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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 mod'el'off-d'esign 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.’ '
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Program GEOTHM has been under development since December of
1973. This paper will report the development of the program since
October of 1974, Reference 1 describes the program aﬁd its development
before October 1974. This paper discusses recent deveiopments in fluid
property calculations and describes some problems which have been
solved using GEOTHM. The program has been desigﬁed so that power
plant cost optimization can be ultimately achieved.

Fluid Property Calculations

The routines for calculating:Working fluid properties have evolved
continuously since the inception of program GEOTHM. During the early
stages of program development, the selection of the appropriate equation
of state to represent a particular class of working fluids was dictated by
practical considerations. ! Figure 1 depicts the phase diagram for a
typical working fluid and the various fegions where different state equa-
tions are most applicable. The Martin equation of statev2 was used to
represent the refrigerants because coefficients had already been developed
by Downing3 and Milora~. The Starling-BWR equations’ 6 is used for the
light hydrocarbons, and the ideal gas equation of state is used for near
room temperature low density air gases.

The Martin equation is well-behaved in the superheated gas and
supercritical fluid regime (Region 3). However, this equation is not reli-
able for calculating fluid properties in the dense fluid regime at reduced
temperatures of 0.9 and below. Region 1 has been modeled by an incom- "

pressible fluid state equation. This equation is valid for describing the
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sﬁbcoolé‘a"li:qﬁid. :"fégir'ﬁé, but it leads to ihéééufé‘éiéé‘(o_f increasing magni-~
tude at higher pressurés in Regions la and 1b. The i‘na’ccuracies‘a‘ssoci-'
ated with thégassﬁihpfion of incompressibility lead to inc;onsistént fluid
propéftgr 'c‘alc':\ilaik‘titﬁns: at the boundary between Re gio.n<s 1b and 3. Any
thermodynamic process passing through this boundary ekperieﬁces a step--
wise discontinuify in property calculations when stepping from the region

governed by the ‘incompresgible fluid equation to the region described by

the Martin or Starling equation in Region 3. This discontinuity, first

encountered :dlifi;ig' development of the off<design heat "e'xchanger routine,’
resulted in the breakdown of a convergence routine.

This line ‘<v>f discontinuity was eliminated by a routine which was " --
designed to compute the weighted average of the solutions to both the
incompressible 'flﬁidfé;cf\;ét'ibn and thé Region 3"\eﬁq‘ua‘t‘"i'o’n for any state point
in the tiéhs'itidigi" zonelb TA'i‘tl‘i"dugih’ this merge fOuti:é.é.p-rOVide s consistent
fluid éélc’_u’flézt{ib’ﬁs’:iﬁ the Region 1b; ‘it "’coti’tfit#ué é' to y1e1d inaccurate results
in the dé"ﬁsié:‘fl'u'z_‘i“&ffeigi'o'ri"ﬁea‘r the critical 'témﬁé:atﬁré,_\x‘rhere‘the assump--

L2 3]

tion of incompressibility is invalid, -

43 Th’e-’é”r?&r’sf ‘associdted with'the liquid equation "Ca'nl be reduced b;} :
extending 't};xe: merge re gi&hzlaowﬁ into fhé liquid reg1me lé.. ‘The éxtension
of the' merge iégi'o;x;“:'iéi 1ir£1i€éd by t‘he"t'iegvreé"to whiéh_*tile Régidﬁ_ 3 state’
eQ{za‘fiéﬁ"iféi Qali&: 1nthehqu1d ’r:ébgimbe . Tests indicated that the Martin
equation was :onif‘ }\r"a.‘lid' down to #eduéed'tempe’rAaturé‘s‘>o£ 0.9. However,
6

the Starling-BWR state equation®, produces accurate thermodynamic data
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for the entire lli(juid_reg‘ime down to the triple point. Since the Starlipg—

BWR equation snééessfully predicts fluid 'p::operties:along the liquid-vapor

dome and in all regions outside the dome, the incompressible fluid equation L

- and the merge routine are not ;‘eciui,red for calculatiohé involving the light
hydrocarbon ﬂ'uid;s’. (The Starling equation for isobutané is plotted gn,:a.
P-V diagram in Fig. 2.) Due to the computational ease and racdc,u}:jc}éy
afforded by fche,_ Sfarling -BWR equation, it becomes highly de si;ab}g to rfij:: _
all of the,vpot’eprtilal_.working fluids to this equation. Starling7 béli'e\v'erys‘ tp?:t
his eciuatidn may be applied to the representation of ma_hy other fluids a;r}d:
fluid mixtures including water, ammonia, the refrigerants, and the air 7
gases.

