetness, outlet mass wetness, inlel volumetric wetness, inlet
velocity and breakdown point as the important parameters. The inlet and
outlet mass wetness were defined as the ratio of mass flow of liquid water to
the total mass flow of liquid water and steam. The inlet velocity was taken
as the inlet mass flow of steam fraction multiplied by the specific volume of
steam and then divided by the area of inlet. The breakdown point refers to
the condition at which the mass wetness of separated steam is 0.5 percent. The
following conclusions can be drawn from his investigation: (1) Separation is
quite satisfactory at low inlet velocities regardless of the inlet wetness of
steam. (2) The lower the separator pressure. the lTower the inlet velocity

at which breakdown occurs. (3) For a given separator inlet pressure, the
drier the mixture, the greater the flow the separator can handle. (4) The
pressure drop increases as the inlet velocity or the inlet volumetric wethness
increases. Figure 6 shows the pressure drop between separator inlet and
steam outlet plotted against the inlet velocity for different volumetric
wetnesses. The variations of wethess of outlet steam with inlet velocity for
different volumetric wetnesses are plotted in Figure 7.

To determine the most efficient separator configuration, the tests were
made by Bengma [8] to experimentally find the optimum dimensions of the cycione
body, inlet, water outlet and steam outlet. Tn Figure 5 are the recomnended
dimensions, with the dimensions for tangential inlet in brackets. The
dimensions are expressed in terms of the inlet diameter D since the inlet
velocity governs the separator performance. From the rate of mass flow, the
inlet mass wetness and the flashing pressure, the steam inlet velocity can be
calculated for given values of pressure drop and separating efficiency by
using Figures 6 and 7. The inlet pipe diameter and hence other dimensions can
be determined from the steam inlet velocity and the recommended proportions in

Figure 5.

B. Cyclone Controls
Figure 8 shows a possible arrangement of two cyclone separators. The

liquid-vapor mixture from the wells are led to the main pipeline. To meet
varying load demands in a narrow range, a pressure control valve is provided
to requlate the flow rate. The operating pressures of the separators are
controlled by two throttling orifices. The experiences of plant operation in
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New Zealand, Japan and fexico show that a float controlied valve is not as
reliable as a throttling orifice. If the pressure in the second separator

is below atmospheric pressure, a steam ejector or vacuum pump should be used
for maintaining the vacuum in the storage tank. The liquid trap in the diagram
is a device which is used to check the 7low of Tiquid in the steam Tine. Care
must be taken to guard against any possibility of a slug of water entering
steam line [5, 20, 44]. The water is collected in a surging tank, in which

the Tevel of liquid is effectively maintained by the throttling orifice. In
the case of blockage of orifice or a large increase in water flow, the safety
devices come into action for protection against the over{low in the surging

tank.

CHAPTER VI.
TURBINE

In New Zealand, cross-compound turbine-generators have been used. At the
three pressure levels, there are three sefs of turbine-genzrator mounted cn
di fferent shafts: high pressure topping set, intermediate pressure set and
low pressure condensing set. The interconnecting pipes are incorporated with
centrifugal separators which restrict the moisture content of the steam
entering a turbine to one percent. To protect against excessive back pressures,
each back pressure turbine is fitted with a back pressure limiting device.
Lately, multiple inlet mixed-pressure turbines were installed to use the
flash steams at the same pressure levels. For vapor flashing plants, it is
more economical to have a mixed-pressure turbine.

Estimates of turbine-performance are usually required in the preliminary
stages of power plant design, and the estimation can often be made from the
information available in manufacturer's publications and other Titerature.

As an illustration, the performance curves have been estimated for the 10 MW
turbine in a three-stage vapor flashing plant wnich generates power from
saturated hot water at 400 F. The temperatures of the flash tanks are 330,

265 and 200°F and the turbine back pressure is 4 inches Hg absolute. According
to the technical bulletins by General Electric Company [19, 35], the ratio of
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specific steam consumption at 20% to that at full Joad is 1.24. In Figure 9
is the estimated performance curve, and the basic steam rates can be found by
extrapolation from the tables.

Turbine blading of 13 percent chromium steel has been used at Geysers to
minimize erosion caused by the particulate matter in steam; however, Armstead
[4] pointed out that this type of steel in the hardened stage is susceptible
to stress~corrosion cracking. It is dimune to stress-corresion cracking in the
soft non-martensitic state if sodium chloride and borates are absent or present
in small quantities only. To remove carvyvover of salt, scrubbers are required
to wash the flash steam after cvclone separators. The deposit of minerals on
the internal surfaces of turbine can be very harmful because of two reasons.
First, they impair the turbine efficiency and reduce the steam flow by closing
the nozzle. Second, the heavy deposit can cause the failure of the shrouds of
the blades due to excessive centrifugal force. The prcblem of deposits is
especially serious in the dry high pressure region. The use of scrubbers
and the adaption of soft chromium steel should alleviate these problens.
Scrubbers may not be vequired if the steam valocity in the cyclone separator
is less than 100 ft/sec [31].

