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1. SUMMARY

A proposed geothermal 100 MW(electric) power plant was designed
utilizing saturated water at 300°F as an energy source corresponding to
predictions for the Raft River project in Idaho. An unlimited amount of
hot water and 50°F cooling water were assumed in considering two energy
conversion plans. One plan flashed the hot water to/ a Tower pressure to
obtain steam to run a turbine. The other plan used fhe hot water to heat
an alternate working fluid for use in a supercritical Rankine cycle,

In the flashing scheme the design parameters were the number of flash-
ing stages (1 to 4), the stage pressures (60-10 psigP, and the condenser
pressures (2.0, 1.5, 1.0, and 0.5 psia). A computer code was written to
simulate flashing thermodynamics and determine costs based on a turbine
efficiency of 78%. Costs at the busbar (excluding dﬁstribution costs)
were calculated using 18% of the complete plant investment (capital equip-
ment, contingency fee, overhead, etc.) for annual fixed charges, $800,000/yr
operating expenses, and $146,000/yr utility costs for the cooling water
pump. The minimum cost per kWhr decreased linearly with the number of
flashes to three flashes where it began to plateau at 1.09¢/kWhr for four
flashes.

Alternate working fluids were selected based on: their thermodynamic
properties including critical temperature and pressure and heat capacity.
The cycle operating pressure was chosen such that no! fluid would condense
in the turbine and a negligible amount of superheat would result from the
turbine expansion. A maximum temperature of 280°F was specified in the
heat exchanger design for the working fluid and a minimum temperature
difference of 10°F between the water and working f1ufd was maintained
throughout the heat exchanger. The working fluids considered were Freons-
1381, -12, -22, and propane with turbine and pump efficiencies of 85 and
75%, respectively. A1l alternate working fluid (binary) cycles examined
had significantly higher thermodynamic conversion efficiencies in terms
of minimizing hot water usage for a fixed plant output than any of the
flashing schemes. For the flashing schemes, water utilization increased
from 3.32 watts/1b water for one stage to 4.98 watts/1b water for four
flashes while that for the working fluids ranged from 6.28 to 8.38 watts/1b
water, |

However, even though the capital equipment costs (heat exchangers,
pumps, condensers) were considerably higher for the alternate working fluid
cycles, their cost per kWhr was competitive with even the best four-stage
flashing scheme because their well (hot water) requirements and turbine
costs were less. The estimated electricity cost for|the best working
fluid cycle (Freon-22) was 1.06¢/kWhr. Operating conditions (inlet pres-
sure and condensing temperature) were selected on the basis of a thermo-
dynamic optimum, frequently resulting in prohibitively large pumping
energy requirements. A cost optimum should be considered in future designs
of alternate working fluid cycles. However, at this stage, alternate
fluid cycles appear competitive with the direct flashing scheme in terms
of cost and are far superior in their utilization of the hot water geo-
thermal source.



2. INTRODUCTION

2.1 Background and Approach

The specific geothermal source being considered in this study is
saturated water available at a temperature of 300°F (149°C). It is
located in the Raft River Basin in Idaho, where a large aquifer at a
5000 ft depth produces hot water. The source was assumed to be inexhaust-
ible (with water re-injection) and to be very low in dissolved solids
content. Cooling water is available at 50°F from a shallow aquifer. This
study attempted to optimize the utilization of this particular energy
source.

One method examined was flashing, where the saturated water experiences
an isenthalpic pressure change, evolving a certain amount of steam which
is then passed through a turbine, generating electricity. The other method
considered using alternate working fluids is supercritical Rankine cycles.
In this method the working fluid receives its energy from hot water via
indirect heat exchanges; the resulting supercritical fluid is passed
through a turbine, generating electricity, condensed,and pumped to its
operating pressure.

Some development work has considered flashing (8) and alternate
fluid power cycles (4, 8, 12, 14). Hansen (8) discussed the optimal
thermodynamic pressure for flashing and recommends that any number above
two stages of flashing is thermodynamically undesirable. Cortez et al. (4)
have compared isobutane as a working fluid to a proprietary process
labelled the "Hutchinson-Holt" cycle.

2.2 Flashing

For the flashing method of energy conversion, design parameters were
the number of flashes (1-4), the flashing pressure(s) (60, 50, 40, 30, 20,
10 psia) and turbine condenser pressure(s) (2.0, 1.5, 1.0, 0.5 psia). These
parameters establish the necessary flow rates for a 100 MW(electric) power
plant and therefore the size of the capital equipment, i.e., flash tank(s),
turbine(s), condenser(s), condensate pump(s) and also the number of wells
required. These calculations were computer coded and an optimum design
in terms of total cost was determined.

2.3 Alternate Working Fluids

Using the relatively low temperature heat source of saturated water
at 300°F, only single fluid supercritical Rankine cycles were considered
in order to obtain higher thermodynamic efficiencies.

The parameters varied were the type of fluid and the peak pressure in
the cycle. Due to construction material Timitations, the peak pressure
attainable by the working fluid was constrained to be less than 3000 psia by
following the design criteria set forth by Landgraf et al.(14).



3. PROCEDURE

3.1 Flashing

3.1.1 Flashing Thermodynamics

The flashing process can be described on a temperature-entropy diagram.
As can be seen from Fig. 1, saturated 1iquid water at 300°F is available
at point 1. Flashing involves an isenthalpic pressure change to some
point 2. The percent vapor at point 2 is given by a simple enthalpy balance:

H2 —H
i =F " Vapor Fraction .

4

At this point, the vapor fraction is separated from the liquid fraction
and can be represented at point 3. Ideally, the vapor is isentropically
expanded through a turbine to point 5. However, due to non-idealities,
the turbine efficiency is less than 100% which causes the line to resemble
Tine 3-6. As can easily be seen, efficiency is directly related to the
enthalpy lost.
bH; deal = |
6 M3 -
After expanding through the turbine, the steam is condensed and the conden-
sate re-injected into a well. The saturated liquid remaining at point 4
can then be flashed again, and the same sequence as above can be repeated
until the final pressure is reached. After the last flash, the remaining
saturated liquid is returned to the aquifer via a re-injection well.

AH = (H5 —-H3) x efficiency = H

real

3.1.2 Process Equipment

The major components used in geothermal flashing power plants are
steam turbines, flash tanks, condensers, cooling water pumps, and the
wells themselves. The design and assumptions made concerning each item
are discussed below.

1. Turbines - The turbine designs used in this study are based on
a geothermal turbine to be installed at the Geysers power plant in 1976,
It will be a four-flow, 23 in. last stage blade length turbine rated at
135 MW(electric). The method for sizing and costing a particular turbine
for each flashing application is explained in detail in Appendix 9.4.

The calculation of turbine efficiency is difficult (5) and for our
purposes, a fixed value of 78% was used. Starting with a basic turbine
efficiency of 90%, it was found that at the turbine exit, the steam had
~10% moisture. As a general rule, for each 1% of moisture, the turbine
efficiency is decreased by 1% (5). Since the mean moisture content is 5%,
the efficiency is now 90 — 5 = 85%. The final correction is made for
heat exhaust loss, which for our range of steam velocities, corresponded to
a ~v7% loss in efficiency resulting in a final value of 78%.
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2. Wells - Assuming a velocity of 10 ft/sec for a 10-in,.-diam well,
the flow rate is 1,125,000 T1b/hr per well. An additional well was also
required for re-injection and a 5% penalty was applied to account for steam
requirements to operate steam ejectors for removing non-condensables.

3. Condenser - The condenser must have the capacity to hold a certain
percentage of the overall steam flow, plus ~30 times that in cooling water
flow since it will be used as a spray condenser,

4. Flash Tank - Flash tanks were assumed to be:positioned directly
on the well head itself to prevent premature flashing. Thus, if a 4-flash
plant is considered, and there are 18 wells, the number of flash tanks =
4(18) = 72.

5. Condenser Pump - Since the exit pressures from the turbines range
from 2.0 to 0.5 psia to get the condensed water back to atmospheric pres-
sure without pumping, a barometric condenser is used, For every pound of
steam entering the condenser, ~30 pounds of water at 50°F must be added
to account for the latent heat of vaporization. Thus, the pumps must handle
six times the steam flow in water with about 1.5 atm of head loss.

3.1.3 Flashing Optimization

In minimizing the cost of a flashing power generation plant, several
variables were considered.

1. Number of flashes (1-4)

2. Flashing pressure (60-5 psia)

3. Turbine exit pressure (2.0-0.5 psia),

A computer program was written to simulate flashing éonditions. The pro-
gram performs calculations using steam table subroutines of the ORCENT
program developed at ORNL (2). For each flashing step, the code proceeds

as follows:

1. Beginning as saturated 1iquid, an isenthalpic line to the flash pres-
sure is used to calculate the vapor fraction.

2. The steam enthalpy at the turbine inlet is calculated.

3. An isentropic line to the turbine exit pressure is used to find the
ideal exit enthalpy.

4. The real enthalpy change is calculated by multiplying the ideal aH
by the turbine efficiency (0.78).

5. Subtracting the real aH from the inlet H yields the actual enthalpy at
the condenser inlet.



6. The enthalpy per pound of entering water which is the real AH times
the vapor fraction of the flash is calculated.

7. The total water flow rate (1bs of water) equals the megawatt rating
of the plant in Btu divided by the summation of the individual power/
pound ratios calculated for each flash,

8. From the water flow rate the steam flow rate and the entering and
exiting volumetric flow rates can be obtained.

Since the set of calculations must be performed for each flash, for
a design with four flashes, if one were considering six different flashing
pressures at each point, and four differeﬂt condenser pressures; the number
of flash calculations would be 4 x 44 x 6% = 1,327,104. For this four flash
case, this could represent as many as 331,776 possible plant designs.

.There are obviously too many possible combinations to run an exhaustive
search, and since no knowledge of the response surface was known, it was
decided to use a "grid" method in Targe pressure increments.

Flashing pressures were varied between 60 and 10 psia in increments of
10 psia and the condenser pressures were varied from 2.0 to 0.5 psia in
increments of 0.5 psia. After the area of the minimum was determined, a
search was done in smaller pressure increments to find the true minimum.
For the four-flash model, only seven different flashing pressure sequences
were examined, due to time limitations, and the fact that for each different
set of flashing pressures, there are 34 = 81 possible condenser pressure
c0mbinat;ons, using only three different condenser pressures (1.5, 1.0,
0.5 psia).

Since the optimum was to be considered on a cost basis, and not a
thermodynamic one, the cost was a function of the major pieces of process
equipment (see Appendix 9.6 for details). The code computes the necessary
equipment sizes and costs which vary according to the specific thermo-
dynamic conditions.

3.1.4 Turbine Routing

Besides the thermodynamics of flashing and the equipment costing, any
multistage simulation must properly consider the problem of routing. In
other words, if a four flash system with four condenser pressures is used,
the optimal turbine arrangement must be determined. The program routes
steam flows which have the same condenser pressure through the same turbo-
generators. If the vapor streams exit the turbines at three different con-
denser pressures, three different turbogenerator units will be required.
If two condenser pressures are the same and the third is different, the
first two will be routed through the same turbine and the third through a
separate turbine. However, as flow increases through a turbine, only six
exhaust ends can be added after which an additional turbogenerator unit
must be used to handle the additional flow. A listing of the computer
code is given in Appendix 9.2 and in it the routing of a four-flash system
is demonstrated.



