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~ ABSTRACT

During Phase II of this research prograﬁ, the following
elements of research have been performed: (i) improvement in
the éonventional geothermal binary cycle simﬁlation computer
program, (2) development of a direct contac£ brine heat exchanger
algorithm for the cycle simulation program, (3) development of
a preheater algorithm for the cycle simulation program, (4) modi-
fication of the basic simulation program to incorporate the staged
flash binary cycle, (5) development of a parameter optimization
algorithm to aid cycle evaluation studies (6) sensitivity analysis

of cost factors, (7) comparison of pure hydrocarbon and binary

mixture cycles.
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L.

OVERVIEW

1.1 Statement of Objectives

This research project addresses the problem of the
selection of a working fluid and suitable operating conditions
for optimal geothermal binary cycle performance and minimum capital
cost per kilowatt of plant generating capacity. It is believed
that mixtures offer possible advantages over pure compounds for use
as working fluids in geothermal binary cycles. Therefore, both
pure fluids and mixtures are being considered as working fluids in
the evaluation of alternative cycles.

To satisfactorily carry out the evaluation engineering
studies reguired to evaluate the potential of mixtures as
working fluids in geothermal binary cycles and consider the effects
of varying operating conditions on resource utilization for
alternative cycles, a computer simulation of geothermal binary
cycles capable of using both pure fluids and mixtures as working
fluids must be utilized. The evaluation of mixture cycles requires
that the simulator utilize a thermodynamic and physical properties
package capable of accurate prediction of not only pure fluid but
mixture properties.

The ongoing research, which is Phase II of a planned
three-phase overall geothermal project at the University of
Oklahoma includes the following elements: (1) development of a
geothermal binary cycle simulation computer program capable of
mixture and pure fluid cycle simulation, (2) incorporation in the

simulator of an accurate thermodynamic properties computer program




package (including hydrocarbon mixtures and pure fluids),

(3) devélopment of alternate cycle operational strategies,
including a preheater, staged flash binary cycle, and direct
contact heat exchangers, (4) development of design criteria for
maximizing geothermal resource utilization in binary cycles,

(5) evaluation of the advantages and disadvantages of the use
of mixtures as working fluids in geothermal binary cycles,

(6) comparison of mixture and pure fluid cycles, including

relative equipment sizing and economics.

1.2 Simulation Capabilities

In order to accomplish the aforementioned objectives,
a computer simulation of the geothermal binary cycle enerqgy
conversion process was developed. Since a variety of cycle
alternatives were included in the investigation, a series of
simulation system options were designed to permit cost-effective
utilization of available computer facilities and to allow system
flexibility for the changing requirements of a research-oriented
investigation. Development of the simulation system options was
also directed toward computer program accessibility in order
to prepare for eventual use by geothermal system design engineers.
The geothermal simulation system options can be classified
into five principal categories; (1) Cycle Process System,
(2) Thermodynamic Property Estimation, (3) Equipment Size
Determination, (4) Optimization of Process Operating Conditions,

and (5) Economic Estimation.



Table I presents an overview of the primary features
of the geothermal process simulation. The solid circles indicate
current operational features. The open circles indicate addi-
tions originally planned for Phase III. The Phase III plan origi-
nally contained the documentation of all of the GEO simulation

options, as noted by the open circles in Table I.

1.2.1 cycle process system

The major elements of the conventional geothermal binary
power plant are shown in Figure 1.1. The process consists of
the following major units:

1. Brine Heat Exchanger

2. Turbine-generator

3. Condenser and Cooling System

4. Cycle Pump

5. Wells and Gathering System

6. Auxiliary Plant Egquipment
The nodal points indicated in Figure 1.1 correspond to the process
state points calculated in the simulation system. However, due
to the possibility of temperature pinch points within the heat
transfer units, each heat exchanger is subdivided during the cal-
culation,

The direct contact brine heat exchanger option noted in
Table 1 utilizes the same basic cycle. Rather than indirect heat
transfer using a shell-and-tube heat exchanger, the working fluid
is vaporized in direct contact with the geothermal brine.

The use of a working fluid preheater is suggested when

excessive superheat remains in the turbine exhaust. Simulation



TABLE I

PRIMARY FEATURES OF THE GEOTHERMAL PROCESS SIMULATION SYSTEM

SIMULATOR SYSTEM OPTION

GEO

GEO

GEO

GEO

GEO

GEO

GEO

GEO

GEO

GEO
10

CYCLE PROCESS SYSTEM
1. Conventional
2., With preheater
3. Direct contact
brine heat exchanger
4, Staged flash
binary
5. Dual boiler

THERMODYNAMIC PROPERTIES
1. Pure working fluid
2, Mixtures

EQUIPMENT SIZE
1. Selected heat
transfer coefficients
and pressure drops
2, Heat exchanger
design

OPTIMIZATION
1. Sequential search

2. Flexible tolerance}

(multiparameter)

ECONOMICS
1. Capital cost model
2. Unit energy cost
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Listing Available
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Documentation Available
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of this system reguires a modification of the basic cycle as
shown in Figure 1.3.

For particularly corrosive or high salinity geothermal
brines, the staged flash binary cycle has been proposed to use
only the flashed vapor portion of the geothermal brine to heat the
working fluid, as shown in Figure 1.2 The cascade or staged heat
exchangers can accept the energy transfer from the brine with
a reduced fouling potential and more efficient heat transfer.

The dual boiler system shown in Figure 1.4 represents
an attempt to increase the resource utilization of a moderately

low temperature brine.

1.2.2 thermodynamic property estimation

The estimation of the thermodynamic properties of
the working fluid as it progresses through the power cycle is
an extremely important factor in process evaluation. The
HSGC program, documented in Report OR0-4944-2 (1), uses the
Starling-Benedict-Webb-Rubin equation of state. The HSGC
program is capable of predicting the properties of mixed hydro-
carbons.

Table II presents a list of the working fluids which
are available in the thermodynamic estimation system and have
been used as working fluid candidates in the cycle simulation
system. The asterisk indicates that the component can be used
in a mixture working fluid. The components in parentheses may

be available at a later date.
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TABLE II

WORKING FLUIDS AVAILABLE
IN THE CYCLE SIMULATION

Propane * R~-11
n-Butane * R-114

- -i-Butane * R-113
n-Pentane * R-152A
n-Hexane * R-22
Ammonia Toluene

Water (Fluorinol)



1.2.3 equipment size selection

In order to simplify the task of detailed process unit
specification, the selection of heat transfer coefficients and
process pressure drops can be made apriori. This option permits
the designer relative freedom from mechanical detail, yet fur-
nishes sufficient data to make rational design decisions. A heat
exchanger (shell-and-~tube) design rougi;e is also available in
order to provide a more detailed description of the required
process unit. The calculational details of the heat exchanger

design routine are described in Report OR0-4944-3 (2).

1.2.4 optimization of process operating conditions

Using a performance function such as the minimum capital
cost per unit generating capacity, the cycle simulation system
can select the optimal process operating conditions for a selected
brine inlet temperature and selected working fluid.

Two methods of optimization are available--the sequential
search and the more complex flexible tolerance method. These
methods are described in more detail in a subsequent section of

this report.

1.2.5 economic estimation

The cost of each of the major process units is obtained

by available process size/cost correlations. The total plant

cost is then obtained through the use of the factored-estimate

cost estimation system, as described in detail in Report ORO-4944-5 (3).
The unit energy cost model is currently under development.

This methodology will permit an estimation of the unit energy cost

by including energy accounfing principles.
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2.0 IMPROVEMENTS TO THE GEOTHERMAL BINARY CYCLE SIMULATOR

Based on engineering analysis of the preliminary results
of the cycle studies using the geothermal binary cycle simulator,
several improvements were made to increase the flexibility of
the simulation program. The details concerning the simulator
improvements were documénted in report ORO-4944-5 (3 ). 1In
addition to the aforementioned modifications, several computer
system modifications were instituted to permit cost-effective
evaluations.

The addition of several options, including a preheater,
direct contact heat exchanger, staged flash binary, and
optimization routines, are discussed in subsequent sections of
this report.

The design basis parameters used with the conventional
geothermal binary cycle simulator are detailed in Appendix A.

A sample output of the cycle simulator is presented in Appendix B.
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3.0 PREHEAT BINARY CYCLE SIMULATION

The preheat binary cycle simulation capability was accom-
plished by adding a preheater subroutine and by making some addi-
tional changes to the GEQ4 simulator. The preheater serves as a
medium for heat exchange between the superheated vapor from the
turbine exhaust and compressed liquid frém the cycle pump. Thus,
the superheat of the working fluid from the ﬁurbine exhaust is used
to preheat the working fluid before entry into the brine heat ex-
changer.

Figure 3.1 shows the process flow étreams and nodes of a
preheat geothermal binary cycle. The preheater design presently
utilized is a shell and tube heat exchanger with vapor on the shell
side and liquid on the tube side. An objective of preheat cycle
simulation is to define the working fluid state points numbered
1 through 8 on Figure 3.1, subject to the limitations of fluid
properties and process unit capabilities. In order to do this,
two additional pinch point temperature differences were added to
the simulator input: one at the preheater inlet of the liquid from
the cycle pump (i.e., AT between state points 4 and 7), DTPHI, and
the other at the entrance to the preheater of the vapor from the
turbine exhaust (AT between state points 3 and 8), DTPHO. Non-zero
input values of DTPHI, and DTPHO key the simulator to make the pre-~
heat cycle calculations. Fixed (input) shell side pressure drops
are utilized in the preheater and condenser with the tube pitch in
the preheater and condenser calculated as a floating variable. Heat
transfer coefficients for both the shell and tube sides of the pre-

heater are calculated using the Dittus-Boelter correlation (4).
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In the process of developing the preheat geothermal binary
cycle simulator, a preliminary evaluation of the preheat cycle
was performed for the case of a net 25 MW plant with a 400°F geo-
resource and isopentane as the working fluid. Isobutane was not
considered as the working fluid because there is too little
superheat at the turbine exit. In the calculations which were
performed, attention was focused on the following factors which
can contribute to an advantage of the preheat cycle over the
conventional cycle.

(1) Decrease in total heat transfer surface area
requirements.

(2) Decrease in cooling water flow rate and cooling
tower duty.

(3) Increase in brine exit temperature (thereby
reducing brine precipitation probability).

The results of the simulation of the preheat cycle are
compared with the cycle without preheat in Table 3.1. It can
be noted that with the preheat cycle there are reductions in the
heat transfer surface area of 2.3%, cooling water flow rate of
3.6%, and the capital cost of 1.2%. The reduction in the cost
of the cooling tower for the preheat cycle is 3.8%. Although
the decrease in total system capital cost is only 1.2%, the
decrease in electrical energy cost for the preheat cycle would
be greater because of the reduction in the make-up water requirements.
In addition, the preheat cycle was not optimized whereas the operat-
ing conditions for the cycle without preheat are optimized. Thus,
although the margin is small for the 400°F georesource, the pre-
heat cycle would offer definite promise if the turbine exit super-

heat were greater. Using isopentane as the working fluid, the
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Table 3.1 Comparison of Isopentane Geothermal Binary Cycles
With and Without Preheat for a 400°F Georesource.

With Without
Preheat Preheat
Net Power Output, MW 25, 25,
Brine Inlet Temperature, °F 400, 400.
Brine Exit Temperature, °F 217. 212.
Cooling Water Inlet Temperature, °F 80. 80.
Cooling Water Exit Temperature, °F 102. 102.
Cooling Water Flow Rate, lb/hr X106 26.8 27.8
Turbine Inlet Temperature, °F 272. 272.
Turbine Inlet Pressure, psia 200. 200.
Heat Transfer Surface Area, ft2x10-2
(1) Brine Heat Exchanger 312. 317.
(2) Condenser 1216. 1309.
(3) Preheater 62. 0.
(4) Total 1590. 1627.

Preheater Minimum Approach Temperature,°F 55. -
Net Thermodynamic Efficiency, % 13.4 13.0

Capital Cost, $/kw 755. 764 .
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amount of superheat at the turbine exit increases as the georesource
temperature increases. Therefore, it is probable that the preheat
cycle can offer clear economic advantages over the cycle without

preheat at georesource temperatures approaching 500°F.
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4.0 DIRECT CONTACT BRINE HEAT EXCHANGER

Direct contact heat exchangers can be classified as counter-
current or co-current. The pipe mixer and free surface tray are
both examples of co-current equipment. There are other variations
of co-current devices such as agitated vessels and venturi type
mixers. For geothermal power production, the co-current direct
contact exchangers are economically unattractive (5, 6).

There are three general types of counter-current direct con-
tact heat exchangers: (1) spray towers, (2) perforated tray towers
and (3) packed columns. The perforated tray tower contains a series
of trays which increase the efficiency of the heat transfer per unit
height. The spray column is merely an empty shell. However, since
the flow capacity of the perforated tray tower is smaller than that
of spray column by a factor of 3 to 4, the column diameter of the
tray tower will be as much as twice that of spray column. The
packed column resembles the spray tower except that the interior
of the shell is filled with packing to increase heat transfer effi-
ciency. One disadvantage of the packed column in geothermal use is
that the packing would rapidly become fouled by the brine.

In this study, the counter-current spray column was selected
as the most promising type of direct contact heat exchanger on the
basis of (1) higher flow capacity, (2) simple design and relatively
inexpensive equipment, (3) low maintenance due to absence or reduc-
tion of scale formation, and (4) the obtainable close temperature
approach.