Program GEOTHM currently employs the Starliqg -BWR equation,
two forms of the Martin equation, and the ideal gas equatiqn to generate
thermodynamic properties for a wide variety of working ﬂuidg. The light
hydrocarbon fluids including isobutane and propane are calculated by the -
Starling equation; ammonia and refrigerant properties are calculatedv
using the Martin equation. Both state equations will generate a liquidi-
vapor dome for their respective working fluids. Oncg_the dome is speci-
fied, a ''search' routine locates the partic;:ula.r region of Fig. 1 whefg ﬁthe_ ’
state point to be calculated resides. This routine thén directs the_‘avppro»:- ,
priate equation-of-state routine to solve for the thermbdynamic; prorpgrrit;ies
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_Stgrlz-ling-,A_,
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Fig. 2.- Stafliné:iBWchquation of state isotherms for
isobutane (R-600a) plotted on a pressure vs
specific volume diagram.




BWR‘,equatiqn, ' a‘n‘;dlr aAnyippin‘t withih the two-pha’se‘detpe iscal_culated by
a linear‘inut;erpo?ét.ipn of the fluid quality. |

In order fo }woi}d the i»n"atccuracies associated with Martin fluid cal—
~culations in the merge Regieh' 1b, an attempt is now ’heirig made to‘eurve
fit Starling coe\ffieienrt‘s for the refrigerants,; ammohia,_ ahd w’ete;«_using
multi-pro'perty;‘ngh-lyinrear re‘gvression” enaljsis. 8 ‘Cyeles which include
fluid mixtﬁres‘ w111 a}lso_beprogrammed‘into‘GEOTHM,using the versatile -
Starling »eg;ua_trion.‘ 'Ihe pxjrocredure‘ for curve fitting ,S,tlar11iing coefficients
to these mix,t,gres;irs a nontrivial task. Ultirha.tfely,r .al} fluid property cal-
*c~1‘11ations in GEOTHM,except inside the twe-,-phase_d_em'e,'will be handled
by t}';e'staxlinggs,WR equation. GEOTHM will continue to use the ideal gas
equa‘t:i'c}m to repres_ent the‘ailrL gasses and COZ at or nersr—r room temperature,

Thermodxnamm Cycle and Process Calculatmns

An essent1a1 feature of program GEOTHM is the ab111ty to syntheszze
a rangmg complexity of possxble thermodynanuc cycles from combinations
of elemental thermodynarh;c’ proeesse s.\ The’ LBL geothe rmal program has
thus far ut:.hzed GEOTHM to study s1mp1e flash, b1-ﬂu1d (bmary), and two-
phase turbine (total flow)” cycles.» More comphcate'd'mulu-‘stage ‘flash-" "
x bmary comb1hed Cy-cles have also been exammed An exa.mple of a combmed
cycle pla.nt 1s\deta11ed in the next sectmn. g |

" The routmes which’ perform the various thermodynarhlc process cal-
culations are numerous in the repertoire of GEOTHM". “Each routine is

responsible for a thermody"hamic prOcerss. 'These processes include



isénfhé,lpic expansion, phase separation, contact condensation, desﬁper-
heating, iﬂﬁiiiﬁi;'stréani mixing, and the effects of heat and friction losses
in pipes. These routines are used to calculate ‘the the_rmodynarhic"é _6f com-
ponerﬂ;s isﬁch:}ai;t‘ufbin‘e's, pumps, flash fanl;s, heat exchangers, cooling
towerrs,{ 'and so forth. The program now runs w‘ifh":a dry-type cédliné:
tower; a wet-type tower routine is crt';lvrrer'xtl»y being written.

ThéApfbjgré.mv ;hodels four typ:e:swdf'couri‘ter flow heat exchangers.