As tne saturated steam passes through the turbine, partial condensation
takes place and the steam becomes increasingly wet as it approaches the exhaust
end. The condensate which is mixed in the steam travels at high velocity in
the form of small droplets. The impact of the droplets on metal surfaces can
cause erosion, particularly in the moving blades of the last few stages of the
turbine where the blade tip velocity is the highest. The generally accepted
Tevel of steam wetness is 13 to 14 percent by weicght [45]. The amount of
steam condensed depends upon the inlet and exhaust pressures. The greater the
inlet pressure or the lower the back pressure, the higher is the steam wetness.
The problem is not so acute with superheated steam since the condensation does
not occur until the steam has given up its superheat. The soft blades are
susceptible to erosion in the wet low-pressure end of the turbine. Moisture
extraction buckets may be installed to remove some moisture from the steam.

The buckets of the Tow-pressure stages may be coated with erosion resistant
materials as an additional safeguard [1]. To avoid excessive erosion, the
blade tip speed is limited to 900 ft/sec at Wairakei. A high ratio of blade
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velocity to steam velocity can help the separation of the condensate from the
steam by centrifugal force. The condensate in the steam lines should be
removed by Tiquid traps, which may be made of ball-float type of valve. Water
- and solid particle detectors may be installed in the steam lines toc detect the
presence of water or solids. In the case of emergency, the distress signal 1s
given in the control room, and the turbine is tripped off.

Since the dust in the steam may cause the ordinary throttle valve to
stick, it is recommended to use the butterfly valve for regulating the flow,
as practiced at Geysers. A swing check valve may be used as the stop valve
in the main line. A trip check valve may be installed between the stop valve
and the regulating valve to provide additional overspeed protection. A y-type
strainer should be installed before the main valves to catch foreign materials.

CHAPTER VITI.
HEAT REJECTION EQUIPHENT

A.  Types of Plants and Condensers
In a non-condensing plant shown in Figure 10, the steam emitted from the

well is admitted dirvectly to the turbine and is exhausted to the atmosphere.

It is the simplest plant as it does not require a condenser and its auxiliary
equipment. Both the capital investment and its operating expenses are low.

The main drawback is its high steam consumption. For the same power output,
the consumption of a non-condensing plant may double the amount of Steam
required by a condensing plant. As pointed out by Chierici [12], the
installation of a non-condensing plant is advisable only when a nigh percentage
of non-condensable gases is encountered in the exhaust steam.

When the gas-content is Tower than 8 to 10 percent, a condensing plant is
recommended by Chievici [12] and Zancani [47] as shown in Figure 11. To maintain
a high vacuum in the condenser, the non-condensable gases must be removed with
special gas-extractors. A1l the large plants in use are of the condensing
type.

An experimental aluminum-tube surface condenser was installed in Italy [47]
Owing to corrosive properties of the natural steam, it ended in a complete failure.
The presence of HZS and NH3 in steam eliminates the possibility of using carbon
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steel, copper, aluminum and nickel alleys. Only stainless steel is suitable.
The non-condensabrle gases in surface condensers can Tover the heat transfer
coefficient and affect the required sizes of condenser. Since geothermal plants
do not operate in a closed cycle, there is no need to recycle the condensate.
Thus, a direct contact condenser could be more suitable than a surface condenser.
In a direct contact condenser, the steam condenses by mixing with cooling water
Zancani [47] compared the cost and performance of the two types of condensers
from the standpoints of power production and recovery of chemical substances

for the basic condensing plant and the plant using secondary steam. His
conclusion is that the dirvect contact condensers are better than the surface
condensers. The major disadvantayes of surface condensers are high initial

cost, large size and poor heat transfer.

B. Barometric Condenser

There are two types of direct contact condensevrs, the barometric and low-
Tevel jet. In a barometric condenser (Figure 12), the steam enters at the
bottom and rises with decreasing velocity while the cooling water falls down in
fine droplets from the top. The cooling water and condensate discharge through
a vertical tail-pipe by gravity. The tail-pipe is extended into the hot well,

from which the condensate overflows. Lyle [32] suggested that the capacity of

£ ES

the hot well should be greater than the volume of the taii-pipe to prevent the
seal from being broken. Heat Exchange Institute Standard [40] specifies the
tail-pipe seal and clearance from tail-pipe outlet to the bottom of notwell as
shown in Figure 12. If the condenser and the cooling tower are properly located
the vacuum head alone in the condenser could cause water to flow from the ceoling
tower basin to the condenser

The temperature of condensate t2 cannot exceed that of the incoming vapor,
tv. In an ideal condenser, tZ = tV and the required amount of cooling water for
a given condition of steam is a minimum. The difference tv -t represents
the degree of deviation from the maximum efficiency and is called the approach.
In a counter-current condenser, the recommended approach for design purposes is

given by Hugot [24]:
t, - t, = (0.1 +0.02a) (t, - t;) (7.7)

where a is the percentage of non-condensable gases in the entering mixture of
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steam and gases by weignt and - l is the temperature of entering ccoling water,
Tne minimum value of approacn siould be 59F.