A spray column of the Elgin-type is shown in Figure 4.1. It

is designated the Elgin-type column because it was developed by Elgin
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and various co-workers. The paper of Blanding and Elgin (7) de-
scribes the details of its evolution. Originally, the spray column
was designed for mass transfer operations such as liquid-liquid
extraction. This operation depended on the immiscibility and dif-
ference in density of the two phases. Recently, the spray column

has been successfully used as a heat exchanger in desalination pro-

cesses.
Numerous theories have been proposed to describe the heat

transfer mechanism between two phases. Sideman (8) has presented

an excellent review of these theories. The objective of this report

is not to explore all of these theories, but to size the spray column
related to the geothermal cycle.

In the design of a spray column, two factors are particularly
important; the height of column and the column diameter. The column

diameter is determined by the maximum permissible velocity of the.

‘phases involved. The column height is determined from heat trans-

fer considerations.

As shown in Figure 4.1, the heavier continuous phase, geo-
thermal brine, is introduced into the column at the top, flows down-
ward through a straight section and leaves at the bottom of the
column. The working fluid is dispersed through nozzles as droplets
at the bottom of the column and rises through the straight section
to a coalescence screen at the top of the column. The brine is the
continuous phase and the working fluid is the dispersed phase.

For a fixed flow rate of the continuous phase, as the flow
rate of the dispersed phase is increased, the slowly rising droplets

beneath the coalescence screen increase in concentration within the
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column to a point where more of the dispersed phase cannot be
forced through the column. The column is completely filled with
closely-packed droplets. Any additional increase in the flow rate
of the dispersed phase results in the entrainment of droplets by
the continuous phase at the bottom of the column with subsequent
loss of working fluid. When the zone of concentrated droplets fills
the column, the situation is referred to as a flooded column. The
droplets cannot egcape freely into the coalescence zone and tend
to accumulate in the straight section with the characteristic ap-
pearance of closely packed spheres. The column can only operate
satisfactorily at a lower flow rate. Further, the efficiency of
heat transfer decreases at flooding. When there is a concentrated
zone of droplets in one section of the column with the remainder of
the column being less concentrated, the column is said to be at its
flooding point.

The flooding correlation of Sakiadis and Johnson (9) was
used as the basis for calculating the column diameter.

The temperature profile within the spray column was calcu-
lated using the mathematical model proposed by Letan and Kehat (10).

In the design of spray column heat exchangers for geothermal
cycles, the direct contacting unit is divided into three different
heat exchange zones, as shown in Figure 4.2. In each of the heat
exchange zones, the heat is transferred from geothermal brine to
the working fluid by a different heat transfer mechanism: liquid-
liquid heat transfer (preheater); liquid-liquid-vapor heat transfer
(boiler); and liquid-vapor heat transfer-  (superheater). With this
arrangement, the working fluid enters the liquid zone as a sub-

cooled liquid at t leaves preheated and enters liquid-liquid-

1I
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vapor zone at its bubble point temperature t2, leaves the boiler -
and enters the liquid-vapor zone as saturated vapor at its dew
point temperature t3, and finally leaves the superheater as super-

heated vapor at the temperature t The hot brine enters the

4°

superheater at temperature T leaves the superheater and enters

4’

the boiler at the temperature T leaves the boiler and enters the

3’

preheater at the temperature T and finally leaves the preheater

2'

at temperature T The outlet pressure of the working fluid is

1°
the same (approximately) as the inlet pressure of the turbine.
Therefore, the operating pressure of the spray column is chosen to
be the same as the inlet pressure of the turbine.

Several FORTRAN IV subroutine programs for designing spray
column heat exchangers have been developed for inclusion into the
geothermal simulation GEO~4 to perform the geothermal cycle calcu-
lations. The direct contact evaporation sizing module permits the
use of parallel units in order to keep the tower diameters within
realistic economic constraints. The cost model for the direct con-
tact evaporation is based on standard pressure vessel sizing tech-
niques.

The results obtained from the simulator are compared with

the experimental data reported by DSS Engineers (11) in Table 4.1.




Heat Transfer
Flow Flow . REGION
Rate of Rate of 3 HEIGHT OF COLUMN or
Brine Working { Experimental | Predicted Calculated Predicted ZONE
Fluid Ft. Ft.
3004 2547 6 6.4 4053 4018.58 Liquid-Liquid
Region
- - 6 0.009 17,000 22.4%10° Boiler
Max.
- - - - 17,000 19.7x10° Superheater N

Max.
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5.0 STAGED FLASH BINARY CYCLE MODIFICATION

For particularly corrosive or extremely high salinity
geothermal brines, the staged flash binary has been proposed
to alleviate the problems associated with heat exchanger
fouling.

The staged flash binary heat exchanger system consists
of several flash drums and heat exchangers. In each flash drum,
the pressure of the geothermal brine is reduced to yield
saturated steam. This steam is then passed through a scrubber
to reduce the dissolved solid contents which are carried over
with the steam. The scrubbed steam passes through the heat
exchanger on the tube side (condensing steam) with the working
fluid on the shell side.

Figure 5.1 shows the flow sheet for the case of a four
stage flash system. A minimum of two and a maximum of four stages
can be used in the computer program. If five stages are chosen,
then the first three stages will serve as preheaters, one as
the boiling section, and the last one the superheating section
of the working fluid. When no superheating is required, then a
minimum of two stages can be used: one dealing with the boiling
section of the working fluid and the other as a preheater.

To determine the heat transfer coefficient for the
condensing steam, the Bokyo-Kruzhlin correlation (12) is used.
For the single phase working fluid, the Seider-Tate correlation (13)
is used. 1In case of the boiliﬁg section of the working fluid,

Chen's boiling heat transfer correlation (l4) is used.




Figure 5.1.
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6.0 DEVELOPMENT OF QEQUENTIAL OPTIMIZATION ROUTINE

The initial effort of optimizing geothermal binary cycles
has included the development of a direct sequential search al-

gorithm similar to that developed for ocean thermal energy con-

. version (OTEC) cycles by TRW, Inc. (15). This algorithm has been

used in conjunction with the upgraded Phase I cycle simulator
developed by the authors (16).

The objective function which was selected for minimization
in the optimization algorithm is system capital cost per kilo-
watt of net plant capacity. Other objective functions which
were to be added later include cost per kilowatt-hour of net
plant output, negative of the net plant capacity per lb of brine
used, negative of the net plant output, and negative of the net
plant work divided by the availability.

The simulator can be used in three modes: (1) a "once-
through" calculation wherein the net plant capacity is calcu-
lated from an input value of brine flow rate, and heat exchanger
calculated fluid pressure drops may not be consistant with
input values; therefore it is the responsibility of the cycle
designer to resolve the heat exchanger pressure drops external
to the simulation; (2) the heat exchanger pressure drops and
the brine flowvrate are adjusted to obtain a desired net plant
capacity; (3) the selected objective function is minimized
with respect to any one or more of six parameters while the

steps of (2) are repeated for each perturbation of the para-

‘meters.
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The parameters are varied by a fixed step direct search
performed on the parameters one at a time. Parameters selected
for analysis include: (1) evaporator working fluid exit approach
temperature, (2) evaporator minimum pinch temperature, (3) con-
denser working fluid exit approach temperature, (4) condenser
working fluid inlet approach temperature (5) turbine inlet pressure
and (6) cooling water exit temperature. The difference in the
objective function value is checked as each parameter is varied
in a fixed increment which is an input value for each parameter.
The incrementation will continue in the direction leading to a

minimum until the objective begins to increase. If more than

one parameter is to be varied, the parameter value which yields
the minimum objective is used in subsequent calculations with
the other parameters. The sequence of parameter variations is
essentially in the order as listed above. The uncertainty
region containing the local minimum with respect to each
parameter can be reduced by decreasing the various input
parameter increment values and repeating the search procedure.
The optimization routine is not a substitute for engineer-
ing judgement, but rather an effective tool which permits the

design engineer to evaluate multiple cases with minimal effort.
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7.0 DEVELOPMENT OF SIMULTANEOUS OPTIMIZATION ROUTINE

The basic limitation of the sequential optimization routine
described previously is that the final optimum value of the
objective function may be different, depending on the order
of the optimization procedure. A simultaneous optimization
routine, by definition, would not suffer from this restriction.

A multi-dimensioned steepest descent optimization routine
based on the flexible tolerance method {17) was developed. This
algorithm permits the optimization of the defined objective
function without regard to parameter order. Details of this
methodology, including computer algorithm flow charts, are
available (18).

The objective function used in this optimization algorithm
is the system capital cost per kilowatt of net plant generation
capacity.

The variables used to minimize the objective function are:

(1) turbine inlet pressure
(2) brine inlet approach temperature

(3) brine heat exchanger pinch point temperature
difference

(4) cdoling water exit temperature
(5) condenser inlet approach temperature
(6) condenser exit approach temperature.
The composition of the working fluid and the georesource
temperature are the major independent variables used in this
study. However, it is not feasible or desirable to include these

functions within an optimization routine.
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8.0 COMPARISON OF PURE HYDROCARBON AND MIXTURE WORKING FLUIDS

Parameter sensitivity studies were conducted using the
geothermal binary cycle simulator to compare pure hydrocarbon
and mixture working fluids. The cycle working fluids considered
in this study were isobutane, isopentane, and various binary
mixtures of these compounds. The cycle operating conditions and
performance for the working fluids evaluated in this study are
discussed below.

The design basis parameters used to conduct this sensitivity
study are listed in detail in Appendix A. The sequential search
method was used to determine near optimal values of turbine in-
let conditions, heat exchanger approach temperatures and cooling
water exit temperature. The general trends which are noted
should be correct, although the operating conditions obtained
from the sequenfial search routine may be non-optimal in a few

cases.

8.1 Total System Cost

Figure 8.1 illustrates the effect of variations in working
fluid molecular weight and georesource temperature on the total
system capital cost, in 1976 dollars. Tables 8.1 through 8.4 show
the various cycle parameters for the 300° to 500°F georesource
temperature range. At 300°, 350° and 400°F three different mixtures
of iosbutane and isopentane exhibit the lowest total system costs
compared to either isohutane or isopentane cycles. This is due
primarily to the higher turbine inlet temperatures and/or larger
enthalpy change in the turbine attainable for these mixtures com-

pared to pure isobutane or isopentane. A related factor is that
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Table 8.1 Comparisons of Cycle Parameters
for the Georesource Temperature

of 300°F.
iC4H10 = /5% 104“10 = 50%
Compound 104”10 iCb.ll12 = 25% iCSle = 50% iCSle
Mol. Weight 58.12 61.626 65.133 72.146
Net Power, MW 25.00 25.00 25.00 25.00
Gross Power, MW 31.07 30.21 29.76 | 29.93
Plant Cost, $/KW 868 817 772 820
Total System Cost, $/KW 1453 1434 1398 1508
Turbine Inlet P, psia 300 250 200 100
Turbine Inlet T, °F 220 232 235 210
Turbine A, Btu/lb 19.37 21.40 21.97 18.97
Condenser Superheat AT,OF 26.0 33.2 38.9 43.4
Cond. Superheat AH,Btu/lb 11.95 15.08 17.83 19.05
Condenser Dew Point P, psiaj 78.1 57.7 44,2 23.6
Condenser Dew Point T, “F [108.0 116.9 119.0 109.0
Heat Exch. Bubble Point T H221.1 223.4 224.0 219.6
Brine Exit T, °F 182.4 191.8 193.0 192
Brine Flow, MM 1b/hr 7.515 7.931 8.060 8§.858
Working ¥luid to Brine Ratio] 0.728 0.607 0.573 0.608
Cool. Water to Brine Ratio 5.89 4.87 4 .87 6.14
Net Work/Availability 0.3161 0.2997 0.2952 0.2682
Net Thermo Efficiency, % 10.80 11.10 11.10 10.23
Res. Thermal Util., Effic.,%| 5.81 5.47 5.38 5.02
Net Plant Work, Btu/1b Brine| 11.35 10.76 10.60 9.63
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Table 8.2 Comparisons of Cy« le Parameters
for the Georesour(e Temperature

of 350°F
Compound 1c,H izazlo :~§gi 124310 : j:; iC_H
4710 5712 5712 5712

Mol. Weight 58.12 65.133 68.64 72.146 |
Net Power, MW 25.00 25.00 25.00 25.00
Gross Power, MW 31.14 29.27 28.85 28.49
Plant Cost, $/KW 673 620 606 593
Total System Cost, $/KW 1032 997 991 1003
Turbine Inlet P, psia 450 300 230 170
Turbine Inlet T, °F 260 273 269 256
Turbine AH, Btu/lb 21.94 27.10 26.75 25.1 |
Condenser Superheat AT, °F 17.5 48.8 58.30 61.0 |
Condenser Superheat AH, Btu/lb| 8.24 22,5 26.60 27.40
Condenser Dew Point P, psia 86.3 45,6 34.6 26.2
Condenser Dew Point T, °F 115.0 122.0 120.0 115.0
Heat Exch. Bubble Point T, °F |260.2 263.1 262.5 261.7
Brine Exit T, °F 186.4 203.8 204.1 211.7
Brine Flow, MM 1b/hr 4.623 4.856 4.947 5.276
Working Fluid to Brine Ratio 1.048 0.759 0.743 0.734%
Cooling Water to Brine Ratio 7.33 6.510 6.516 6.196
Net Work/Availability 0.280 0.274 0.268 0.255 |
Net Thermo Efficiency, % 12.15 12.91 12.69 12.52
Res. Thermal Util. Efficiency,