Two of these heat exchangers, including a regenerator, operate in the

de signi'rr;&de. - If the initial conditions specify two or three of the ena-point":

températﬁre"sv, fhe mass flow in one or both streams, the average U factor,
and Vf:he: 'pin;crh”pqint AT, the routine will compute the unknowri end-point
conditioﬂs, the ‘maés flow, and tﬁe‘heat exchanger area which satisfies the
pinch poiht co‘ristraint. The remaining two heat exchangers are run under
off-design con‘ditions. An example of off-design operation is presented in
a later section of this paper. |

The Design of Power Plants with
Complicated Thermodynamic Cycles

In the previous section, we showed that program GEOTHM calculates

simple thermodynamic processes and that these processes can bercqmbirt,ieid _

to calculate simple ,‘_thermodynamic cycles.j Program GEOTHM can be used
on cycles which are very complicated. GEOTHM not only calculates the
therrmodynar_nic_:s‘vof the plant, but it also sizes the c‘omponents so ,that the
Pplant c,qs'g can be _‘e,stimated‘. This section illustrate‘s the calc‘ul’atic’m ofra

complicated thermodynamic power cycle.




Table 1.: Cycle parameters for the power cycle shown in Fig. 3.

; a. Power plant parameters
“HELU FLOW RATE™ U I'64488 KG/SEC
INLET WATER TEMPERATURE 473.1¢ DEG K
 INLET WATER ENTHALPY = . 0 851666 J/G
COOLING FLUID INLET TENPERATbRE ' 298.00 CEG K

;;AMBIENT TEMPERATURE .. 253.0C DEG K

POWER "PLANT - ENERGY -BALANCE -~ .
AVAILABLE . HEAT TNFUT o L 1264752 MU

NET HEAT INPUT . 1064219 Mhw
HEAT REJECTEC . 944,129 MW
HEAT LEAKS : , 1752 MM
NET HEAT OUTPUT T 95,881 MW
“AVALLABLE “HEAT QUTPUT - -~ = = 116e414 MW
TURBINE POWER . 13.552 ¥Mh
PUMP POWER - R - oy 1,423 Mk
FAN POWER 1792 MW
.. .VACUUM PUMP POWER N . 0s000 Mw
' NET MECHANIC&L POWER T 1Ce33T Mw
GENERATCR PCWER - , © 13.281 MW
“ELECTRIC MOTOR POWER IN = 34281 KW
NET &LECTR!CAL Powea S "_v 1C.CO0C MW
POWER PLANT EFFICIENC[ES AND vtELo FROM rHE hATER
NET CYCLE EFF!ClEhCY C . 9.414 PCY
AVAILABLE HEAT EFFICIENCY "~ 1.889 PC1
CARNOT EFFICIENCY A 384076 PCT
YIELD PER UNIT WELL FLOW , 7 164847 KKH/TCAN
b .. b, Heat exchanger parameters . . .
HEAT'EXCHANGER NUMBER,E TR R | 2 -3
~'lNlTlAL MINIHUM DELTA T(Kl s ooo‘ © 1€« 00C 5.000
FINAL VINIMUN DELTA -T(K) .-54000 - 104000 - 5.00C0
U FACTOR{W/M%%2 K) B 545.000 567700 545.000
- LOG MEAN DELTA T(K) ’ ~124€40 2€.717 - 84638
AREA(M*%2) 5659 515  3870.912 113324280
HEAT IRANSFERRED(MN! 38.987 ‘584710 53.352
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T‘he ‘pra"r;tucycle is illastrated in Fig. 3. Program GEO;II_-VI:Midi_ﬁdés
the plant up into 13 fluid stre_amsr.{ The ¢yc1e has many qomponents.
T'he'se ini:lude:w ;tho 2-phase turbines, two flash tanks;r one cqhdensing
heat exéléhgel:" i‘;") air c°,°1e(,i C?nd;a‘nse rs,‘ ;)fxy;aﬂR;-‘ZZ .turb:;.n;a ,:: one 'R;ZZ

pump, one vacuum pump and some condensate pumps. The results of the

calculation are shown in Tables la and 1b. Table la presents-basic power -

plant parameters and Table 1b shows the basic p‘é»z{ar'nre‘ter's of the heat
e:XCha\ngéi"rzi;'.f -

Th:ehcyc;].‘e' shéwu in Fig. 3 is relatively insen;itive to the effects of
non-conde‘ns‘:iﬁles. This cycle is compared with a simple two-phase turbine
cycle sho{fv'nf’iiri Fig. 4. This cycle, viihicl’fis bsilrnila‘r't‘o the pxcle prpposed
by the Lawrence Livermore Labofatoryg, has a finéi coﬁdensation temper-
ature of 324°k (the same as the complicated cycle second starge two-phase
turbine exit temperature). The condénser is an air coole'd‘condenserisld
that a fair cbmparison can be made between the two cycles‘. _ Iﬁ 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.

