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SUMMARY

A binary cycle is a'Bfayton éycléfwhicﬁ rejecté waété-héat to
a Rankine cycle.. Binary.cycles can offer High.bvetall plant efficien-
cies for reasonéﬁle gds.turbine inlet teﬁpératures.whiqh resuité in
fuel conservation and feduced waste heat rejectipn fequirementa.

The objective of this research is to develop tedhniques for
determining optimum plant configdratidﬁs and Operafiﬁg éonditions for
ccim.blex-.binary cycles. The sysfem empll.oys__:_féedwgi-:er hea'ters,.moisture'

~separators, multi-stage compressors, and a regenerator and includes the

effects of superheating. A model which describes the efficiency of the

binary cycle is established in a form suitable for ogtimizgtidn. The.
efficiency is then Optimizéd'with fespedt te operaﬁing conditions and
parameters. As part of the optimization procedufe, the system is parti-
.tioned intolBrayton aﬁd Rankiné'portions by fixing coupling variables,
_ﬁnd then for fixe& #alues of coupling variables the two cyclés are opti-
mized separately}_vln the.Rankine portion of_the_binary:cygle,'dyqamic
programming is ﬁséd; in the Brayton cycle, a modified search techniqué

is used.

» Several édmputer subroutines describing thermodynamic properties':

of steam are constructgdlto evaluate the Rankine eycle portionlof the -
binary cycle. For the Brazyt__oi_l cycle, ideal ga-s law is employed to
describé_tﬁerﬁédyﬁémib’propertieéWof héiiqm.-

For each assignédffé&cﬁot exit tamperature,-optimikation Tuns




xi

éré.made.with bdilerjéaﬁufﬁtibn tempé;étures réﬁging-ff&m'abo of to
700 OF 4in 100 OF iﬁcfEMEﬁts. 'Diffefent amdqn#é'of supéfheét_afe.em—
ployed to raise thé boiler”ekit.tempérafute ﬁﬁ_to 1000'°f;- Compfessoﬁ
stages are varied from 1 to 4‘§nd feédwatér'HéétEf"étagesaf¥am 1 to 9..

For given reacfﬁf'exit temperatures, bbilgf saturation-temperae _
tufes, and amount of ;uﬁérﬁeét; binary cycle.efficieﬁciésfﬁfe optimized
with respect to the'fqllowing varlables: numbef of féedﬁater.heatérs,'
number of COmpTessor stages; cﬁmpreséibﬁ fatioa, feedwater hééter-inlet'
sa;uration temperatures, and regengrafdr effectiveness. dptimum vélues'for
these variables are tabll.l.lﬂ't_.ed _fqt' .']:.'E'#.cﬁo‘\l: exit .t'émpefétﬁr_és _o;‘f 1500 OR,
2100 9%, and 2300-°R, respectively; ﬁor givén re;ctOr exit tégperdtufes,__
:binary cycle efficiencies are optimized with reépeét to.all,vafiables
including boiler aaturatioﬁ témpefatu;es.and amount of supgrheat. ?ﬁr .
the range pf reactofloutlet and boiler saturation'temperatﬁre e&aminéd;
.and for boiler exit'températﬁ¥e up to 1000 °F, binary cycle efficiencies
become optimuﬁ at 700 °F boiler saturation téﬁpetature,\ZDO OF to 300 °F
guperheat, no regenerétion’fdr reactor exit temperatures below 2100 °R
and appreéiable'amouﬁﬁ of regéherdtion above 2100 R, Faf‘ﬁhese_dondiﬁ
tions the qptimuﬁ npmber of feedwater heﬁters is 9 and the optimum number
of compteséor étagéS'is 1. The optimﬁm.biqary cycle efficiencies are

0.506 at 1900 °R, 0,533 at 2100 °R, and 0.560 at 2300 R, réspecfivély.'




CHAPTER T .
" INTRODUCTION

"Purpose and Obiective of This Work

: With emphasis in the United States on fuel conservation and
minimum impact on the environment by future power generating systems,
there is considerable 1nterest in using binary cycles that can raise
overall efficiencies into the range of SOX or more. A binary cycle'
is ‘a Brayton cycle which rejects its waste heat to a Rankine cycle.
Binary cycles can: offer high overall plant efficiencies for reason-
able gas turbine inlet'temperatures which results in fuel conservation
and reduced-waste heat rejection requirement. |

Several perauetric studies have been performed on binary cyéles
using high temperature gas-cooled reactors as the heat source. 1,2,3,4
These studies have shown that high efficiencies can be achieved with
binary cycles; however; optimum plant configurations_and operating
conditions for maximizing overall.effiCiencies-have-not been found.
One parametric study indicated that the.optimun plant'configuration

may be.fairly siinple;4 however, this conclusion remains té be proven.

":‘-4-..'

: " The objective of this research is to develop techniques for
netermining optimum plant configurations and operating conditions for
_ complex binary cycles using optimization techniques from the field of
operations research. Because models of binery cycles include highly

nonlinear, nonconvex-equationszand integer variables, it is necessary to

.develqp'specialized algorithns-for the optimization procedure.




| Litetagure Survey of_Binary_gyclee

In an early analysis of binary cycles, Bammertl'conpafed-effie
clencies of nelium—stean_binary cycles nith'high performance gas tnr—

" bine cycles and concludedithat.no advantage in efficiency could be
obtained with the_binary cycle. This was an‘erroneous concinaion
.becanae his.ayatem-configntation fot'the'binary cycle was far from
_being optimum, _

Later Kilaparti- and Nagibz performed thermodynamic analyses on
cloéed—cycle, helium-steam-binary systenms in which heat rejected from
the gas turbine cycle vas t_:s:e_d- for:feedwaftet'heating.- They concluded’
that the efficiency-of_snch a combined cycle_was'higherjthan_the_a
efficiency.of the gas turbine or steam cycle alone. McCracken-and
Rn9t3 petfdrmed_parametric studies on helium—steam;binaty;cycieSgwhich o
showed that the system analyzed by Kilaparti and Nagib waa not.arrangedf.
in optimum.manner. By embloying two-stage comﬁteesionnnnthe_gee cycle o

..and using its reject heat.to'ptoduce saturated steam, higher efficiencies
were obtained. Additional studies by McCracken, Rust and Miller® showed
that even higher cycle efficiencies could he obtained by simplifying the

- QYatem through eliﬁinating muléiéstage compression on the'gas turbine
eycle and feedwater heating on the steam.cycie.- -

o Morgan and-Davfdsﬂanalyzed binary:cyclea-ueing'organic fluids
in‘theﬂRankine bottominé cycle and concluded-that'the conbined system;d
with the organic fluid provided a significant improvement in efficiency

over the gas turbine cycle. For example, a regenerative gas turbine

St ‘Lﬁf



_cyélé with an efficiency of 36.62.g#ﬁ.bé'imp:0ved to-aﬁ efficiency.of
 47;1% vhen an organic Rhnkiné cycle is added to the gas tdfbihe'cycle;
For most of the selected organic fluids; thé cOmbinéd cytlg'éhawed
better effiéiencies ;hhn sysﬁems using:steam in the Rankinelcycle.
The effi#ienﬁiés of ‘gas turbines a?e-one of the ﬁéjof factors
which determihe the efficiencies of comBined'cyclea. Thus improve-
ments in gas turbines over thé past feﬁ-yéérs_have made binary cycles

more attractive.6

A recent étudy-§f HTGR binary ¢yé1és\i§_found in ﬁhé'paﬁer pre- .
sented by Sager, Rob.ertsbn, and Schoepe.-}* .Acco'l;.ding to this paper,
the.HTGR binary cycle power plant prOVidea a potengial'of_sub££antial
improvement in overali plant efficiency and reduced unit_&aﬁital cost
compared with other a?aiiéble'éyétéms. :B& replacing‘thé pfecooler of
the gas turbine HTGR with a vapofizer and installiﬁg a gecondﬁry cycle
using a 3uitab1e-iow temperature éupercri;icai fiﬁid,.it is:pdssible to
~ extract approxﬁnétely 332 more work from the system thén is obtainable
from the gas turbine cycle.aloné.

