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CALCULATION OF GEOTHERMAL POWER PLANT
CYCLES USING PROGRAM GEOTHM* '

Michael A. Green and Howard S. Pines
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

ABSTRACT

Program GEOTHM, a thermodynamic process program under dev-
elopment at the Lawrence Berkeley Laboratory, can be used to calculate
the thermodynamic characteristics of geothermal power plant cycles.

The computer program has been used to model some of the major geo-
thermal power plant cycles. These include: (1) flashed steam cycles, - '
(2) two-phase expander cycles, and (3) bi-fluid or binary cycles. The
program will design the power plant thermodynamically (for example, it
calculates pump and turbine ratings and heat exchanger area), and it can
be used to model off-design operation of the plant. The paper includes
three examples of program GEOTHM's capabilities: (1) A study of the
electrical energy yield per unit well flow in bi-fluid cycles using ammonia,
R-22, isobutane, and R-113 as a function of turbine inlet temperature and
pressure is presented; (2) The change in power plant yield in bi-fluid
cycles using ammonia and isobutane as the brine heat exchanger U factor
changes is shown; and (3) The effect of non-condensible gases on the opti-
mum performance of flashed steam and two-phase expander power plants
is'calculated. o

¢ "Work performed under the auspices of the U. S. \Ene_rgy Research and
Development Administration. '
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Prografﬁ. GEOTHM has been under deizélopmeﬁt since December of
1973. This p_apér"will rep‘ort the development of thé program since
dcfobér of 1974. Reference 1 describes the progr4a.m.bax.1d its development
béfore.'October‘ 1974 This paper discusses recent de'v‘elopments.in fluid
property. calcﬁlétibns and describes' some prbblems which h;ve‘been
solved ﬁsi;ig GEOTHM The prbgram has been deéighed so that power
plant cost op,t'ijrhization can be ultimately achieved. .

Fluid Prope'rty Calculations

The r‘out‘ine:‘s for calculating working fluid p'ro_p..e‘rfies have evolved
continuoﬁsly s‘in‘c_:elthe inception of'prog‘ram GEOTHM. ‘During the early
stagés of program development, the selection of the appropri_ate equation
of state to represent a particular class of working ‘fl;uid'siw'as dictated by
practical consideratioris. ! Figure 1 depicts the phase diagram for a
typical wérking fluid and the various regions 'whe.re. different' state equa-
tions are most applicable. The Martin equation of statg"z was used to
represent the reffigerants becausé coefficiénts had a..lre.a_dy been developed
by Dovvning3 and Milora4. The Starling-BWR equafioﬁs' 6 is used for the
light.hydrocarbons, and the ideal gas equé.tion of staté .is used for near
room terﬁpera;tur.e' low density air gases. : v -
The Ma;.;-tin gquatiOn is well-behaved in the superheated gas and
supercritical fluid regime (Regiéﬁ 3). However, this equation is not reli- i
able for calculating fluid prope?ties in the dense fluid r_egimé at réduced

temperatures 6f'0. 9 and below. Region 1 has been modeled by an incom-

pressible fluid state equation. This.equation is valid for: desc ribing the
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subcooled liquid i'égirhe, but it leads to .inac'curacies, of increasing magni-
tude at higher pressures in Regions la and 1b. The i.nacc.uracies associ-
ated with the assumption of incompressibility lead to inconsistent fluid
property calculatiéns at the boundary between Regiov’n.s lIb and 3. Any
thermodynamic process passing through this boundary eicperiehces a step-
wise .discontinuity in property calculations when stepping from the region
go§/e rned by the incompreésible fluid equation to the :Ife_"gion described by
‘the.Martin or. Stérling equation in Region 3. This discoﬁtinuity, first
encountered during development of the off-design heat .exchangerr routiné,
resulted in the br?akdoWn of a convex;gence routine.

This line of discontinuity was eliminated by a routine which was
designed to compute the weighted ave rage of the soluti_bns to both the
incompressible fluid equation and the Regipn 3 equatioﬁ for any state point
in the transition zone lb. Although this merge routiné:prdvides consistent
fluid calculations in the Region lb, it continues to yield inaccﬁrate' results
in the dense fluid reg‘ion near the critical temperature where the assump-
tion of incompressibility is invalid.