% 7.36 6.99 6.86 6.41
Net Plant Work, Btu/lb Brine 18.45 17.57 17.25 16.17
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Table 8.3 Comparisons of Cycle Parameters
for the Georesource Temperature

Net Plant Work, Btu/lb Brine

of 400°F
Compound % 1C,H iEAHlo : :z: E i24:10 : zg; 1C.H g
4710 5712 ! 5712 5712 ;
Mol. Weight 58.12 65.133 i 61.626 72.146%
| Net Power, M 25.00 25.00 L 25.00 25.00 |
Gross Power, MW 31.76 30.13 i 29.04 28.19 ?
Plant Cost, $/KW 634 608 558 529
Total System Cost, $/KW 908 866 833 820
Turbine Inlet P, psia 550 450 350 200
Turbine Inlet T, °F 285 287 287 272
Turbine AH, Btu/lb 22.88 25.68 27.26 26.18
Condenser Superheat AT, p 12.6 26.5 46.9 65.3
Condenser Superhear AH, Btu/lh 5.98 12.4 21.86 29.4
Condenser Dew Point P, psia 88.7 67.3 50.9 28.9
Condenser Dew Point T, °F 117.0 127.0 129.0 121.0
Heat Exch. Bubble Point T, °F | --- 282.9 279.2 277.3
Brine Exit T, °F 195.7 191.5 206.9 215.4
Brine Flow, MM lb/hr 3.533 3.314 3.544 3.749
Working Fluid to Brime Ratio 1.34 1.21 1.03 0.980
Cooling Water to Brine Ratio 9.19 8.50 7.24 7.57
Net Work/Availability 0.271 0.294 0.284 0.266
Net Thermo Efficiency, % 12.52 12.96 12.99 12.84
Res. Thermal Util. Efficilency
% 7.99 8.44 7.84 7.41
24,14 25.74 24,08 22.76
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Table 8.4 Comparisons of Cycle Parameters
for the Georesource Temperature

of 500°F

iC4H10 = 50%

Compound iC,H, iC.H,, = 50% iC.H,,
Mol. Weight 58.12 65.133 72.146
Net Power, MW 25.0 25.0 25.0
Gross Power, MW 32.72 29.29 27.99
Plant Cost, $/KW 519 455 411
Total System Cost, $/KW 720 639 598
Turbine Inlet P, psia 700 450 250
Turbine Inlet T, °F 314 315 294
Turbine AH, Btu/lb 23.4 28.0 25,89
Condenser Superheat AT, p 19.8 44.9 67.3
Condenser Superheat AH, Btu/lb 9.73 21.27 31.42
Condenser Dew Point P, psia 106.3 58.4 36.7
Condenser Dew Point T, °F 130.2 138.0 136.0
Heat Exch. Bubble Point T, °F - 306.7 299.8
Brine Exit T, °F 228.0 228.0 222.5
Brine Flow, MM 1b/hr 2.582 2.366 2.408
Working Fluid to Brine Ratio 1.85 1.51 1.53
Cooling Water to Brine Ratio 10.54 9.65 8.62
Net Work/Availability 0.2798 0.3052 0.2997
Net Thermo Efficiency, % 12.27 13.25 12.64
Res. Thermal Util. Efficiency, % 7.95 8.55 8.35
Net Plant Work, Btu/lb Brine 33.05 36.06 35.4
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the net thermodynamic cycle efficiencies of the mixture cycles

are slightly larger than the pure fluid cycles as noted in Tables
8.1 through 8.4. The dotted line in Figqure 8.1 between the 300°F
and 500°F georesource temperature represents the locus of optimal
working fluid molecular weight. This locus of optimal working
fluid molecular weight is limited to the isobutane-isopentane sys-
tem. Moreover, this locus is very sensitive to changes in the cost
models. For example, if the particular site-specific brine system
cost declines sharply, the locus of optimal molecular weight will
shift towards the higher molecular weight working fluids. The re-
verse will be true if power conversion plant costs decrease shar?ly

(e.g., due to advances in technoloagy).

8.2 Power Conversion Plant Cost

Figure 8.2 shows the effect of variations in working fluid
molecular wieght and georesource temperature on the power conversion
plant capital costs. The power conversion plant includes all major
plant equipment except the brine delivery and disposal systems. The
power conversion plant capital cost exhibits a minimum for a parti-
cular molecular weight working fluid at each georesource temperature.
For a 300°F'§eoresource temperature, a 50% isobutane and 50% iso-
pentane mixture(molecular weight of 65.13) has lower power conversion
plant cost, primarily due to lower turbine and cooling tower cost,
than the pure isopentane éycle. For the georesource temperature
range of 350°-500°F isopentane seems to have a lower power conversion
plant cost mainly due to lower brine heat exchanger, condenser and
fluid pumping costs. Since brine heat exchanger and condenser costs
decrease with increasing working fluid molecular weight, whereas

turbine costs increase with increasing molecular weight, a trade-off
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exists between these major cost items in power conversion plant

equipment.

8.3 Brine System Cost

Geothermal brine delivery costs are extremely site dependent,
but for particular geothermal producing areas, the total cost of
geothermal fluid delivery increases as the required flow rate in-
creases. For process evaluation purposes, a typical cost of $500,000
to drill a geothermal well with a flow rate of 500,000 lb/hr was
assumed for this study. Additional costs for well-to-plant piping,
as well as indirect costs are added to the well cost to obtain the
total brine system cost.

The brine system cost, which includes the cost of reinjection
wells (equal number of production and reinjection wells) and pumping
and piping system requirements, is shown in Figure 8.3 as a function
of georesource temperature and molecular weight. The brine system
cost increases with working fluid molecular weight for the geore-
source temperature range of 300°-400°F, but decreases with molecular

weight for the 500°F georesource temperature.

8.4 Power Conversion Plant Capital Cost Elements

The cost of geothermal power is mainly affected by the capital
investment requirement of the primary process units.

The primary cost elements are: {1) brine heat exchanger, (2)
condenser, (3) turbine and generator, (4) fluid pumping equipment,
and (5) auxiliaries. The cost of auxiliaries is proportional to
the other cost elements. 1In this section, power conversion plant

equipment costs will be detailed.
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8.4.1 brine heat exchanger cost

Brine heat exchanger cost is primarily dependent on the heat
transfer surface area required and the design pressure rating. Note
the design pressure rating must be about 25% higher than the normal
operating pressure in order to prevent relief valve operation during
load variations. Heat exchangers designed to accomodate high pressure
operation require thicker containment, hence substantially increased
costs are incurred.

Figure 8.4 shows the effect of georesource temperature and
working fluid molecular weight variations on the brine heat exchanger
capital cost estimate. It can be seen from Figure 8.4 that brine.
heat exchanger costs decrease with increasing georesource tempera-
ture and/or increasing molecular weight. The costs for higher mole-
cular weight fluids decrease mainly due to the lower operating pres-

sures and hence lower cost per square foot of heat transfer area.

8.4.2 condenser cost

Like brine heat exchanger costs, the condenser costs depend
primarily on the heat transfer surface area requiremeht and the design
pressure rating. It has been assumed here that condensers with design
pressures (1.25 x operating pressure) between 15-50 psia would have
the same cost/ft2 of heat transfer surface. |

Figure 8.5 presents condenser costs at various georesource
temperatures versus working fluid molecular weights. Condenser costs

follow a pattern similar to that noted for the brine heat exchanger.

8.4.3 turbine and generator cost

Turbine cost is a direct function of the last stage diameter
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of the turbine and the number of exhaust ends on a common shaft.
Other factors include the blade tip speed and the turbine inlet
pressure. The turbine cost estimates are based on a model developed
by the Barber-Nichols company of Denver, Colorado (19). The generator
cost is a direct function of the gross plant power produced (20).
.The effect of variations in working fluid molecular weight and
georesource temperature on turbine and generator capital costs is
shown in Figure 8.6. The turbine cost increases with increasing
molecular weight at a particular georesource temperature. However,
the turbine cost decreases with increasing georesource temperature
for a‘given molecular weight. Only axial flow turbines have been

considered in the present study.

8.4.4 cooling tower cost

The cooling towers considered in this study are wet cooling
towers of the mechanical draft type. Figure 8.7 shows the cooling
tower cost as a function of georesource temperature and working fluid

molecular weight.

8.4.5 working fluid and cooling water pump cost

Figure 8.8 illustrates the working fluid and cooling water
pumping costs associated with various molecular weight working fluids
at various georesource temperatures. The isobutane cycle has the
highest pumping costs, since the isobutane operating pressure is

higher than other fluids at each georesource temperature.

8.5 Energy Conversion Efficiency

There are several parameters used to evaluate the efficiency of

the power cycle. The relationships between these various indicators
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were detailed previously (2). 1In order to maximize the ability to
compare the results of this parameter sensitivity study with the re-
sults of other work, the most commonly used efficiency indicators

are described below.

8.5.1 resource thermal utilization efficiency

Figure 8.9 illustrates the effects of variations in molecular
weight and georesource temperature on the net resource thermal uti-
lization efficiency (WNP/QR). The important points to note are:

(1) The net thermal utilization efficiency for a given

working fluid increases with increasing the georesource

temperature. Since lower brine and cooling water flow

rates are required at higher georesource temperatures,

which result in decreased parasitic power losses, thus

increasing the net plant work per unit mass of brine.

(2) For subcritical pressure cycles, the net thermal uti-
lization efficiency decreases with increasing working fluid
molecular weight while the opposite trend occurs for super-
critical pressure cycles (molecular weight of 58-61 at 400°F
and 58-65 at 500°F). The behavior for subcritical cycles
occurs in part because the brine heat exchanger duty in the
boiling range is larger for the higher molecular weight fluids,
forcing the brine exit temperature to be larger (the bubble
point temperature is essentially the same for each working
fluid conéidered). The behavior for supercritical cycles
occurs in part because the brine heat exchanger operating pres-
sure decreases with molecular weight, leading to smaller logar-

ithmetic mean temperature difference, with the net result that
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the net work per unit mass of brine is increased (reflected
in Figure 8.9 in an increase in the net resource thermal

utilization efficiency).

It can be noted that isobutane-isopentane mixture cycles at
400°F and 500°F have higher resource thermal utilization efficiencies

than either the pure isobutane or isopentane cycle.

8.5.2 net cycle work/availability

Net cycle work to availability ratio defined here can also be
called resource utilization efficiency. Milora and Tester (20)
refer to this as the resource utilization factor. The term net cycle
work/availability ratio, Nyr is used here to avoid confusion with
the resource thermal utilization efficiency discussed earlier. It
may be noted here that n, can be determined for any geothermal energy
conversion process and therefore process details are not required for
intercomparisons of processes using this efficiency measure. Other
efficiency measures, such as thermal efficiency, which is useful for
intercomparing binary cycles but cannot be defined for tqtal flow
processes, aré inadequate for broad intercomparisons of geothermal
energy conversion processes.

Figure 8.10 illustrates the behavior of Ny for various working
fluids at various georesource temperatures. The following points
can be noted:

(1) The net cycle work/availability ratio for the working

fluids studied has a maximum in the 350°F to 400°F georeéource

range.

(2) The net cycle work/availability ratio is greatest for
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the 75% isobutane and 25% isopentane mixture, primari}y
due to the fact that this working fluid has the lowest
brine flow rate at this georesourée temperatufé which re-

sults in higher net cycle work per unit mass of brine.

(3) Since the availability at a specific georesourcef
temperature is the same for any working fluid, the net
plant work per unit mass of brine must be increased in
order to achieve higher values of Ny Therefore, smailer
brine flow rates are desired for maximizing net cycle!

work/availability.

i

(4) The maximum Value of My for isobugaﬁé<fé}.ﬁhe ecé-
nomically optimized cycles considered here occurs at a
georesource temerpature of 35G°F, whereas‘Milora and
Tester's maximum U for isobutane for thermodynamically
optimized cycles occurs at a georesource temper%ﬁure of
415°F (20). This indicates that economic factors must
be included along with thermodynamic and process factérs,
to determine the optimum working fluid for a given gebre—

source condition.

8.5.3 cycle net work per unit mass of brine

The cycle net work per unit mass of brine is another parameter
which has been used as an optimization parameter, and is a measure
of geothermal fluid resource utilization. Figure 8.11 illustrates
the effect of variations in georesource temperature and working
fluid molecular weight oh net cycle Qork:per pound of brine. Since

the geothermal well system (or brine system) is a major cost element, the
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maximization of cyéle net work per unit mass of brine results in
the minimum brine system cost for a given cycle.

Since the cycle net plant work was fixed at 25 Mw for this
study, it is apparent that cycles with minimum brine flow rate
would yield maximum cycle net work per unit mass of brine at a
specific georesource temperature. It can be noted in Figure 8.11
that for the 300°F and 350°F georesource temperatures isobutane
yields the greatest net plant work per unit mass of brine. For the
400°F georesource a mixture (75% isobutane and 25% isopentane)
yields the highest net plant work per unit mass of brine. At 500°F
an equimolar (50-50) yields the maximum cycle net work per unit mass
of brine. It is interesting to note that in agreement with the
present work, Ingvarsson and Turner (21) report isobutane to give
better performance than isopentane in the georesource temperature
range of 300°-360°F. However, they report that isopentane yields
better performance than isobutane in the georesource temperature
range of 380°-400°F, whereas isopentane becomes superior to iso-
butane at a georesource temperature above 400°F according to the

present work.