10

3.1.5 Other Consideratiohs

The condenser cooling water pump is rated at 2245 hp (1.67 MW). This
amount of power will be bought as a utility (@ 1¢/kWhr) because of problems
in scaling the plant up to 101.67 MW.

3.2 Alternate Working Fluids

3.2.1 Desirable Thermodynamic Properties and Choice of Working Fluid

Alternate working fluids for supercritical Rankhne cycle use were
chosen primarily on the basis of their thermal and chem1ca1 compatibility
and stability and thermodynamic properties including critical temperature
and pressure, A nearly uniform heat capacity, Cp, was desirable for the
heat exchanger as this would permit minimization"of the integrated tempera-
ture difference between the working fluid and the hot water source and
thus maximize the final temperature of the working fluid.

A supercritical Rankine cycle has a more favorable overall heat
capacity than a subcritical Rankine cycle. Since the range of working
fluid temperatures was limited to 70-280°F, the main criteria for choosing
a fluid was its critical temperature. Therefore onﬂy fluids which had
a critical temperature between 100 and 250°F were cohs1dered

The critical pressure had to be less than 3000 psia due to materials
limitations, but more realistically should be less tﬁan 1000 psia so that
operating pressures in the heat exchanger would be in excess of P to
keep Cp uniform.

3.2.2 Thermodynamics of Supercritical Rankine Cycles

Once the working fluid was chosen, a supercritical Rankine cycle for
that fluid was constructed on a log P-H diagram (Fig. 2. and Appendix
9.1.1). From the log P-H diagram the enthalpy as a function of tempera-
ture along the heat exchanger was obtained and a temperature profile
for the working fluid was constructed (Fig. 3, see Appendix 9.1.2).

A temperature-heat transferred diagram (T-Q diagram) was used to
establish temperature profiles of the water and working fluid in the
heat exchanger such that a pinch point could be avoided. Following the
procedure used by Landgraf et al. (14) a minimum AT pf 10°F between the
fluid and water was chosen.  In the t temperature range of the heat ex-
changer, the heat capacity of the water is nearly constant and therefore,
at any point along the heat exchanger the amount of heat transferred, Q,
is a linear function of temperature.

The final temperature of the water was obta1ned from the T-Q diagram
and by a first law balance around the heat exchanger the amount of heat
added and the flow rate of the working fluid were determined on the basis
of a water flow rate of 1 1b%/hr (see Appendix 9.1.4). The net work from
the working fluid cycle was Calculated by the difference between the tur-
bine work output and the feed pump work requirements (see Appendix 9.1.6).
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W W W
wnet/]bm = wT/1bm —-Wp/]bm (1)

Using the value of Wpe /1bx the water and working fluid flow rates were
determined for a 100 Md(electric) power plant. The amount of heat removed
in the condenser was found from the working fluid flowrate and the Tatent
heat of condensation at 70°F.

3.2.3 Sizing Working Fluid Process Equipment

Heat Exchanger. The surface area required for the heat exchangers in
the working fluid cycles was determined from the equation

Qe = UnePhe(ATemdne® - (2)
The heat flux, QHE(Btu/hr), was determined from the cycle design (Section
3.2.2) as was the log mean temperature difference, (AT y)HE. The correction
factor f is a measure of the departure from ideal counter flow in the
exchanger. Due to the large variation in the temperature difference between
the water and the working fluid, a value of 0.8 for f was assumed for
Freons-12, -22, and propane, whereas Freon-13Bl has a more nearly constant
temperature difference so a value of 0.9 was assumed. The values are
rough estimates based on a correlation presented in Fraas and Ozisik (6).
The overall heat transfer coefficient Uyp is a function of the exchanger
geometry, flow rates, and fluid properties. The tube side (supercritical
fluid) heat transfer coefficient was estimated from the correlation of
Bringer and Smith (3) which is a modification of the more conventional
Dittus-Boelter equation

_ 0.77 . 0.55
Nu,. = 0.0266 Re "" Pr ¢ (3)
where
o - hyr Dy
u =
WF ™ Tk
N Gyr D1
e =
WE uyr
C
Py WF
A

Solving for hWF’

) 0,77 ~=0.22
h,p = 0.0266 v WFGWF D] (4)
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where

0.55 [0.45

C k
pWF WF

YWF T .
HWF

The quantity vy F is temperature dependent and varies through the heat
exchanger. Thi heat exchanger was divided into 20°F temperature intervals
and Yy ca1cu1ated for each interval (see Appendix 9.8 for property
est1maE1ons and y,,- calculations). A weighted avera ge, Yues Was then
calculated based Hﬁ the fraction of heat transferred in eggh interval and
this weighted average was used in E4. (4). The shell-side heat transfer

coefficient was estimated from the Dittus-Boelter equation:

_ 0. 8 0.3
Nu, = 0.023 Rey's . Pry’ | (5)
or
k8,7 Cgos
_ W -0.2 .0.8
h, = 0.023 ——:575——— D; 6, | (6)
W

The overall heat transfer coefficient can then be calculated assuming
negligible fouling by summing the working fluid side, water side, and
tube wall resistances:

Uye = (7)

all fluids in order:to obtain reasonable

Multiple units were required for2
).

size heat exchangers (<60,000 ft

Pump and Motor. The pump and motor horsepowers W, were determined
from the pump work calculation W /1b in the cycle des?gn and the required
hot water flow rate N

p -IbW W
m

The efficiency of the motor and pump combination is assumed to be 75%.

Turbine. The turbine power rating was determined as the sum of the
net power (100 MW) and the total pump power requirement. Details of tur-
bine sizing are covered in Appendix 9.5.
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Condenser. The surface area required for the working fluid condenser
was determined from the equation

Qcon } UconAcon(ATLM)con (9)
The condenser heat flux Qqqo, was obtained from the cycle design as was

(8Tgm)on- _The overall heaE transfer coefficient Ugon was assumed to be
approx1mate1y 200 Btu/hr-ftc-

Cooling Water Pump and Motor. The power requirements for the cooling
water pump and motor (/5% efficiency) were based on the cooling water flow
rate and an assumed 15 psia pressure drop in the condenser,

Va
Wew pump : [“CW] (10)

The costs for all the above equipment are considered in Appendix 9.7.

4. RESULTS

4,1 Flashing Results

: The results of the flashing design are shown in Table 1. For the
calculation of ¢/kWhr, it has been assumed that the fixed charges, which
jnclude depreciation, interest, taxes, insurance, and return on invest-
ment are 18% (ﬂ). For a 100 MW plant, the labor, supervision, maintenance
and supplies are estimated to be about $800,000 per year.

Added to this cost per year is the electricity needed for the cooling
water pump for the condenser. According to Peters and Timmerhaus (17), this
can be obtained at 1.0¢/kWhr or on a yearly basis for $146,000. Thus,
the ¢/kWhr comes from an 18% variable charge plus a $946,000/year fixed
charge.

The optimum equipment arrangements and fluid flows are shown in
Figs. 4 and 5.

4.2 Alternate Fluid Cycles

The important thermodynamic properties and cycle operating conditions
for the four fluids considered, Freon-12, -22, -13Bl, and propane, are
listed in Table 2. In addition, the relative efficiencies defined as the
net work output per 1bm are compared to the four flashing cases examined.
The total available work is based upon an initial state at 300°F and
67 psia and a final state of 50°F and 14.7 psia with a sink temperature
Ty of 50°F. Thus, the relative efficiency is:
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Table 1. Optimal Results from Flashing Schemes — 100 MW plant

1 Flashing Stage

Flash Pressure = 20 psia Condenser Pressure = 1.0 psia
Turbogenerator Cost = $7,239,000 6-23"*

Condenser Cost = $46,560

Flash Tank Cost = $12,600 ‘

Well Cost = $14,039,000 Number of Wells = 56.2 (including reinjection +
5% penalty for non-
condensables)

Pump Cost = $27,000

Total Plant Cost = $21,364,000
Complete Cost = $78,834,000
¢/kihr = 1,73

2 Flashing Stages

Flash 1 Pressure = 30.0 psia Condenser Pressure = 1.5 psia

Flash 2 Pressure = 10.0 psia Condenser Pressure 1.5 psia
Turbogenerator Cost = $5,297,800 6-23"

Condenser Cost = $51,000

Flash Tank Cost = $33,270

Well Cost = $11,917,500 Number of Wells = 47,7 (including reinjection +
5% penalty for non-
condensables)

Total Plant Cost = $17,326,600
Complete Cost = $63,935,000
¢/kWhr = 1.42

3 Flashing Stages

1st Flash Pressure = 30 psia Condenser Pressure = 1.0 psia
2nd Flash Pressure = 20 psia Condenser Pressuﬁe = 1.5 psia
3rd Flash Pressure = 10 psia Condenser Pressuﬁe = 0.5 psia
Turbogenerator 1 = 3-23" Cost = $1,418,000

33 MW

*In turbine nomenclature, 6-23" means the turbine has 6 exhaust ends
and has a last stage blade Tength of 23 in. 3-23" indicates the turbine
has 3 exhaust ends and a 23 in. last stage blade length.
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Table 1 (continued)

Flashing Stages (continued)

Turbogenerator 2 = 1-23" Cost = $900,000
33 MW

Turbogenerator 3 = 2-23" Cost = $1,159,000
33 MW

Condenser Cost = $130,220
Flash Tank Cost = $72,468

Well Cost = $9,623,250 Number of Wells = 38.5 (including reinjection +
5% penalty for non-
condensables)

Pump Cost = $27,000

Total Plant Cost - $13,330,000
Complete Cost = $49,187,700
¢/kWhr = 1.12

Flashing Stages

1st Flash Pressure = 40 psia Condenser Pressure = 1.0 psia

2nd Flash Pressure = 30 psia Condenser Pressure = 0.5 psia

3rd Flash Pressure = 20 psia Condenser Pressure = 0.5 psia

4th Flash Pressure = 10 psia Condenser Pressure = 1.5 psia

Turbogenerator 1 = 3-23" Cost = $1,418,000
33 MW

Turbogenerator 2 = 2-23" Cost - $1,159,000
33 MW

Turbogenerator 3 = 1-23" Cost = $900,000
33 MW :

Condenser Cost = $47,290
Flash Tank Cost = $26,913
Pump Cost = $27,000

Well Cost = $9,376,500 Number of Wells 37.5 (including reinjection +
5% penalty for non-
condensables)

Total Plant Cost = $12,954,700
Complete Cost = $47,803,000
¢/kWhr - 1.09
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Table 2. Comparative Efficiencies for a 100 Md(electric) Power Plant
Jorki Mol . . o Turbine Pump Condermser Flow Rates Net Power Turbine Pump Power Relative % Carnot
orking ecular 7 i ici Efficienc
i i c c a Working Condenser W Power Output Required Efficiency y
Fluid Weight {°R) (psia) Tinlet Pinlet v iq T<:ond Pcond k;ate: HeHsb Fluid 7Hater (watts/lbmjhr) (M) (MW) (%) (%)