H

Yield per unit well flow °

Percent (kWh per metric ton)

non~-condensibles - Simple LLL cycle Complicated cycle

' v (see Fig. 4) (see Fig. 3)

0 R ©718.844 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

II
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Table 2»sh§Ws that non~-condensibles can affect the performance of
two-phase turbine ‘cycles. Most of the non-condensibles are removed at
a pfessure aSoye:.l atm ir; the cycle shown in Fig. 3; The remaining non-
condensibles amount to about 0.2 percent of the origiqél mass flow of the
well. The ‘simple total flow cycle shown in Fig. 4 requires that all of the
non-comzlensibleé be pumped out of the condensor; this "rbeAsrultjs in reduced

yielci per unit well flow.

Off-Des1gn .Co;xrdit.ions in a Bi-Fluid Power Cy’cle

Pfogram GEOTHM may be used to modell the off-dé'éign c;;;érxi'a‘tiqn of
a geothermal power plant cycle. As an example let us look at a sirr;plé-:
bi-fluid cycle which has a brine exchanger and air cooléd condenser (see
Fig. 5). This cycle has no desuperheater or regenerator. Program
GEOTHM can, as illustrated in the previous section, design the power
plant. Once the plant has been designed, the operationai parameters can
be changéd and 't'hg plant performance can be modele'd by the computer.

An example of an operational parameter whiéh changes with time
is fhe U factor of the brine heat exchanger. The heat exchanger manufac-
turtverr ‘r;‘ﬁéght suggest a design U factor of 568 W m=2 k-1 (100 Btu h™ -2
F"l). Experimental measurement tells us that the U factor for a clean
2 1

heat exchanger may start out as high as 3000 W m”~ K 1 (530 Btuh”~ v-ft-z

F 7). As the heat exchanger fouls up with salts from the brine, the heat

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

cleaned.
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We illustfate the e;féct{b'ghéat e#éhang;r foulmgby looking at the
simple bi-ﬂuid'cyt:lewusi)n‘g‘ ammonia as a secondar;r \.xiroi'king" fluid. The
design U‘Yfactor is 568W m'2 k™1 the design brine heat exchanger area
is 6446 m?; the plant net power .is 10 MW ; the iniet‘water temperature is
'200°C; the deSign \';ater mass flow is 163.4 kg sl and power yield per' .
v\'mit well flow at de‘éign‘condition is 17. 342 kWh pex; mbe.ti"ic ton,

The geo‘thbevrrhnalrprower plant cycle is designed #o fhat the turbine
inlet temperat#x"‘evrié maintained by regulating the flowvf_r>o'm the wells,
When the well flow réaches 120 percent of tﬁe design well flow, no addi-
tional fluid can be extracted from the wells so the turbine inlet tem;;era-
ture is é.llowed‘to dr’r)pl. The result is # powef plant which ;zs}ill maintain
its net power rating unt11 fch‘é wélllﬂo{&;réaches 120 §'§_£¢ent'f 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
exch‘anger aréppgd until it became zero. |

The re_s'ulté §f the foqling simulatioh‘calcul‘::\tviohs' on the ammonia
bi-fluid plant'érg.shoﬁn in Figs. 6a and 6»b.‘ 'Figure“::é}}g plots net plant
- power output and well mass ﬂoﬁvés a function of thf'.:a"f):rine hkekat’design_’

U factd;. Figﬁ:ébb »plbtjs #he power plax_it'v. ﬁeld‘pgr" umt well fllovw-(given
in kWh per metr1c toﬁ o;f 200 0>C‘ ;\/ell Wéter) v’sv thé “b_r‘ine he;}t ‘egchangér
U factor. The re'jsult‘sy'vof the  ‘st-ud}’r showthatthere iéfcénéiééralﬁlé latitude
in U factor over which the ‘pla"nt “cati bé opérateci; U facfo;s éf 1870 W m™2

k-1 (the 400 percent case) don't increase yield very much. On the other
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Fig. 6, Off-design operation of a simple bi-fluid cycle
' using ammonia as a working fluid.
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hand cuttmg the U factor to 50 percent of de sign value (233 W m-2 k'l)
cuts power produetmn to 87 percent of the design output ‘of the plant.
Similaristudi'esvutere. :z:nade/using isobutane as a worhing fluid; the results -
were sirnilar. |