The Gas Tﬁrbiné High Tampergtdre'Gas Cooled Reactor (GT-HTGR)

- with a-supercritical_Raﬂkine.cYclé emplbying-aﬁmonia as theiwo;king
flgidlwas:under develqpment by General Atomic Cbmpany. Scﬁogne; et.al.B
préseﬁ;ed information on a bin#ry plént that used-ammdnia as a secondary'l
cycle fluid. Mote.régeﬁﬁlj, Vrable and S¢hu$ﬁef9;déscriﬁé4fthe systems
aspedts of a-coﬁeéptual'desigh for an_émﬁﬁnia binary GT-HTGg p1ant._
The designs of ammonia turbine and pump_afefpreseﬁted by'NcDonaid_ﬁnd

Vepa.lo
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-In atl of.théistﬁ&ieé of b;na?yid}cles,.qﬁmputér-cddes wefe'
develobed:which contained mathénéticél-mddels of the system under
coﬁsidération. Parametric studieé weré_tﬁus'perfbrmed to investigate
changes in helium compresébr-iniet temperétﬁfe, coﬁpresébr préésure .
:atio, regénerator_efffciency, étc. None of these codes were designed
to obfimize plant coﬁfiéurétipns'an& opéfétiﬁg'Charabteriétics in order
: tﬁ maximizé plant:dverall efficiencies.  Consequently, for a specified
gas turbide inlet ;empefatuf% (reactor_ékit temperature); the.qptiﬁum

plant for maximiziﬁg the overall efficiency has yet to be found. .

Mathematical-frogramming and Relatedagpplications

Sinée World War 11 the field 6f mathematical progfammiﬁg or
opefations research has developed rapidly. Optiméi opér;ting:condi—
tioﬁs and design configurations fbf'numefous syéiems.ﬁavé-been derived
from appropriate application of_optimizatiou'techniques.

Mathematical progfammiﬁg apptdaches are:catégorizéd'in tefmé of
theinature of thé ﬁbjectiﬁe fﬁnction.td Be.maximiigdz(qr ﬁinimized),
the nature of the_deﬁision variables ové; which.thé oﬁtiﬁizhti&h is to
be'éccomplished,.and the constraints which'restfict the-décisidn. If

both the objective function and the constraints aréllinear,_the'pf“

1s referred to as a linear:program. If-éither the objectiﬁg:fqﬁg
or the constraints afé not.linear, the probleﬁ is a “°“¥i“?§£téf;$ﬁﬁ@'
1f some decision'vériablég;ﬂfe restricted'tp'tékg on'iﬁtﬁge% §§1u§§,

thé pro$1ém9 become intégér linear programs or integer.noﬁiinear prog;aﬁé, '
respectively. General purpoég_0ptimization'ﬁrocedu;es_ekist for ‘linear

programs and 11mit¢d'clasées-of honlinear.pfogréms.: However, many




" nonlinear programs and nearly all integer programs must be approached
by'specialized'algoritﬁms designed for particular problems. .Preliminary
models of the binary cycle reactor system include both highly nonlinear

_ equations and some integer variables. Thus the problem falls. into the

o class requiring specialized algorithms.

The general solution strategy employed'in'nearlﬁ all-the success—
ful algorithms'forecomplex nonlinear'and.integer programs is one of.
enumeration. Examples:of such.approachea include Reeves,ll Falk and
.Soland,lz Soland,lj_Ritter,l4 and Rosen anchrnea.15 In each case‘the
~authors esaentielly.proceed b&udiuiding tbeisolqtion_space into a
number of regions; each:associated with a telatively moreltractable“
- nonlinear or linear program. Standard'nonlinear programming techniques
afe_then‘employétho obtain optimal solutions-for:each of the regions.
The overall optimum.solution isselectedfrdntheOptimalregionalsolutiona.--
In many cases this approach is augmented byla'branch-andhbound
scheme uhich uges a bouﬁd on the best solution which could be”produced'
in a region. The.bounds are chosen 5o that they'are'relatively effi-
cient to calculate. Thus;-for mauy of thefsolution:regions it is not.
necessary to undertake the relatively more - complex process of determin-
ing an exact solution to the region problem. In such cases, the bound
demonstrates that the region problem cannot possibly produce an overall
optimum. _ .
Opthmization techniques have ‘been fairly widely applied to
engineering design problems. Application'haslbeen particularly common

in design of chemical plants, electric-power distribution systems, and

:,ff.?:'-:' #I’EL‘ ) S‘f.ft‘ "
R



. aeferallother fields., However, praeticallr no literature has been found
i which deals with optimization of thermodynamic cycles like the Rankine
or the Rankine-BraYtOH binaryscycle.. The ‘three most related studies
are discussed belew.' o
.Stone, Sudde, and Freedman16 eeriaed'COmpnter_eeaea."CROCK" and

.“SﬁﬂcK," ﬁhiﬁh minimize the_weight of a heat rejeetien system tcdndenser)
for space power Bystems In the first code, the waste heat" is radiated
directly to space- from the condenser- in the second, the sensible heat is
radiated from- a'single phase fluid. “In.both codes,-the weighta of.the
coudensers are described by a aeries of equations._ The weighte'are
then minimized with respect to a few optimization rariables by either
total enumeration or a cyclic coordinate search.

| A cheﬁieal.brocess called tne William-Otto process is optimized
by Sriram and Stevens.17 In this prbcesa,'the plant eonaists of'a:cheni—
cal reactor and tne nroduct-separation syatenawhich involves a-cedler,
‘a decanter, and a distillation column, The objective of the problem is
to adjust flow rates_and syatem eperating_conditiens under existing
physieal.Iiﬁitationsfsuch that the net prefit.obtained:frdm';he.product
is maximum. | |

.Dynamic prograﬁming.has been aucceasfdlly.employed in a nnmner

18 “arogs- -

of'engineering problems: optimization of ehemical reactors,
current extraetore,19 mass transfer and separation proeesses,20 and
' evaporators.21 The- laat application appeats to be similar to the evapora— :

tor -and multi—feedwater heater aspects of the Rankine cycle. _Eor this ~

reason,lthis appliCation is distussed in greater detail.