(°F) (psia) (ft /1bm) {°F) {psia) (10 lbm/hr) (107 1bm/hr) (10 lbm/hr)
Freon-12 120.9 694 597 280 700 0.0122 70 84.9 1.59 28.2 2.78 16.9 6.28 115 15 45.5 62.7
Freon-1381 148.9 613 575 280 1450 0.0105 70 214 1.19 21.2 5.65 20.1 8.38 153 53 60.7 64.0
Freon-22 86.5 665 722 280 835 0.0135 70 136 1.46 26.0 2.26 18.7 6.78 115 15 49,1 60.0
Propane 44,1 666 617 280 1000 0.033 70 125 1.45 25.8 1.32 19.4 6.85 127 27 49.6 59.1
1 Flashing 228 20 102 1.0 3.16 56.2 3.32 100 ~0 24.2
Stage
2 Fiashing 250 30 116 1.5 2.69 47.7 3.92 100 ~0 28.4
Stages 193 10 116 1.5
3 Flashing 250 30 102 1.0 2.17 38.5 4.85 33.3 ~0 35.2
Stages 228 20 116 1.5 33.3

193 10 80 0.5 33.3
4 Flashing 267 40 102 1.0 2.11 37.5 4.98 33.3 ~0 36.2
Stages 250 30 80 0.5 33.3

228 20 80 0.5 33.3

193 10 116 1.5

Ayater flow rate for flashing processes includes 5% penalty for noncondensables.

bNunber of wells includes reinjection wells and therefore is twice the number required

(14

for the water flow rate.
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wnet/]b\r?:
relative efficiency = 50°F, 4.7 psTa (11)

[TOAS — AH]

300°F, 67 psia
The Carnot efficiency was determined by,

out

T, s 67 psia
[T~AS — AH] Hw
e T T . AH in . (12)
THw’ 67 psia
The cycle efficiency was defined as
W
n = et (13)

The percent of Carnot efficiency attained by a cycle was then found by

% of Carnot efficiency = ==~ x 100 (14)

e

Table 3 presents the cost of constructing a 100 MW plant using alternate
working fluids to drive the turbines. Pump power requirements are provided
on site and therefore, the turbines have ratings higher than 100 M{ 1in
order to.have a net power of 100 MW. The cost calculation incorporates the
18% fixed charges and $800,000 operating expenses used in the cost calcula-
tion for the flashing schemes.

Table 3. Alternate Working Fluid Cycle Costs

100 MW Plant

Freon-13B1 Cost Size

Heat exchangers $2,340,000 25 x 55,000 ft2
~pumps $3,870,000 7.12 x 10 hp
-motors $2,290,000 7.12 x 10% np

153 MW turbine $3,550,000

Condensers $1,430,000 24 x 30,000 ft?
-pumps $ 199,000 4,900 hp
-motors § 157,000 4,900 hp

Wells $5,300,000 21.2 (including reinjection)
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Table 3 (continued)

Freon-13B1 (continued) Cost

Total plant cost = $19,136,000
Complete cost = $70,610,000

¢/kWhr = 1,54
Propane

Heat exchangers $ 510,000
-pumps $1,520,000
-motors $1,200,000

127 MW turbine $2,770,000

Condensers $1,390,000
-pump $ 192,000
-motors $ 152,000

Wells $6,460,000

Total plant cost = $14,194,000
Complete cost = $52,375,000

¢/kWhr = 1,17
Freon-12

Heat exchangers $ 428,000
~pumps $ 830,000
-motors $ 646,000

115 MW turbine $2,770,000

Condensers $1,200,000
-pumps $ 167,000
-motors $.. 132,000

Wells $7,060,000

Total plant cost = $13,233,000
Complete cost = $48,830,000
¢/kWhr = 1.09

Size

6 x 50,000 ft°

3.7 x 10% np
3.7 x 10% hp

23 x 30,000 ft°
4,700 hp

4,700 hp

25.8 {(including reinjection)

6 x 42,000 ft2

2.0 x 10% hp
2.0 x 10% np

20 x 30,000 ft?
4,100 hp

4,100 hp

28.2 (including reinjection)
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Table 3 (continued)

Freon-2?2 Cost Size
Heat exchangers $ 500,000 6 x 52,000 ft2
-pumps $ 845,000 2.1 x 10% hp
-motors $ 670,000 2.1 x 10% hp
115 MW turbine $2,580,000
Condensers $1,300,000 22 x 30,000 ft
—pumps $ 179,000 4,400 hp
-motors $ 142,000 4,400 hp
Wells $6,500,000 26.0 (including reinjection)

~Total plant cost = $12,716,000
Complete cost - $46,922,000
¢/kWhr = 1.06

5. DISCUSSION OF RESULTS

5.1 Flashing Schemes

A graph of ¢/kWhr vs number of flashes is shown in Fig. 6. As can
be seen from the graph, the cost/kWhr vs number of flashes decreases almost
linearly for the first three flashes and begins to plateau from the third
to the fourth flash. From these results, it appears that the cost is level-
ing off. Although it can be assumed that the cost will increase beyond
a certain number of flashes, the precise point where this will occur was
not determined.

Unfortunately, because of the difficulties encountered in plotting
over two dimensions, the response surfaces of the 3- and 4-flash cases
could not be shown. Figure 7 shows relative plant cost vs flashing pressure
for the single flash case for a condenser pressure of 1.0 psia, which was
the optimum condenser pressure.

Figure 8 shows a contour map of the condenser pressures vs the ¢/kWhr
for the two flashing stage case at the optimum flash pressures of 30 and
10 psia. The map shows a valley which contains the minimum. At the Tow
condenser pressures, turbine sizes become prohibitively large and the
costs increase rapidly.

The results of the 3- and 4-flashing stage cases definitely show that
flashing above 40 psia is unwarrented. Furthermore, for each flashing
pressure, an optimum condenser pressure exists, i.e., the combinations
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Condenser Pressure = 1.0 psia
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30 psia - 1.0 psia
20 psia - 1,5 psia
10 psia - 0.5 psia

appear most frequently.

The optimums of the 3- and 4-flashing stage calculations also indicate
that a few turbine routing schemes are far superior to others. For these
two cases, the optimum turbine arrangements were identical, i.e., 3-23",
1-23", and 2-23", The worst 4-flash case was when three flashes were routed
into the same turbine, and the other flash into a different turbine. Since
the flow from the three flashes together required over six exhaust ends, an
additional turbine was required. The overall cost for this arrangement was
more expensive than the optimum result of the single flash.

For the 4-flash design, this is not the rigorous optimum but is thought
to be very close to the optimum. Due to the combinatorial problems encount-
ered when working with a large number of flashes, only the 4-flash combina-
tions (50,40,30,20), (40,30,20,10), (35,25,15,10), (35,25,20,15), (35,25,20,
8), (35,25,15,8), and (35,20,15,8) were examined. Of these combinations,
the optimum occurred at (40,30,20,10). Because the optimum for each of the
first 3-flash plants happened to be on a pressure multiple of ten, i.e.y
[(30,20,10), (30,10), (20)]1, it was assumed that the (40,30,20,10) case
was very close to the rigorous optimum. The results for the 1-, 2-, and
3-flashing stage cases showed that ¢f the 4 condenser pressures being
examined, 2.0, 1.5, 1.0, and 0.5 psia, only 1.5, 1.0, and 0.5 psia appeared
in the optimal designs. Thus, in examining the 4-flash case, only these
three condenser pressures were considered. This in turn means that only
three different turbogenerator arrangements were considered. Although
clearly not rigorous, it is thought because of the seven-tenths power Taw
on the turbogenerator cost in this range of Megawatt turbines and the
results of the previous flashing optimum, that this is a reasonable
assumption.

5.2 Alternate Working Fluid Cycles

The working fluid cycles were designed with the criteria of maximizing
the amount of heat transferred from the ground water stream to the working
fluid cycle with the constraints that there be no condensation in the tur-
bine and the maximum temperature of the working fluid be 280°F. Comparing
the thermodynamic efficiencies and net power per pound of hot water shown in
Table 2, Freon-13B1 is the best working fluid from an efficiency standpoint.
Freon-13B1 requires the least amount of hot water (and therefore fewest
wells) to produce 100 MW(electric) of power. For the fluids considered
Freon-12 had the lowest thermodynamic efficiency.

However, the cost of producing power using each of the fluids shows a
very different trend., Tables 3 and 4 show Freon-13B1 has the highest cost
per kilowatt-hour and Freon-22 the Towest. The lower well cost for Freon-13B1
does not offset the much greater capital costs of the turbine, heat exchanger,
and feed pump. The high turbine and pump costs are due to the large pump
work required to obtain the operating pressure of 1450 psia. This high
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Table 4. Summary of Cost
Analysis Results

Plant Type ¢/kWhr
Freon-22* 1.06
4-Flash** 1.09
Freon-12%* 1.09
3-Flash** 1.12
Propane* 1.17
2-Flash** 1.42
Freon-13B1 1.54
1-Flash** 1.73

*Alternative working fluid cycles optimized with respect to
thermodynamic efficiency only.

**Flashing schemes optimized with respect to overall costs.

operating pressure was required in order to minimize the amount of vapor
superheat at the turbine exhaust. Such high operating pressures are
characteristic of supercritical cycles employing. low|critical temperature
fluids. The high heat exchanger cost is due to the Tow thermal conductivity,
a low AT, and poor heat transfer characteristics relative to the other

fluids [i.e., the ¥ of Freon-13B1 is the lowest, primarily due to its high
molecular weight (148.9)]1. In comparison, the lowest cost per kilowatt-

hour fluid, Freon-22 (1.06¢/kWhr) has greater well requirements than Freon-
13B1 (26 vs 21.2), but the capital cost of process equipment is much less,
particularly the cycle pump and motor. Comparison of Freons-12 and -22

with propane shows a similar trend; propane has a higher efficiency (Tower
well cost) but requires a greater capital equipment expenditure. In addition,
the supercritical Rankine cycle used is not necessarily the optimum cycle

for each working fluid. Future studies should optimize the operating con-
ditions of the proposed supercritical cycle as well as examine alternative
cycles such as subcritical Rankine cycles. For supercritical Rankine cycles
applied to this energy source, the reduced pressure difference across the
turbine and the heat capacity of the working fluid are more important than
improved thermodynamic efficiency (fewer wells) in influencing the overall
economics. :

5.3 Comparison of Results

Table 4 indicates that for this geothermal source, supercritical Rankine
cycles using the fluids investigated in this study are competitive with
direct flashing. Alternate fluid cycles might be even more economically
attractive if (1) the feed pump motor could be eliminated by connecting the
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feed pump directly to the turbine shaft and (2) turbine costs are reduced
as multiple units are produced. Also, increased well costs would affect
the relative importance of efficient utilization of the energy source
(thermodynamic efficiency) versus reduced critical pressure differences,
heat capacity, etc. in working fluid selection.

6. CONCLUSIONS

1. For a 300°F saturated water geothermal source, the cost of a
100 MW(electric) plant decreases from 1.73 to 1.13¢/kWhr with the number of
flashing stages until 3 flashes are reached, after which it begins to
plateau to 1,09¢/kWhr with 4 flashes.

2. For this energy source, with the state of current technology and
current prices, alternate fluid cycles are as economically attractive as
multiple stage flashing, e.g., Freon-22 - 1.06¢/kWhr versus 4-flashing
stages - 1.09¢/kwhr,

3. The relative importance of several thermodynamic criteria have

been established in designing alternate working fluid cycles both from the
standpoint of cost and efficiency in utilizing the energy source.