8.5.4 thermodynamic cycle efficiency

The thermodynamic cycle effiéiency; WN/QH, is a traditional
measure of the performance of the working fluid and cycle. This -
efficiency is determined by the operating conditions of the cycle and
the thermodynamic behavior of the working fluid. From the defi-
nition of thermodynamic cycle efficiency, it is obvious that for a
given net plant output it can be increaséd by two fundamental ways:

(1) increasing the net thermodynamic cycle work and (2) reducing
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the brine heat exchanger load.

Figure 8.12 shows the net thermodynamic cycle efficiency versus
georesource temperature and molecular weight. It can be noted in
Figure 8.12 that isobutane-isopentane mixtures yield higher effici-
encies than either isobutane or isopentane for all georesource tem-
peratures studied. The reasons for the behavior of the net thermo-
dynamic cycle efficiency shown in Figure 8.12 will be made evident
in the discussion on the working fluid enthalpy change in the tur-

bines.

8.6 Near Optimum Cycle Operating Parameters

In order to understand more fully the impact of cycle operating
conditions on the capital cost and performance of geothermal power
cycles which use various working fluids, including mixtures, the
following section details the priniciple cycle operating conditions

used in the parameter sensitivity study.

8.6.1 turbine inlet pressure

The results of the capital cost optimization carried out to
determine the near optimal turbine inlet pressure for the five
working fluids (pure fluids and mixtures) at various georesource
temperatures (300°F-500°F) are presented in Figures 8.13 and 8.14.
The turbine inlet pressure for near optimal performance can be cor-

related as follows:

PT = -652.2 - 13.50 (M.W.) + 9.81 (Tg)

+ 0.1796(M.W.)2 - 0.00386 (Tg)2

- 0.0833 (M.W.) (Tg)
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where M.W. = hydrocarbon working fluid molecular weight
PT = turbine inlet pressure, psia
Tg = temperature of the geothermal resource, °F

%The near optimal turbine inlet pressure increases with increasing
georesource temperature and decreasing working fluid molecular weight.
The increase in turbine inlet pressure with increasing georesource
température is smaller for the higher molecular weight working fluids.
Another result to note is the fact that the turbine inlet pressures
of ail three:isobutane—isopentane mixture working fluids lie between

the pure component turbine inlet pressures.

8.6.2 turbine inlet temperatufetand enthalpy change in turbine

iFigures 8.15.and 8.16 illustrate the effects of molecular weight
and georesource temperature on the turbine inlet temperature and work-
ing fluid enthalpy drop in the turbine. The following points can be
noted:
i(l) The turbine inlet temperature and enthalpy drop in the
;turbine both increase with.increasing georesource temperature.
;This is due prinpipally to the fact that as higher georesource
ltémperatﬁfeé aréwconsidered, there is a trade-off between de-
icreased heat exchanger size (due to increased LMTD) and increased
~cycle thermodynamic efficiency (due to increased turbine inlet
itemperatqre). Because a higher working fluid temperature at the
turbine inlet results in a greater enthalpy drop in the turbine,

a lower working fluid flow rate also results.

(2) 'The turbine inlet temperature for a given molecular weight

mixture is greater than the straight line interpolation of pure
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fluid turbine inlet temperatures (shown as dotted lines in
Figure 8.15. The enthalpy drop in the turbine behaves in an

analogous manner (Figure 8.16).

A cbmparison between mixture and pure fluid cycle state points
is given in Figure 8.17 on a superimposed temperature-enthalpy dia-
gram for isobutane and the 50% isobutane-50% isopentane mixture cycles
for the case of a 300 °F georesource temperature. The turbine inlet
temperature and enthalpy for the mixture are both considerably higher
than for isobutane. However, the mixture has greater superheat and
a higher enthalpy than isobutane at the turbine exit. Because the
gain at the turbine entrance exceeds the loss at the turbine exit,
the mixture cycle yields more gross turbine work per unit mass of work-
ing fluid than the isobutane cycle.

Some of the major differences between pure fluid and mixture
cycles can be explained by reference to Figure 8.17. First, it can
be noted that the vaporization and condensation of the mixture is very
nonisothermal compared to the pure working fluid. Thus, for specified
cooling water inlet and outlet temperatures, and fixed condenser
LMTD (logarithmic mean temperature difference) in the condensing
region, the mixtﬁre condensing curve would intersect the pure fluid
condensing curve (usually near the midpoint). For the binary mixture
of isobutane and isopentane, the turbine exit superheat would be
greater than for isobutane and less than for isopentane. Thus, the
overall condenser LMTD for the binary mixture would be between the
pure fluid cycle condenser LMTD's. This behavior of the condenser
LMTD's will be verified subsequently. With respect to the brine

heat exchanger, the near optimal LMTD for isopentane is lower than
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for isobutane. This is because the turbine inlet pressure to achieve
a given turbine inlet temperature is smaller for isopentane that iso-
butane (by a factor of about one third), leading to lower brine heat
exchanger cost per unit area and a smaller LMTD for the isopentane
cycle. This lower cost per unit heat transfer surface area for the
brine heat exchanger also allows a larger brine exit temperature for
the economic optimum for the isopentane cycle. For binary mixtures
of isobutane and isopentane, the near optimal brine heat exchanger
LMTD's and brine exit temperatures fall between the pure fluid cycle
values. It is interesting to note that the bubble point temperature
of the working fluid in the brine heat exchanger is virtually inde-
pendent of working fluid compositionv(within a few degrees F) for a
given georesource temperature (see Tables 8.148.4). The fact that
the isobutane-isopentane mixture vaporization curve is nonisothermal
then yields a larger enthalpy at the turbine inlet than would be ob-
tained for pure isobutane (see Figure 8.17). It was noted previously
with reference to Figure 8.17 that the mixture has a larger enthalpy
than isobutane at both the turbine inlet and exit, but the enthalpy
drop in the turbine is greater for the mixture because the enthalpy
difference is greater at the turbine inlet. Similarly, isopentane
has a larger enthalpy than the mixture at both the turbine inlet and
exit but because the difference is greater at the turbine exit, the

enthalpy drop for the mixture is greater than for pure isopentane.

8.6.3 brine heat exchanger and condenser temperature differences

The cost optimization studies for the geothermal binary cycle
(without preheater) demonstrate that optimal brine heat exchanger and

condenser LMTD's (for counter current flow) vary with georesource
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temperature and molecular weight as in Figure 8.18. The major
factors leading to the results in Figure 8.18 were explained in

the previous subsection. The parameters which directly affect the
exchanger LMTD's are the inlet and exit approach temperatures and
the pinch point (or minimum) temperature difference. Since the
approach temperature at the brine inlet (DTHWI) is fixed for a
specified turbine inlet pressure, while the approach temperature

at the brine exit is a function of the minimum approach temperature
or pinch temperature difference (DTHWO), it is obvious that the
pinch temperature difference is the parameter controlling the brine
heat exchanger LMTD. On the other hand, the condenser LMTD can be
controlled by the approach temperature at the working fluid dew point
(DTCWO)or the approach temperature at the working fluid bubble point
(DTCWI). The approach temperature at the working fluid dew point
(DTCWO) is the pinch point temperature difference for pure fluids
and mixtures for which the working fluid temperature drop is less
than the cooling water temperature rise in the condensing region.
The approach temperature at the working fluid bubble point (DTCWI)
is the pinch point temperature difference for mixtures for which

the working fluid temperature drop is grgater than the cooling water
temperature rise in the condensing reéion.

FPigure 8.19 shows the effect éf georesource temperature on the
brine heat exchanger pinch temperature difference for isobutane, iso-
pentane and three mixture working fluids. It can be noted that the
pinch point temperature curves for isopentane and mixtures containing
at leaét 50% isopentane are concave increasing functions of geore-
sourcé temperature, whereas the pinch temperature curves for isobutane

and the mixture containing 75% isobutane are concave below 400°F and
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convex above 400°F. This is due to the fact that above 400°F,
georesource, the isobutane and 75% isobutane - 25% isopentane
cycles are supercritical. Por subcritical cycles the pinch point
occurs very near the working fluid bubble point in the brine heat
exchanger. The pinch point occurs nearer to the brine outlet for
supercritical cycles than for subcritical cycles. Because the
working fluid temperature profile in the brine heat exchanger is
more linear for supercritical cycles, the pinch point temperature
difference plays a less dominant role in fixing the LMTD for super-
critical cycles than subcritical cycles. This leads to the de-
creased slopé of the pinch point temperature difference versus
georesource temperature for supercritical cycles.

Figures 8.20 and 8.21 show the optimal condenser approach
temperatures for the georesource temperature range of 300°F to
500°F for various working fluids. Both the approach temperature
at the working fluid dew point, DTCWO, and the approach tempera-
ture at the cooling water inlet, DTCWI, increase almost linearly
with increasing goeresource temperature for a given working fluid.
For a specified working fluid and georesource temperature, the con-
denser pinch point temperature difference is the smaller of DTCWO
and DTCWI. In most instances DTCWO is the pinch point temperature
difference. It can be noted from Figufe 8.20 that DTCWO values
for mixtures are greater than the pure fluid values, from Figure
8.21 that DTCWI values for mixture are less than the pure fluid
values and from Figures 8.18 that mixture cycle LMTD values gen-

erally fall between the pure fluid cycle LMTD values.
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8.6.4 condenser dew point pressure and temperature

The variations of condenser dew point pressure and tempera-
ture with increasing georesource temperature are plotted in Figure
8.22 for the optimized working fluid at each georesource temperature.
The dew point pressures and temperatures are almost linear be-
tween the 300° and 400°F georesource temperatures, but increase non-
linearly above 400°F. The working fluid dew point temperature in
the condenser is approximately equal to the sum of the cooling water
exit temperature and the approach temperature at the dew point (DTCWO).
The fact that the dew point temperature 1s approximately constant at
120°F for the optimized cycles in the 300°F to 400°F georesource
range leads to the decreasing dew point pressure in this range by
virtue of the fact that the optimum working fluid has an increasing
molecular weight and therefore a decreasing dew point pressure at 120°F.
For georesource temperatures above 400°F, the fact that the condenser
LMTD and cooling water exit temperature for cost optimized cycles both

increase leads to the upward trend in the working fluid dew point

temperature and pressure in the condenser.

8.6.5 cooling water exit temperature

The cooling water exit temperature variation for the geore-
source temperature range of 300°-500°F is illustrated in Figure
8.23. The slope of the cooling water exit temperature curve for
isopentane probably is greater than for isobutane because the amount
of superheat at the turbine exit increases with increasing georesource
temperature more rapidly for isopentane. When the superheat at the
turbine exit is large, both a large condenser LMTD and a large ap-

proach temperature at the dew point (DTCWO) are possible.
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8.6.6 brine heat exchanger and condenser duty

Figures 8.24 and 8.25 illustrate briné heat exchanger and
condenser duty variations for various georesource temperatures
versus hydrocarbon working fluid molecular weight. For Rankine
cycles with efficiences as low as geothermal binary cycles, the heat
exchanger duties (for a specified net work) are roughly inversely
proportional to the net thermodynamic cycle efficiency. For the
thermodynamic cycle, the net work (turbine plus cycle pump work),
WN' is
Wy = Qy t Qe
where Qy is the brine heat exchanger duty and ~Qc is the condenser

duty. The net thermodynamic cycle efficiency, n, is then

Thus, the following relations can be written for QH and QC’

Q =W_N_
H n

=

Q. =W —QH=n—N-(n-l)

Thus, for specified W,, Q. is inversely proportional to n and if

H
n is small, -0 is roughly inversely proportional to n. This be-

havior of the brine heat exchanger and condenser duty is illustrated
clearly in Figures 8.24 and 8.25 when these figures are compared with

Figure 8.12 for the net thermodynamic cycle efficiency.
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8.6.7 brine flow rate

Brine flow rates for various georesource temperatures are plotted
versus hydrocarbon working fluid molecular in Figure 8.26. It can be
noted that except for the 500°F georesource temperature, the brine
flow rate increases with increasing molecular weight. This occurs
because the brine heat exchanger pressure is smaller for the higher
molecular weight working fluids, leading to lower heat exchanger cost
per unit heat transfer surface area, thereby allowing smaller LMTD's
and higher brine flow rates for the cost optimized cycles. At the
500°F georesource temperature, most of the difference between operating
pressures for different working fluids is taken up by the LMTD varia-
tion, and the brine flow rate is nearly constant, whereas at 300°F,
most of the difference is taken up by brine flow rate variation and
the LMTD is nearly constant, as can be noted by consulting Figures
8.26 and 8.18.

Figure 8.27 shows the brine flow rate for near optimal working
fluids versus georesource temperature. It can be seen from this plot
that for georesource temperatures of 250°F or lower, brine flow rate
requirements will increase tremendously. This is due mainly to the
fact that the net extractable energy in the brine decreases sharply
at lower georesource temperatures, so that large brine flow rates are

needed to generate the specified power (25 MW in Figure 8.27).

8.6.8 working fluid to brine flow rate ratio

Figure 8.28 shows the effects of molecular weight and georesource
temperature on the working fluid to brine flow rate ratio. For most

georesource temperatures, the working fluid to brine ratio decreases
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with increasing molecular weight. Even though the working fluid
to brine ratio increases with increasing georesource temperature,
the actual working fluid flow rates are comparatively lower at

higher temperatures.