The errors associated with the liquid equation can‘be reduced by
extending the mérge region down into the liquid regime l.a. The extension
of the merge fegic;n is limited by the degree to which the Region 3 state
equation is valid in the liquid ~regime. Tests indicated that the Martin
equation was only valid down to reduced temperatures ‘of 0.9. However,

the Starling-BWR state equationé, produces ac’curate'thermody-namic data



for the entire liqvuid regime down to the triple point. Since the Starling-
BWR equation svucvcessfully predicts fiuid properties along the liquid-vapor
dome and in all regions outside the dome, the incomprésgible fl.uid equation
and the merge routipe .are not required for calculatidﬁs involving the light
hydrocarbon fl-uid'é. (The Sté‘rling equation for isobutané is plotted on a.
P-v diag'ram in Fig. 2.) Due to the computational ease and acéuracy
afforded by the__St_arling-BWR equation, it becomes highly desirable to fit
all of the potential working fluids to this equation. Sta rling7 beliE;Ves that
his equation may be applied to the representation of mahy other fluids and
fluid mixtures including water, ammonia, the refrigerants, and the air
gases.

Program GEOTHM currently employs the Starling-BWR equation,
two forms of the Martin equation, and the ideal gas equation té generate
thermodynamic properties for a wi;:]e variety of working fluids. The light
hydrocarbon fiui&s including isobutane and propane are calculated by.the :
Starling equation; ammonia and re:frigerant properties are calculated
using the Martin equation. Both state equations wi1_1. generate a liquid-
vapor dome for theif respective working fluids. Onée the dome is speci-
fied, a ''search' routine locates the particular ;'egion of Fig. 1 where the
state point to be calculated resides. This routine then directs thé appro-
priate equation-of-state routine to solve for the therrﬂédynamic properties
at this point. For example, in the case of the Starling fluids, any fluid

point lying outside the two-phase dome is computed directly by the Starling-
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BWR' equation, and ény point within the two-phase dome is calculated by
a linear interpolation of the fluid quality.

In order to avoid the inaccuracies associated With'Martin fluid cal-

~culations in the merge Region lb, an attempt is now being made to curve

fit Sta.rling coeffigients for the reffigeraﬁts, ammonia, and Waterr using
multi-property non-linear regression anélysis,. 8 Cycies- which include
fluid mixtures will also be programmed into GEOTHI\F/I‘,using the versatile
Starling equation. The proceduré for curve fitting ’Starling coefficients

to these mixf_ures is a nontrivial task., Ultimately, all fluid property cal-

culations in GEO.T'HM, except inside the two-phase dome, will be handled

by the Starling-BWR equation. GEOTHM will continue to use the ideal gas
equation to représent the air gasses and CO, at or near room temperature.

Thermodynamic Cycle and Process Calculations

An essential feature of program GEOTHM is the ability to synthesize
a ranging complexity of possible thermodynamic cycles frorh combinations
of elemental thermodynamic processes. The LBL geothermal program has
thus far 'utili'ze.d' GEOTHM to study simple flash, bi-fluid (binary), and two-~
phase turbine (tot.al flow) cycles. More complicafied vr.nulti-stage flash-
binary combined cycles have also been examined. An e.xample of.a combined
cycle plant is detailed in the next section.

The rouﬁnes which perform the various therm_odynamic process cal—
culations are numerous in the repertoire of GEOTHM. Each routine is

responsible for a thermodynamic process. These processes include:



isenthalpié ekpansion, phase separation, contact cohdensation, desﬁpef-
heating, multiplé stream mixing, and the effects of hea't'and. friction losses
in pipes. The;e routines are used to calculate the the'.r'rhodynamics of com-
ponents such as turbines, pumps, flash tanks, heat exchange rs, cooling
towers, and so forth. The programvnow runs with a dry-type cooling
tower; a wet-type tqwer routine is cuArrently being Wyri_ttc:en.