7. RECOMMENDATIONS

1. Heat transfer coefficients and thermodynamic property data in
the supercritical region for the alternate working fluids investigated
be determined experimentally.

2. The feasibility of connecting the turbine shaft directly to the
cycle pump and eliminating the cycle pump motor be investigated.

3. A detailed cost optimization for each working fluid should be
considered to establish plant operating conditions.
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9. APPENDIX ‘

9.1 Alternate Working Fluid Cycle Ca]c&]ations

9.1.1 Construction of Alternate Working Fluid Cycles

The construction of the supercr1t1ca1 Rankine cyc]e on a log P-H
diagram (Fig. 2) starts with a Tine drawn in the two phase region at 70°F
corresponding to the condensation temperature (line from point 4 to 1).
The condenser temperature was set at 70°F to allow a minimum temperature
diffirence in the condenser of 10°F (cooling water inlet = 50°F; outlet =
60°F).

The outlet condition of an ideal turbine was specified as saturated
vapor at 70°F, the outlet heat exchanger conditions ﬁan be obtained since
the entropy (isentropic turbine) is known and the temperature is fixed at
280°F to allow a 20°F AT at the hot end of the heat exchanger (point 3).

The pressure drop across the heat exchanger was assumed to be negligible
and therefore, the pressure out of the pump, P,, was|the same as the pressure
at point 3. The enthalpy at the outlet of the“pump was calculated by an
adiabatic first law balance since the initial and figa] pressures are
specified as P1 (pressure of saturated liquid at 70°F) and P,

By the first law:

’ in out
W = (H —H N - 15
o= (" = oY) N | (15)
By definition, the reversible pump work can be éxpressed as:
. P |
wp = — . MWF dP NWF | (16)
1 .
thus,
P
out in _
Hp —-Hp = [Pl wa dpP (17)
where

H;n = enthalpy of saturated liquid at 70°F.

Since V, - is approximately constant in the temperature and pressure ranges
of the—@gmpress1on (approximately 70-85°F and 110-1000 psia) the integral
may be approximated as:

P)
f v, dP =y (P, —Py) (18)
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Having specified both the inlet and outlet conditions of the heat
exchanger,a line connecting point 2 to point 3 was drawn to complete the
cycle. The actual turbine work (n = 0.85) can also be calculated by a
first law balance.

© in out
Wp = 0.85 (Hp™ = K™ ppear ) Nyr (19)
and the actual enthalpy of the vapor leaving the turbine is
out _ ,in _ in _ out
HT = HT 0.85 (HT HT (IDEAL)) . (20)

For Freon-22 at the condenser temperature of 70°F, the pressure P1
is 136 psia, the enthalpy is 110.4 Btu/1b_, and the entropy of the
saturated vapor is 0.215 Btu/1b_°R, Sincl the expansion from the turbine
is at censtant entropy, the outTet conditions of the heat exchanger are
found because the temperature (280°F) and the entropy (0 215 Btu/1b,,°
are specified. The pressure is 835 psia and enthalpy is 130.8 Btu/Tb
at the outlet of the heat exchanger.

Assuming that there is a negligible pressure drop across the heat
exchanger the outlet pump pressure is taken to be equal to 835 psia.
Therefore, the enthalpy of the working fluid out of the pump (75%
efficient) is

. v
Hout = yin 4 —WF

b p *o.75 (P, =Py (21)
3
= 30.1 ?E“ 0.0735 (835 — 136) Th 812« 0,185 4 —
’ m ft~ psia
= 32.4 Btu/lb_

Therefore, the pressure and entha]py are known at both ends of the heat
exchanger,

The actual enthalpy of the vapor leaving the turbine is

H$“t - 130.8 — 0.85 (130.8 — 110.4)

113.5 Btu/]bm

and, thus the cycle can be constructed (Fig. 9).

9.1.2 Construction of a T-Q Diagram

From the log P-H diagram the line representing the change in enthalpy
of the working fluid in the heat exchanger, enthalpy as a function of
temperature along the isobar was obtained. If there were no data available
in the supercritical liquid region, reduced property tables were used to
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calculate enthalpy as a function of temperature at a given pressure (11).
The enthalpy at a given temperature in the heat exchanger was normalized
with respect to the total enthalpy change in the heat exchanger as:

AH
HWF

- 3¢ (22)
out Q
"HWF
in
THWF

AH

The values of temperature along the heat exchanger as a function of Q/QHE
were then plotted (Fig. 3). Using a minimum temperature difference of

10°F between the working fluid and hot water, the water temperature pro-
file may be drawn using a starting point at "b" (Q/QYE = 1, T = 300°F).

A straight line was used for the water temperature profile because the

heat capacity of water is approximately constant over the temperature range
of 100 to 300°F. From this plot the final temperature of water may be

read at point "a".

Since no experimental data exist for Freon-22 in the temperature
range of 100 to 150°F and pressure of 835 psia, reduced tables were used
from Hougen and Watson (11) to predict the enthalpy as a function of
temperature.

The critical properties were taken from Reid and Sherwood (g_).
Molecular

Wejght ZC TC PC

86.48 0.264 664.8°R 721.9 psia

at
T = 100°F
P = 835 psia
T
T, = TZ = 0.842

H* = 121.9 Btu/]bm from the ASHRAE

table 8,p. 61 of (1), enthalpy at 100°F, 3 psia (approximately ideal
gas state).
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from the reduced tables:

H* — H

TC

= 11.05 Btu/1b-mole°R

_ Btu _ (664.8)(11.05) Btu
121.9 Tb_ 8%6.48  Tb_

X
|

37.00 Btu/1b
m

Similar values were calculated at 120 and 140°F and from the Tog P-H
diagram the remaining enthalpies as a function of temperature were found
and are presented in Table 5. The reduced enthalpies were calculated
using Eq. (22).

S
¢F T130.8 - 32.%5

Table 5. Heat Exchanger Calculations

T (°F) H (Btu/1b ) qQ/QE
85 32.45 0.0
100 37.00 0.046
120 43.50 0.112
140 50. 29 0.181
160 57.0 0.250
180 65.0 0.331
200 74.0 0.422
220 93.0 0.616
240 114.0 0.829
260 123.5 0.926
280 130.8 1.00

These values are p]otEed in Fig. 10 and the water line drawn with the
point "b" (T = 300°F, Q/QH. = 1) and a minimum AT of 10°F. The final
temperature of the water was read from point "a" to be 150°F.
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9.1.3 Flow Rates in the Heat Exchanger

By a first law balance around the heat exchangef:

QEE = —QEE (23)
from a heat balance around the water side of the exchanger.

i = OG- v, ()

similarly for the working fluid
HE _ , out in
G = (hr = e N (25)

The water pressure was assumed to be constant at 67 psia and therefore,
fixing the temperature set the enthalpy of the water. The steam tables
(13) were then used to find the enthalpy. ‘

For the working fluid Hﬁﬁt and Hﬁﬂp were calculated from the log
P-H diagram and represent the total enthalpy change of the working fluid
in the heat exchanger. The working fluid flow rate was calculated using
as a basis a water flow rate of 1 1bm/hr and assuminj an adiabatic heat
exchanger. ‘
in out
NWF i HHw HHw 1bm/hr

w out in
1o /hr Hiwr = Huwr

(26)
]bx/hr

Using a first law balance around the water side%of the heat exchanger
HE _ , out in
G = (Ao = Hyg)Ny ; (24)

from the steam tables (13)

out _
HHw = 117.95 Btu/]bm

in _
HHw = 269.61 Btu/]bm

using Nw =1 1bm/hr as a basis

QSE = —151.66 Btu/hr .

Since the overall exchanger is assumed adiabatic,

HE _ ~HE _ _ /yout in
Qw = —QWF = 151.66 Btu/hr = (HHWF _'HHWF)NWF ! (26)
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For Freon-22,

out _

HOME = 130.8 Btu/lb_
HIN = 32,45 Btu/Tb
HWF * m

the working fluid flow rate can be calculated
N 1b_/hr

1.54 —1—
]bm/hr

WF _ 151.66 _
6 /hr 98.35

9.1.4 Net Power Calculation

The power output from the turbine was obtained from a first law balance
around the turbine (see Fig. 11).

Y - (yin _ out

Wp = (Hp = Ho N (27)

- in _ out

Wpo= .85 = (Rt —He™ rpep ) Myr (19)
The ideal reversible pump work was calculated by

. P2

Wp = MWF dpP NWF (16)

P1

Assuming a 75% pump efficiency and a constant wa (equal to specific
volume of saturated liquid),

v'u=£w—F(P - PN (28)

P .75 V2 17WF
thus, the net power was found by,

. Vv
: - in _ out _ —MF _
Wpet = 0-85 (He™ = Hr ™ ypea ) WNye —go75 (Po = P)Nye (29)

For Freon-22 the power output from the turbine is calculated from Eq. (19)

wT .85 (130.8 — 110.4) 1.54 Btu/hr

Btu/hr

26.7
1bm/hr

= 7.83 watts/]bm/hr
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in . ‘
H Turb ,out
T urbine ‘HT
n=.,85
o A in out
Wp = 0.85 (H™ = Hr™" 1pear) Mur (19)
Py
P
n=0.75
v
_Yur _
“p = 0,75 (P2 = PNy (28)
‘ in out XWF
Woet = 0-85(Hr" = He™" rpear) Nur — 3075 (P — PN, (29)
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The work requirement for the feed pump can be calculated using Eq.

(28)
NP - 49%%5 (835 — 136)(0.185) 1.54 Btu/hr
- 3.58 555132 = 1.05 watts/1b"/hr
1% /hr

Therefore from Eq. (29) the net work is given by

¥ tts
W . =7.83—1.05= 6,78 —3aLLS
net 1bm/hr

The cycle efficiency can be calculated by determining the availability of
the system AB relative to ambient conditionsat 50°F.

50°F, 14.7 psia

= TO AS — AH

AB
W
1bm/hr

300°F, 67 psia

[(510°R)(.03607 — .43720) — (18.06 — 269.73)]

47.1 Btu/hr = 13.8 watts/Tby /hr
The relative efficiency can then be expressed as the ratio:

et _ 6.78
5 - 13.8

The Carnot efficiency is expressed as

eff. = = 49.1%

Wnet 6.78

n= JE = .293)(151.66) *

while the ideal Carnot efficiency for a reversible system is,
T = 150°F, 67 psia

153

-[T0 AS — AH]

c AR T = 300°F, 67 psia

_ —[(510°R)(.21504 — .43720) — (117.95 — 269.73)]
- 117,95 — 269.61

= ,254

Therefore this cycle operates at “%gz = 60% of the Carnot efficiency.




40

9.1.5 Cooling Water Flow Rate

The condenser coo11ng water flow rate can be calculated on the basis of
1 1%/hr.  The AH g_for Freon-22 at 136 psia is (113.5 — 30.1) 1.54 =
128.% Btu/hr/1b /H The cooling water enters at 50°F and &8 returned at

60°F for a AHc m_ 10 Btu/]b . For an adiabatic condenser Q = AHCWNCw
[ ) Y Btu/hr/1b /Wr.
1bm/hr
Nopy = 12.8 ———
CW 1Y/hr

9.2 Computer Listings

The following subroutines were used in eva]uatihg various flashing
schemes. The thermodynamic properties of steam were ava11ab]e as ORCENT
subroutines (2).