8.6.9 cooling water to brine flow rate ratio

Figure 8.29 illustrates the behavior of the cooling water to
brine flow rate ratio versus hydrocarbon working fluid molecular
weight for the georesource temperatures studied herein. The cooling
water to brine ratio increases with increasing georesource temperature
but shows somewhat erratic behavior with molecular weight. Except for
the higher molecular weights for 300° and 400°F, the general trend
seems to be that the ratio of cooling water to brine flow rate de-
creases with increasing working fluid molecular weight. The cooling
water requirements are dependent upon the condenser duty and the
cooling water temperature rise in the condenser, which in turn are
dependent upon the condenser approach temperatures and cooling water
exit temperature. Nonoptimal values of these parameters may contri-

bute to the erratic behavior noted in Figure 8.29.

8.7 Wofking Fluid Selection

The calculations performed for isobutane, isopentane and iso-
butane-isopentane mixtures provide enough information for a preli-
minary correlation of near optimal working fluid characterization
parameters (for the special case of the hydrocarbon working fluids
and cost formulas utilized). The characterization parameters con-
sidered are the molar average molecular weight, MW, critical tempera-
ture, Tc, critical density, pc, and acentric factor, w. These quan-

tities are calculated using the formulas
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MW = X Zi(MW)i

ked
[}
™~

]

©

w =L 2, w

where (MW)i, T , Po.t W5 and Zi are, respectively, the molecular

i 1

(o]

weight, critical temperature, critical density, acentric factor and
mole fraction of the ith component and the summations range over all
components in the mixture (for a pure working fluid, there is only
-one term in the sum). - Table 8.5 and Figures 8.30 and 8.31 show the
values of these characterization parameters for the optimal working
fluids determined in this study. Although Figures 8.30 and 8.31 can
be used for working fluid selection and the previously discussed plots
of parameters such as turbine inlet pressure can be used for operating
conditions selection for geothermal binary cycles, caution should be
exercised in such use of these results. The consideration of other
classes of working fluids (such as halocarbons) will introduce ad-
ditional factors (such as dipole moment effects) and the consideration
of different equipment types and/or brine system and equipment cost
formulas will cause translation and warping of the plots of the various
parameters studied. Nevertheless, the study presented here provides
perspective regarding the trends of the various parameters and the

behavior of binarykmixtures compared to pure fluids.




81

Table 8.5 Near Optimal Working Fluid Paramegers for
Georesource Temperature Range 300 F-500"F

Pseudo Pseudo
Georesource Molecular Critical Critical Pseudo
Tempgrature Compound Weight Density Tempgrature Accentric
) (1b mole/ft™) )] Factor
104H10 = 507% ,
300 65.13 0.2200 322.0 0.2045
iCSHl2 = 507
iC[‘H10 = 257
350 68.64 0.2113 345.5 0.2152
iC5H12 = 75%
iC4HlO = 15% o
400 70.04 0.20789 354.9 0.2216
iCSH12 = 85%
500 iCc_H 72.15 0.2027 0.2260

5712

369.0




ht

Near Ontimal Molecuiar We

ig

82

k 4 ¥ 1
- Net Power: 25 MW ]
90 1~ -
80 3™ -
70 x

//
-
7
| _ ~
60 % -
508 -
40§ o
]
30! 2 I g 1
250 300 350 400 450 500

" 0.
Ceoresource femperature, ¥

Figure 8.30 Molecular Weipht as a Function of Georcsource
Temperature




Near Optimal Critical Temperature, OF

450

400

350

300

250

200

83

] ] | |
- Net Power: 25 MW =
- -

Critical Temperature

0.40
1

0.30

Accentric Factor

\

\

 d
0.20

Near Optimal Accentric Factor
[}

Critical Density

|

(=]
o
i | ] 1 1 © .
250 300 350 400 450 500

o
Georesource Temperature, F

Figure 8.31 Critical Tcwmperature, Critical Density and Accentrie Factor

as a Function of CGeorcsource Temperature

0.40 0.5

0.30
Near Oontimal Critical Dﬁnslty, 1b molc/Ft3

0.20

0.10



84

9.0 PRELIMINARY STUDIES OF THE SENSITIVITY OF CYCLE DESIGN

CALCULATIONS TO VARIATIONS IN THERMODYNAMIC PROPERTIES
CORRELATIONS

Because there are a number of different correlations of the
thermodynamic properties of working fluids, it is important to
know the sensitivity of cycle design calculations to variations
in the correlations used in the calculations. Eskesen (22) found
that there were relatively small differences in the state condi-
tions of isobutane in a binary cycle when the calculations were
performed using the Martin-Hou equation of state with parameters
determined by Milora (20) and the modified BWR equation of state
(1, 23).

Because three sets of MBWR equation parameters for isobutane
have been reported by the authors of this report, a preliminary
study was performed in this work to evaluate the sensitivty of iso-
butane cycle calculations to variations in the MBWR parameters for
this important working fluid. The three sets of MBWR parameters
for isobutane are (a) the specific parameters published (23) in
1973, (b) the parameters obtained from the generalized correlation
published (23) in 1973 and (¢) the specific parameters determined (24)
in 1977. The 1977 parameters (24) most accurately describe the
properties of isobutane. The generalized parameters are the least
accurate for prediction of pure isobutane behavior. However, for
the prediction of mixture behavior, interaction parameters have
been determined only for the 1973 GMBWR (generalized modified
Benedict-Webb~Rubin) equation (1, 23). The thermodynamic properties

computer program presented in Report OR0-4944-2 (1) utilizes the
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generalized parameters for mixture properties predictions and
provides the option of use of the generalized or specific para-
meters for pure fluid calculations. The 1973 and 1977 MBWR
parameters for isobutane are given in Table 9.1. The GMBWR
parameters for isobutane can be calculated using the generalized
correlation (1,23).

The calculations performed initially in this study were
unoptimized conventional ygyeothermal binary cycle calculations
for a 300°F georesource using the same turbine inlet conditions
and heat exchanger approach temperatures to determine differences
in other operating conditions, equipment sizes and capital cost.
The results of these calculations are summarized in Table 9.2.
Because most workers have used the 1973 specific MBWR parameters
in their calculations, the most important comparison of results
in Table 9.2 is for the 1973 and 1977 specific parameters. It
can be noted that the differences in operating conditions, equip-
ment sizes and capital cost are small. However, comparisons for
a georesource temperature of 350°F, with comparison of optimized
cycles are planned for future work, to better analyze the sensi-
tivity of cycle calculations to equation of state parameter
variations.

From this preliminary study, the tentative conclusion is
reached that the use of the specific MBWR parameters for iso-
butane published in 1973 yields geothermal binary cycle simula-
tions which are essentially equivalent to the use of the MBWR

parameters determined in 1977. The use of the MBWR parameters
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Table 9.1. MBWR Parameters for Isobutane Reported in 1973
and 1977.

MBWR Equation Parameter Values in British Engg.
of state System of Units
parameters 1
1973 1977

B_ 1.87890 2.026152731
A, 37264.0 38980.20150
c_ x 1078 101.413 106.58145088
y 7.11486 9.213784536
b 8.58663 6.707625908
a 47990.7 38864.3892
o 4.23987 6.877265605
c x 1078 406.763 328.2196701
p_ x 10710 85.3176 147.0459327
ax 107* 2168.63 618.3034445
e, x 1070 8408.60 8981.524117
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Table 9.2. Comparison of Isobutane Cycle Calculations for a
300°F Georesource Using Different MBWR Equation

of State Parameters.

‘Net Power, MW

Brine Inlet Temperature, °F

Brine Exit Temperature, °F

Cooling Water Inlet Temperature, °F
Cooling Water Exit Temperature, °F
Turbine Inlet Temperature, °F
Turbine Inlet Pressure, psia
Turbine Outlet Temperature, °F
Turbine Outlet Pressure, psia
Enthalpy at Turbine Inlet, Btu/lb
Enthalpy at Turbine Outlet, Btu/lb
Enthalpy Drop in Turbine, Btu/lb
Net Thermodynamic Efficiency

Heat Transfer Surface Area, ftleo_

(1) Brine Heat Exchanger

(2) Condenser

Brine Flow Rate, lb/hrxlO_5

Cooling Water Flow Rate, lb/hrxlo-5
Working Fluid Flow Rate, lb/hrxlo‘_5

Capital Cost, $/kw

1973

Specific
Parameters

25.
300.
176.6

80.

98.
220.
300.
140.3

82.4
170.9
151.7

19.22

10.6

105.4
205.7

73.4
455.6

54.8

1348.

1977

Specific
Parameters

25.
300.
179.7

80.

98.
220.
300.
141.0

82.3
171.6
152.3

19.32

10.6

102.0
204.9
74.8
451.9
54.5

1348.
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determined from the generalized correlation is not récommended

for pure isobutane cycle calculations., However, at the present
time, the generalized parameters should be used for mixture working
fluids. Improved simultaneous correlation of pure isobutane

and isobutane-isopentane mixture working fluids will be sought

in future research.
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10.0 CONCLUSIONS

A computer simulation program has been developed which
permits detailed evaluation of geothermal binary cycles. The
complex interactions between the process parameters within the
power conversion cycle reaffirm the need for a simulation program
in order to properly evaluate the wide range of possible operating
modes. Since changing a single parameter, such as heat ex-
changer LMTD or turbine inlet pressure, requires corresponding
changes in other cycle process equipment units, the effect of
operating condition changes on total power cost and the thermo-
dynamic efficiency is extremelyvcomplex. |

The cycle operating conditions for maximum thermodynamic
efficiency (Btu per pound of geothermal brine) are considerably
different than the cycle operating conditions which provide
minimum system plant cost ($ per kilowatt).

Using strictly thermodynamic cycle analysis, the thermo-
dynamic efficiency is maximized through the utilization of a high
pressure supercritical cycle. For a 400°F geothermal resource,
approximately 55 Btu/lb of brine could be conceivably recovered
using a set of cycle operating conditions which included a 1000
psia turbine inlet pressure. However, the use of higher pressure
equipment results in increasing process capital cost. When
minimum total system cost is the desired goal, a different set
of cycle operating conditions is required. The minimum cost
system includes a 500 psia turbine inlet pressure and recovers

only 35 Btu per pound of brine, a considerably lower thermodynamic
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efficiency. Hence, the selection of cycle operating pressure
must be a compromise between the desire to maximize thermo-
dynamic efficiency and minimize power cost.

Minimizing the geothermal brine exit temperature
simultaneously aids both power conversion goals, thermodynamic
efficiency and minimum cost. Therefore, the brine exit tempera-
ture can be a useful parameter to cycle optimization studies.

Minimum capital cost usually occurs when the amount of
superheat at both turbine inlet and exit is minimized. Minimizing
the working fluid superheat at the turbine inlet means that the
brine heat exchanger is optimized. Excessive superheat available
in the turbine exit requires increased condenser heat transfer
area. Since desuperheating the working fluid in a condenser is
not efficient from a heat transfer viewpoint, the sensitivity
of the condenser surface requirement to turbine exit superheat
is an important consideration.

Although the major portion of the Phase II effort was
directed toward development of the computer simulation,
parameter sensitivity studies were included in the computer
program debugging plan. These preliminary sensitivity studies
were directed toward identification of the advantages and dis-
advantages of mixtures as cycle working fluids. It should be
noted that mixtures are the rule rather than the exception
when hydrocarbon systems are under consideration. The cost of
obtaining reagent-grade purity in the hydrocarbon working fluid

is prohibitive.
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Evaluations to date indicate that working fluid mixtures
can be tailored for particular geothermal resource temperatures
in order to increase resource utilization; turbine inlet pres-
sures and heat exchanger LMTD's must be optimized for each mix-
ture composition. In addition, increasing the cooling water
temperature rise ahove 20°F appears to enhance mixture cycles
to a greater extent than pure fluid cycles. Also, mixtures offer
the possibility of adjusting the mixture composition and behavior
to match changes in the geothermal resource. These factors will

be studied in more detail in future work.




11.0

1.

10.
11.
12.
13.
14.

15.

16.

92

REFERENCES

Fish, L.W. and Starling, K.E., "HSGC, A Mixture Thermodynamic
Properties Computer Program", University of Oklahoma Report
ORO~4944-2, December 1975.

Igbal, K.Z., Yieh, D., Fish, L.W. and Starling, K.E., "Resource
Utilization Improvement of Geothermal Binary Cycles-Phase I",
University of Oklahoma Report ORO-4944-3, December, 15, 1975.

Starling, K.E. et.al., "Resource Utilization Efficiency Improve-
ment of Geothermal Binary Cycles-Phase-~II", University of
Oklahoma Report OR0O-4944-5, December, 1976.

McAdams, W.H., Heat Transmission, McGraw-Hill Book Company,
New York, N.Y., 1954.

Suratt, W.B. and Hart, G.K., "Study and Testing of Direct Con-
tact Heat Exchangers for Geothermal Brines", DSS Engineers,
Fort Lauderdale, Florida, August 1976.

Sheinbaum, I., "Direct Contact Heat Exchangers in Geothermal
Power Production", AICHE-ASME Heat Transfer Conference,
San Francisco, California, August 11-13, 1975.

Blanding, F.H. and Elgin, J.C., Trans. A.I.Ch.E., 38, 305, 1942.

Sideman, S., "Advances in Chemical Engineering”, 6, 20, Academic
Press, New York, 1966.

Sakiadis, B.S. and Johnson, A.I., Ind. Eng. Chem., 46, 1229,
1954.

Letan, R. and Kehat, E., A.I.Ch.E. Jour., 11, 804, 1965.