The program fnodels four types of counter flow heat exchangers.
Two of these heat éxchangers, including a regenerator, operate in the
design mode. If the initial conditions specif:y two or 'threé_of the end-point
temp\evratures_,_ the mass flow in one or both streams,-‘ the average U factor.,
and the pinch pqiht AT, the routine will compute the anknown end-point
.cond'itions, the mass flow, and the heat exchanger aréa which satisfies the
pinch point co'nstraint. The remaining two heat exéhéngers are run under
off-design conditions. ~An example of off-design operation is presented in
a later section of_this paper. o

The Design of Power Plants with
Complicated Thermodynamic Cycles

In the previous section, we showed that prégram GEOTHM calculates
simple thermodynamic processes and that these processes can be combined
to calculate simple thermodynamic cycles. Program GEOTHM can be used
on cycles which are \}ery complicated. GEOTHM not ohly calculates the
thermodynamics of the plant, but it also sizes the components so that the
plant cost can be estimated. This section illustrate.s. the calculation of a

complicated thermodynamic power cycle.




Table 1. Cycle parameters for the power cycle

shown in Fig. 3.

a. Power plant parameters

'164.88

WELL FLOW RATE KG/SEC
INLET WATER TEMPERATURE 473.1¢& DEG K
. INLET WATER ENTHALPY " 851466 J/C
COOLING FLUID INLET TEMPERATURE - .298.00 CEG K
AMBIENT TEMPERATURE ' . 1 263,0C DEG K
POWER -PLANT ENERGY BALANCE
AVAI LABLE HEAT INFUT 126.752 MW
NET HEAT INPUT 1064219 Mw
HEAT REJECTEC 94.129 MW
HEAT LEAKS 1.752 MW
NET HEAT QUTPUT 95,881 MW
AVAILABLE HEAT OQUTPUT 116.414 MW
TURBINE POWER 13.552 Mh -
PUMP POWER 1423 Mw
FAN POWER 1.792 MW
VACUUM PUMP POWER 0,000 Mw
- NET MECHANIC AL POWER 1C.337 Muw
" GENERATCR PCWER 13.281 MW
ELECTRIC MOTOR POWER IN 34281 MW
NET ELECTRICAL POWER 1C.C0C M
POWER PLANT EFFICIENCIES AND YIELD FROM THE WATER
NET CYCLE EFFICIENCY _ 9.414 FCT
AVAILABLE HEAT EFFICIENCY 7.88S PCU
CARNOT EFFICIENCY 38.076 PCT
YIELD PER UNIT WELL FLCW C 16.847 KWH/TCAN
'b. Heat exchanger parameters .
HEAT EXCHANGER NUMBER 1 2 3
INETIAL MINIMUM DELTA T(K) 5.000 1C. €OC 5000
* - FINAL MINIMUN DELTA T(K) 5.000 10.00C - 540C0
U FACTOR(W/M%*%2 K) . 545.000 S67.70C 545.000
LOG MEAN DELTA T(K) ' 12. €40 2€. 7117 B.638
AREA(M%%2) : 5659 .515 3870.912 11332.280
HEAT TRANSFERRED(MW) 38.987 58.710 53,352
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The plant cycle is illustrated in Fig. 3. Progrﬁam. GEOTHM divides
the plant up into 13 fluid streams. The cycle has many qomponents.
These include: two 'Z-phase turbines, two flash tanks; one condensing
heat Aexchangevr, two air cooled condensers, one R-22 tﬁrbine, one.R ~22
pump, one vacuum pump and some condensate pumps. The results of the
calculation aré show_.n in Tables la and lb. Table la .:plresents basic power
‘plan.t parameters ana Table lb shows the basic parametérs of the heat
excha\ngers.

The -cycle shown in Flg 3 is relatively insensitive to the effec‘ts of
non-c’o'ndensible's. Tlﬁs cycle is compared with a simple two-phase turbine
cycle shown in I'I"ig. 4. This cycle, which is similar to the cycle proposed
by the‘ L’awrenée Live1;rnore Labora’cory9, has a final condensatio‘n temper-
ature of 324°KI (the same as the complicated cycle séco.nd stage two-~phase
turbine exit temperature). The condenéer is an air cooled condenser so
that a fai»‘r com'parisonv can be made between the two cyCies. In both cycles,

the two phase turbines are assumed to be 70% efficient.