//75LM1 JCB (14021),°'BIN M JENSEN',CLASS=A

//STEP EXEC FCRTHCLG,PARM,FURT=*XREF',REGION.GO=180K |

//FORT..SYSIN DD .= . e e e e e e e
IMPLICIT REAL‘B(A Hy O~ 2}
DIMENSION P(10)
READ(S50,1) XMWW

1 FORMAT(1X,F10.2)
XMW=XMWW*3413000. |
Pl11=35., . . . . — e . e - —— e
P(2)=25.
P(3)=20.
P(4)=15.
NUMB= 4
CALL DREK{Py XMWy XMWW NUMS }
SIOP. . e e B e e
END
SUBRCUTINE DREK(P ¢ XMmy XMW We NUMB)
THIS SURROUTINF [S CALLEND BY SUPPLYING A VECTOR OF FLASHING PRESS-
URES, THE NUMBER 'F FLASHES AND THE MEGAWATT RAT[Nb. WHEN THIS R0
UTINE IS CALLED, ALL VARTABLES A-H AND 0-2 SHOULD BE DECLARED AS
REAL *8. . . e e T, R e e

NCMENCLATURE%%%%  P-VECTUR UF FLASHING PRESSURES IN PSIA,H-ENTEKI
NG LIQUID ENTHALPY,S-VAPSR ENTROPY FENTERING THF TURBINE,PCON-COND
ENSER PRESSURE,AM-THE LIQUID FRACTION OF THE FLASH,V-SPECIFIC vOL
OF THE STEAM ENTERING THF TUKBINE,TO-THE TEHPERAT#RE O+ THE LIQUID
AFTER THE -FLASH, HO-ENTHALPY UF  THE. STEAM EXITING IHE TURBINE,DH-
THE DEtTA H THROUGH THE TURBINE,HCON-ENTHALPY AT THE CCNDENSER,
VCON-SPECIFIC VOLUME AT THE CUNDENSER,SFR-STEAM FLOW RATE,VDX-VOL
FLOW RATFE AT THE FENTRANCt,Z-VAPUOR FRACTINN OF THF IFLASH,VDC-SPEC
VOLUME AT THE CONDENSER PRESSURELP9 IS THE ENTERING PRESSURE NF
THE SAT WATER FEEN-THIS SHOULD PRNOBABLY BE CHANGFD TO AN INPUT
VALUE, POW~PUWER DEVELOPEL BY THE STEAM . . e

OO0
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THE FOLLOWING SUBROUTINES WERE USED FRCM DRCENT
TSAT— RETURNS SATURATION TEMP GIVEN PRESSURE
HLIQ-GIVEN LIQ TEMP THIS COMPUTES ENTHALPY
PRUOPPH- GIVEN P+H THIS COMPUTES STEAM PROPERTIES
PROPPS-GIVEN P+S THIS COMPUTES STEAM PROPERTIES
SVAP-GIVEN T+P THIS COMPUTES THE FNTROPY
IMPLICIT REAL*8(A-H,0-1)

DIMENSION P(10),H(10),S(10),PCON(10) ,AM(10),V(10),TO(10),HO(10),
*DH{10) ¢HCON(10)y VCON(10Q) s SFR(10) ,vDX{(10)42(10),VDC(10)
CALCULATE THE ENTHALPY OF THE WATER AT THE ENTRANCE TO THE FLASH
TO FIND FLASH VAPOR FRACTION

P9=67.

T9=TSAT(P9)

H{L)=HLIQ(T9)

CALL PROPPH(AM(L) ¢S24VZ,yT2yML,P(1),H(1)]}

DO 60 I=2,NUMB

T=TSAT(P(1-1))

H{T)=HLIQ(T)

CALL PROPPH{AM(I) 3S24VZyT2ZyM1,P(1),H(I))

FIND THE S AND H OF THE STEAM

DO 61 I=1,NUMB

TOUI)=TSAT(P(I))

S(I)=SVAP(TO(1),P (1))

CALL PROPPS{AQ H{T),yT2Z4V(I1)4ML,P(I),S(I))

START VARYING THE CUNDENSER PRESSURES

PCON(1l)=2.

DO 10 J=1,3

PCON(1)=PCON(1}-.5

PCON(2)=2.

DO 10 JJd=1,3

PCON(2)=PCON(2)~-.5

PCON(3)=2.

DO 10 MM=1,2

PCON(3)=PCON(3)-.5

PCON(4)=2.

DU 10 MK=1,3

PCON(4)=PCON(4)-.5

DO 62 I=1,NUMB

CALCULATE THE TURBINE EXHAUST ENTHALPY

CALL PROPPS(AXsHD (1) TU,VO4MD,PCON(T),S(1))
CORRECT FOR TURBINE EFFICIENCY
DHUI)=(H(T)-HO(I) )*.78

HCON( I )=H(I1)-UH(IT)

CALC THE SPECIFIC VOLUME OF THE EXIT STEAM

CALL PROPPH{AX,SXyVCON(I) ¢ TXoMXyPCON(I),HCON(T))
CALC THE POWER THROUGH EACH TURBINE
POW1=DH(1)%(1l.-AM(1))
POW2=DH(2)*(1.—-AM(2))*AM(1)
POW3I=DH(3)%(1.—AM(3))*x AM( 2} %xAM(1)
POW4=DH(4) = (1. -AM(4&))=AM(3)*AM(2) *AM( 1)

FIND WATER AND STEAM FLOW RATES
WER=XMW/ (POW1 +POW2+POW 24P 0OW4)
SFR{L)=WFR*(1l.-AM(1))

SFR{2) = WFR%{(l.-AM(2) )=AM(1)
SFR{3)=WFR*(1.~AM(3))*AM{2)=AM(]1)
SFR(4)=WFR%={1.-AM(4))=AM(3)*AM(2)*AM(1)
WRITE(S51,2) XMwWw

FORMAT (1X,/+ LXs*PLANT MEGAWATT RATING = ',F10.2)
DU 63 =1, NUMB

VOX(I)=SFR{I)=v(1)/360C,
VOC(L)=SFR(I)*VCON(I)/3600.

WRITE(SL1y3) P(I),PCONC(TI)

WRITE(Sle4) VOX(I),VvOL(I)

Ztl)=1l.~AM(1)

WRITE(51,91) 1,2(1)

FORMAT (1Xs *FLASH ',12,*' VAPOR FRACTION = *,F5.3)
CONTINUE

CALL WEO(XMWW,SFR 4PCON yWFRoNUMB)

CONTINUE

FORMAT (1Xs *INPUT FLOW = ',F8.0y' [LXHAUST FLOW = ',F8.0)
FORMAT (1X, '"FLASH PRESSURE = ',F5.0," CONDENSER PRESSURE = ',F5,3)
RETURN
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SUBROUTINE WEOU(XMW,SFR 4PC ON, Wk R, NUMB)
THIS SUBROUTINE CALCULATES COSTS AND TURB INE ROUTING

NOMENCLATURE**%x% BMC-BASIC CCST FOR A SINGLE FLOW 23 INCH LAST
STAGE BLADE LENGTH TURBINE CF THE GIVEN RATING,ADF-NUMBER OF

ADDIT IONAL EXHAUST ENDS NEEDED,TTC—~ TOTAL COST OF THE TURBINES
BLL-LAST STAGE BLADE LENGTH,GALW-GALLONS OF WATER GOING INTO THE
CONDENSER y TANKC-CONDENSER COST,FTC~-FLASH TANK CDST-NELLC WELL COST
TOT-TOTAL PLANT COST,FAX-3$/KWH

IMPLICIT REAL*8(A-H,0-2)

DIMENSION SFR(10),PCON(10)

ADDC=0.

ADDC1=0.

ADDC2=0.

ADDC3=0.

LOAD XMW INTO DUMMY VARIABLE

XBW=XMW

ARE ALL CONDENSER PRESSURES EQUAL
IF(PCON(1)-PCON(2)) 30,31,30
IF(PCON(2)-PCON(3)) 32,33,32
IF(PCON(3)~-PCON(4)) 34,103,34

THE FIRST 3 CONDENSER PRESSURES ARE EQUAL, ROUTE THROUGH THE SAME
TURBINE

SF=SFR(1)+SFR(2) +SFR(3)

SFRX=SFR(4)

PCO1=PCUN( 1)

PCO2=PCON(4)

GO TO 108

THE THIRD IS NOT EQUAL, HOW ABGUT THE FOURTH
IF(PCON(2)-PCON(4)) 37,36,37

ROUTE 1,2 AND 4 INTD THE SAME TURBINE
SF=SFR(1)+SFR(2) +SFR(4)

SFRX=SFR{3)

PCOL=PCON(1)

PCO2=PCON(3)

GU TO 108

HOW ABOUT 3+4

IF(PCON(3)-PCON(4)) 38,39,38

ROUTE 142 INTO A TURBINE, AND 3+4 INTO ANOTHER
SF=SFR{1)+SFR(2)

SFRX=SFR(3)+SFR(4)

PCOL=PCON(1)

PCO2=PCON{ 3)

GO TO 108

ROUTE 142 TOGETHER AND 3+4 SEPARATELY
SFR1=SFR(1)+SFR(2)

SFR2=SFR(3)

SFR3=SFR(4)

PCON1=PCON(1)

PCON2=PCON( 3)

PCON3=PCON( 4)

GO TO 106

IF(PCON(1)-PCON(3}) 60,61,60 ‘
IF(PCON(L)-PCCMN(4)) 62,63,62

ROUTE 1,344 TUGETHER AND 2 SEPARATELY
SF=SFRU1)+SFR(3) +SFR(4)

SFRX=SFR(2)

PCO1=PCON( 1)

PCO2=PCON( 2)

GO TO 108

IF(PCON(2) -PCUN{4)) 64 465,64 ;
143 TO TURBINE 1 2+4 TO TURBINE 2 ‘
SF=SFR(1)+SFR(3)

SFRX=SFR(2)+SFR(4)

PCO1=PCON(1)

PCO2=PCON{2)

GO TO 108

1+3 TOGETHER, 2 AND 4 SEPARATELY
SFR1=SFR( 1) +SFR(3)

SFR2=SFR(2)

SFR3=SFR(4)

PCONL=PCON(1)

PCON2=PCON (2)
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PCON3=PCON(4)

GO TO 106
IF(PCON(1)-PCON(4)) 66,67,66
IF(PCON(2)-PCUN(3)) 68,69,68
ROUTE 1+4 AND 2+3
SF=SFR(1)+SFR(4)
SFRX=SFR(2)+SFR(3)
PCOL1=PCONI(1])

PCO2=PCON(2)

GG TO 108

(1s4) (2) (3)
SFR1=SFR{1)+SFR({ %)
SFR2=SFR (2)

SFR3=SFR(3)

PCON1=PCON(1)

PCON2=PCON( 2)

PCON3=PCON(3)

GO TO 106
IF(PCON(2)-PCON(3))70, 71, 70
IF(PCON(3)-PCUN(4)) T2,73,12
(243,4) (1)
SF=SFR(2)+SFR(3)+SFR(4)
SFRX=SFR({1)

PCOL=PCON( 2)

PCOZ=PCUN( 1)

GO 70 108

(2,3) (1) (4)
SFR1=SFR(2)+SFR(3)
SFR2=SFR(1)

SFR3=SFR( 4)

PCON1=PCON(2)

PLON2=PCON( 1)

PCON3=PCON(4)

GO TO 106
IF(PCON(2)-PCCN(4)) 74,75,74
(2¢4) (1) (3)
SFR1=SFR(2)+SFR( 4)
SFR2=SFR( 1)

SFR3=SFR(3)

PCON1=PCON(2)

PCON2=PCON(1)

PCON3=PCON{ 3)

GO 1O 106
IF(PCON(3)-PCGN(4)) 76,784,770
(3,4) (1) (2)
SFRLI=SFR(3}+SFR(4)
SFR2=SFR(1)

SFR3=SFR(2)

PCON1=PCON(3)

PCONZ2=PCON( 1)

PCON3=PCCGN(2)

GO T0 1loe

GO 1O 90

THIS SECTION SIZES AND COSTS W~HEN 2 TURBOGENERATOR UNITS ARE
UTILIZED--THUS (2) 50 MW UNITS
XBW=XMW/ 2.