Suratt, W.B. and Hart, G.K., "Study and Testing of Direct Con-
tact Heat Exchangers for Geothermal Brines", DSS Engineers,
Fort Lauderdale, Florida, January 1977.

Bokyo, L.D. and Kruzhilin, G.N., Int. J. Heat Mass Trans., 10,
361, 1967.

Perry, J.H. and Chilton, C.H., Chemical Engineers Handbook,
5th ed., McGraw-Hill Book Co., pp. 10~-14, 1973.

Tong, L.S., Boiling Heat Transfer and Two-Phase Flow, pp. 123-
126, John Wiley and Sons, New York, 1965. '

TRW Systems Inc., "Ocean Thermal Energy Conversion Baseline
System Concept”, Final Report #NSF-C958, Volume 5, June
1975.

Starling, K.E. et.al., "Resource Utilization Efficiency Im-

provement of Geothermal Binary Cycles", University of Okla-
homa Report OR0O-4944-4, June 15, 1975-June 15, 1976.




18.

19.

20.

21.

22.

23.

24.

93

Himmelblau, D.M., Applied Nonlinear Programming, McGraw-Hill
Book Co., 1972.

Hsu, C.C., "Use of ‘the Flexible Tolerance Method for Deter-
mination of Optimum Operating Conditions for Geothermal
Binary Cycles, Including Mixture Cycles", Master's Thesis,
University of Oklahoma Report ORO-4944-6, December 1977.

Nichols, K.E., "Turbine Prime Mover Cost Model Empirical Equa-
tion, P.O. 11Y-49428V", Barber-Nichols Engineering Co.,
Awada, Colorado, March, 1975.

Milora, S.L. and Testef, J.W., Geothermal Energy as a Source
of Electric Power, MIT Press, 1975.

Ingvarsson, I1.J. and Turner, S.E., "Working Fluid and Cycle
Selection Criteria for Binary Geothermal Power Plants with
Resource Temperature in the Range of 220-400°F", TREE-1108,
Idaho National Engineering Laboratory, Idaho, April, 1977.

Eskesen, J.H., "Study of Practical Cycles for Geothermal Power
Plants", Contract No. E (11-1)-2619, General Electric Co.,
Schenectady, New York, April 1976.

Starling, K.E., Fluid Thermodynamic Properties for Light Petro-
leum Systems, Gulf Publishing Co., Houston, Texas, 1973.

Starling, K.E., Goin, K.M. and Kumar, K.H., "Thermodynamic
Properties of Isobutane Using a Modified BWR Equation of
State", University of Oklahoma Report OR0O-52489-2, December,
1977.




APPENDIX A

DESIGN BASIS ENGINEERING PARAMETERS

As noted previously, the geothermal power plant can be
divided into six primary process areas. Prior to detailed investi-
gation of the sensitivity of various process parameters on
thermodynamic or economic performance indicators, it is
necessary to define all of the arbitrary process parameters
used in the basic plant specification. The design basis speci-
fications are simply a list of specific process parameters which
were utilized in the project evaluation. Since there is no
recommended set of design basis plant specifications yet
developed by the geothermal industry to aid economic comparison,
the selected process design parameters for each major process
item are representative of available process equipment.

A 25 Mw net output was chosen as the base plant design.

In order to meet this particular power output rating whole
evaluating process alternatives, several key parameters are varied,
including brine flow rate, cooling water flow rate, and working
fluid flow rate.

The basic design parametéré used .in this study to define

each major cycle process unit are detailed in Table A.l.
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Table A-1

DESIGN BASIS ENGINEERING PARAMETERS

Brine Heat Exchanger

Type and Material of Construction::

shell and tube
horizontal
carbon steel construction

Shell:

single pass

ASME design pressure = 1.25 x max. operating

pressure

Tube Bundle:

1.0 inch tube outside diameter
14 B.W.G.

1.4063 inch tube pitch

single pass

Other Selected or Assumed Parameters:

brine in tube side

working fluid in shell side

minimum allowable pinch point AT = 10°F
working fluid fouling factor = 0.0001
brine fouling factor = 0.002

velocity of brine through tubes = 7.0 ft/sec

Heat Transfer Coefficient Correlations:
l-phase : Dittus-Boelter (1)
2-phase : Chen's boiling cor (2)

Pressure Drop Correlations:
l-phase : Kern (3)
2-phase : Degance (4)

Friction Factor Correlations:

l-phase : Moody (5)
2-phase : Starczewski (6)
Condenser

Type and Material of Construction:

Shell and tube
horizontal
carbon steel construction
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Table A-1 (continued)

Shell:

single pass
ASME design pressure = 1.25 x max. operating
pressure

Tube Bundle:

1.0 inch-tube outside diameter
14 B.W.G.

1.4063 inch tube pitch

single pass

Other Selected or Assumed Parameters:

cooling water in tube side
working fluid in shell side
minimum allowable pinch point AT = 10°F

working fluid fouling factor = 0.0001

cooling water fouling factor = 0.001

cooling water velocity through tubes = 7.0 ft/sec.
Heat Transfer Coefficient Correlations:

l-phase : Dittus-Boelter (1)

2~-phase : Nusselt's top tube formula (1,7)

Pressure Drop Correlations:

l1-phase : Kern (3)
2-phase : Degance (4)

Friction Factor Correlations:

l1-phase : Moody (5)
2-phase : Starizewski (6)

III. Turbine
axial flow type
specific speed = 80

efficiency of turbine-generator = 86%

Design Correlations:

turbine diameter, specific diameter, turbine
wheel tip speed, RPM (8, 9)

IV. Generator
efficiency of generator = 98%

V. Working Fluid Pump

‘multi-stage centrifugal type
pump efficiency = 85%
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Table A-1 (continued)

VI. Brine System

equal number of brine production and
reinjection (or dry) wells

well casing diameter = 8.0 in.

brine flow rate per well = 500,000 1b/hr
brine pump efficiency = 85%

total brine system piping per

25 MW net power output = 5000 ft.

VII. Cooling System

mechanical draft cooling towers
wet bulb temperature range = 35-80°F
cooling temperature range AT = 10°-32°F

approach temperature = 8°F - variable
rating factor (R.F.) = 0.5 - 1.6
Design correlation : (10)

Tower Unit (TU)= GPM x R.F.
Fan Horsepower = 0.0125 BHP/TU
assumed value of R.F. = 1.0
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Table A-2

DESIGN BASIS COST PARAMETERS

I. Power Plant

The factored estimate method described by Mi
modified later (12) has been used:

Ct = ;Cei(l + fi)(l + I fj
i i j

lora (11) and

)

Ct = total capital investment in 1976 dollars

= cost of major equipment (eg., heat

exch., condenser, etc.).

f. = factors for estimation of direct expenses, such as piping,

1 control, etc.

f. = factors for estimation of indirect
J escalation, etc.

expenses, such as fees,

in GEO0O4

Cost Estimation Factors for Power Plant Used
installation 0
instrument/control 0
piping/insulation 0
electrical 0
bldgs/structures/concrete 0
fire control 0
environment 0
land/improvement 0
start up 0
auxiliaries 0

Total Direct (1 + Zfi) 3
engineering/legal 0
contingency 0
working capital 0
environmental/safety 0
overhead/escalation_ 0

Total Indirect (1 + ij) 1

TOTAL 4,

.50
.15
.75
.10
.15
.05
.05
.10
.05
.10
.00

.15
.10
.15
.10
.15
.65

95

I-a Heat Exchanger and Condenser

Cost Correlation:

ln($/ft2) = A 1ln (P )

shell

where
for tube side pressure of 200-300 psia,

- B (13)

A=0.4383, B=0.1297

for tube side pressure of 300-1000 psia, A=0.4092, B=0.3744

for tube side pressure of 1000-2000 psi

a, A=0.3461, B=1.046
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Table A-2 (continued)
Note: The cost of condenser in (S/ftz) is same for shell side
pressures < 50 psia.
Turbine

Turbine cost based on Barber-Nichols Company (14, 13)

2 3 2.1
= - 0. . +
Ctur (1.04 Ne 0.04 Ne)fp(2 4858 x 10 Ny fu DT )
4.7494 x 10° D)+ 1.9248 x 10° D2
where
C = turbine cost in dollars
tur
Ne = number of exhaust ends
Mg = number of internal stages (Pr/stage =~ 0.7)
DT = last stage pitch diameter
fu = cost multiplier for tip speed, VT, ft/sec.
fp = cost multiplier for inlet pressure
-6 _ 2 -9 _3
f = -2.469 + 0.009 Vv_, - 7.991 x 10 Vo + 2.446 x 10 v
u T T T
£ = 6.2857 x 107° p + 0.9707
max

Note: The equation for Ctur is considered to be valid for

h/DT {last stage blade height to pitch diameter) values
up to 0.11.
Generator

Cost equation is a function of generator net plant output (11,13)

_ 0.7
CG = 44893.4 (Mwe)
where
CG = generator cost in dollars
MW_ = net electrical output of the unit in mega watts

e

Note: This equation is applicable to power levels of 1 MW _ to
e
100 MW, .

Working Fluid Pump

Cost correlation is a function of pump power rating (11, 13)

lIn ($) = 0.8751 1n (Mwe) + 11.0
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Table A-2 (continued)

where
MWe = working fluid pump power rating in mega watts.

I-e Cooling Tower

Cost of Cooling Tower in dollars = 3.33 TU (10)

II. Brine System

The factored estimate method described by Milora (11) has been

used:
= *
CB Ny Cw (1 + fw)(l + fI)
CB = total brine system capital investment
Cw = cost of a geothermal production and/or reinjection well
ng = number of wells required for a particular size plant
fw = factor which accounts for piping from the wellhead to

the power plant

f; = indirect cost factors, eg., costs associated with
drilling exploratory holes, contingencies, etc.

Cost Estimation Factors for Brine System used in GEO4

piping (wellhead to plant) 0.24
Total Direct (1t fw) 1.2

land acquisition (leasing, legal fees) 0.19
drilling exploratory holes (1 out of

4 successful) 0.14
surface exploration (geophysical-
geochemical) 0.10
contingency 0.13
Total Indirect (1 + f;) 1.56
TOTAL 1.934

well cost:
a well cost (Cw) of $500,000/well was used with a

brine flow rate of 500,000 1lb/hr per well.
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APPENDIX B

Sample Computer Output
Basis: 500°F Georesource

Working Fluid: Isopentane




TCwo TCwio THW! THWL2 PCwo PCW10 PHwl 1 PrHwl2
0363203 11043320 353043202 222.%3)» 6J4)09) 461520 79343330 6£78.2530
EFFT EFFC EFFHWP EFFiwp VELHW VELCW
J.8863) 0.4%)) J.0%3) 08520 TeJ202 T+03)0
oPwWF12 DPw* 338 OPWF38 OPwWF?8 OPwFa1
Qe 202893 0.0 0.0 31.2279
oPLIAS oPLICT DPSTPH oP2TuB oP2S DPCH bDPCua
14.3779 B8.9027 166542 0.03148 16.06542 2.188%8)1 1114006
OTwP12 DTWF 36 DYWFT8 OTHw! OTHWOD OTCwl oTCwo
G.0 0.0 0.0 206.0000 75.0000 8240000 26.0000
orel OTEV2 oTs2 OTa DTS1 oTCS
10.0000 0.2000 88,0000 85.0000 1.0000 740000
OISEY DISCND CISCR2 TPICHI] TPICH2 FRAC FPRACND OMwFE
0.0 0.0 00 1.3913 ledlé2 0.125%0 0«2500 200,0000
CBRINE COsSTV DPRCTP OPFC DPFE WLFACT RF
1.0000 343300 250000 0.2000 0.2000 1.0000 1.0000
PYF2 PwFa DELTAP STRESS COR PIPLCW PIPLHW VMIN
2%50.0000 30.0000 0.500013500.0000 0.0 1000.0000 5000.0000 09000
OITUBE OCTUBE FATUBE TPITCH ASURF B8SPACE SPACEB CCNDTW
0+0693 0.0%33 0.0038 1.4063 0.2183 2040000 300000 93.0000
NTPASS NIXMHAS NSTAGE ND N1O MIw NTUBEC NTUBEV NWPRCOD NWRE N GC
H ] .0 10 -3 L3 ] 0 0.0 Q0.0 0e.41700C 09
FOULEY FOULC FOULHW FOULCW TCRUST GRADIN cwp sspEed
0.0001 00001 0.0020 00010 0.0 0.0 0.0 8040000
OEQFI(I)s 1=].ND
0.5000 0.1500 0.7500 01000 01500 0.0500 00500 0«1000 0.0500 0.1000
OIEGF(I)s I=} NID
C.1500 0.1000 0.1500 G.1000 0«1500
ODIWEL(I)s 1=),MIW
0.1900 O« 1400 0.1000 Q.1300
1) ] FOWELL DPMAXE OPMINE OPMAXC CPMINE THw?
0240790 07 138.88 0.0 0.0 0«0 0.0 1
DTPHI DTPHO VELWFT DISPH HEFFEC TPICH NTUBPH NOPT
0.0 0.0 10000 0«0 10000 140063 ] Q
WBASE FIXCHG QPCHG FLOAOD PRMAX EPSw EPSDPW EPSDPP
2%.00 0.18 0.01 Q.85 0e92 0.10D0-03 0.%00-01 0«500-01
IPROC LRESRS
1 1
EPSO Z2PSVY FUGERR EPSS STEP DOMAX
0«100000-0¢ 3.2202300-06 Q02333J0-26 J« 19023009 13000 32230
NC NPHASE 1Twu ITMAX IPRNT NPRINT NCOS 1DPRNT
2 4 32 9 J Q ) [}
COMP - 10COM CMw TC ACF co PC Tee
1SOCENTANE 3 7241460 369.02)) ). 226) 042327 490.4322 22.400)0
ct 27.£234 -0¢3150400~01 0.4496840-03 =~0.582R300-07 0+1029850-10 ~0.2948500-15 0.871908€
ISO3UTANE 2 48,1200 274.9600 0.31830 0.2373 529.1000 11.0300
ct 13.28¢ee 3.3663700-01 0.349631D-23 04%36100D0~08 =-0.298111C-10 0.5386620-14 0.6093%0
cxiy 0.0008