Table 2. Power output per unit well flow vs percent
non-condensibles for two thermodynamic cycles.

Yield per unit well flow

Percent (kWh per metric ton)
non-condensibles - Simple LLL cycle Complicated cycle
’ (see Fig., 4) (see Fig. 3)

0 18. 844 16.847
0.5 . 18.555 16.736

1.0 18.267 -~ 16.736
3.0 17.112 16.736

5.0 15.959 16.736
7.0 14. 866 16,736
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Table 2 shc;';!vs that non~condensibles ca?n affect the performance of
two-phase turbine cycles. Most of the non-conde.ns"ib'l.é-s are removed at
a pressure abové 1 atm in the cycle shown in Fig. 3 ‘The remaining non-
condensibles amount to about 0.2 percent of the orig‘in‘al mass flow df the
well. The simple total flow cycle shown in E»ig.' 4 reqx._ii%es that all of the
non-condensibléé be pumped out of the condensor; this results in reduced

yield per unit well flow.

dff;besign Conditions in a Bi—Fl_uid Power chle

Program GEOTHM may be used to model the off-design operation of
a geothermal power plant cycle. As an example let 'us look at a simple
bi-fluid cycle v'vhi'chl has a brine exchanger and air Cogied condenser (see
Fig. 5). This cycle has no desuperheater or regenerator. Program
CEOTHM can, as illustrated in the previous. section} design the power
plant. Once th_g plant has been designed, the operafionai parameteré can
be éhanged and vtl.'l‘e plant performance can be modeled by the computer.

An example of an operational parameter which"c.lnanges with time
is the U factor of the brine heat exchanger. The heat exchanger manufac -
t;.urer might suggest a design U factor of 568 W m™% k-1 (100 Btu R

F"'l). Experimental measurement tells us that the U factor for a clean

2 -2

heat exchanger mé,y start out as high as 3000 W m-“ k- 1 (530 Btu h-1 ft

-1
F ). As the heat exchanger fouls up with salts fromthe brine, the heat

exchanger U factor drops until it is so low the heat exchanger must be

cleaned.
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We illustrate the effect of heat exchanger fouling by looking at the
simple bi-fluid éyéle using ammonia as a secondary working fluid. The

2 1L the design brine heat exchanger area

design U factor is 568 W m~
is 6440 m?; the pl_aﬁ-t_ net power is %0 MW ; the iniet~w-ater temperature is
200°C; the design water mass flow is 163.4 kg .s"1 and power yield per. '
ﬁnit. well flow at design condition is 17,342 kWh pef Am.eb;cric ton.

The geothermal power plant cycle is designed S_o that the turbine
inlet temperatuvr'e' is maintained by reg Qlating the f19w4fr‘om the wells,
When the well.flow reaches 120 percent of tﬁe design well flow, no addi-
tional fluid can be extracted from the wells so the turbine inlet tempera-
ture is allowed to drop. The result is a power plant which will maintain
its net power rating until the well flow reéches 120 percent of design flow.
The U factor of the brine heat exchanger started out at 400 percent of the
design U factor (1870 W m~2 k™!). The U factor of the brine heat
exchénger drépped until it became zero.

The res.u_lts.‘of the fouling simulation calculations on the ammonia
bi-fluid plant are shown in Figs. 6a and 6b. Figure‘ 6a plots net plant
power output and well mass flow as a function of the brine heat design
U factor. Figufe 6b plots the power plant yield per unit well fl.ow-(given
in kWh per metric ton of 200 °C well water) vs the brine heat exchanger
U factor. The results of the study show that there is considerable latitude
2

in U factor over which the plant can be operated. U factors of 1870 W m"~

k-1 (the 400 percent case) don't increaée yield very much. On the other
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hand cutting the U factor to 50 percent of design vai_ue (233 W m=2 k"l)

cuts power production to 87 percent of the design output of the plant.
Similar studies were made using isobutane as a working fluid; the results
were similar.