BMC= 2177000.%(( XMW/135,) %%, 7}
ADF=((SF -494000.1/494000.)%(2./PCOL)
1ADF= ADF+.5

WRITE(51,77) T1ADF

IF(IADF-7) 45,46, 46
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CALL ADFC(IADF,ADDC,BMC)
GO TO 110
ADDC=BMC*.6%.48% ] ADF
TTC=BMC+ADDC |
WRITE(51,88) TTC

FORMAT(1X, ' TURBOGENERATOR COST = *,F12.0)

ADF 1=( (SFRX~4940004)/454000.)%{2,/PC02)

IADFl= ADF 1+.5

WRITE(S51,77) IADF1

IF(IADF1-T) 47,48,48

CALL ADFC{IADFLsADDCL,BMC)

G0 TO 49

ADDC 1=BMC* . 6%, 48% [ ADF 1

TTCl= BMC+ADDCL

WRITE(51,88) TTCL

TTCT=TTC+TTC1

GO TO 90

THIS SECTION 1S USED FOR 3 TURBOGFNERATOR UNITS, (3) 33 MW
XBW=XMW/ 3.

BMC= 2177000.%({XMW/135.) %%, 7)

ADF 1={ (SFR1-494000.)/494000.)%(2./PCONL)

ADF2=( (SFR2-494000.)/494000.)*( 2./PCON2)

ADF3=( (SFR3-494000.) /4940004 )%(2./PCON3)

IADF1=ADF 1+.5

IADF2=ADF2+.5

IADF3=ADF3+.5

ADDC1=BMC*.6%.48% [ADF L

ADDC2=BMC* .6% . 43% [ADF 2

ADDC3=BMC*.6%, 48% [ADF 3

TTC 1=BMC+ADDC1

TTC2=BMC+ADDC 2

TTC3=BMC +ADDC 3

TTICT=TTCL+TTC2+4TTC3

BLLL= 26.%({(SFR1*2./PCON1)/2464000.)%%,537)

BLL2= 26.% ({(SFR2%2,/PCON2) /2464000, )*%,537)

BLL3= 26.% (((SFR3%2,/PCON3) /2464000, )%*.537)

WRITE(S51,6) TTC1,8LL1

WRITE(51,77) IADF1L

WRITE(S146) TTC2,8LL2

WRITE(S51,77) 1ADF2

WRITE(51y6) TTC3,3LL3

WRITE(51,77) IADF3 ‘
FORMAT({1X, ' TURBOGENERATOR COST = *,F12.0," LAST STAGE BLADE LENGTH
* = 1,F12.3)

FORMAT({1X, "NUMBER OF ADDITIONAL FLOW UNITS = ',I5)

GO TO 90

THIS SECTION IS USED WHEN ONLY ONE TURBOGENERATOR TRAIN IS NEEDED
BMC= 2177000.%((XMW/135.) %%, 7)

ADF=( (SFR( 1) +SFR(2)+SFR(3)+SFR(4)-494000.)/494000.) #(2./PCON(1))
IADF= ADF+.5

IFCIADF-T) 41,404 40

CALL ADFC( IADF,ADDC,B8MC)

GO TO 43

ADDC=BMC*.6%,48% ] ADF

TTC T=BMC +ADDC

WRITE(S51,88) TTCT

CONT INUE ‘

THIS SECTION COSTS THE CONDENSER, THE FLASH TANKS AND FINDS THF
TOTAL PLANT COST USING THE METHOD FROM HAPPEL :
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THE AMOUNT OF TOTAL WATER IN THE CONDENSER IS THE STEAM FLOW
RATE TIMES 6 TO ACCOUNT FOR THE CONDENSER COOL ING WATER. THIS IS
DIVIDED BY THE NUMBER QF POUNDS PER GALLON

GALW={SFR(L)+SFR( 2)+SFR(3)+SFR(4))%x6./8.

TANKC=30.%(GALW* % ,48) %2,

WN= WFR/1125000.

ASSUMING THE FLASH TANK MUST HOLD 1 SFCONDS WNRTH (OF THF TOTAL
FLOWy DIVIDE THE FLUW PER WELL PER HR BY 3600 MULT BY THE NUMBER
OF WELLS AND MULT BY THE NUMBER OF FLASHES
FTC=30%{ (39, )%%,4B8) %2 .xWN*4,

WRITE(S51,7) TANKC,FTC

FORMAT (1X, 'CONDENSER COST = ',F10.0,? FLASH TANK COST = *4,F10.0)
WELLC = WN%*250000.

TOT=3.,69% (WELLC+TANKC+FTC+TTCT)
FAX=(TOT*,18+800000.)/(100000.%24.%365,)

WRITE({51+8) WNsWELLC

FORMAT (1Xy *NUMBER OF WELLS NFEEDED = *,Fl0.2s' WELL COST =',F12.0)
WRITE(S51,80) 10T

FORMAT (1X, 'TOTAL PLANT COST = *,F12.0)

WRITE(S51411) FAX

FORMAT (1 Xy *COST PER KILOWATT-HR = 1,f10.6)

RETURN

END

SUBROUTINE ADFC{ IADF,ADDC.BMC)

THIS SUBROUTINE 1S CALLED WHEN MCRE THAN & EXHAUST ENDS ARE NEEDED.
IT ADDS ON AN ADDITIONAL TURBOGENERATOR UNIT

IMPLICLIT REAL*8{A-H,0-1)

IX=1ADF-7

ADl1=BMC*.6%.48%5.,

ADDC=AD1 +BMC +BMC* , 6%, 4 8%[ X

WRITE{51,42) IX

FORMAT (1Xs* AN ADDITIONAL GENERATOR WITH *,415,' FLOWS HAS BEEN ADDE
*D*)

RETURN

END

//LINK «FT 33F001 DD VOLUME=REF=2227114D1ISP=SHR,
// OCB={RECFM=FBS, LRECL=B0,s8LKSIZE=3200),
// DSNAME=A8.6G4.P37093.C1196E.8B0WERS
//LINK4SYSIN DD %

INCLUDE FT33F001

/%

//G0.FT50F001 DD =
100.

/%
//
/7
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9.3 Plant Costing

The total plant cost was calculated as a multiple of the total equip-
ment cost (including wells and major pieces of equ1pment) The procedure
followed is outlined below:

Equipment total = ET = Well Cost + Turbine Cost + Condenser Cost + Flash
Tank Cost + Cooling Water Pump Cost ‘

Additional Costs

Item & Labor Fraction of Egyiément Total (9)

Instrumentation 1

Insulation .1+ .15

Piping A+ .4

Foundation .03+ .03
Buildings .04

Structures .04f

Fireproofing .02

Electvical .06

—— T — e e s+

1.37 (Equipment Total)

P = 2.37 x Equipment Total = Installed equipment cost

Overhead = .3 P

Total Erected Cost = 1.3 P
Engineering Fee = 13% of P
Contingency = 13% of P

Total Investment 1.56 P = 3.69 x Equipment Total

Sample calculation for 4-flash stage plant
Total plant cost = 12,954,700

3.69 (Total) = 47,803,000
.18 (Total Investment) = 8,604,540 annual cost

Operating cost + 800,0d0

Utility + 146,000

= 9,550,540

¢/kWhr.= 100(9,550,540)/(100-1000-365-24) = 1,09¢
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9.4 Steam Turbine.Costing

Because relatively few steam turbines have been designed for geothermal
purposes, it was quite difficult to obtain an actual cost table. The tur-
bines selected in this study are based on one to be installed at the Geysers
geothermal power plant in Northern California. A quote from General
Electric in Lynn, MA, for ‘délivery in 1976 of 4 flow-23" last stage blade
length 135 MW rated turbine is $4,466,000. From simple calculations using
the GE Turbogenerator price (7) 1ist #4721, each additional exhaust end
increased the turbogenerator cost by 48% of the turbine cost fraction of
the unit (6).. The cost of a basic single flow-23" Tast stage btade
length turbine (i.e., 1-23"), was approximated as:

Cost (4-23") = Cost (1-23") + Cost (1-23") x
(additional exhaust end fraction of Basic Cost) x
(Turbine cost percentage of turbogenerator) x
(3 additional flows)

assume

Cost (1-23") = x
$4,466,000 = x + x(.48)(.6)(3) = 1.864x

Cost (1-23")

x = $2,396,000 .

Calculations also show that each additional exhaust end adds
494,000 1b_/hr capacity. Thus to determine the cost of a specific
turbine, ofle would take the basic cost for a single flow-23" turbine at the
specified MW rating and add on the additional cost for the number of
exhaust ends reeded.

For the low MW ranges a power law figure of .7 was assumed. Therefore,

Basic Cost = 2,396,000 (Md/135)’

This gives the basic cost for a single flow-23" turbine at the given MW
rating. And, the additional cost equals number of exhaust ends x
cost/end. The Geysers turbine has a condenser pressure of 2 psia while
our condenser pressure is a variable. Assuming that pressure is inversely
proportional to volume, changing the condenser pressure from 2 to 1
increases the exhaust volume flow by a factor of 2.

The exhaust pressure correction equals the number of additional
exhaust ends times (2 psia/condenser pressure). And the additional cost
can be approximated as:

Additional Cost = number of exhaust ends x cost/end =

2 psia
[(steam flow rate — 494,000)/494,000] x lGndenser Sressure
[Basic Cost] x .6 x .48

The number of exhaust ends is taken to be an integer.

] x
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9.5 Costing of Alternate Working Fluid Turbines

Turbine size and cost depends primarily on two variables: the flow
rate and the exit pressure (see Table 2).

Turbine Vapor
Exit Pressure, Flow Rate

Fluid psia ‘ 1bp/hr
Freon-12 84,9 2.78 x 107
Freon-22 136. 2.26 x 107
Propane 124, 1.32 x 10’
Freon-13B1 213, 5.65 x 10’

The prices quoted on Freon turbines range from $10/kW to $100/kW. Once
Freon turbines are produced on a larger scale, it is reasonable to assume
that the price_range will be reduced somewhat: $10/kW to $30/kW. An
isobutane turbine has been built at a cost of $18/kW.