Itahara and Stielz1 applied dynamic programming to a saline .
water conversion systen to- minimize total area of multiple—effect
evaporators. In this.analysls an evaporator was partitioned into many
stages. Then the mass floﬁ rate and:teﬁpeteture ef the n+l th stage
outlet vapor stream were assigned as input variables, heat and mass

"balance equations over the n th stage were assigned as transformation
equations. The minimum evaporator surface area for the n th stage was
determined by the optiﬁum decisibn on'the outlet.vaporttehperature of

the n th stage. This process is repeated for the preceding stage (n-1

th staé’e) and the optimum decisiotl _ie made up to dete.' The minimum total

area for etages ! through n is obtained when the optimum decision for
the first stage is reached. Thus for multiple-effect evaporators, the
ninimum total area is obtained by employiﬁg-aibackWard recurrsive solu-

tion strategy of dynamic programﬁing.

A Parametric Study of Helium—Steam Combined Cycles

Figure 1-1 illustrates a schematic diagram for a combined cy’“:L;"
on ﬁhiqh-parametric-studies.were made by HcCracken,ﬁRust,.and Milleré,

In the gas cycle, the'cempresser-anditurbine efficiEncies{ﬁef;
90%. An upper Iimit of 90%zwae taken for the tegenerator efficiency.
Réactor exit te@peratures.wete examinedﬂfrdm'the present_operating
temperature-of'the'Fert St. Vrain HTGR of 1444 °F'to a ma#imdﬁ'ef
2400 OF, which was the operating température of the Ultra High Tempera-
tufe Reector Experimeﬁt\(UﬁTﬁEX). The reactot_exit_pressure_was the
same as at Fort St. Vtain?“700 psi. -Pinch—ppint temperature”differences

in helium;steam heat: exchangetehﬁere assigned a minimim: value of 50 Op,




Com

Component nressure losses Jin the gas cycle were assigned the values of
the Fort St. Vrain reactorl except for the regenerator and intercoolers,
which were assigned pressure drops of 4 psi each. On the steam slde of
the binary plant efficiencies of 85% were assigned to the steam turbine
and'boilet'feed pump. . Afbincb-pOint temperature difference-of 10 °F
ﬁas assigned to the.feednstet t_x‘leater and, when feedwater heating was
employed, tﬁe efficiencf-for-the preeextraetion stsges ot the steam.
turbine was assigned.a ualue:pf 90%. 'The'efficiencylof the remaining
stages was then normalized so that'the-tntai turbine efficiency would
stiil'be_éS% . The edndenser'pressure'wss essigned avsineof 1 psi

enﬂ_the condensate subcooled 10 °F.

] FEEDWATER
HEATER

Figure 1-1. Coibined cycle plant schematic diagram®




Figure 1-2 illustrates cambined cycle efficiency for a plant with
two compressors and a feedwater heater. In this diagram combined cycle
efficiency increaseS*with Teactor exit temperature and boiler exit

pressure.
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;.//'/ —a~ 2000 PHA
fid . ——— 1000 PSA

400 & 1 H ] 'I_'_-‘l-.
1400 1660 1800 2000 2200 2400

REACTOR EWIT TEMPZRATURE, °F

Figure 1-2. Combined cycle efficiency as a fﬁnctioh'of'reaceor3
exit temperature (feedwater heating optimized)

Mathematical formulation and derivation of the basic equations
__afe_preSented in ChapﬁeflII'andIOptimization methods used to'qbtain
thei: solution are”deeeiled'in'Chapter Iligzighaptef Iv preseﬁes results
obteined_from the binary. cycle optimization ena Chepter v-cpncledes.this.'

‘work and gives suggestiohs and recommendations.




CHAPTER TT
PROBLEM FORMULATION .

ﬁiguré 2-i.ii1;§£ratéélé sché@atié diagram~fof a généfélized
coﬁbine&'cycle in ﬁhich.bptimqmédpérééiﬁg conditions and plant confi-
gufatiohs'wili'be.detérmingd in this stady. The system employs M
feedwater heaters, L moistﬁte'9gp5rétoré; ﬁ-iﬁtercdolers; a :égener—
ator, and inclﬁdeé ﬁhe-effecf'df superﬁéatiﬁg.“ Thus.the'number of
feedwater heatérs,'moistu;e sepératbrs,_and_intercoolers employed in :
the system 1s an ﬁhknﬁwn. These numbers will be determined in the
process of optimizétion and model forﬁulétiﬁn.

Tn modeling of'binﬁry cycles; cértain assumptions are'necessary;
For the Brayton cyclé,_co@p:eSSOf and tﬁ;biﬁe effiéienéies must be
assumedf ‘For the Rénkine cycle, boiler fééd pﬁmp.aﬁd turb;ne effi—
clencies must be given. 1In feedﬁater-heaters.gnd stéam—helium_heat'.
exchangers, :rinimum pinch'point temperature differences ﬁust be.speci—
fied. These assumptiOns will be di9cu3§eﬁ in the following:sections.

. Once fhesé'aséumptions.are made, a model ﬁhich describes the

binary'cycle*efficiéncy is.egtablished in_tefms'offtﬁe follbwing'set

of undetermined variables: (a) gas.cyclelcoﬁﬁressor ratio; (b) number

of stages of intercooling; (c) regenerator efficiency; (d) boiler exit
pressure; (e) superheated steam exit température; (f) numbef of feed-
water heaters; and (g)_fgéﬁﬁater heater inlet saturation. temperatures.

The binary .cycle efficiency is then optimized with respect to the

10
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_;obtimizéfion variables in ;Be'preéeﬁqe of several cdnstfaints.
Substantial 1mpfdvéméﬁts:in.mddel forﬁulation are achieved in
this work relative to.ﬁrevibusly reported models;g'é The improvements
are dueéﬁﬁ (a) assignment ﬁf;éfeaméturbine efficiency as function of
stéémlquality;:(b)'éhﬁidyigﬁt_qf-mpiéture separafors to impfove steam
_quality, énd () devgloﬁmeng;éf;gﬁaiytical_expreésiohs to account for

. pressure drop in each héiiﬁ@iéycleféomponeni;

" Ranking Gycle

A multi-stage Rankine.CYcle:empio§ing many moisture éeparﬁtors
aﬁdufeédﬁater-heaéers ig:showQ in Figure 2-2. Thelcorréépoﬁdiﬁg-
tQEperature-éntropy diagrhm is shown in Figure 2-3. o |

.Aésﬁmptions iﬁ the-steﬁﬁ.side of the'binary éycle are as follbws:

(1) In_feedwater.héaters; piﬁch point_température différéﬂces_
of 10 OF are assumed. |

(2) In steam turﬁihés,;qéistute-sgpéfatbré ére introduced
whenever steamkqualities:become lower.than 952. When this haﬁpens |
the steam ﬁuélities are raised to 9923 The saturated water collected
from the separators. is s;nt back;fé?tﬁe zerd.stage feedwater heater
to.heaf up the feed £rqﬁ'the pump. It should be:noted that the zero ;
stage feedwater hégfgr is a unit entirely éeﬁarafe.frum the rés; of |
the feedwater heate£ systém...iﬁ'additioﬁ, selection of moistuéé-séparf
atorg\and theif.arraﬁééments in tﬁé éystem'preﬁedés the 0p§ihization: o
process cof the féedwﬁtefiheatersQ Thﬁs.tﬁe'éhoicés of.aptihhﬁ.ﬁﬁmbef :

of feedwater heaters and their respectivé temperatures in the later
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&ptimization stages do not alte;.phg.Bgsic artangemenfé of'moiéture 
separator_unifs. | | |
(3) The efficiency of a stéam';ufbine is_a'fﬁnétion of the
 steam quality. For superheatéd'steam; tufbine efficiencies are assumed
922. For unsaturated gteam, turbine efficiencies gradually decrease
with 1ncreasing moisture cpntent, - An equétiou describihg'turbine

efficiencies for unsaturated_steam is assumed as follows:
Turbine Efficiency = 0.92 - (1 - Quality)(0.17/0.12) = (2-1)