ZUISOPENTANE

Z{1SOBUTANE

)

= 0.999990

= 0+.1000000-04




*eRRSUMMARY OF GEO-4 INPUT*%%=%

TEMPERATURE (DEG F)
INLET COOLING WATER
CUTLET COOLING WATER
INLET BRINE

OUTLET BRINE

CRUSTAL OR AMBIENT

PRESSURES (PSIA)

INLET COOLING WATER

OUTLET COOLING WATER

INLET BRINZ

OUTLET BRINE

WORKING FLUID AT EBHE OUTLET
WORKING FLULID AT CONDENSER INLET

TEMPERATURE DIFFERENCES (DEG F)
WORKING FLUID (wWF)
BHE OUTLET AND TURBINE INLET
COND OUTLET AND CYC PUMP INLET
CYC PUMP QUTLET AND BHS INLET
BRINE HEAT EXCHANGEKR (BRE)
BRINE INLET MIN APPROCH
INTERNAL PINCH POINT
SECTION 1£3-£ACH SUBSECTION
SECTION 2—-cACH SUBSSCTION
SECTION 2-8BRINE AND wF
PRE~-HEATER
PRE-HEATR INLET MIN APPRIACH
PRE-HEATR OUTLET MIN APPRCACH
CONDENSER (COND)
COOLING WAT INLET MIN APPROCH
COOLING WAT OQUTLET MIN APPROCH
SECTION 1-EACH SURSECTION
SECTION 2-EACH SUBSECT!ION
SECTION 2-wF AND wALL

PRESSURE DIFFERENCES (FSIA)

WORKING FLUID (wF)

BHE OUTLET AND TURBINE INLET

CONDENSER (TQTAL)

COND OUTLET AND CYC PUMP INLET

CYC PUMP OQUTLET AND SHE INLET

BHE (TOTAL)

BHE wF INLET AND BUBELE
POINT INSIDE S8SHE

DEW POINT AND BUBBLE POINT
INSIDE BHE

SAME AS ABOVE

COND INLET AND OEW POINT
INSIDE CONO

TCwWs3
TCWlo0
THwl1
THwW12
TCRUST

PCwW9
PCw1io0
PHW11
PHW12
PwWF2
PWF4

DTwWF12
DTwFS6
DTWF78

DTHWI
DTHWO
0T81
DTEVZ2
DTS2

DYPHI
DTPHO

DYCWI
DTYCWD
DTal
DTS1
DTCS

DPWF12
DPWF3S
DPWFS6
DPWFT8

. DPwF8&al

oPLIaGS

DPSTPH
oP2S

oPCa

80.0000

110.000

S53J).32)

222.530
0.0

€2.223)
46,1520
700,000
€78.,253
250.000
33.233)

o0 0o
o uw o

236423))
75.0000
10.0Q00

0200000
B400000

0.0
0.0

52.0000
2640000
$.00000
1.00000
703039

0.0
2.2€930

0.0

0.0
31.2279

1443779

16.6542
1€.6542

2.18510




BHE BRINE INLET AND

WwF BUBBLE POINT oPLIQT S«96270
BHE BRINE INLET AND
wF DEW POINT DP2TUB 03140000-01

COOLING WATER AT COND INLET
AND COOL ING WATER AT wWORKING

FLUID DEw POINT DPCwa I1.14896
BHE MAXIMUM ALLOWABLE OPMAXE 0.0
BHE MINIMUM ALLIOWABLE DPMINE 0.0
COND MAXIMUM ALLCWABLE DPMAXC 0.0
COND MINIMUM ALLOWABLE DPMINC Je¢d
INCREMENT FOR UP-DATING TURSBINE

QUTLET PRESSURE DELTAP 0500000
PRESSURE DROP IN COOLING TOWER DPCTP 2€.2229

EQUIPMENT SPECIFICATIONS

B T T N e

TURBINE
EFFICENCY EFFT 0.860000
NO OF EXHAUSTS NE XHAS 1
NO OF STAGES NSTAGE 0
WHEEL SPECIFIC SPEED SSPFFD 80,0000
MIN OUTLET VAPCR MOLE FRAC VMIN 0.300000
PUMPS
CYCLE-EFFICIZNCY EFFC 3.85223
BRINE-EFFICIENCY FFFHWP 0820000
COOLING WATZER-EFFICENCY EFFCwP 0.850000
BRINE HEAT EXCHANGER (BHT)
SHELL INSIODE DIAMETER (FT) DISEV 0.0
ONE-HALF OF (SHELL IC -

TUBE BUNDLE OD) (FT) FRAC 0«12£000
BAFFLE SPACING (FT) 8SPACE 20,0000
NO OF TUBES NTUBEY J
WORKING FLUID FOULING FACTOR

(MR SQFT DEG F/BTU) FOQULEYV 0.1000000-03
BRINE FOULING FACTOR .

(HR SQFT DEG F/BTU) FOULHW 0.200000D0-02
BRINE VEL IN TURES (FT/SEC) VELHW 700000
PRESSURE OROP FACTOR DPFE 0200000

PRE-HEATER
SHELL INSIDE DIAMETER (FT) DISPH Jo2
NO OF TUBES NTUBPH 0
WF VELQCITY IN TUBES (FT/SEC) VELWFT 1.00000
PRE-HTR EFFECTIVENESS (FRAC.) HEFFEC 1432330
CONDENSER (CGND)
SHELL INSIDE DIAL(SECe I)es FT.DISCND 0«0
SHELL INSIDE ODIA(SECeII)les FTDISCPR2 0.0
ONE-HALF OF (SHELL 1D -

TUBE BUNDLE GD) (FT) FRACND 32523230
BAFFLE SPACING (FT) SPACEB 30.0000C
NO OF TuBES NTUBEC 0
WORKING FLUID FOULING FACTOR

(HR SQFT DEG F/8TU) FouLc 0.100000D0-03
COOLING WATER FOULING FACTOR

{HR SQFT DEG F/BTU) FOULCwW 0«1000000-02
COOLING WATER VELOCITY IN

TUBES (FT/SEC) VELCW 73033

PRESSURE DROP FACTOR DPFC 0.200000




wELLS
TOTAL BRINE FLOW RATE(LB/HR)  MHW 0.2407%4D 07
BRINE FLOW RATE/WELL(LB/SEC)  FPwWELL 138.880
NO QOF PRODUCTION NWPROD 3.0
NO OF REINJECTION NWRE IN 0.0
THERMAL GRADIENT(DEG F/1000 FT) GRADIN 0.0
WELL FACTOR WLFACT 13023
TUBES
INSIDE FLOW AREA(SOFT) FATUBE 04379400D0~02
PITCH (IN) TPITCH 1440€25
PITCHe INs (PRE-HEATER) TPICH 1.80€25
PITCH, IN. (CINDENSER 1) TPICHIL 139132
PITCH, INe (CONDENSE® I1) TPICH2 1.83€20
INSIDE SURFACE AREA(SQFT) ASURF 0.218340
MATERIAL THERMAL CONCUCTIVITY
(BTU FT/HR SGFT DEGe F) CONDTW 93,0000
NO OF PASSES NTPASS 1
INSIDE DIAMETER (FT) O ITURE Je6950000-01
OUTSIDE DIAMSTER (FT) DOTUBF 0.8333330-01
CORROS ION ALLOWANCE (IN) COR 7.0
MAX ALLOWABLE STRESS (PSI) STRESS 13500.0
COOLING wATER PIPING LEARGTH (FT) PIPLCW 1000400
BRINE PIPING LENGTH (FT) PIPLHW $29242)
REQUIRED PLANT NET POWER (Mw) WBASE 25,0000

PROGRAM CONTROL

CONVFRGENCE CRITERION

DENSITIES EPSD 0.100000D0~06
FLASH EPSV 0.2000000-06
FUGACITY FUGERR 02222230236
SERCH EPSS 0.100000D-05
WF PRESSURE DORCP EPSDPW 0,500000D-01
PLANTY POWER EPSW 0¢10029220-03
COOLING WATER AND BRINE
POZSSURE DROP EPSOPP 0.5000000-01
ITERATION
MINIMUM NOQ FOR PHASE NPHASE 4
MAXIMUM NO FOR THERMODYNAMIC
SUBROUT INES ITNM 30
MAX IMUM NQ FOR TURBINE AND
BRINE FLOW RATE I TMAX 9
PRINT CONTRQLS
IPRNT oNEe. 0~-HSGC OETAILS IPRNT [}
NPRINT oNEe. J)-HSGC SUMMARY TAB NPRINT ]
NCOS eNEes O-HXR PROPERTIES NCas 1

IDPRNT oNEe« O0-HXR PRCPERTIES
EACH CYCLE CALCULATION IDPRNT 0
OPTIMIZATION CONTROL
NOPT oLTe J)-BRINE FLCW AND
PRESSURE CROPS
+EQs 0-GEQ31 TYPE CALC

eGT e I-(SAME AS <LT.0) NOPT ]
MAX MOLAR DENSITY (LB-NCLS/CUFT) DMAX 300000
INTITIAL FALSE POUSITION STEP SIZE STEPRP 1202309
WF FLOW RATE DECREMENT (LB/HR) DMWF 200.000
BHE TYPE(L1=SHELL~TUBE,2=0IR CON)} IPROC 1

RESOURCE TYPE ( 1=BRINE,



= ANY QTHER TYPE )
BRINE PUMP REQUIREMENT (03=NO)
MAX PSEUDO-REDUCED PRESSURE
INCREMENT FOR WORKING FLUID

COST DATA

NO OF MAJ £Q DIR COST FACTORS

NO OF MAJ EG INDIR COST FACTORS

NO OF wELL INDIRFCT COST FACTORS

GATHERING SYSTEMS FACTCR

DIRECT CAST FACTORS FOR MAJ EQ
INSTALLATION
INSTRUMENT/CONTROL
PIPING/INSULATION
ELECTRICAL
BLDGS/STUCTURSS/CONCRETE
FIRE CONTROL
ENVIRONMENTAL
LAND/ I MPROVEMENTS
START-UP
AUXILIARIES ,

INDIRECT COST FACTNRS FCR MAJ EQ
ENGINEERING/LEGAL
CCNTINGENCY
WORKING CAPITAL
ENVIRONMENTAL/SAFETY
OVERHEAD/SSCALATION

INDIRECT COST FACTORS FOR WELLS
LAND ACQUISITION
EXPLORATORY DRILLING
SURFACE EXPLORATION
CONTINGENCY

FIXED CHARGE FACTOR

OPERATING AND MAINTENANCE FACTOR

OPERATING TIME FACTOR

UNIT COST OF BRINE

UNIT CCST OF COOJLING TCWER

RATING FACTOR FOR COOLING TOWER

COMPONENT DATA
NO OF COMPONENTS
COMPONENT 1
NAME~-TISOPENTANE
MOLECULAR WEIGHT
CRITICAL TEMPERATURE (DEGe R)
ACENTRIC FACTOR
CRITICAL DENSITY(LB-MOLE/CUFT)
CRITICAL PRESSURE(PSIA)
NORMAL BOILING POINT (DEGe R)
MOLE FRACTION
IOEAL GAS POLYNOMIAL
Cl(lsl)= 27.6234
CI{(143)= 0.469884D-03
Cl{1:5)= 0+1029850~-10
CI(1+7)= 0871908
COMPONENT 2

IRESRS
IHwP
PRMAX
DMwF

ND
NID
MIw
Fwp
DEQFI

DIEQF

ODIwEL

F IXCHG
OPCHG
FLCAD
CBRINE
cosTu
RF

NC

cOmpP
CMw
TC
ACF
cOo
RPC
TBP
4

Cl

0.920000
200,000

0.0

2453232)
0.150000
0e750000
213322
0«150000
045000000-~01
0.5000000-01
01000000 0O
0¢53922)0-21
01000000 00O

04152300
0.100000D 00
0415232
01000000 00
0150000

01590000
0140000
01000000 0O
04130000
31803072
0«100000D-01
0850000
1633320
J.33000
1.00000

72.146€0
8284690
022€22)
0.202700
450.400
€424.239)
0.999990

CI(142)=-042150400-01
Cl1(1,4)=-0.9828300-07
Cl(146)=-0.,2948%230-15




NAME-ISOBUTANE comp

MOLECULAR WEIGHT . Crw $8.1200
CRITICAL TEMPCZRATURE (DEGe R) TC 734,659
ACENTRIC FACTIR ACF 0.183000
CRITICAL DENSITY(LB-NMOLE/CUFT) CO 0.237300
CRITICAL PRFESSURE(PSIA) PC £29.13)
NORMAL BOILING PCINT (DEGe R) TBP 470.720
MOLE FRACTION 2 0.1000000-~04
I0OEAL GAS POLYNOMIAL c1