The temperature ta of the leaving non-condensabie gases lies between the
temperature tv of the gaseous wixture and the temperature t] of the cooling

water. In a counter-flow condenser t, is approximately equal to t,
The curtain of cooling water offers resistance to the passage of vapor
and incondensable gases. The resistance in a properly designed condenser

shoutld not exceed 0.15 inches of water. By neglecting the flo- resistance, the

pressure p in the condenser may be considered constent throuc: the condenser
The value of Pe corrreponds to the vapor pressure of water at . perature
tv of the entering vapor and is egqual to the sum the partial ;ressure of

water vapor Py and the partial pressure Py of the non-condensabie gases at
the various sections of the condenser. As the vapor condenses, Tts partial
pressure decrcases and the partial pressure of non-condensable gases increases.
At the qutlet, the non-condensable g¢eses are saturated with water vapor, and
the partial pressure OF non-condensable gases is
=p_ -p 7.2}
Pa1 = Pc 7 Py (7.2)
where Py is the partial pressure of water vapor and is approximately equal to
the vapor pressure of water at the cooling water temperature t1. The weight

of water vapor HV11 in the gaseous mixture can be determined from equation:

|
Jried p
v v -
I A -3
vi T AW T (7.3)
@ al
wheve W is the weignt of non-condensable cases, and MW and . are the
a ¢ : v a

molecular weights of vapor and non-condensable gases respectively. The volume

of gaseous mixture Vm may be found by the relations,

W_o X R T 8] . R '
a ‘a X 1 M X PV X 11

Yy * P x 144 - b, X 144

where Ra and Rv are the gas constants of non-condensable gases and vapor

respectively.
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C. Gas Extractors

To maintain high vacuun in a concenser, the non-condensable cases must
be removed continuously from the condenser. There are four types of gas

othermal plants: steam jet ejector, water

extractors which nave heen used in ge
d

jet ejector, veciprocating pump, and centrifugal compressor. Steam jel
ejectors and reciprocating pumps are suitable for plants which do not require
the removal of large quantities of non-condensable gases, such as plants at
Hairakei, Geysers, Matsuda and Ultake, where the gas-contents in steam are less
than one percent by weight. ne steam ejectors are simple in construction and
; they ave not ecoromical in energy consunption although
their initial cost is very Tow. At Geysers, the ejector has twWwo stages with
the motive steam at the inlet pressure of turbine. The first-stage-ejector
compresses the gases from the condensing pressure of 4 inches tig. absolute to
about 5 psia; the discharcge from the secend stage is at about 1.07 atmospheres.
The inter and after condensers, used to condense steam in the gaseous mixture

from the ejectors, are of the bharomelric type. The ejectors consume about b
percent of the full-Toad steam flow to turbine. The only geothzrmal plant
which uses a motor-driven reciprocating punp is at Otake, dapan. I is far

move efficient in energy consumption than the steam ejector but has a high
maintenance cost.
In the plants at Larderello, tihe centrifucal compressors arve found to be

effective in removing a large guantity of non-condensable gases at high

concentration {about 4%). D1 Mario [16] and Dal Secco [15] described the
construction and opevation of the compressors, wihich can compress £5,000 to
hY

100,000 1w7/hy of saturated gas at 30°C from .08 to 1.04 atm. The compressors
are driven by 3 or 4 speed electric motors or auxiliary turbines wnich can be
operated at variable speeds according to the operating conditions such as
vacuum in the condenser, steam flow and cas-content. The compressor nay also
be geared to the shaft of the turbo-generator, operating at constant speed

with adjystab]e blades. At part loads, a variable-speed drive consumes less
power. To save mechanical work, counterflow barometric intercoolers are used
to cool the gases. The carryover of condensate droplets in the gaseous mixture
cah cause the corrosion of structural materials of compressors and the fouling
of impellers and diffusers. By placing baffles above the water sprayers in the
intercooler and by properly dimensioning the coolers to limit the speed of flow,

the carryovers are minimized.
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Due to the simultansous presence of hydrogen sulfide and moisture, the
gas-extracting equipment is prone to corresion. The dntercoolers nay be made
of carbon-steel 1ined with a laver of lead as practiced at Larderello or
covered with resinous coatings as done at Wairakei. /At Geysers, the condensate
and gas-pipes are made of 18-8 stainless steel, and the purps arve built with

clad staintess steel (138 percent chrome, 14 percent nickel and 2-1/2 percent

molybdenuin) .