Comparison of Varioué Working Fluids in Bi-Fluid Cycles

Prograrﬁ GEOTHM ha.s been used to study the perforrhance of various
Workipg fluids>'i_n various bi-fluid cycles. The perform;'ance of simple bi-
fluid cyclevs (without é regénefator or desuperh'eater_); »s'uch as shown in‘
Fig. 5.', has Eeen calculated using a nurn'berxof secondary working flui(.is.vlo
A comparison of four working fluids is shown here.. These fluids are (1)
ammonia (R.f717_);. V(Z) isobutane (R-600a), (3) Refrigerant 22 (R-22 is also
known by ’cher:nvical cdmpany trade names such as Freoﬁ';ZZ), and (4) refrig-
erant 113 (R7'113 is also known by various trade nafnes). The four working
fluids are used in cycles which have well wéter temvper‘atvurels of 170>°C,
200°C and 230°C. B

The prop.erties of the four working fluids are véhown in Table 3.11 For
comparison, the prqpertiés of water (R-718) are als_ovir‘;cluded in the table.
The four fluids feprésent a spectrum of fluid properties. All of the fluids
are reaéonably st’able"a_t tempera‘tures up to . 230°C (R-,-IZZ is a possiblé
exception becau.se' it probably should not bé' _usedb at ‘te'mperatures above
ZOOC’C).12 A low fnole‘cular weight fluid (ammonia) and_a highvmoleculér

weight fluid (R-113) are presented. Retrograde liquid vapor dome fluids

(R-113 and isobutane) and non-revtrograde fluids (ammonia is highly



Table 3.

geothermal power plant cycles.

Properties of five working fluids used in bi-fluid

Properties

ASHRAE designation
Chemical formula
Molecular weight
Critical température (K)

Critical pressure (bar)

- Critical volume (cm3g'l)
Critical compressibility

Normal boiling tempera-
ture (°K)

Heat of vaporization (Jg"l)
at normal boiling point -

Type of liquid vapor dome

Toxicity (Underwriters
Lab. classification)

Flammability

R-718
1,0
18.0
647.3
221.1
3.139
0.232

373.2
2259.5

non-retrograde

Group 6+
(non-toxic)

non-flammable

Ammonia
R-717
NI—I3

17.0

4705.4

112.7
4.243

0.242

239.8

. 1371.1

" non-retrograde

Group 2
(toxic)

M-flammable

Working Fluids

isobutane
R-600a
CH (CH3)3
| 58;1
408.1
36.5
4,518
0.282

261.4
364.6

retrograde

Group 5b
(non-toxic)

V-flammable

Refrigerant 22

Refrigerant 113

R-22
CHCZF,
86.5
369.2
49.8
1. 905
0.267

233.2

233.4

. non-retrograde

Group 5a
{(non-toxic)

non-flammable

R-113

CCAF-CCLFy.

18i4'
487.3
3&1
1.735
0.274

320.7
147.0

retrograde -

between Groups
4 & 5 (M-=toxic)

non-flammable




norrl-retrogrvade; R-22 is 'slighfly non-retrograde) are shown. (A retro-
grade fluid.exp_ands dryer along an isentrope; a non-retrograde fluid
expands wettex; along an isentrope.)

The parameter study pre sen};s the electrical pov&:rer yieid per unit
well flow (i’n kilowatt hours of electricity pet metric toﬁ,of well water
passed thro.ug.h tﬁe power plant) as a function of the secondary working
fluid and the well water inlet temperature. For eac.‘h_well water inlgt tem-
perature and working' fluid, the turbine inlet_temperatufg and pressure was
varied. The pump inlet conditions corresponded to the saturated liquid
condition for the working fluid at 311°K (38°C). Th"'e' aif—cooled condenser
air inlet'temperéture was set at 298°K (25°C). The pinch point témpera-
ture drop;s were set at 10°C for the brine heat exchanger and 5°C for the
air-cvooled cqndenser. The well water waé‘assurned t_.o have the thermo-
dynamic properties of pure water.

Table 4 presents the electric power yield‘ perﬁ‘ unjt well flow for the
four working fluids and fhe three water inlet temperatﬁres. For each of
the twelve cases the yield is given for two turbine inlet conditions.