Corﬁpar’ison of Various Working Fluids in Bi<Fluid Cycles

P;;rog‘ramva.EOT?I;IM has been used to study the perforrnance of various
workingj ﬂuidé"ﬂih"‘va‘riqu bi-fluid cycles. Thevperformance of simple bi- |
fluid cyele; (w1thout afj{regvenerator or dersuperh’eater(),: .such'as shown ini_ -
Fig. 5., has heer;fcalv“{:ulated;using a ,num'b‘er‘of secondazry‘: working ﬂmdslo
A compariison of ~four;g_9};king ﬂuids is‘sho\{vn here. These fluids are (1) .
ammonra (3-5717.),.‘ (2‘7);i“sobutane (RA-60,0a),‘ (3) 'Refrige.rant 22 (R-22 is also

known by ohemical coﬁlpany“trade name“s, sueh as.Freon;ZZ), and (4) refrig-

erant 113 (R 113 Ais also known by various trade names) The four working

fluids are used in cycles which have well water temperatures of 170°C

200°C and- 230°c

The propert1es of the four workmg ﬂmds are. shown m Table 3. 11 For

companson, the properues of water (R 718) are also 1nc1uded m the table.

The four flulds represvent a spectrum of f1u1d propertles.iv All of the flu1ds
are rea‘»sonablyvstable at temperatures up to 230°C (R -22 is a poss1h1e '

: exceptlon beeause it. probahly should not ‘be used at temperatures above
ZOOOC)- A Iouv"mole'cular we1ght -f’lvuldi(amrnoma) and a ‘h1gh grnolecular

we1ght f1u1d (R 113) are presented RetrOgrade 1iquid vapor dome fluids

(R-113 and 1sobutane) and non-retrograde ﬂulds (ammoma is highly

"v
P



Table 3.

geothermal power plant cycles.,

m

Properties of five working fluids used in bi-fluid

-8'[-

m ; __= ——

» » Working Fluids “ S T
Properties Water Ammonia - Isobutane Refrigerant 22| Refrigerant 113
ASHRAE designation R-718 R-717 R-600a R-22 R-113

" ‘Chemical formula H,0 . NH, . CHI(CH3)3 | GCHCIF, | CCLF-CCLF,
Molecular weight 18.0 17.0 58.1 86.5 187.4
Critiéél temperature (K) 647.3 405.4 408.1 369. 2 - 487.3
Critical pressure (bar) 221.1 112.7 36.5 49.8 34,1
Critical volume (cm3g-1) 3.139 4.243 4.518 1.905 1,735
Critical compressibility 0.232 0.242 0.282 ‘0.267 10,274
Normal boiling tempera- 373.2 239.8 261.4 233.2 . 320.7

ture (°K) | o , ' -

Heat of vaporization (Jg~1)| 2259.5 1371. 1 364.6 233.4 147.0

~at normal boiling point | - e ] T '

‘Type of liquid vapor ddme |non-retrograde "'hoh-sfe.trogré.de‘ " retrograde | noinr,-.;élfrograde' retrograde
Toxicity (Underwriters Group 6+ Group 2 Group 5b- : Group 5a | between Groups

Lab,. cla‘bsifi‘c:atiqu) . (non=toxic) (tpxic) (non-toxic) | = (non-toxic) 4 & 5 (M~toxic)

" Flammability non-flammable M-flammable . V-flammable| non-flammable | non-flammable
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noh-retrogvra(:ler;‘R_-ZZ; i:s:slig'htlry‘ non-retro‘grac‘i‘e) at'e shown. (A retro-
grade fluidiexpand:s‘dAzA-yesJ'a}eh”g/”ﬁah .is_entropé ;V'a"hOn%:r'»‘e't.?'ograde fluid
expands wettef «aflen'g a"r_x.ifs’en‘trop‘e: )

‘The’ pararneter" stu‘dwy i)resen'ts the electsical pewef yield per unit
wéll flow (in kilqwatt' hours of electridity pet imetri'c. ton of well water
passed through thepOWerplant) as a function :of the .secéndary working
fluid and the wellwater 1n1et tempe rature. F‘ior‘ea‘;‘:‘v’h._wvell fwater ihlet tem-
perature and wor‘kiin‘gv ﬂu1d , ﬂthe turbine inlet t:e'rnperat‘u'z‘-'ev ahé pressure was
wraried The pump 1niet ceadltlons ‘eorte'sponded to” the saturated 11s1u1d
cond1t1on for the workmg ﬂuxd at 311°K (38°C) The‘au' cooled’cendenser
air inlet temperature was set at 298°K (25°C) The“p’mch éomt tempera-
‘-ture dreps were set a‘t 10°C’hfet' the hrme heat e#changet' and 5°C for the |
air-COeiee condehsef.’ J‘ The"well water.‘:was"'lassuthed :te ha‘ve the thermo-