. Eqﬁa;i@g'(zél) is based upon examining aétuél Mollier diagrams for.
_sever&illatge commercial gteam turbines.
(4) The upper limit for the temperaturé of-satutafed steam

exiting ft@m the boiler islaSSumgg;7QO.°F - Th gmperatufe of the

condensér_is’loo OF. Conseduén;ij,'ﬁﬁe"étéahhiféiéjis operable betweén
700 °F.and?100 OF. The operating temperature range of tﬁg ste;m ¢ycle
is.divided_into 30 discrete 20 °F temperatufé intervals. Then i£ is
assumied that the steam turbine efficiency is a constant within the
inte:vai, but varied és a'funcgion of steam quaiity in each mesh point.
(55' The maximum ailewable steam  temperature was set at 1000 OF
' because of'the'metallﬁrgicdljproblems with higher temperatures.
Camputation'of.the Rankine cycle efficiency béginé_with the:;

congtruétion of the TABLE subroutine which-generétes and stbres'fiuid

'..:'?lﬁ o A S B ( o ._-':_'.:_.'b'i'_, ‘i
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eﬁthalpies-and entroples of all the stages of'tufbine.expansiOn énd
moisture separation,.and stbreé the f;equency and location of the
moisture seﬁaration. The subroutine also computes flow rates.df_
saturated liquid exiting ffqﬁ the separators. The rest of the calcu-
lations in the Rankine c}cle are carried out based ﬁn infotﬁﬁtion |
and properties provided from TABLE.-
'Figuré.z-ﬁ 11lustrates a T—S'diagram_for a Rankine cyCIE'withlan
index of LS th moisture sepafator. Let x{(LS) an4=w(LS)*be-definéd
as follows: | o N h
x(L8) = Aﬁoﬁnt' of s;at'_urated -t&éféf collected from the LS tvh.-
N moisture sgpafator and seﬁt back to_the.zero gtage
feedwater heater.
ﬂ(LS) = Amount of the steam passing through the turbine
locatgd between (Ls-1) th moisture-separator and LS
th séparatdr- |

The relations between x(LS) and w(LS) are gtven by the

following equations.

K(LS) = 1(LS) ( Hoyy(LS) - Hyn(1S) ) / ( Boue(LS) = Hgpe (L) ) (2-2y

 m(LS+L) = n(Ls)_% % (LS)

'where

. ﬂ§a_

——




Temperature

L

x{Ls-1)
b
Extropy

Figure 2-4. T-§ Diagram of a Ramkine Cycle with'Several .
.. Moisture Separators and no Feedwater Heater.
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moistﬁre'éeparator.
Hgye (LS) = enthaiphy per unit mass of steam exiting the LS th
mbisturé'separdtor.

Hsat(LS) = eﬁthalph§ per unif méss of saturated water corres-
ponding to the .temperature-of LS fh.moisture sép-
araﬁor.'l- |

“hen the system eﬁﬁloys-many feédwaﬁer héaters, the aﬁount-of

steam fed into eéch feédﬁgter heater has to bé known béfore the'cﬂm;
putation.of the turbine.ﬁdtk.stafts.. Let w; be the amount éf_steam
fed into tﬁe i th Eeedwater.heater. To describe w; in terms of di.i'
aﬁd'othéf known p:oﬁgrties in the previous stages, a heat balance
around the 1 ﬁh 5tage feedwater heater is required.

Figure 2-5 shows'thé_inlet and outlet conditions of the 1 £h

stage feedwater heater. .

_ (w4, ..+ ; ) (w, 4w ;,.+mf)ﬁlbfﬁ’: _
200+1 e e 12 1.3 200# (i+1)

' i th stage o
100+(i~1) "~ T . - e 100+1

- | (1 1) (1 1)

Figure 2-5, Eﬁerﬁy Baiéﬁée ﬁnifftﬁ %Eedwater Heater
An energy balance on.the i th feed&ater h;atef giﬁési
1 | i (-8

hyws + hogoes Y hrogws é_..hzowm)(j 24t Proor(a-ny




This leads to

1 .
o - Migor(1-1)-Booes) * (j L U370 Pagor(141) 200+
i - =
h <h :
i 200+{i+l)
where
lllo =0
hé'+ pumpiﬁQ”work- or
h100+M = enthélpyﬁof the heated stream

leaving the zero stage féedwater
heater.

where h_ 1s the enthalpy of “the condenser exit stveam.

For 1 = 1, Eq. (2-6) reduces to
sy = 100" 101
Lo Bl N R
"For 1 = 2, Eq.;%2—6)1ﬁéﬁﬁhé3%”

( )(h203 202)

wy = (h101 102
 h-n
2

203

(2-6)

(27??'
(2-8)
.}i -.




20

.Furthermore, a general expreéssion wﬁich glves the overall turbine work
for all possible cembinations'pf molsture Separe;ors can not be found.
For a given region of the turbine expansion, several.moisture
separations can take place. Since additlon of moisture separators
reduces the flow rate in the turbine, flow rates at different polnts
of the expansion may not be the same. These differences in flow rates
have to be carefully coneidered in the computation of -turbine works.
There are many different ways of arranging the moieture separ-
ators.aﬁd feedwater heaters. Figure 2-6 1llustrates three examples
| of such. arrangement's. In these examples, the i th feedwater heater
! begins at the stete correeponding to Ts(i) and the region for computing
the turbine work ends at T ;,,y. Figure 2-7 illusrrares how a
region of the steam turbine is partitioned into the foilawing three
subregions: top, center, and bottom subregions. In'cese I, theﬂbottem

subregion does nbt:exist;-inru se- 11T, centerrsubregion is missing.

Ts(i+l) |

Case I . Case II -cgse It

A

Figure 2?6,: Examples. of Different Moisture ‘Separator Arrangements in a
Turbine Expansion from T (i)_to Ts(ifl)
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L. Top . - ). Top
- Center . _ .I T
- _ op.
JCentér n fp? _
I Bottom
Bottom = 0 'lBoftom | Centef.=_0
Case I ~ Case II . ‘Case III

Figure 2-7. _Paftitionihg of a Stehm Turbine Region into Three Subregions

To illustrate how the turbine work is computed, the author has
chosen case II of Figure 2-6 as an ekample, aﬁd presented it again in
Figure 2-8.