- Table 4 shows the obvious; the electric power yield.v pér unit well flow

"~ rises fnarkediy with water inlet témperature. Since the best cases were
chosen for each working fluid, it is not surprising that the power yield

is comparabie between the four working fluids. Therefére, one might be
hard pressed té elimina’;e any of the f.our \‘;vorking fluids on the basis of

power yield per unit well flow.
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Table 4. Electric power yield per unit well flow as a function of
w,or}(ing fluid and well water inlet temperature.
(Each case has two turbine inlet conditions.)

Well water inlet

Turbine inlet

Turbine inlet-

Yield per unit

Working termnperature pressure temperature well flow
fluid o ' 5 Wh kg1
(°K) (bar) (°K) or kWh ton~!
443. 16 120 390 (117°C) 7.8
(170°C) 420 (1470°C) 10.3
R-717 473. 16 120 420 (147°C) 17.3
(ammonia) (200°C) 450 (177°C) 17.2
503. 16 140 450 (177°C) 25.8
- {2300C) 480 (207°C) 26.6
443,16 40 390 (117°C) 7.7
(170°C) 420 (147°C) 11.2
R-600a 473.16 20 420 (147°C) ~19.0
(isobutane) - (200°C) 450 (177°C)’ 17.7
' 503,16 60 450 (177°C) 25.3
(230°C) 480 (207°C) 26.0
443,16 60 390 (117°C) 9.6
~ (170°C) 420 (147°C) 11.2
R-22 473.16 60 420 (147°C) 15.6
(200°C) 450 (177°C) 17.2
503. 16 80 450 (177°C) 22.8
(230°C) 480 (207°C)* 24.4
443,16 20 390 (1179C) 7.3
(170°C) 420 (147°C) 11.7
R-113 473.16 20 420 (147°C) 14.9
(200°C) 450 (177°C) 19.7
503. 16 40 450 (177°C) 24.4
(230°C) 480 (207°C) 27.6

*R =22 may be too unstable for use at this temperature,

It is clear from Table 4 that more investigation is needed in order

to clearly show a definite preference for one working fluid over another.

Plots of yield per unit well flow vs turbine inlet temperature and pressure,

such as those shown in Fig. 7a through Fig. 7d for 200°C inlet water,
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will yieﬂld; moreb informétion on the behavior of the fluids. For example,
cycles which have turbine inlet temperatures below the fluid critical
temperature should have turbine inlet pressures which aré subcritical,
Supércritical vcyc'l.es are best when tl:le turbine inlet‘ terﬁperature is above
the fluid c':briti'cal temperature. In general, one should choose the working
fluid so that the turbine .inlet temperature and pressure are above the
fluid critical temperature and pressure.

Table 5.’presents more information on the 200°C inlet water cyclés
shown in Table 4. Ta‘ble' 5 includes the fbllowing additi_onal information;
cycle efficiency, turbine power, pump power, condenser fan power, net
electrical power, brine reinjection temperature, area of the brine and
condenser heat exchangers (the COndepser area is bare tube area), and
a raw capital cost facto.r. (The actual cost of the co£np1ete power plant
complex including the wells is almost dou‘ble the ra\;v cabital cost factor,
which is a basié component cost.) A close look at Tbabllié 5 shov&s the two
freon plants (R -22 and R-113) require more heat exchaﬁger area énd
equilpment, henc¢ their capital cost is higher.

Table 6 yvi'»elds even more information on the Cy.c'l,es shown in
Tables 4.and 5. Table 6 shows the secondary fluid mass flow rate and
the turbipe exit specific volume. The éxif area of the turbine, which for
all practical purposes determines the physical size ov‘f the turbine, is a
function of the product of secondary fluid mass ﬂow.and ‘turbine exit speci-

fic volume. Similar arguments can be applied to plant piping.



YIELD PER UNIT WELL FLOW(KWH/METRIC TON)

Fig. 7.

22.

20.

18.

16.

14.

1e.

10.

522_
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7b. An isobutane (CH(CH3) 3) cycle.



YIELD PER UNIT WELL FLON(KNH/METRIC TON)

24.

22.