( dynamm prop>e1'-t‘1es “o‘f pure wate.rr.rb |

i Table 4 presents the e1ectr1c power y1e1d per umt well flow for the

four woz;kmg ﬂu1ds and‘thevthree water mlet temperat‘ures.v For each ofv
»the twelve caSes the y1e1d> ts gtven for twe turhme mlet contﬁtmns. _ /
1— 'i:ahle 4 shows the obkus,»the electr;c power yleld laer’umt‘well ﬂow L
“rise s*”ma :rk'e"dly' f’w_1th"wate r "ihlet 'tetnpe rature. '~"i~S‘m“cv:ef ‘the‘ be stv' case s we »re: 5
 chosen for sach working flud, it 1s not surprising that the pover yield
ts comparable betwsen the. four working fluids. Therefore, one might be

hard pressed to eliminate any of the four working ﬂlii;ds on the basis of

power yield per unit.well flow..



-20-.

Table 4. Electric power 'yirellrd‘ per unit well fiow as a function of
- working fluid and well water inlet tempe rature.
(Each case has two turbine 1n1et cond1t1ons )

FE T Weu;«water inlet |Turbine inlet | Turbine inlet | Yield per unit
Working . temperature _pressure :t,empev'ra,t'ure:, well flow
fluid ‘ K R Wh kg~!
_(°K) _(bar) (°K) . or kWh ton~!
443.16 120 1 390 (117°C) 7.8
(170°C) _ 420 .(147°C) 10.3
R-717 . 473,16 120 420 (1479C) _ - 17.3
(ammoma) C{2000C) e 450 (177°9C) 17.2
‘ 503,16 140 1450 (177°C) |  25.8
~(2300C) ' - 480 (207°C) 26.6
443,16 40 390 (117°C) 1.1
(170°C) ' 420 (147°C) 11.2
R-600a - 473.16 40 420 (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 1390 (117°C) 9.6
- (1700C) 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 (117°C) 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 10 1450 (177°C) . - 24.4
(230°C) 480 (207°C) 27.6

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

ﬂ———-——_—'———— -

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

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

Plots of yield fier unit well flow vs turbine inlet temperature a'ﬁd'p'ressﬁi'e,

‘such as those shown in Fig. 7a through Fig. 7d for 200‘?6 inlet water,

ll

L,/
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- will yield more informétion on the behavior of the fluids, For example,
cycles which}ﬁé'i};i tuj'z;bine:‘inﬁlét .temp‘era't’ures below t.h'(:ar.ﬂﬁiaiwcr.itical
témperéture should have11i:u‘r,bine iniet 'pré"sl'sﬁres ‘whi‘c'h,‘aré subcritical,
Supercritical __cvyél:es are I:V>e‘st when the turbine inlet tbe‘rrii)erature is above
the fluid critical ‘femperatur’e. In general, one shq’uld choose the working
fluid so that the turbine inlet temperaturé and presé’qré are above the
fluid critical temperature and pressure.

Table 5 presents more information on the 200°C inlet water cycles
~shown in Table 4 Table 5 incylud'es the':; fbllowing‘a.dv.,ii‘ti_o‘nal_infornia'tion.;
cycle efficiency; furbine power, p‘;;rnp} ngeyr, (‘:ovnrde‘n"s:i_er' fan power, net
electrical pqwéf_,-‘ bl}’vine"réi'rijecf:ion.‘te/;ilp!ev‘ratuxfe, area of fhe briné vand
condenser heat‘e’xchanrgérs‘ ‘(the ,cbnden‘se‘r éfea iks"bavre tube area), and
a raw capital-édsf: factor. (The 'yalct’uallv cdsf of the éox%nﬁiete' power plant
complex includin\g thefwellé is 'alfnosf do'ui)l‘e the xfaév.,.é:'aip‘ital‘ cost factor,
which is a basic"_compOneﬁt éost.) Acylosb'é yllook at ;r;bi"é. 5 sths thg two
freon‘;plvants (R -ZV,Z_an“d 3-113) :require more heat exch}anger,iarea 'éf,d
equi.pment, he‘nc‘:{a their cépital cost ris ﬁigher;’.f | | | |