Let W (1), W (i), and W, (i) be the turbine worl -

et tbp( Y, ceng%%,:an botgo% be the turbine works cor

responding to the top, center, and bottom subregions of the 1 th region

in the turbine, respectively.- tet LSIN and LSOUT be the indexes of the

moisture separaﬁioﬁ Sﬁagés;.?ﬁ"" SIN correépondélto fhe inlet of

turbine expansion and LSOUT céﬁrespon&s”to-the outlet. The amount of
, ° SR T . .

work generated'in the turbine-exPansion from ‘I‘S to Tg(i+1) 1s com—

o (1)
puted from the following equations:

'.wtoﬁ;(_ii) - (n(LSIN) - OSUM ) ( HH(1) - H, (LSIN) ) '. ' (2-9)
W ()= [(':rr(k) - o5 ) ( Hbut(.k—'l') - nm(k))]..k;i-.s-mﬂ(z-w)

+ [(ﬂ(k) - osm) (H_ (k1) - Hin(k))]l_

k=LSQUT-1




Temperature
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_ " A(LSIN)

T’“) U EEt)

-'H‘T(LSI'N)- AN ELSIN)) )
) in
: n(LSIW+l)

ﬂh(I.__SIlH-l) i\ Hu_ éLSOUT-—ZI)
n(LSOUT=-1)

P H, (LSOUT-1) (LSOUT-1)
L. S -
a(i41) in out

: o ' ' : . \] .
/ N S : m“'_" ) (LSoUT)

-Eﬁftopy

'PigﬁreaZ-B. T-S Diagram of a Rankine Cycle with Two Feedwater

Heaters and Three Moisture Separators.
( This diagram corresponds Case II of Fig.2-6 )




W) = (u(Lsoup-~.-. OSUM ) ¢ Hoge (LSOUT-1) - HH(3+1) ) (2-11)

center+'- W (i)

Turbine Work(i) = Wtop(i) + W (1) bottom

HH(i) =-enthalpy of steam sent to the i th feedwater heater,
OSUH'= total amount of steam extracted from the'turbines and

sent - to the:feedwatef'heaters before it reaches,i th

staééfﬁmisf

Brayton chle

T_ru

Assumptions in the modeling of the Brayton cycle are as follcvws.

(1) 1Ideal gas law3'can be-usedwto-modelathe turbine'end com-

pressor works. - This assumption isﬁguite geod because helium behaves
as an ideal gas for the temperatures agd pressures found in this system.
(2) Gas turbine and compressor efficiencies were assumed 90%
although projections indicate that efficiencies as high as 92 and 93%
might be obtained in tﬁe-ueef'futurefzz
(3) 1In the regenerator the tempetature ﬂiffetences Eetueén.the
inlet and outlet hot (or cold) streams ate'specified. Sinee'the
specigied regeneretor temperature-differeuce{is ptOportionalfto the
auouut uffﬁeet exchauged, the specification eveﬁtually leads to in-
formation;uh the_regenerator'effectiveness.
| (4) The economizer is an intercooler. ' Each intercoaler-_.
transfers the saue amount . of heat. |

(5) The ‘reactor exit pressure is the sdme as "the Fort St. Vrain

HTGR, 700 psia. Thelpressure loss across the reactor 1is 10 psi,_which

23
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is the same as the'pressure.loss across the Fort St. Vrain reactor.

{(6) Instead of using.s.fixed.srsssure loss for each of.ths
heat exchangers;_the pressurésipsses sete;dése:mined separately for
each component and varied sg ;fqupiqns ofreither.the gss-compression
ratio or the amounttsf'hést‘s;chssged.{H'.I .

The ffictisnsl §résss£éT1;§s'in a;éiﬁgiis;&é;ésibed as:follows:

ap = £,(ov2/2g.) ( L/De ) = £,( 62/0) (L/De) (1/2g,) (2-12)
where

£, = Dsrcy—wsisbach friction factor

G = pv = mass velocity

p = fluid density'

De = hydraulic‘dia@égs?;_

L = pipe length: -

v = fluid veloeity

Raising the pressure on a gas in a pipe will ¢duse the density to
increase. If the mass flow rate'or G is kept constant in the systeni,
' according to Eq. (2-12) the pressure loss in the. pipe will decrease. In

addition, the pipe pressure loss is linearly proportional to the pipe
length.

Pressure losses for heat-exchangets'in the gas{égcie.are

assumed to behave according to the discussion in the preceding para-

_graph. - In’ addition, the total pressure loss across all’intercoolers

increases with increasing number of intercoolers or compression stages.
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However, for a fixed number of compression stages, the pressure dr0p

across each intercooler becomes smaller as the cqrresponding stage

pressure increases.

. * o

The assumed pressure losses in psi. are as follows:

ap_ =10 T (2-13)
. : N ' N _ ' '
: sy = 3r -~ (shell side) | (2-14)
i N . ._. ) . - . :
APy = I.O_rp ~ (shell side) {2~15)
ARy = (1.0 £, /( ré“"l) . | | (2-16)
_A( Preg )e - ( 1/100 ) ¥ (tube side) (2-17)
BB Iy = (1/100) X (shell side)  (2-18)

where

K= temperature differen;es.between the inlet and outlet
hot (or cold) stream of.reéenerator

AP = pressure loss acrogé.the reéctorl

‘oo preasure.lﬂsa-acroéé.fhe boilér‘

- pressurefloés across thg'éconoﬁizer

= pressure loss across the intercooler

E(Breg)c = pressure loss across the fegenérator in the cold strg%m

A(greg)h =.pressuré loss across the regenératpr in the hot streéﬁ_
N = total number o£'cbmpreésion stéges employed
n = index of n th-intértooler.(whéré the 1 st intercooler
,a{ﬂ‘ ¥ Y +

25




o the economizer )

Y

A schematic diagram for a Brayton cycle with three stage

compr9531on is shown in Figure 2—9. - The correspondlng T—S'diagram

is in Figure 2-10, REE
rr
8

Regen.
7 .
| 3
Comp. . Comp. _Comp.& g SN

M 6 MMa[I5 - :
S A Boiler

Intercooler - Intercooler  pronomizer

Figure 2-9. Brayton Cycle with Three CompréSSioﬂ'Stages.

Temperature

Prtropy

Figure 2-10. T-§ Diagram for The Brayton Cycle with Three .
' Compression Stages.
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Using the standard formulas.for snéigesltgas, the -turbine work for

the three compression stage gas cycie'shown in Figure 2-9 is '

- S v | ' _
Turbine Work = ¢_n Tl 1 -8 GL¥)3( ) _ {2-19)
Pt rp
where,
Tl = turbine inlet te@bérafﬁte
N, = turbine efficiency
¢ = specific heat ' ;‘_ -
T axPSnPG =f-7_

P =T 2] |
P By, By

-2
i

specific heat ratio? cp/cv

1t was noted that (_23, Cﬁ_ ) GF— ) are pressure ratios across
Py
.the first, second and third 1nterceolers, respectively. The turbine work

for N stsges of compression is

TurbinefWork(g stage) = C ntTl [1 - B C‘"?N( ] R (2-20)

Y=1y .
] 5 (2-21)

[( 28y c__> (RN)...(R)(R) (—> (—)
3

Ry = pressure ratio-across N th intercooier

. When the assumed pressﬁreﬁlosses of all the heaﬁ exéhangers are
introduced into Eq. (2- 21), 8 and the turbine work can be expressed as

functions of rp, X, ‘and N. The derivation of B as a function of - Tps X,

and N is given in Appendix A. e




Constrﬂétion of the_Binary_chle

For a given reactor outlet and condenser exit condition,

28

the

gas turbine portion of the binary cycle shown in Figure 2~1 can be

described by the following'equations:

TT2 = TTL ~ - |
| T2 = TT NT(rP)/Cp
X = TT2 - TT3
TT2 - TT3 = TT8 - T17
TT4 = TT5 - WC(rp)lcﬁ
m(H, - ) = C(TT3-TT9) + N €, (TT9 - TTp)
TT = T, + AT+ 460
P b pin
u, - /N = €_(TT_ - TT4)
w(H, - BE)/N = € (T, ~ TT4)
IT6 = TT4-
TT7 = TIS .
TTS = TT9 . _ o
| ﬁr( ) . c 11"1'3(1~)N(I:£9
4T(r ) = n_C TTL |1-B(—
P - tp [_ Ty Y
- x=L
B=18B7
B = Product of Pressure Ratios

(2-22)

(2-23)

- (2-28)

(2-25)
(2-26)
(2-27)
(2-28)
(2-25}
(2-30)
“(2-31)
(2-32)

(2-33)

(2-34)




where

‘IT = symbol for tempéfatgtés in gas tu?b;né cycle

T = symbol_for temperatures in Rankine cycle

n, = turbine efficiency of 3rayton eyele

Ne = compressor. efficiency of Brayton cydle

Ty = compressioh.ratid across a cqppressor stage

.Y = ratio of spécific ﬁeats
C ; épecific heat at constant pressufe

N = number of COmpreésion stages

Hy = en.thalp'y of steam ebciting. from boiler
Hg = éﬁthalpy of water exiting the last feedwater heater
Hy, = enthalpy of saturated liquid.cofrgsﬁonding to boiler éatura—

" tion temperature
Tsi3- 1 th feedwater heater:§%%gp_sgguration-teméerature-
Ty, = boiler saturation teméératﬁfé
TT1 = reactor exit temperature
pin = pihch point temperature differences at.econoﬁizérs
m = ratio of steam to helium mass flow rates
WC = compréssor wo;k
Wt --tqrbine'work

' tﬁﬁﬁgﬁiqu-(Z-Zz) ﬁhrough (2-31) can be recaﬁbined_in

following seven‘equations:

D R, ot
5

TT2 = TTl -.WT(rp)/Cp ;ff

-y
~
]
1
e
in
—

e
¥

£«
%

‘X = TT2.- TT3 -

__.‘,.
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IT2 - TI3 = TI8 - TIS - (2-3D)
TT4 = TT5 - we(r)/c, ' _ ' ' (2-38)
m(H, b cp(rrs TT5) NCP(TTS rrp) _ (2-39)
T, = Ty + ATpin + 460_ | | : | (2-40)
n(Hy - He) /N = CP(TTP - '1;'1'4) | : (2-41)

For given reactor outlet and condenser enit conditions, if one
assigns a value for eech of N, m, Tps Tb,fSH (the amount of stesm super-
heat in °F), X, Tél, TsZ""’Tsu’ the combined cycle is entirely specified.
The parameters for every stream in -the.cycle are tlms determinable
through the seven equations just presented and the additional information

on the Rankine cycle.

Modeling_of the Optimization Problem

The system is to be modeled i Etable for optimization'

that is, the objective function end constra, ts;will be formulated in
such a way that the'mathematicsl model becomes a true representation of
the systen and at tne same time a repreSentetion-whiCh is suitable for
mathematical programming optimization.

In the present model the combined cycle efficiency, which is the

obJective function! for the'sxsten,=has been implicitly expressed as a L7
function of optimization variables through many coupled equdtions, These
equations are bresented:in'tﬁefprevious section.

The system includes some integer variables, as well as continuous
variables, and is restricted by both linear and nonlinear constraints.d ’ i

Physical bounds on_each variahie_sppeerias_simpie linear constraints. .;;;
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. Thé more cbmplex, nonlinear coﬁétraiuts'arise in the_boilér.and:the

regenerator. The temperature of fhe superheated steam exiting from the

boiler is restricted to be lower than thé'iﬁlet_helium stréam by ag

least some specified amount. .In addition, there exists minimum tempera-

ture festrictions between ﬁhé hot and coid streams aérdsé the regenerator.
In brief, symbolic forﬁ,_the m&thﬁnatical optimization problem

resulting from these cons;raints’ié as follows:

(W) + () | 5
Maximize n = ——or b NEI'R | (2-42)

Q
(“NET)R - fz(Tb’ SH, M, Tsl » Tsz, [ ’TSM) (2-&4)
Q = fs(Ng l.'p, X,' Tb, TS].) : ,. B ’ (2-45)

These equations are subject to N and M being integer values where N afl_-

and M > 0 and.:p,.x: Tys SH, Tgy, TsZ”“’TsH

satisfying linear bounds aﬁd
nonliqear coustréiﬁ%ﬁlfpdmﬁghe_boile;{and'regepe:ator; The meaning of the
‘terms in Equations TZ—&Z)&'(ziéﬁ);i(2:@4i ;n&'tzfAS) are as_foiidws:
n= effipiéﬂcyﬁof;combiﬁe&"hystemfj_
(wNET)B = net wofk pf&dutedzbf tﬁl Braytbn-cyclé-
(WNET)R = net work-ptodﬁééﬂlﬁy'EﬁgﬁRéﬁkiﬁéfQ??lé
Q = heat input from the reactor
N = numbef'of compressoé staées”

M = pumber of feedwater heaters

r_= compréssion ratio across a compressor stage -

-
e
=3

oo
=

e
[




lTsl ='saturation'temperature of steam entering the final feedwater
heater | |
.X = the tenperetute difference between the inlet and outlet
hot (or celd) stteam'of~the.regenerator
Ty = teméereture of satutated'eteem.certespdnding.to the
boiler exit pressure |
SH ='the amount of superneet ln OF

The nonlinear constraints are

TT3 - (TO + 460) ), 50 o9 {Constraint 1).
TT3 - TT?_;'SO op | . ' (Constraint 2)
TT4 - (T6 + 460) ) 50 OF (Constraint 3)

Constraint 1 means that the boiler ‘inlet temperatute of the'ges-sheuld
be greater than the eteeneenit ﬁemnefeture-by at least 50 °F. an-.
etreint 2 implies that'there'shoule be at least. 3.50 O tempefature
dlfference between the hot end cald streams in the regenerator.
Constraint 3 imposes restrictions on: the compressor inlet temperature,
such that 1t is elways at least 50 QF above the temperature of the

3~

water exiting the 1est feedwater heater.

‘_)vi,"-‘

The nonlinearity of Constrafnt 1 can be shown in the following

dérivationsr

T3 - (TO + 460 ) ) 50 o o {2-48)
X =Tr2 - 13 L e

Substitution of Eq. (2-47) into Eq. (2-46) yields

%‘ll‘si“.f e S :
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TT2 - X - T0 3 50 + 460 | | o (2-48)
Sincel
TT2 = Tfl - (furbiqe ﬁof?/gé) | i  | .. | (2?49)
and
" Turbine Work i'CP?Tint ['1 ; B C%;)NI$L ] (2f50)

Substitution of Bqs. (2~49) and (2-50) into Eq. (2-48).résﬁlts in

RS x50 Y 510 (2-51)

TTl - TTlht_[

The nonlineat'ﬁéiati&ﬁé.ﬁeEWeen5k, iﬁ, and N afe‘shbﬁn?in'Eq, (2-51).

Defiﬁaéiéﬁ-bf‘ﬁiﬁaéyib§c1; &fficigﬁgy.