D, Heat Balance

' . B
s

fne aeston o7 a pranTt starts 7ron anersV ana mass ba FANCeS ., Oy Caged

heat balances, Trom which the system parfornance end the requirvements of the
components may be determined. The first step of heat balance is to select
basic parameters. by varying the values of the paremeters, a number of heat
balances can be worked out to form tne basis for making decisions on the
selection of the desicn. As an example, tne neat balance of a two-stage vapor

flashing plant is given in this section. Figure 13 shows the flow diagram of

the plant, Tor which the basic assumptions are as follaws:

Power outout = 8 il
Humber of cyclone separators = 2
Wellhead pressure = 100 psig
Number of wells = 2

Water flow = 10° T/hr
Gas flow = 3000 Ib/hr

tEnthalpy of water = 400 dtu/lp

Pressure drop in main pipeline = 10 psi

Condensation loss = 3% of the heat content of water
Turbine-generator efficiency = 73%

Pump efficiency = 7h%

Fan motor efficiency = 90%

Ejector efficiency = 5,0%
Condensing pressure = 3 in. Hg. abs.
Wet bulb temperature = J5°F

Approach of cooling tower = 15°F
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The process of heat balance involves the selection of the optinum flasning
temperature, the enerqgy and material balunces of geownermal water, nen-
~condensable gases and cooling water. The optimum flashing temperature of this
example is 223°F, as determined by the rule stated in Chapter 111, After the
tenperature in the sccond cyclone separator is selected, the steam productions
of the two separators can be determined. They ave 97,000 Tb/hv and 104,000
1b/hr respectively.

To perform the gas balance, it s necessary to estimate the solubility of
the non-condensadle gases in hot water. Since nearly U0 percent of the non-
condensable cases from a typicel well is carbon dioxide, the propevtics of
non-condensable gases may be approximately represented by those of carbon dicxia
In a dilute solution, Henry's law is applicable. It states that the mole

fraction Hq of a gas dissolved in a tiquid in equilibrium condition is directiy

proportional to the partial pressure PP of the gas above the liquid surface.
s Ko 0 74
. K Hg (] 3

where K is the Henry's constant, a function of tezmperature. For water and

T L I WP
CApressed 1h Kgyson, nen s

wy

carbon dioxide system, if tne pavrtial pressure i
l b
L3, O

my be expressed by the following equation in terms of temperature t in °C as
proposed by Mallin [331:

K= 39.66 + 67.7403 t - 0.17¢ 8t (7.6)
When the mixture of water and carbon dioxide is in phase equilibrium at a
moderate prese jal pressure

of carbon dioxide are coverned by the relations,

M
. 1/44 1
I = (7.7)
~~ 1718 * Y1784 iy

M M i

Moo=l T T
- p. _9 gl / S .9 gl} . . .9 S, .9
Py = P g TR P i R (7.8)

where Mlg MS and Mg represent the mass quantities of Tiquid water, steam and
gas respectively, and Mg] is the mass of gas dissolved in 1iquid. The above 4

equations were used for the gas balances given in Figure 13.
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In the steam balances, it 1s n - .sary to evaiuvate the s consurntion
¢ and e, in peunds steam per poun< a5 removed by the first- ..l second-siace
ejectors respactiveiy. Dby reverring to the sywbols in Figure 15, the wmass flow

NS of the high pressure steam can be related to € and e, by the equation,

A, =

tey (Mo X+ ) +e, [H
s 1ot ey (ulS Ry 0 ) + e, [t

oW+ ey (W %o+ M) X
X | e (”]s >g 1 o gj (7.9)

By rearranging the terms, one has

‘ >
e = 20 cee (7.10)
|+ Xg (e] 4 ;2) ; tfng>ég

The specific volume Vm of the gas-vapor mixture entering the ejector can be
- determined by eauations (7.2) and (7.4). The isothermal work W per pound of

gas for the compression of gas from the pressure p

P to Py 1S

p
2 (7.11)

The ejector efficiency £ is 5.6% in the given assumptions based on ejector
consumption curve supplied by Dal Secco [15). It is defined as the ratlic of
isothermal work pey pound of gas i to the isentropic change of enthalpy Ah of

the motive steam. By this definition, the steam consunption e of the ejector

1%

can be expressed a

e = g (7.12)

~ !