A power law correlation was established between exhaust flow rate,
exit pressure and last stage blade length, and can be expressed as:

Last stage blade length" = 0.6 + 26" x [Flowrate 1b/hr x

2 psia/exit pressure psia)/2,464,000 1b/hr)]-537

For each fluid, the following table Tists last stage blade length
corresponding to the condenser pressure and flow rate used in the alternate
working fluid cycles.

Fluid Last Stage Blade Length
Freon-12 13.4"
Freon-22 9.5"
Freon-13B1 12,0"
Propane 7.6"

The turbine prices are found from the GE price list (7). A turbine with
the same last stage blade length was scaled up to the required rating. The
scale-up involves adding $9/kW and $12/kW of uprating and then multiplying
times the current cost factor. At the time of this report, the factor

was 0.7,

Freon-22 - Find cost for 100 MW, then divide by the number of kW to get $/kW.
[(90000)9 + 107000(12) + 1115000] x .7/100000 = $22.4/kW
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Freon-12

[(85000)9 + 104000(12) .+ 1440000] x .7/100000 = $24.1/kW
Freon-13B1

[(87500)9 + (104000)12 + 12850001 x ,7/100000 = $23.2/kW

Propane

[(93700)9 + (110000)12 + 945000] x .7/100000 = $21.8/kW

9.6 Costing of Other Flashing Equipment

Wells - Assuming 10 ft/sec the flow is 1,125,000 1b/hr through a
10" diameter well. The cost of each well = $250,000, but an additional
well is required in each case for reinjection. In addition for the flash-
ing case a 5% penalty was introduced to account for steam ejectors to
remove non-condensables.

Condenser Costs - The condenser was sized according to its capacity
(gallons). It was assumed that at any time the condenser would contain 1
second of the total well flow assuming 8 1b/gal. Also, it must contain
29 times as much cooling water to account for the Toss of the latent heat
of vaporization. From Chilton (20)

cost ($) - 30(t0§gg)0]g/hr)0.48

The cost is then updated to account for inflation.

Flash Tank Cost - The flash tank was costed in the same manner as the
condenser, however, since each well has its own set of flash tanks,

Cost = [30 x (total 1b/hr/well/3600 x 8)'48] x number of wells x
number of flashes

Cooling Water Pump - For the 4-flash stage case

Total 1b steam/hr = 2,191,290 1b/hr
= 609 1b/sec

Average condenser AT = 30°F
Latent heat of vaporization ~1000 Btu/1b
Steam entering has ~10% moisture

Therefore ~30 1bs of water are required to condense 1 1b/steam,
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Cooling water flow = 18260 1b/sec

A total head of 48 ft or ~1.5 atm = 3175 1bf/ft is required. 3W1th a
pump efficiency of .75 and a specific water volume V of .016 ft~/1b_,

the work requirement is 67.7 ft-1b /1b water Therefore, total woWk =
18240 1b_/sec x 67.7 ft-1b_./1b f x 106 ft-1b /sec Since 1 hp =
550 ft- 1@/sec the requ1reg oWer is 22505hp With'a motor cost (1967)
of $3000 (20) and water f]ow of 1.14 x 10° gpm, twelve 1000 gpm pumps

@ $2000/pump ($24,000) are required. The combined pump and motor cost is
$27,000 assuming all pumps are on the same shaft and 1.68 MW are needed .
to run the motor.

9.7 Costing Alternate Working Fluid Process Equipment
The required heat exchangers are all very large (>20 000 ft2) and
employ 40 foot Tong tubes. ' The cost per square foot !is constant in this
range (20,000 to 60,000 ft“) and from Holland, Moores, Watson, and
Wilkinson (10) is about $1.70 per square foot. The dost of the cycle
pump and motor and cooling water pump and motor are given as a function
of horsepower in Chilton (20).

The condenser cost was based on the cost of a shell and tube heat
exchanger of equivalent surface area. Tube Tengths af twenty feet were
chosen to minimize cost per square foot. In additiod, longer tubes would
adversely affect flow characteristics. From Holland, Moores, WatsoE
and Wilkinson (10) the cost per square foot in this range is $2/ft“,

9.8 Thermophysical Property | Estimation
and Calculation of vy

9.8.1 Properties

Heat Capacity, Cp - The heat capacities of the working fluids at the
temperatures and pressure in the heat exchanger were determ1ned by
approximating Cp % (AH/AT), which are obtained from a pressure-enthalpy
diagram or entha]py estimations,

At p = 835 psia over the temperature interval (205-225°F) Cp v 222:285 =

0.95 Btu/1p_°F from the p-H diagram (Fig. 9).

T(°F) 85—-105 105125 125-145 145-165 165—-185 185205
Cp(Btu/1b°F) 0.303 0.325 0,339 0.364 0.400 0.450
T(°F) 205225 225245 245265 265280

Cp(Btu/1b°F) 0.950 1.05 0.475 0.365
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)

Kinematic Viscosity, p - Fluid viscosities at the critical point (u
were calculated using the method of Uyehara and Watson (11).

61.6 VM-TC
Me (micropoise) = —73 (30)

Ve

c

The reduced viscosity (up) is a function of reduced pressure (Py)
and temperature (Ty) (4). Then u = up uc. For Freon-22,

P (critical pressure) = 722 psia
Required data: MC(molecular weight) = 86.5
T (critical temperature) = 369.6°K = §65°R
Ve (critical specific volume) = 165 cm°/g-mole

P (pressure in heat exchanger) = 835 psia
61.6 /(MS(Tci
He (viscosity at critical point) 773

(30)

Ve

61.6 /{36.5)(369.6]
(165)%/3

366 micropoise = 0.089 1b/hr-ft

. _ P _ 835 psia _
Pr=pr = 727 psta - L°10

M. can be found graphically from Hougen and Watson page 871 (11) at Py =
1.16 and using the relationship u = ugy pg:

T(°R) 545 565 585 605 625 645 665 685 705 725
Ty 0.82 0.8 0.8 0.91 0.94 0.97 1,00 1,03 1.06 1.09
up 4.9 4.4 3.7 3.5 3.1 2.6 1.3 1.0 0.77 0.74

0.44 0.39 0.33 0.31 0.28 0.23 0.12 0.089 0.069 0.066 0.063

(1b/hr-ft)

Thermal Conductivity, k - UsiEg the value of k o at 86°F and low
pressure from (1), the values of kz"at all temperatg (85°F to 280°F in
20° increments) and low pressure cgn be calculated us1ng the method of
Owens and Thodos (18)

kLP 1.786

T _ |546°R (31)
k T(°R)

86 F

Then, the thermal conductivity, k., at heat exchange pressure for each
temperature can be calculated, agZ1n using the method of Uwens and
Thodos (18)



52

B
Pr
kP -Ale +C] 4 P (cal/em-sec-°C) (32)
T .55 T
v Z
c
where pr = reduced density (dimensionless) at P and T
L. = critical compressibility factor (dimensionless)
M1/6 T 1/2 (33)
Vv = ' 33
Pc2§3
A,B,C: Constants f(fy)
op Ax108 B C
<0.5 14.0 —0.535 |
0.5-2.0 13,1 0.67 -1
2.0—2.8 2.98 1.155 +2
For Freon-22
Pc = 49,2 atm
Zc = 0.264
k86 F (thermal conductivity at 86°F and Tow pressure)

Data required: "LP
= 0.05 Btu/hr-ft-°F (1)

= 2.07 x 107 cal/sec-cm-°C
pp (reduced density) = f(T) at P = 835 psia
from p-H diagram (1)

First, calculate k. p = f(T) from Eq. (31) at T = 165°F

625_ (545,1.786
kep = (Gzg)

= 0.029 Btu/hr-ft-°F

0.05)

T(°R)545 565 585 605 625 645 665 685 705 725 740
KIP 0.050 0.047 0.044 0.041 0.039 0.037 0.035 0,033 0.032 0.030 0.029
(Btu/hr-ft-°F)

Then, calculate kT .. for each temperature from py as a function of T

read from p-H diagégmpfij

T(°R545 565 585 605 625 645 665 685 705 725 740

pyr 2.27 2,19 2,10 2.01 1.91 1.80 1.53 0.874 0.556 0.471 0.429
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and
Bor(T) :
T _A]e + (] T
kg3s = —% * ke (32)
v
c
| M1/6 Tc1/2
where v = W
c
_ (86.5)1/® (369.6)1/2
(49.2)°/3
= 3,01
5 5 _
77 = 0.00128 v 77 = 0.0039
c c
For T = 165°F
(165°F 13,1 x 2078 06719 _ gy
835 psia cal/cmesec-°C ’

(0.0039}(0.00414)

Btu/ft-Ar-°F

0.060 Btu/ftehre°F

T(°F) 85 105 125 145 165 185 205 225 245 265 280

kg35 0.079 0.074 0.069 0.064 0,060 0.056 0.050 0.039 0.036 0.028 0.027

(Btu/hr-ft-°F)

9.8.2 Calculation of y

k0.45 C0.55
Using vy [= 5 22 ] at each temperature interval and (34)
e :
%—.from the Q-T diagram, y = ¢ vy él-can be calculated.
T T

For Freon-22 and T = 165 — 185°F, P = 835 psia
k = 0.060 — 0.056 ~ 0,058 Btu/ft-hr«°F
Cp = 0,400 Btu/1b°F
u=0,28~=0.23 v 0.255 1b/hr.ft
0.45 0.55
) (0.4)

_ (0.058
h )922

(0.255

= 0.227
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From the T-Q diagram (Fig. 9) él;can be obtained as a function of T
T

Q

O

summarizes the thermophysical properties of Freon-12, -13B1, and -22 and

Propane.

and y calculated as the sum of the yi( )1 for each iinterval i. Table 6

Table 6. Thermophysical Propefties

Freon-22:
T = 369.6°K P, = 722 psia v, = 165 cn’/g-mole
o, = 327 Z, = .267 kKB8°F - 05 Btu/hreft.°F
e = 366 micropoise Pr = 1,16
v = 3.01 M= 86.5
T Interval él_ Cp u k
oF T Btu/1b+°F  1b/hreft  Btu/hreft:°F
85-105  0.0615 0.303 0.415 10.076 0.197
105125  0.0659 0. 325 0.360 0.072 0.207
125-145  0.0688 0.339 0.320 10.066 0.209
145-165  0.0738 0.364 0.295 0.062 0.215
165-185  0.0811 0.400 0.255 0.058 0.227
185-205  0.0913 0.450 0.175 0.053 0.252
205225  0.1929 0.950 0.105 10.044 0.391
225245  (.2128 1.05 0.079 0.038 0.412
245265  0.0963 0.475 0.068 0.032 0.255
265-280  0.0556 0.365 0.064 0.028 0.210
7 = 0.297
Freon-13B1:
T, = 335°K P, = 39.1 atm v, = 200 cn/g-mole
[
o, = 46.5 1b/Ft3 Z, = 0.280 k80°F = 0.022 Btu/hrft-°F
We = 402 micropoise = 0.0974 1b/hr.ft Pr = 2.52
v = 2,80 M = 149
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Table 6 (continued)