Binary cycle-effiéiencte$ caq.bé‘expressed in terms of Rankine
cycle and Brayton cycle efficienciéé, Figure 2-11 illustratesid schematic
diagram for the simplest binary system. This diagram will be used to

identify some Of-thé'components in the following analyses:

Let
Q= rééctbr'heat inputﬁtb Brajton dycle- @1
Qg = boiler hEat'input to the Rankine'cyclé |
" n = binary cycle effictency 8
np = Braytoﬁ éycle'éfficienCy %?

ez
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Rankine_cycle efficiency

"R

(Wypp) = net work generated in the binary cycle
(Wypp)p = net work géﬂefated;in:the Brayton cycle
(Wypr’g = net work generated in the Ramkine cycle

The net work from tBeEBraytun cyclé is given by

(wNET)B“nBQ« TR
:‘— .. . ) B : s'@ L. B

and

u @ - Gy

Substituting Eq. (2—52) intd~Eq. (2-5%) lgadsfto

Qp = Q (1'—“3)‘
The net work from the Rankine cycle is-

(Mygr'y = "%

LN

NET R = th(l-nB_) -

Substituting of Eq. (2-54) into Eq. (2-55) results in

The efficlency of a.binary-cyclefis defined by -

(2-52)

(2-53)

-?szsh)
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n = [(“NE&_:?I;* (HNET)R'J/Q e

Substitution of Eq. (2-52) and Eq. (2-56) into Eq. (2-57) yields

F

n= [ e F -nB)“nR]/ @ "~ 2-58)

P

o nB +(1 —T\IB)“TI?R . _'_:"I;..

Ay

Equation (2-58) is the objective function which is to be maximized.

A5 Dol Re eyt
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' CHAPTER ITI

G i e
OPTIMIZATION METHODS AND SOLUTION

“partitioning of ‘the*Binaty Cyclé

The concept of convexity?haé?gteﬁt 1mpottance'in the optimiéa--
tion of nonlinear systéms.“ When every line connecting two pointg in the
set falls entirely in the set then the set 1s a convex set. If-any
point on a line cohnecting'twﬁ points on the surface of a functiqn'is

always greater than or equal to the corresﬁonding funétional value, then

‘the function is a convex function. When a function is convex the set of

points falling above the functional surface is a convex set.
When a nonlinear system is convex, a local optimum 15 a global

optimum, 1.e., if a solution cannqt-be gppg ;

: +in the neighborhood
of a current value; it is an overall optimﬁﬁi'{When the system?is con-—
vex it can be optimized-using well-known nonlinear programming tech-

niques.

For a nonlinear, nonconvex-SYStem, there ig no unique way of

' Optimizing the system.. In most of the literature, a nonconvex system

'is partitioned into several convex systems.h Theq_thg global Optimum

is searched from the-local-optimum-pf the individual convex systéms;
Careful analyses of binary tycles 1nd;cate'that the system ig
nonlinear, nonconvex. Nonconvexity of the systéﬁ is mainly due to

the existence of a. strong coupling between the Raﬁkine and Brayton

- portions of the combined -cycle, and pa:tialifzdue to the_intréduction

R
D
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P

Brayton cycle.

of r_ and X in the expfeésiﬁpsgfpr ¢omponent pressure losses in the

e e
5

Since the major séﬁrée'ﬁf"ﬁoﬁéﬁggéxiiy is known, decoupling of
the two cycles_was.choseﬁ aé.a Eéaﬁé of;Eonvérting the nonconvex éystem
into two more tractable systems. Studies of the binary cycle'modél indicate
that for fixed values of.SH,'Tg and Tsl,_the Brayton and Rankine potf
tions of the combined cyéléfcanibe deéoupied into two independent cycles.
Once separated, many of tﬁe originai complexitieé are eliminated; re-
maining variables can be optimized by freatiﬁg the two cycles inde-~
pendently.

An explanation'of.optimihation by decoﬁpling_is given with the
followipg exampié: | |

Let F(x,y,z) be a funétién of arbitrary variables ﬁ, v aﬁd.z.t-
Tﬁen maximization of th,y,z) is equivglent to.the'fblioﬁing twﬁ ﬁro-
ceduresi é?irstjEQXimize F(x,y),with z.fixEd'§t §értaiﬁ-vaiues..'fhen
select the Ee;t pbipt';ﬁong.;he maximﬁmé'of F(x,y) élréa&?_és;ablishéd
in the pfeﬁious procedures. A:mathematical_gxppeésion of.ﬁhe Stateﬁéﬁt

is as follows:

Max F(x,v,2) .=I Max : (Max F(x,y)}.'

all z fixed 2 (3-1)
EqUation'(Z-SB) of Chapter II is introduced here again.
S n= g+ oy (1-ng) L —_— e (2-58)

ot
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In terms of'1ndepenﬂent'vatiab1es,{p3 hB and np can be expressed as

follows:

n = n(N, rp, X, T,, SH, M, T Teygo i=2,...,M) (3-2)

ng = ng(N, rp, X, Tb;_sn,_Tsl) o : | o (3-3)

ng = ng(T,, SH, M, Ts1 Tsi, i= 2,...,&) _ f (3-4)

Substituting Eqs. (3-2), (3-3),.aud (344) intp'Eq; (2-53) and uéing

Eq. (3-1), one obtains

Max n=  Max ( Max n (3-5)
SH, T

all Tsl’ fixed T s1’ SH, ?b}

- Max o  Max ng + np(1-np)t
all T, SH, T, {fixed T, S, Ty |
Since 0 < ny < 1, it follows that 0 < (l-ng) <'1. Also 0 < ng % 1,

cbﬁsequently, Eq. (3-5) yields

Max n = - Max L 'Mﬁk1¥;
-all T I,SH,Tb__‘[fixed Tsf;sﬁat

Jr- < _Max ) .;:' _ ' o Sk
 fixed T, SH, Tb s o "

39
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It should be_ﬁote& ffom“Eq. (3-6) tﬁat optimum coﬁ&itions for the
binafy cycle do nﬁt gener311Y'cai§cide with opﬁﬁwwm conditions for the
Braﬁtdn or Rankine cycles aidng._ Bﬁt for a fixed set of coﬁpling
va?iabies;-the optimum conditions for the binary cyélé énd;ﬁhe tﬁ0'
séparatéd-éycles coincide.

Based on the infbrmation'preééﬁtéd; the'two cyeles in’ the com-
bined systqn are separated by assuming fixed values for the coupling
variables. The Optimization strategies of the 1nd1vidual cycles are

then studied in the following sections.

.r

;Qﬁﬁiﬁi;aéiéglﬁf'ft;;fbn_égéle‘ _ _

:.As:éhoﬁh in Eq;-(3—3)'the'ﬁrayt§n portioﬁ of'the-Biﬁary eycle
is described as a funqtion'of N;.éé, x,-ib, SH, and T5y. For fixed
Tsl’_TE'é“d SH,Ifhé eycle still dépeﬁds'upon Tps X; and N,

‘Figures 3-1, 342, and 3-3 iliustfate equal cdntour mapsqu'Bpéytoﬁ'
cYcie.efficienﬁy as functions of rp andlx fof'Gdrious fiﬁal'feeﬁwatef.
 h¢éter:in1et aaturatioﬁ températurés.and nunber of c@mpféséioﬁ stages.
In thesé figures, thé ufpér right corﬁef of the X and rb ddﬁaiﬁg aré
restricted by Constraints 1 and. 2 described in Chapter II. The sYstém.
analyzed in Fig. 3-1 has a reactor outlet temperature of 1900 OR (1&60 °F)
boilerdsaturation temperature-of-599 °F,_fegdwater heater inle;'saturation
temperature of 120 OF, dné-stage.of caﬁéfesaibn,‘and no.suﬁé?ﬁééfing. For
these conditions, :he'ﬁa#imﬁﬁ.Bréytﬁn_cyéle_effiéiéncy-ogcurs at'po1nt ;

wheh‘thgacycle has no tegeueratidn.