Table 6 iy_i'elds even more infqrrf;ation on the 'cy-'c;l‘,e,S_ s,hoiw‘n m
‘Tablestjb4.and<’_-5;,k WTka;ble 6 shéws the ser;:vond‘a’ry_ fluid Am’abi‘s_s.-frlov'v ra‘té.tan’d
thefti;}siﬁe"es;i_t specific volume. The exit area of the turbine, which for
all praética;llp'i;\féésés 'de-:t'e‘rmine‘s the physicél ;s‘ize‘r c‘>'.£'th‘e -turbiﬁé, :is a
function of the prbdﬁct of se?:oﬁdary f1u1dmassﬂowand t}urbine’ exit sf)eci-

fic volﬁme. Similar arguments can be applied to plant piping.
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Fig. 1. Power plant yield per unit Well flow for a s1mp1e b1-f1u1d
cycle vs turbine inlet temperature and pressure. :

. Inlet water temperature 200°C

Inlet air temperature 25°C

Condensing temperature ~ 38°C
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WORKING FLUID-—ISOBUTANE

WATER INLET "TEMP: DEG K = 473.16
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WORKING FLUID--RREQM 22
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WORKING FLUID--FREON 113
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Table 5. Detailed cycle parameters for eight cycles using four cdcbhd;\ry working fluids,

Well temperature 200°C, Ambient air temperature 25°C.

4 Case ) Case 2 - Case 3 Case 4 " Case § ‘ Ca‘vae 6 . Case 7 _Case 8 <

Working fluid in loop ammonia isobutané’ " Refrigerant 22 : Refﬂgerani 113

Well water temperature (°K) 473.16 473.16 © 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) 420, 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) 347.21 362.19 325.48 344,33 326.14 333.20 322. 9.0 323.14

Power ‘ ~
Turbine power output (MW) 13,857%% 13,289%=* 13.905 12,948 15,346 14,213 14, 772%* 13,234%% T
Pump power input (MW) 1.563 1,168 1.823 1.352 2.707 2,111 1.773 1,121
Fan power input (MW) 2.040 1,794 1.731 1.283 2.231 1.740 2.614 1.889

Net electrical power (MW) 10.0 10.9 10.0 10,0 10.0 10.0 10.0 10,0

Heat exchanger area v .
Brine heat exchanger area (m2) | 7613.6  6439.4 110348.6.  9417.4 10003, 1 9042.9 8596.9 12027.4
Condenaer area (m2) IS862.8 14034.9 15775.0° . 12256.4 19956.2°  16044.7 - 2187160 . 160995 °

* Raw capital cost factor (S/KW) | 84z —799 850 594 T 995 892 956 821

‘*  Watt houra per kﬂ.ogru‘n is the same as kilowatt hours per metric ton. .

*+ Wet turbine, working fluid leaves the turbine {vith liquid droplets,




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

shown in Tables 4 and 6

!

[\ B
-~

]

‘ : < ‘Tu‘rbine; _,’Irﬁrbine ‘ Gross Working = Turbf-r_ae exit Approximate
. Working »~ - inlet, ... inlet - turbine . fluid specific = turbine
Case - fluid pressure L ‘temperature power - . mass flow g -yolu:me1 7 exit azrea
| ] L _ (°K) - MW) &gsll (cm3 g%) _m®)
1 © Ammonia R T 4ZQ 13. 85".7 83,17 \66.78*  0. 188
(R-717) - - 120 o o | : '

2 11 13.289 62.6 81,01% 0.170.

3 L | - 420 13.905 217.6 86.34 0. 628
Isobutane - : : . T : o :
(R-600a) - 40 : '. ‘ |

4 e o 450 12. 948 161.4 101. 42 0.537

5 g | 420 15. 346 510, 3 18. 35 0.311
R-22 60 e - |
6 e . 450 14,213 397.9 21.45 0.284 -
7 R e a0 14,772 '1060. 6 117.04% 4,13
R-113 20 S | R
8 GRSt E 450 13.234 610.7 148, 63%* 3,02
z per megawatt of power rating.

* Two phase fluid, from wet turbine.