20.

o =24-

WORKING FLUID--RREQN 22

WATER

BAR
BAR
BAR
BAR
BAR
BAR

Q090 o>

0

[~ 2 = I = Y = R = ]

INLET TEMP: DEG K = 473.1L68
TURBINE INLET PRESSURE - '
30.
40.
S0.
60.
70.
80.

10.0f
& = * B "
8.0f :
6.0 — ~ — : ‘
410 420.0 430.0 440.0 450.0 460.0

TURBINE INLET TEMPERATURE(DEG K)

Tc. A refrigerant 22 (CH C1 FZ) cycle.

XBL 755-1228-




COu04206266¢g |

-25-

WORKING FRLUID--FREON 113
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A refrigerant 113 (C CI,F - C Cl Fp) cycle.
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Table 5. Detailed cycle parameters for eight cycles using four secondary working fluids.
Well temperature 200°C, Ambient air temperature 25°C,

Case | Case 2 Casc 3 " Case 4 Case 5 Ca'ée 6  Case 7 Caée 8

Working fluid in loop ammonia isobutaneé Refrigerant 22 Reffigerani 113
Well water temperature (°K) 473,16 473,14 473,16 473.16
Pump inlet temperature.(°K) 311.00 311,00 311,00 311.00
Pump inlet pressure (bar) 14.75 5.10 14,85 0.76
Turbine inlet pressure (bar) 120.0 40.0 60.0 20.0
Turbine inlet temperature (°K) 4£290. 480, 420, 450. 420. 450, 420, 450.
Cycle efficiency (%) 11,52 12,81 10.79 11,51 8.88 9.81 8. 348 11,053
Yield per unit well flow (Wh kg=1)* 17.342 17.158 18.982 17.718 15.550 16.374 14.931 19.739
Water reinjection temperature (°K) 347.21 362,19 325, 48 344,33 326.14 333.20 32_2. 90 323,14
Power '

Turbine power output (MW) 13, 857%x* 13.289%= 13,905 12,948 15, 346 14,213 14, 772%% 13,234:x%

Pump power input (MW) 1,263 1,168 1.823 1,352 2.707 2. 111 1.773 1,121

Fan power input (MW) 2.040 S 794 1,731 1.283 2.231 1.740 2.614 1.889
Net electrical power (MW) 10.0 1.0 10.0 10,0 10.0 10.0 10.0 10.0
Heat exchanger area )

Brine heat exchanger area (_mz) 7612, 643%.4 10348.6. 9417.4 ‘_10003. 1 9042.9 8596.9 12027. 4

Condenser area (m2) 15662, 8 14034.9 " 15775.0 12256, 4 19956.2 16044.7 21871.6. mqgé. 5
Raw capital cost facfor (3/kW) 842 T 7349 : SSO 794 995 892 996 o 821

*  Watt hours yer kilogram is the same as kilowatt hours per metric ton,

** Wet turbine, working fluid leaves the turbine twith liquid droplets.

-9z-



Table 6. Turbine exit parameters for the 10 MW net power cycles

shown in Tables 4 and 6.

450

610.7

: o Turbine Turbine Gross Working
, Working inlet inlet turbine fluid specific turbine
Case fluid pressure temperature power mass flow : yolu:mel 0 exit aérea '
: bar (9K) (MW) (kg s~ 1) (em3g™h (m?%)
1 Ammonia 420 13.857 83.7 66, 78% A 0.188
C(R-717) 120 | '
2 450 13.289 62.6 81.01% - 0.170
3 : 420 13.905 217.6 86. 34 0.628
Isobutane :
" (R-600a) 40 ‘ ) |
4 ; 450 . 12,948 161. 4 101. 42 : 0.537
5 420 15. 346 510. 3 18.35 . ©  0.311
R-22 60
6 450 14.213 397.9 21.45 0.284
T | 420 14,772 1060.6 . 117.04% - 4,13
' ‘R-113 20 o o ; ' :
8 13.234 148.63% 3.02

* Two phase fluid

from wet turbine.

.

A water turbine which exits at 311°K would have an area of about 0.5 m? per megawatt of power rating.