The values of e, and e, for tie exampie woere found to be 4.7 and 3.7 Tb stean/
| i /
1b gas respectively.
The approaches of main condenser, inter-condenser and after-condenser were
determined from eguation {(7.1)s and the heat transmission H, of the main condenser
: L

is based on the relation,

H = Wy (ho.l - he) + W

L + st - NV) (t. -t

2s v 2)

~J

——

w
~

+ (Ng + Xg H]s) Cpy (Lt - t]) - U (h] - he) (

where WV is the amount of vapor in the saturated gas-vapor mixture and can be
determined using equation (7.3), ho1 and ho2 are the enthalipies of exhaust steams,
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hy is the enthalpy of saturated vapor at terperature t, he ds the enthalpy of

waler at temperature t© . Cpg is the specific heat of gas (0.202 stu/1b) and
the other synbols are given in Figure 1o, The rate ﬁc1 of cooling water to the
main condenseyr is given by
H,
i.! L — - Y
bic, = oy 7.14
S R o oy (7.14)
2 l
Similarly the cooling water flow to inter- and after-condenser can be
ceteymined.

p

A cooling tower has two hinds of Tesses of wster, evoporation (oss ano

drift Toss. According to Coctner et al. {141, the evaporative loss is aloul
1% of cooling water for each 10 degrees of cooling, ana the arift loss is
about 0.2% of water civculated through the tower when ¢rift elininators arc
used. The flow rate L of water to the cooling ftower was determined by the
equation,

ve,) | 10,998 - 0,001 {tavg - t,)] (7.15)

whevre tavg is the average femperature of water in the hotwell. Tne fan
horsepower for large ceoling towers rances from one to two Uimes the vaiue of
0.000014 KL as reported by berg et al. [104, where I 4s the rating factor
and Alr Conditioning

given in the American Sociely of lealting, Refrigeratin

] T(

Engineers Guide and Data book | he fan pow
equation 0.746 kw/hp x 0.00002 KL + 0.% = 0.0

‘ e

~ oy PR Taey ey Do N . RN R oG
represents ne mouoy er; icie NCY as snectriau

y was calculated by the

= @

wheve the factor 0.9

"J Y
_ﬁ
=

S U VO S 0 b e gme Bl Ao baen Tt »
poway Consumgeron of The fan was founa Lo ne /o . ne

the condensate puup is €50 kw i1 the pump head s assumed to be &0 ft, anc
the power absorbed by the circulating pump for a head of 32 Tt is 135 kw.
ut of the gross power cutput of & M from the turbine-generator, the plant
can export 7.5 M.

The wellhead pressure affects the flow rate of fluid from the well and
the specific steam consumption for power production. To evaluate the effect
of wellhead pressure on the specific steam consumption, Figure 16 has been
constructed for different enthalpies of well water. The graph shows that the
pressure which yields the highest power output per miilion pounds of water,
i.e. the lowest specific steam consumption, increases as the enthalpy of

well water increases.
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L. Degree or Vacuum

The condensing prassuras being repurtad in publications vary over 2 wide

3 e

range: 1.5 in. fig. abs. in Iceland, 2.5 in. at Lardereilo,

[
o
o
iy
o
-
-3
o
.
6]
“
=

3.5 dn. at Cerreo Pricto, 3.75 in. at Matsukewa, and 4 in. at Geysers. The
nigher the vacuum to which a turbine can exhaust, the Tower the specific steais

L

consumption. lHowever, the accessory povwey sbsorbed by the cas-extractor,
cooling water pump, condensate pump and cooling tower fan increases as tne
condeﬁsing pressure decreases.  The selection of the ontinum pressure 1S

'

as thno non-cona contont in thie exha

intluer

PR R S PR . P . LT . ey e o L .
and the circulatiaon vate o coold O WELaT., To _EIH/L‘)L:U

the effects of condensing pressure, the net pover output has been calculated

with the basic assumptions given in the previous section, and plotted as a

function of the condensing pressure and the non-coindensable gas content in

Figure 17. e notice that the higher the gas-content, the cgreater the stean
,

constmption of the ejectors, and tne higher the condensing pressure which

yields maximum powey poutput.  In Figure 18, similar resulls are vresented for
the case of using a three-stage centrifugal compressor with intercoolers to

e~ R N A e AP S I BT N S Lo oy gt v o i e
“5 . LG pervOoyniance 15 basca on the characteovistic

substitute st
curves of Dal Secco f];i the efficiency of the conmvressor is much lower than
that of an ordinary air compressor.