T Interval Cp u k

°F Btu/1b-°F 1b/hr-ft Btu/hreft.°F Y

85—105 0.98 0.48 0.028 0.232
105—125 " 0.43 0.024 0.224
125145 " 0.36 0.022 0.222
145-165 " 0.34 0.020 0.216
165—185 " 0.31 0.016 0.200
185-205 " 0.25 0.015 0.203
205—225 " 0.24 0.014 0.198
225245 " 0.22 0.014 0.202
245265 " 0.20 0.012 0.192
265—280 " 0.18 0.011 0.190

Y = 0.203
Propane:
_ 0 - - 3 a
TC = 370°K PC = 42 atm VC = 200 cm™/g-mole
o, = 13.7 1b/ft3 Z, = 0.42 k80°F - 0.056 Btu/hr-ft-°F
u, = 230 micropoise = 0.0557 Tb/hr-ft P.= 1.62
v=1,48 M= 44
T Interval Cp n k

°F Btu/1be«°F 1b/hre ft Btu/hrefte«°F Y

85-90 0.522 0.28 0.333 0.563
90—120 0.600 0.27 0.0798 0.322
120-150 0.650 0.22 0.0716 0.334
150—180 0.700 0.19 0.0631 0.341
180-200 0.890 0.15 0.0563 0.391
200210 0.925 0.09 0.0506 0.423
210220 1.17 0.07 0.0475 0.496
220-230 1.25 0.06 0.0417 0.495
230—240 1.27 0.059 0.0402 0.498
240-250 1.27 0.058 0.0393 0.497
250-260 1.40 0.057 0.0376 0.514
260—280 1.35 0.056 0.0359 0.497
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Table 6 (continued)

Freon-12:

T = 385°K P = 40.6 atm V_ = 217 cmd/g-mole

C C C

oo = 34.8 1b/ft Z, = 0.273 k3°F = 0.04 Btushr-ft-°F
u. = 368 micropoise = 0.0891 1b/hr+ft P = 1.17
v = 2.51 M= 121

T Interval Cp u k
°F Btu/1b-°F 1b/hre ft Btu/hreft.°F Y
85105 0.19 0.44 0.120 0.185
105125 0.26 0.39 0.114 0.220
125-145 0.27 0.33 0.0904 0.210
145-165 0.28 0.31 0.0812 0.207
165185 0.29 0.28 0.0528 0.178
185-205 0.33 0.23 0.0492 0.194
205225 0.35 0.12 0.0448 0.222
225-945 0.39 0.089 0.0410 0.241
245-265 1.00 0.070 0.0388 0.416
265-280 0.45 0.066 0.0289 0.238
T = 0.267

9.9 Heat Exchanger Design

The following is a calculation of the heat exchanger design for
Freon-22,

From the cycle design,

Q' = 221 x 107 Btu/hr
Nyp = 22.6 102 1b/hr
Nw = 14.6 x 10° 1b/hr
for reasonable size exchangers, six identical units will be used in
parallel. Therefore,

Q"E = q™/6 = 36.9 x 107 Btushr
N =N. /6 =3.77 x 10° 1b/hr
WE = NuE !

N, = N /6 = 2.43 x 10° 1b/hr
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from T-Q diagram,

1IN = 300°F  TOUt

i OUt - 150°F
in _ o out _ o
TN = gser  TOUE < 2g0eF
i1 (150-85) — (300-280) _ 45 por (35)
LM - (150-85) '
n (300-280

A correction factor f = 0.8 for nog-idea1 flow in the heat exchangers
was used and assuming U = 230 Btu/hr-ft™+°F, then

HE 7
- _Q - 36.9 x 10 - _
A UsT ¥ - T230)(38.2)(0.8] 52,000 ft

For 5/8" 0.D, tubes,40 ft Tong:

2 (36)

D0 = 0,0521 ft L =40 ft

and A-pitch, the minimum p = 1.25 DO = (1.25)(0.0521) = 0.0651 ft.

The equivalent shell side diameter [= 4(passage flow area/wetted
perimeter)] for aA-pitch,

D, = (3.464 p°/wD,) =D

2 (37)

0

[(3.464)(0.0651)2/(3.14)(0.0521)] - 0.0521

0.0376 ft.

From stress considerations (835 psia) the tube thickness is t = 0.0021 ft.
Tube side equivalent diameter is the tube I.D.,

D1 = D0 —2(t) = (0.0421) — 2(0.0021)
= 00,0479 ft.
The number of tubes,
_ A _ 52,000 _
"= 55T " 13.14)(0.0521)(40) - 9%

0

The minimum shell inside diameter required is

D, % P [«’%.. n+ 1] = 0.0651 [/ %-- 7900 + 1] = 6.8 ft (38)
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The nominal shell side mass flow rate is the total mass flow rate
divided by the cross-sectional area:

GN =W (39)

(2,430,000) (5-17)

(6.8)° — (7900)(0.0521)
2

2

125,000 1b/hr-ft

The nominal tube side mass flow rate is similarly:

N
o Nyr
"1.n
4 N
where N = number of tube side passes.
For N = 4
(3,770,000) = (4)
_ 13770, 3.14
(7900) (0.0479)%
= 1,060,000 1b/hrft?
The shell side heat transfer coefficient is
_ 0.2 0.8
h, = 0.023 v D;':° & (41)
where
0.7 .0.3
TS (0.393)047 (1,003
Y, = 05 = T = 0.605 (42)
' (0.738°*°)
h, = (0.023)(0.605)(0.0376)"-% (125,000)°8

321 Btu/hr-ft2-°F
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The tube side (supercritical) heat transfer coefficient is

- -0.23 ~0.77
hWF = 0.0266 YyF D1 GWF (43)

)-0.23 ( )0.77

(0.0266)(0.297)(0.0479 1,060,000

693 Btu/hreft2.°F

(see Appendix 9.8 for calculation of ;QF)'
As a check on the overall heat transfer coefficient,
- 1 - JEb.0
ﬁﬁ. kT th

1
T 0021 1
21t 78 T 593

= 220 Btu/hr- ft2

«°F which was assumed to be close enough to the
estimated value (230).

The pressure drop on the tube side of the exchanger is

S 1

aP, - = fd [ (45)
WF = 0|
oyr + 12 1010) Dp

WF

where fd, the friction factor was assumed to be approximately 0.02,.
is the average density of3the working fluid in the exchanger taken to
be approximately 44 1b/ft~.

0.02 [ (1.060,000)210] (40)(4)
(

44)(12) x 10 0.0479

14.2 psia ~2% of the working pressure.

On the shell side,

2
GTW Ds
Py 12 x 10 2
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(125,000)°

(60)(12 x 10

6.8

= (8)(0.02) 0, 0376

~0.06 psia 0

A summary is contained in Table 7.

Table 7. Summary of Heat Exchanger Design Parameters
Freon-12 Freon-22; Freon-13B1 Propane
Number of exchangers 6 6 25 6

Q"E (Btu/hr) 34.4 x 10’ 36.9 x 10’ 9.52 x 10’ 35.2 x 10’

N, (1b/hr) 2.65 x 10° 2.43 x 10® 0.476 x 10° 2.20 x 10°

Nye (1b/hr) 4.63 x 10° 3.77 x 108 2.26 x 10° 2.43 x 10°

T&” (°F) 300 300 300 300

Tﬁ“t (°F) 170 150 100 140

TR (op) 85 85 85 85

HWF

out ,,

ToUL (°F) 280 280 280 280

ATy (°F) 44.9 38.2 17.4 34.6

f 0.8 0.8 0.9 0.8
assumed U (Btu/hreft2.°F) 230 230 110 255

A (£t2) 42,000 52,000 55,000 50,000

D, (Ft) 0.0521 0.0521 0.03125  0.0417

p (ft) 0.0651 0.0651 0.0391 0.0522

t (ft) 0.0021 0.0021 0.0021 0.0021

D, (ft) 0.0479 0.0479 0.02705  0.0375

D, (ft) 0.0376 0.0376 0.0226 0.0301

n 6400 7900 14,000 9500

D, (ft) 6.1 6.8 5.4 5.9

6, (1b/hr-ft?) 1.7 x 10°  1.25 x 10% 0.39 x 10° 1.53 x 10°
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Table 7 (continued)

5

5

Gy (1b/hr £t2) 16 . x 10° 1.06 x 10° 16.8 x 10° 9.3 x 10
h,, (Btu/hrefto-°F) 410 321 140 470
e (Btu/hreft2+°F) 855 693 770 970
calculated U (Btu/hrsftZ-°F) 230 220 110 255
AP, (psia) "0 "0 ~0 "0
APy (psia) 22 14 240 31
9,10 Nomenclature
n efficiency of working fluid cycle =
wnet
HE
Q
e Carnot efficiency
Trel Woet/AB
A area(ft%
AB availability of 1 1bm
50°F, 67 psia
FbAS —-AH] (Btu/]ba
300°F, 67 psia
Cp heat capacity (Btu/1b°F)
D diameter in inches
AE derivative of the change in internal energy of the pump with
P respect to time(Btu/]bm)
AET derivative of the change in internal energy of the turbine with
respect to time(BTU/]bm)
f correction factor to ATLM’ non-dimensional
G mass flow  (1b/hr)
AH change in specific entha]py(Btu/]bm)

H specific entha]py(Btu/]bm)
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H* specific enthalpy at zero pressure(Btu/]bm)

Hﬁ;t specific enthalpy of water coming out of the heat exchanger(BTU/]QQ

H;a specific enthalpy of water going in the heat exchanger(Btu/]bm)

H;uF specific enthalpy of the working fluid going into the heat exchanger
(Btu/1b_)

Hﬁwg Specific enthalpy of the working fluid coming out of the heat
exchanger(Btu/]bm)

HL latent heat of condensation

H;n specific enthalpy of the working fluid going into fhe pump(Btu/]bm)

HS“t specific enthalpy of the working fluid coming out of the pump(Btu/]bm)

H}n specific enthalpy of the working fluid going into the turbine(Btu/]bm)

H$Ut spe¢ific enthalpy of the working fluid coming out of the turbine
(Btu/1b_)

m

h, heat transfer coefficient (Btu/hreftZ-°F)

ky thermal conductivity (Btu/hreft.°F)

]bx pound mass water

MW megawatts = 1000 kW

Nu Nusselt number

Ny water flow rate Obm/hr)

NWF working fluid flow rate Gbm/hr)

Pr Prandl number

Py Tow cycle pressure (psia)

P, high cycle pressure (psia)

Pc critical pressure(psia)

Pr reduced pressure,P/Pc

Q amount of heat transferred for a given temperhture in the heat
exChanger(Btu)

QHE total heat transferred to working fluid in heat exchanger(Btu)

Q derivative of heat flow through the pump with respect to time

P (Btu/hr)
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total heat load on the heat exchanger
(Btu/hr)

total flux of heat from the water in the heat exchanger (Btu/hr)
total flux of heat to the working fluid in heat exchanger(Btu/hr)

Reynolds number

change in specific entropy(Btu/]bm°R)
thickness (ft)

critical temperature (°R)

temperature of working fluid out of the heat exchanger (°F)
temperature of working fluid into the heat exchanger ( °F)
temperature of water out of the heat exchanger (°F)
temperature of water into the heat exchanger (°F)

cooling water temperature, 50°F

reduced temperature

specific volume of working fluid (ft3/1bm)

net work from the cycle (Btu)

net power from the cycle (watt)

work from the pump (Btu)

pumping power (watt)

work done by the turbine (Btu)

power done by turbine (watt)

critical compressibility
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