"Turbine exit - Approximate -

.—Lz-

0o

0 ¢

b

a7

o
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While it 1s vt‘ode'arly to select the beét 5i-f1uid 'geot}ie i"mal power
plant working..f.luid”, one can make some general sta'te;n.lents about desir-
able work_ing-fluid' propertiebs. For example, (1) one: 'should select a
fluid which éaﬁ be used in a‘ supercritical cycle, (2»). Liow molecular
weight fluids result in less mass flow in the 'circuit...hen(:e less pump
w‘ork, smaller piping, and smaller turbines. .(3) an:—rétrograde fluids
require less desupe rl;xeating‘. (4) Expansion of the fluid wet has advantages
in the Condeﬁs.é‘r,. if the tui‘bine can tolerate it. Theﬂ éf_fe& of fluid toxicity,
flammability, ;o st and compatibility with lubricants will all enter into ..t;‘he
selection of a sécoﬁdary working fluid for bi-fluid cycles It is very likely
that the s_elecfi’on of the best working fluid will not cd}rﬁe until after the |

plant cycle is cost optimized for minimum cost power.

Cost Optimization - The Next Developmental Phase

Program GEOTHM can be uséd to do power plant :parameter'studies
of vairioué kinds, ‘as. was illustrated in the previous _sec.tior-l.. One may also
study the effeét of various plant parameters on power.plaﬁt capital cost
and the: cost'ofvpower to be gen.erated by that plant.. 'Wv‘hvile cost parameter
studies may yield useful inforn%ation, one must even'.tlvlélvly o‘ptimizé the
powér plant cyéle to produce minimum cost power. Siné;e there are many
parameters tq»ju‘ggle, the ‘co‘m-p'ute.r is well suited for the task.

.Let us 1§>ok at the simple bi-fluid cycle shown in Fig. 5. This cyclle
is extremely simple, yet there are six major parameters which must be
‘considered whi_le'- optimizing the cost of that plant. 'le‘ley are: (1) the tur-

bine inlet temperature, (2) the turbine inlet pressuré, (3) the feed pump
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inlet te’mperatuire,' (4) the feed pump inlet pre‘ssu're-"(the feed pump must
be fed with liquid), '(5)_thé pinch point te‘mpei'ature .c‘_]‘:rdp in the brine heat
exchanger, and (6) the pinch point‘ temperature drop. in .the condenser
heat ex>changer.->‘ The init.ial well b9ttom enthalpy (01% temperature) and
the air temperature are given. -A.six-dimenSional i)é_tameter study ié
dif_ficﬁlt to make 'éven with a computer. As a result, cost optifnization
'should proceed as a single'prdcess. | |

Since the _c.ovst equation.s are highly non-linear,: one must calculate
the optimum plant parameters 'using an iterative _proclzevs‘s._ One startsv o
out with a ﬁrét .g’uess power plant. One calculates the »eilectrical energy
cost from the pia'.nt, then the first-and second derivgtives of that cost
with’ r'esp'ecf to each of the optimizable parameters. Usin.g;itevrativé tech-
nique similar.tb Newton's method oné can, with lucfk,f converge on an
optimum power planf.design in a relatively short timé:.: ~Given reiiable
cost data and a good.therinodynamic rﬁodel of the vp.owye'r plant and the
geothermal fielcﬂir .b_the computer.will prové invaluable ‘forﬂ developing i)ower
piant cycles which result in economic electrical energy;

Summary -

This paper has aemonstrated a number of appli,cations f'or.which
érogfanﬁ GEO'fHM can bé used. The application Qf the ,'program is by no
‘means limited to »tvhel cases shoﬁvn, nor is the program limited to just geo-
thermal powe_f cycles. It is expeéted that prog_rarr‘1. GEOTHM can be

applied to a host of thermodynémic systéms which use a variety of working
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v'fluid”s' to_gener_ate birnech_a"nical'power, refrigeration,t-or' t'rans_fer thermal

: energy from one pivace to another. Program GEOTI.-I'IM is growing; its

deveiopment is r'll.ot,c.:omplete. This report represeuts'>'prograim GEOTHM

as a photogreph represents a growiug child. o
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