The degree of vacuum in the condenser affects the capital cost and the

unit cost of power. The performance of every component in the plant,

particularly condenser and cooling tower, is influenced by the condensing

oy PEysey 1y bevi e T B e e S SR '1 ooorng S T
'r.'l (SRCIWEE G, EE SRR PR R VO W 3 ) Wil L (IR IR W § Ciledd y’-ikﬁﬁ L | SRR LR LV \Ji.i Ll disla b

- . I JL IR SR | e T Y S IR PR PR U N S AN IR
pressure cannot be ceterminec. =5 301 conauctlew 2 stuay of tne efrect

of gas-content on optimum condensing pressure. He concludea that the minimun
generating cost of unit power is al the condensing pressure of about 5 in. Hg.

abs. at which the capital cost is also the lowest; and if the gas content ic

higher than 25 percent in the vapor phase, a higher condensing pres sure is
required. The available information indicates that the condensing pressure of

ower

.._l
hw)

a geothermal plant should be much highey than that of a conve ona
plant in the same Tocality, and a careful study of the costs is recommended
before deciding upon the condensing pressure of a new plant.
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can be either dry or woet type. The dry conling towers are

. TRt ~ . . I i mm - - iy e S TN NN g R L
not suitable for a condensing geothernsd plent because: (1) they can cool wa e

i Il

only to the Timit of drv bulk tesmerature, (Z) duc to the mineral content of the

condensate, the surfaces of the tubes are subject to fouling, (3) they are costly.
The draft of a wet cooling tower can be produced mechanically or naturally.
As compared with mechanical draft towers, natural dravt fowers occupy less

space, consume less power and requirve less piping. They do not have many

probiems of Toguing, drift and interiael vecivculation. and have long sarvice

: ’ ! . . S ey o ey ] [ AR . da P oy T by e Y Py oy
Tife. However, they are not econcmical for nlents havine ratinces less {han

1

forced or inducea drafi

":)
—
(]

150 I [471. A mechanical drait tower can operate
fan. The forced draft tower has the disadvantages of non-uniform air
distribution and partial recirculation of vapor. As to induced draft towers,
the crossflow design has distinct advantages over tne counterflow avrancement
The distance of air travel in a crossfior tower is independent of the ill
hetcht; thus, both the distance of air travel and the heicht of the 111 cen
be adjusted to minimize the loss of draft. In

distance of air travel vavries divectlv with the

increased only at the expense of increasing the horsepover
coppensate for the Toss of draft., Cooling vance is the tenpevature di ffevence
between the hot water entering the tower and the cold water leaving the tower.
The cyrossflow tower is better than the counterfion tower te handle a large

cooling range and a small approach, wiich is the difference between the wet

- N e v Ay 4 oy N o R S T B S o N FUY ol o
bult e erazidre o7 oy ana e < YO AvTaL Wate e
B v by Lo preee s g Toeame e ¢ ! A - ' T
PURSTIACG aead OF CrasSsviow novaey a5 & oAt Qv Crosstid Iat

conclusion, an induced-draft crossflow tower is recommended for a geothermal
power plant.

The performance ¢f a cooling tower is a function of the cocling range, the
approach and the ratio of water flow to air flow. The usual range of cocling
towers in power plants is 10 to 40°F while the approach may be around 15°F.
The approach has a great influence on the size of tower. The closer the cold
water temperature approaches tne viel bulb temperature, the greater the size of
tower. The usual range of water-air mass flow ratio (L/G) is around 1.2 - 2.0
for mechanical draft towers in steam power plants.
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by gmen s uves st s e ) o 4 m PR PV D e B RS R
thore arve nusereds tiny waler droplets, from wnich

Ina cooling ;

B L T T L s e B, L, B P Ny B T R R o T R N SPP
ab 15 trunsioryed Lo he aty n tie rrec strean. fne gvantity o7 near lost

Pl P R - o S S N Ny N S A vk P N R T N,
by the water is unul to toe emount of neat gained npy aty: and tne net rans ey

5 . N ey [ DU R PO SN T ORI T T e e ey e - O T R A T .
of eney gy o may bo cxoressed in terms  of Oxli,!1:,{7}_‘_§;/ [B3e] tential as follows 1O, 45]:

or

~

~1e (ax) (avd Cree ato= o oae {dey(dy) ho= fasdxedyedze{n’ - h) (7.19)

wheye dyv, dv and dz ave the dimensions ot an infinitesinal volue av, L and €

R e T AP T SN S P ID N AP
and oy oan ha/m }c:wg)c;\.l.,l\fu.‘,[\‘y’j I and g oare ne watgy

ave the tlow races of w

and air flow rates per unit cross-sectienal area perpendicular to the
N ~I I '

. . . . , g e i v e .
resnective divection of flad iIn Ib/hv/ft7, b - n s the enthalpy potential
b / / R e

s !

. TP | ‘ ! ‘ :
defined as the difference between the enthalpy b of saturated air at temperature

[P ey 1 N e T T e S . 5 e
unsaturated aic 1N g Tred sitrean, o s

vo lume of /s, TR Cpwods

tiie specific heat the over ih/hro sq. 7L,
wiich velates enthalny potential to the heat transferred from water to air.