Cl(2+s1)= 13.28606
Cl(2¢3)= Qe3496310-03
Cl(2¢5)==0s29%111C~-10
CI(247)= 04609350
INTERACT ION PARAMETERS
CKIJ(1+2)= 0.8000000-03

Ci1(2+2)= 0,366370D0~01
Cl{2.4)= 0453619I0~28
Cl1(2+6)= 0.2386€20~14

cK1lJy



oeses SUMMARY OF GEO-4 SINULATOR RESULTE sesss

WORKING FLUID
COMPONENT MCLE FRACTION

ISOPENTANE 1232
I SOBUTANE 0.0000
STATE POINT LOCATION TEMPERATURE PRESSURE ENTHALPY ENTROPY VAPOR DENSITY
(DEG.F) ----Jff::--_--i?:gl‘-a) taTu/LB-R) (.D‘:.E._F::) :‘:E:SE:
1 EVAPORATOR QUTLEY 294.0) 2%52%.2) 238.73 le1922 1.0330 3.2976
2 TURBINE INLET< 294.00 250.00 20873 te1922 10230 33,2978
3 TURBINE OUTLEY 203.32 38,504 182.54 le198¢ 1.0000 082016
3 DEW POINT » 13975 38.504 152.83 115114
3 CONDENSER INLET 203.32 32.50% 182,84 1.1986 10000 0.,8201¢€
L] DEw POINT 136.00 36.718 151 .42 11502
S CONDENSER OUTLET 135.85 36.€3 14.3:8 051949 g.0 J€E,4568
S BUBBLE POINTY 135.85 A6 €34 18.131% Qe91908
(] CYCLE PUMP INLET 135,65 36638 14,015 0451949 0.0 JE.469
7 CYCLE PUMP OUTLET 137.39 281.23 15.472 0.91988 0.0 3€,590
8 EVAPORATOR INLET 137.3) 281.23 13.472 0.51988% 0.0 36.590
8 BUSBLE POINT 299.79 26€.85 122417 1.0771




#3808 SUNMARY OF GEO-4 SINMULATOR RESULTS seoees

BASIS = §} HOUR AT

GROSS TURBINE WORK, MW-HR

CYCLE PUMP WORK, MW~HR

COOLING WATER PUMP WORKe MW=HR
BRINE PUMP WwORK, MW-HR

COOL ING TOWER FAN WORKe MW-HR

NET THERMODYNAMIC CYCLE WORK, MW=HR
NET PLANT waRK, MW=-HQ

HEAT INPUT YO EVAPORATOR., BTV
MEAT REJECTYED BY CONDENSER., B8TU
TURBINE EFFICIENCY, X

CYCLE PUMD FFFICIENCY. X

TUREINE DIAMEYER, FT.

TURAINE wHEEL TIP SPEEDs FT/SECe
TUFBINE RPY

SPECIFIC SPEED OF TURBINE
SOECIFIC CIAMETER OF TURBINE
LIOUIC AY YURBINE OUTLET: WEIGHT X
LIOUID AT TUREBINE QUTLET, VOLUME X

27.589
15758
0.88773
Oe.13488
0.308972
26,413
284328
0713230 09
04623080 09
86,000
85,000
Se.1489
819.46
306%.7
89.02
le2€9¢
0.0
0.0

00240790 O7 LB/HR BRINE

NET THERMODYNAMIC EFFICIENCY, X

RESOURCE ENERGY EXTRACTION EFFICI!NCV-II

NET THERMC. CYCLE RESOURCT UTIL.
PARASTITIC POWER EFFICIENCY, X
NET WARK/AVAILABILITY., ETU/BTY
CCOLING WATER FLOW RATE., LB/HR
BORKING FLUID FLOW RATE, LB/HR
RATIO OF CCOLING WATER TO BRINE
RATIO OF wlRKING FLUID TO BRINE
COOLING WATCR PUMP EFFICIENCYs X
BRINE PUMP EFFICIENCY, X

CUOLING WATER PIPE DIAMETER, FT.
BRINE CARRYING PIPE DIAMETER, FTe
LENGTH CF CGOLING WATER PIPE, FTs
LENGTH CF EBRIN® PIPE, FT.

EFffecXs

CYCLE PUMP DISCHARGE PIFE DIAMETER, PTe=

BRINT INLFT TEMPERATURE, DEGe F
BRINE OUTLET TEMPERATURE: DEG. F

12.639
66.063
8e.3498
94,653
0.26436
0207530 08
0.365060 07
Be.6128
15327
85,000
85.000
1.8728
0.67¢29
1332.9
5000.0
26466
%333
222.54



*98%s SUNMNARY (OF GeQ-4

NEY 25.00 Mw

TUBE SIDE

- e r s

TUBE OUTSIDE OIAMETERs INe
TUBE INSIDE DIANZTER, IN.

TUBE PITCH (TRIANGULAR), IN,
NUMBER OF TYUBE PASSES

NUMBER OF TuUBES

FLOwW <AREA, SQ.FT.

VELOCITY THROUGH TUBES. FT/SEC.

SHELL SIDE

SHELL INSIDE DIAMETER, FT,

SHELL QUTSIDE DIAYETER., FT.o
EQUIVALENT DIA. FOR NEAT TRANSFER,
EQUIVALENT DlA. FOR PRESSURE CROP,
FLOW AREA, SQ.FT.

WEIGHTED AVERAGE TUBE SIDE HEAT TRANSFER
WEIGHTED AVERAGE SHELL SIOE HEAT TRANSFER

WEIGHTED AVERAGE OVERALL HEAT

WEIGHTED AVERAGE (0OG MEAN TEMP
TOTAL HEAT TRANSFER SURPFACE AR
LENGTH OF HEAT EXCHANGER TUBES
TOTAL TUBE SIDE PRESSURE DROP,
TOTAL SHELL SIDE PRESSURE DPROP

OVERALL WEIGHTED HEAT EXCHANGER LOG MEAN TEMPERATURE DIFFERENCE,

HORIZONTAL TUBE BRINE HEAT EXCHANGER

1.0000
0.83400
1.42¢3

456
1.7301
Te0021

2.€278

27170
0.983790-01
0.92016D-01

245361

FTe
FTe

TRANSFER CCEFFICIENT.
ERATURE DIFFERENCE.,
EAs SQ«FT.
» FTe

PSIA
« PSIA

Siwm

CCEFFICIENT,
COEFF ICIENT,

OEGaF

OVERALL WEIGHTED HEAY EXCHANGER HEAT TRANSFER CCEFFICIENT, BT

ULATCR  RESULTS »esss

BTU/HR~FY2-F
BTU/HR~FT2-F
BTU/H]-F 7 2-F

U/HR=-FT2-F

CEGREES F

SPECIFICATIONS

SECTION ) SECTION 2
2551.7 3075.0
667,11 16%4.9
241.20 305.03
79.011 134,00
2)662. 776242
207.53 77962
15.605 $.8853
14,241 16,424

96.878

256.65

SECTION 3

3246.9
854.73
269.33
203.86
39.547
0.39721
0431368001
0.19381

01-4



*8%8s SUNKARY OF GED-4¢ SIMULATOR RESULTS ¢sese

NET 2%.00 L1

TUBE SIDE

-y e

TUBE OQUTSIDE DIAMETER, IN.

TUBE INSIDE OIAMETERs INe

TUBE PITCH (TRIANGULAR), IN.
NUweER OF TUBE PASSES

NUMBER OF TUBES

FLOW AREA, S0O.FT,

VELOCITY THROUGH TUBES. FT/SEC.

SHELL SIDE

- o e

SHELL INSIDE DIAMETER,. FTe

SHELL OUTSIDE DIAMETER, FTe.
EQUIVALENT DIA, FOR HEAT TRANSFER, F
EQUIVALENT DlAe FOR PRESSURE OROP, F
FLOW AREAs SQ.FT,

WEIGHTED AVERAGE TUBE SIDE HEAT TRANSFER COEFFICIENT, BTU/HR-FT2-F

WEIGHTED AVEPAGE SHELL SILE MEAT

WEIGHTED AVEFAGE OVERALL HEAT TRANSFER COEFFICIENT,
WEIGHTED AVERAGE LOG MEAN TEMPERATURE ODIFFERENCE, OEG.F
YOTAL HEAT TRANSFER SURFACE AREA.

LENGTH OF HEAT EXCHANGER TUBES.,
TOTAL TUBE SIDE PRESSURE DPROP,
TOTAL SHELL SICE PRESSURE DPRIP,

HCRIZONTAL TUBE CONOENSER SPECIFICATIONS

Te
Te

SECTION 3 SECTION 2

1300 13300
0.83400 G.83460
13913 1e4362

1 1]

3496 3496
13.2¢08 13.264
70007 T.0007
T.1586 T7.4306
Te2418 Te47S1
0.94536D-01 0.10620
J¢922560~01 Fe12358
21 €31 24,300

=
TRANSFER COEFFICIENT, BYU/FR=FY2=F =
BTU/HR-FT2-F =

=

SQ«FT. =
FT. =
PSIA =
PSIA =

OVERALL WEIGHTED CONDENSER LOG MEAN TEMPZIRATURE ODIFFERENCE, DEGREES F

OVERALL WEIGHTED CONDENSER HEAT TRANSFER COEFFICIENT, BTU/HR-FT2-F

SECTION 1

1633.6
132.9%
106.56
568.096
18461,
24.185
26657
2.1140

44.648

151.33

SECTION 2

- ——— - —— -

1519.3
235.71
162.53
42,442
73758,
95,628
11138
0.830250-01

T11-d



098 SUNMARY OF GEO-4 STMULATOR RESULTS esetes

ESTINATED CAPITAL COST BREFAKDOWN OF MAJCR COMPONENTS
FOR A 2%.00 MW GEOTHERMAL POWFR PLANT MCODULE

PERCENT PERCENT
MUg 'Y oF FoutP OF TaTaL $ PYR Ku
MAJOR £QUIPMFNT otRECY INSTALLED CAP INV CAP INV TOTAL
TURSINE 0.4598 0.6897 4048 3.08 18.39
GENE BATOR 0.4273 0.6410 a.16 2.86 17.0¢
CYCLE PUMPS 3.0893 0.13493 3.87 0.60 3.87
EVASORATOR (816.01 PER SQs FTe) 0.4357 0.6836 4.as 3.05 18.23
CONDENSER (8 4,88 PER SQ. FT,) 0.4501 0.67%2 4.38 3.01 18.9)
COCLING wATER PUMPS 0.0%41 0.0811 0.53 2.36 Zete
COCLING TCeIR 0.1392 0.2088 1.36 0.93 5.9
MAJOR ECUIPMENT COST 2,07%6 3.1133 20.20 13.88 83.02
SUPPORTING EOUIPMENT
INSTALLATICN 1.0378 10.10 6.9a a1.51
INSTRUME NT/CONTROL 0.3113 3.03 2.08 12.48
PIPING/INSULATION 1.5567 1515 10.41 62.27
ELECTRICAL 0e2376¢ 2.02 1.39 2.3
BUILDING /STRUCTURE 5/CONCRETE 0.3113 3,03 2.08 12.45
FIFS CONTROL 0.1038 1.01 0.69 a.15
ENVIRCNMENTAL 301338 1.01 0.69 a.1s
LANS /IMPROVEMENT 0.2076 2.02 139 8.30
STAGTLS 0.1038 1401 3.69 a.1s
AUXILIARIES 0.2076 2.02 1.39 8.30
SUPPORTING EQUIPMENT COST 4015118 43,4 27.76 166404
TOTAL CIQECT CCST 58,2287 60.61 41 .64 249.0¢
INDIRECT COST
ENGINEER ING/LEGAL 3.9340 ©.09 6e25 37.36
CONT INGENCY 0.6227 6406 2,16 24,491
WORKING CAPITAL 0.9340 9.09 6.2% 37.36
ENVIRONMENT AL/ SAFETY 0.6227 6.06 a.1e 24.91
OVEFHEAD JESCALATION 0.9340 9.09 8.2% 37.3¢
INDIRECT COST 4.0473 39.39 27,07 151,86
EQUIPMENT CAPITAL INVESTMENT 122740 100.00 68,71 430,95
wELLS
DRILLING/CASING ( 9<63WELLS) 2.4079 18.10 96 .32
BRINE PUMPS 0.0106 0.07 0.42
GATHERING SYSTEM 0.5804 3.88 23.22
TOTAL DIRECT COST 2.9987 20.06 119.95
INDIRECT COST
LANC ACQUISITION 0.3698 3.81 22.7%
EXPLCRATORY DR ILLIMG 0.4198 2.81 16.79
SURFACE EXPLORATICN 0.2999 2.01 11.99
CONT INGENCY 3.3898 2.€1 15.29
INDIRECT COST 1.6793 11.23 67417
SELL CAPITAL INVESTMENT 4.6780 It.29 187.12
TOTAL CAPITAL INVESTWENT 14,9520 100.00 598,07
QPRRATING ANDC WAINTENANCE COST(CENTS/KWHR) 1.53
BASIS:
CPERe ¢ WAINT, PATE = Q.01
FIXED CHARGE RATE = J.18
LOAD FACTOR = 0.8%
~NET PLANT wOPK (BTU/LB ORINE) -35.436
=~NTT PLANT wOEr (ATY) -0«AS5I27C 08
=NET PLANT wORv/AVATLAHILITY (8TU/BTU) -0.26436
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