A water turbine wluch ex1ts at 311°K would have an area of about 0.5 m
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| While .it 1s too early to select the best bi-vfluid 'gec;t‘lieir‘r‘nali pd{x}er
plant WOrkingif‘!;uid',' oﬁe can make some general stafe-ments about dgsir-
able work,ing‘fluid properties. For exambple, (I) one should select é
fluid which ca>r.1v'be used inia supércritical cyéle.“ (2_)"Lov'§v molecﬁl,ar
weight ﬂuids'r’e»'sult in less mass klow in the ‘cifrcuit': hénce less pﬁmp
work, smaller piping, and smaller turbines. ‘(3) anerétrograde fluids
require léss deéuperheating. (4) Expansion of the fluid wet has advantages
in the cbpde'nsé:r, if the turbine can tolerate it. ﬂTh'e éfféét of-flui;:l foXicity,
flammability, cést and compatibility with lubricants will ali_ entébr'-irito the
selection of a sécondary working fluid for bi-fluid c'}chés. It is very likely
that the selecﬁbn of the best working fluid will not come until after t;he‘-

plant cycle is cost optimized for minimum cost power.

Cost Optimization - The Next Developmental Phase

Program GEOTHM can bg used to do power plant parameter studies
of various kinds, as was illustrated in the previous section. One may also
study the effeét'of various plant parameters on power plant capitai cost
and the cost of power to be genefated by that plant. 'W'hile cost parameter
studies may yigld useful info:rﬁation, one must eventualiy optimize the
powér plant cyéle to produce minimum cost power. Siﬁ(;e therev,’aie many
parameters to juggle, the computer is well suited for the ta‘sk.

‘Let‘usv lo‘c'>k at the simple bi-fluid cycle shown in Fig. 5. 'fhié c.yc.le
is extre:hely ‘simple, yet there are six majoryparamett'ars which must be
cénsideréd wh11e optimizing the cost of that plarit, Ti;xey are: (l)the tuf-

bine inlet_'tem'pefrature, (2) the turbine inlet pressure, (3) the feed pump
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inlet *’téinf:‘pefauire,‘ (4) ‘th’e“feed pump inlet pres'sure-.':('the feed pump must -
be fed with 'licjiiid); “(5) the pinch point temperature drop in the brine heat
exchanger, and’ (6) the pin‘ch ‘point temperature drop'in the condenser
heat exehanger. The initial well bottom enthalpy (or temperature) and
the air temperature are given. A six-dimensional pa_rameter study ie
d1ff1cu1t to makeeven wﬂ:hacomputer As a reenlt';' ,coet optimi;ation
should p:')roeeedﬂa'sv a single p'r'o'ce’s“s. |
Smﬁ? the cost equatlons are hlghly non-lmear, one must calculate
the opt1mum pl}atnt: »para’.me"te-rsr u’sing‘ an pi‘terpati\’_re prOCees, vO.n‘e starts
out with a firet guess power plant. One ealcnlates theelectncal energy
cost from the plant,” then the first‘and second derivatives of that cost
with’ resﬁpe’e}t‘ to each of the .opti:mfizable Aprera'.'rnetersl:.;j .vﬂsin-g. iterative tech-
niqne' s1rn11ar 't'o"‘Ne\:vton"s :me"thod‘ one 'calnv;""With 'lue'_llc’,‘ :'j'c"o_nre'rge' on an
optimum po\f/er’: pfl“ant'faegiiign?in‘e 'reilnati've‘l;‘y‘ short tirri_‘e'...-”-‘j-"‘.Gix}én reii'a}ble‘

cost data and ‘a'_rﬂgoo_d’ thermodynamic model of ‘,the 'pow'erplant and the

geothermal field, ‘the‘computer will prové invaluable for developing power :

plant ¢ycle s'which'fesult in econotnic’ electrical energy.

e ‘Summa.r 7

Th'.us ;paper has demonstrated a’ number of apphcatxons for whxch
program GEOTHM can be used The apphcatxon of the program is by no .
| means 11mited to the cases shown, nor 1s the program 11m1ted to Just geo-

thermal power cycles. It is expected that program GEOTHM can be

applied to a host of the rmodynamic systems which use a variety of working
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ﬂulds to generate mechamcal power, _ refngeration, or transfer thermal

: energy from one pl-a.ce to another. - Program GEOTHM is growmg, its

development isnot,complet'e;.ﬁ’ This :report rep_resents'-' program:,ﬁGEJOTHM -

as a photograph;;rep_res‘ents a growing child.
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