For a small increnent of tower with Ax = Az, equation (7.12) mv be revised as

iont of to
he dimensioniess term in the rignt hand side of equation (7.21) is
called number of transfer units (4 T U). The dimensions of the tower can be

retated to TU for a given design condition. To analyze a crossflow touer,

the tower is divided into a series of incremental volumes, horizontally and
vertically as siown in Figure 19. For the examplie, it is assumed: inlet water
temperature 120°F, wet bulb temperature of air 75°F, ratio of water flow to

air flow (1/q¢) 2.5 and #TU 0.2 for every increment. The calculations were
started at the upper left corner, where the conditions of entering air and

water are given. By trial and error, one finds in the first increment:
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L2y = 18, and HHTU = {5)0(0.2) = 1.0 Since ecuations (7.20) and
{7 v . - . [ P B B O . AR P YT sl do .
(7.21) ave bosed on the condition thau the ¢f an increment 1s equal to

= Az,

ToAeT .

its width, Ax

the widtn of

the ratio NVTU/HHTU gives the proportion of

the height to

The resulting the example
givan in Ficure 19. different values
i HHTU and e are civen in
Tacie 3. To facilitate the applicetion of the calculated results to the
estimation of tower performance, Figure 70 wes censtructed with water temporature
as ordinate, and dH iU and HVTU as the other two variable par WIS For a
given vatue of leaving temporature of there are various cowhinations of
the L/G ratio, the number of horizontal increments and tne nuwber of vertical
increments of tower. The volume of Tower 71171 and the draft Toss are affected
by the height and the width. The recommenced cesign point is at L/G ratio of
abou

O P ave sty determinsd In relation Lo air
flow {g) for a splash filled tower by Snyder [39], as shown in Figure 21. At
p 2

g = 1000 1b/hy - ftz, the value of Kea is 93 Ib/nr - ££° from the diagram.
Since the valve of HVIU 1s enual to the product of the number of vertical
increments and NTU, by equation (7.21) we have: tower neigat = (JVTU) (1/<-a);

For the L/G ratio of

1

T

(RHTU) (1/K-a).

Ficure 19

likewise tower width
NHTU = 1.0 and MVTU
tower width = t.
If so, the width of towey becomes double, 2 x 25.5 = 51 ft.
water flow (L), the dimensions of the tower are 48.4 ft hei

96 ft long. If the
32

8 from thus tower heich

£

5.5 f Usualiy tne air enters a tower from

tower is divided into three cells, the

is .

1.39, one finds

45.9 ft. and
two opposite sides.
For 24,000 gpm of
ght x 53.6 ft wide x

length of each cell
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suyftace may be coated
drift eliminators
plastic or coated
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plastics, atuminum, st last

o

Several arrangements of the power plant are possible, depending upen the

i B N N 3 N A S O T A s B T [ P ey e e T T R T SR |
topography of the site waich can e Dilly or {lat. Saporiti {30 considercd
the elents and found Tthat e

N

condensers, the condenser 1s placed directly

R NP s
POULAe Tuvwine s

RN I Al NP S VI [ Sanan Tt M A
not~wells dn the excavated i Tie barometric pipes

02

ground Tevel with

are overed

T R EN

:
el is Tl tiey veaoh

DYOYoUng VESSe s wWnidn

o of everfloy. The

are connecred to

arcsd b
avoid the danger of overflow into the steam pipe. The major drawback of this

-
" ongTC T OV
SEE T O G 5N D I

To reduce the denth of

excavates pit and Lo renove the necessity of laying
underground tunnels, a modified arrangement is presented in Figure 22. The
condenser is divided into two sections for the reduction of its heignt. To do

T T e SRR
away WTTn the Gischarge tunne:s,

lovel controls and interlocks are provided
to avoid possible overflow in the case of sudden sautdown of the circulating
water pump. If the pump fails, the interiock mechanism trips the turbine
admission valve, breaks the vacuum in the condenser through a vacuum breaker
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the vacuum brecker is

the plants at CGeysers.

b Tarer cooiing Lo

4

remgerature, Lhﬁ:j,»’ Call e Used vogetney 0 SUpPRpert e conuenser 7oy redlding
on @ steep S iope, 5 et oo as siiovin 1n
P A RO Coainnior T
L GO s i

ceCculvTed.

incurring tne cost of excavation, and only one civculating pump

PLART SITIHG

ation of producing resevvoirs. However, there is

The site selection of a geothermal power plant is rather inflexible and
ioca

priwarily depends upon the 1o

some flexibility in selecting a site for a very large reservoir, which may cover

several thousand acres of land. The process of selection involves the
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24.  Plant Avrangement with Overlying Condenser

for Cooling Tower at Turbine Level
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island, the preferred site is on the leeward side wheve the tradewind can

svieep the undesirable gases and fumes into the ocean. The potential site must

meet the requirements of the local zoning codes and the acceptance of the general
N

public. Any possibie sites near a dational Park and Forest, wildlife refuce,

scenic or historical area cannot be accepted favorably by the public.
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Unlike the conventional power plants, v ich operate in a closed cycle,

4

the geothevrmal power plants do not neec moke-up water for their cooling tovers.

Adequate water supply for plant operation is not a requivement for siting a

geotherimal project, althougn there is need for water during the drilling and

sje
construction. In fact, in an arid area it could be econawical to desalt a
part of the waste brine for producing fresh water as a by-product of the
ceothevmal plant.

In consideration of the transmission cost, it is desivable to locate the
p]ant not far from the load conter of power distribution. The aceuisition of
rignts-of-way across public land is becoming increas‘ng]y gifficult because of
the pub]ic avareiness of the beauties of envivonment. In addition, a Tong
transmission line is too costly.

From the viewpoint of station designer, the turbine should be set on a
firm foundation. A site having non-fracturad becrock can substantially reduce

i

the cost of foundation. Practically all tne condensing plants consist of

barowetric condansers and cooling towers. A 30-10 hion ¢lifF at the site can

1ify the arrangement of the tail-pipe of a baromctric condenser and inprove

o

0
simp
the operation of the plant. The exhaust air from the coo1inc tower 1s
approximately saturated, and fogging may occur vinen the expaust air mixes with
the humid ambient aiv. If the tower is too close to a hichway, the impaired
visibitity . due to fog cen lead to traffic accidents. For a 10 ¥4 plant, the
land area required by the staticn is about one acve. The capital cost of the
station largely depends upon the nature of geothermal fluid and the type of

plant; however, the siting is also one of the cost Tactors.

CHAPTER IX.

CORCLUSIGHS

The mixture of steam and water can be transported in a single pipe without
the problems of water hammer, cavitation and vibration. The pressure drop of
two-phase flow may be determined by using Lockhart and Martinelli correlation
described in Chapter IT. After the mixture reaches a plant, the steam can be

separated from the water in a cyclone separator and the water enters a
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pressuves suouid corvespond to tne saturaticn Lemperatures wnicn are
divided between the saturetion temperature of hol water 7o the plant and the

ture.  The calculoted results by numerical method 1n Cropto

condensing

I nfivm tne vailidity of the approximate rate of optimum flashing pressures.

[I1 confirm tne validity of the approxi ¢ te of optimum flashing pressure:
The wellhead pressure is closely related to the resevvoir temperature,

the Tiow rate characteristics of the well, the resevvoily life and the power

¥

v [ S A T S oy de e e TV e oy AT TN e T AN P VN TP o
productivity. In Chaptor IV, the o of wellhead pressure and number of
O S/

poWOY ouLput nNas

s e e BT e by
Nfser Q1 Jd.;.‘e:r_,

have to be restricted to two for economical reascons. For a typical wel

fliow rate optimun Tie

pressure Tor a two-stage f “fhi”; plant is arcound 100 nsig.  The curve of
powWey outnput versus pressure i ]

pover cutput. It dmplies that

99.9 percont.  They
rate of mass Tlow,
velocity can be detevmined from granns of Fiuv“cs 5 and 7 for the given vaelues
of pressure arop and separaling efficiency. [From the injetl velocity, the
inlet diameter D and hence the cyclone dimensions can be determined according
to the proportions in Figure 5.

The most critical component is the tuvbine, of winich the materials must

Voo

be carefully selected. There is no standard for turbines using geothermal

steam. Lach turbine is specially cesicned to suit the chemical quality of the

steam and other operating conditions. The exact performance of a turbine is



not known amtil the manufacturer is reccived.  For the

¢ size, leading, tnrolite prossurs,
N D PP I TS S T A Ll . . - PR
Steam Jjet ejectors should be usec . the non-condenseble gas content 1s
J T N Ay v e Lo o o P e Cyvpen 1 SR O Oy ALY R R
o, For o anay content, the use of cow CHCQE COmDYressors s LL\RILQQLUUD~
USe A baok orassdre Luyhine.

conpletely . Since

water with the conde

SUVTCCe CONUensers are nny

type are used in veapor
suitable because of their high initial costs, poor heat transfer coefficients

Ea. N Fey v R ICE T
COWEY 1S BOYe SuUtoan i

o Lo
i1 Tust
C Lhe

cressure townieh a

unit cost of power produced.  The lower the

i ~ i P g b - ~en o Aamy
cuvhiine . Howevey, Tne accessory

ant may bao determined. Figures 17 and 18 snow the ef7ects of non-

]
condensable gas content and condensing pressure on

i
the cost evaiuation of the plant.
The arrangement of heat rejection eqguipment denends pyrimarily on the

topography of the site. A 30-Ft cHiff at the site is vory desipable Tor
simplifying the plant arrangement if the plant includes a barometric condenser.

p—te

A discussion on arrangements in relation to the floor level is given in

Section F of Chapter VII.
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