The operating conditions used fo:-ﬁig;~372 are the same as in

Fig. 3-1 except that thg'feedwatgr heéteﬁ”sgturétioﬁ'teﬁperaturé is 350'°F.i




Compression Ratib, T

Reactér exit temp. = 1900 °R |

Boiler exit saturation temp. = 599 °F

Final feedwater heater sat. temp.=120
. Humber of compression stages = 1
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No superheat employed.
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' Compression Ratio, r.
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Reactor exit temp: = 1900 °R

Boiler exit saturation temp. =599 OF .
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Number of compression stages = 1
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Reactor exit temp. = 1900 °R
.- Boiler exit saturation temp. = 599 OF
_Final feedwater heater sat. temp.=350 OF
‘Number of cémpression stages = 3
. No superheat employed

— FEfficiency
. 047 '-f-"'" Constraints

too  iso . 200 250 300 . 350 .
Inlet and Outle; Temp,. Diffefence in Regenerator °F

Figire 3-3. Contoir Map of Brayton Cycle g;gjciencj _
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It shogld'bg noted that thélsurfacg in Fig. 3-2-has two local maximums
.(at points ;1 #nd ;2). 'Thes; two ma%iﬁuﬁs feéulted ffoﬁ.the'désitability_
_ofuiarge compression ratiﬁs assdciatéd ﬁith no regeneration, or large
amount of regeneration with smaller cumpression ratias. The exiétence.

of more than one local maximum for Braytoh cycle efficiencies créates

serious problems’ in'optim12atioﬁ? "If a search begins at P the solution

17
‘must become worse before the global Optimum value Pz 1s reached.

Figure 3-3 differs*from Fig. 3 é4'in ghat the system emplpyé
three campression stages instead of one.l“

The . contour maps of Constraints 1 2 aﬁd 3 are 111ustrated in
Figs. 3-4, 3-5, and 3-6. To construct these contour maps, nonequa}ity :
exﬁressions of Consttaints_l, 2, and 3 shoﬁn in Chapte: II are re-
arranged into equality equétions by_defining fUhcéiphs Cys Cz, and

v

’ Cs.as follows:

€; = TT3 - (T0 + 460 + 50) - E R & = )
C, =TI - (TT7 +50) . - C(3-8)
L CymiFNE - (T6 4460450 (39

g -;,.:.
L

The values of C1 C,, and Cs'aré-plotted:qq functions of r, and X in

Figs. 3-4, 3-5,Lgnd 3-6, respéétively.. Shaded“areas'shOW;pdaitive values
of these functibns where the constraints are not vibléted.

These figures show that all thrééftonstraints'form:reasonébly




Reaetor exit temp, = 1300 °R :
4 Boiler exit saturation temp.= 599 °F
r,,Final feedwater heater sat. Temp.= 120 °F
Number of- compression stage = 1
. No superheat employed.
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' Compression Ratio ,

Inlet and Outlet Temp. Difference 1n R&generator,oF
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'_‘eeeotb-eontours in the X'eﬁH rp_domeiné'fﬁqweeef, one'eerieus problem
in oefimization arises ffom-the fect tﬁat the contours in Figs. 3—4
and 3-5 are curved ;n:é unfavorable difecﬁiaﬁs. Because of the un~ -
favorable orientations in eonstraints,rthe feagsible region defined by
Constraints 1 and 2, rp > 1 and X é 0 qussnpt-form a coeﬁex'set. The

dashed line in Fig. 3-4 is a hypothetical linear objective function.

Even if the iineat objective function is.employed, as long'as.the_curva-'”

tures are oriented in the difeétiOn ehown it 1s possible thet the.system
can have local opthuums with different objective function values. In
th:ls figure Pl and Pz are such local optimums for the linear function
defined by the dotted line.

Since our model does not fit conﬁexit&-assuﬁptions, seme.special_
searCh technique is required. Careful examination of Figs. 3-1, 3-2,.
and 3 3. indicate that when X 15 fixed to aikertain value and r, varied,

‘P

thete:is_a qnique.nptimum for each given value of X. It is also noted
i . ' . : L :
that ehen X is partitioned into reasonably small mesh points, the opti-

mum cémpression raeio:corresponding to a specific mesh point of X does
not differ much from the opt imum eompression:fatio.cerreSponding to the
adjacent mesh pqint.‘ Let Xy be’ the i th' mesh point in X. Let r;i be"
the optiMum campvession ratio at Xi‘ The latter statement implies

that once. c ol is established rpz will be found within one or two steps

%
away from r

pl* Consequently for 1 > 2, one does not haVe to make opti-

mization searches over the entire range of rﬁ,'-A search over a range-
covering one or two steps away from the optimal compression :atio cor-

responding to the preceding X mesh_point'is adéﬁuate.




These ideas lead to the following Brayton cycle optimization

scheme:

Step I.
The X coordinate is divided into many equal meah points with a
25 °F difference between any two adjacent poiuts.. Let xi ‘be the value

of X at 1 th mesh point. Let xl = 0,

Step II.

_ With X fixed at Xl, a simple 1ine search is made along;the iu--

creasiug direction of rp to establish the optimum Brayton efficiency‘

*
The optimum gas_coupressiou ratio is recorded as rpl.

noted that the optimum search along r, is limited in the feasible

It should*be

region, bounded by Constraints 1 and 2, X 3 0, and r, > 1. In-addition;"
whenever Coustreint 3 1is encountered a penalty is ﬁnposed in the
efficiency (objective function) such that the optimum search is limited

to the region where Constraint 3 is not violated.

'Step ITI.

With x at x2, a feasible bese point 1s established. The base point

iie?(xz, r 1) if that point is. feaeible, ‘and otherwise rp is reduced until
a'%eaeible point-is encountered. This becomes-the base poiut; Starting
from the base point, the optimum search along rp is pursued oné or two
steps away from the base point. The optimum gas compressiou ratio is

recorded as r*'.
. p2




- obtained 1s recorded as r

‘either at, (X =
R ":’v_sgf.;

-StepJIV.

'With X at X the optimization process ‘of Step 3 is repeated ‘but

i’

each time starting at the new base point. The base point is (Xi,

rP(i—l)) if it 1is feasible, otﬁerwise-rP_is reduced until the first

feasible point is.encounteredg The optimum ges compression ratio
pi’
Step V. | |

When tne entire rengeiof-ii isfsearched, the giobel:cptimnm
is gelected from the:individnal optimums corresponding to £

pi’

ihe optimization-procednre for the Btayton cycle portion of the

. binary cycle is illustrated in Fig. 3-7. Black dots on the figdre

represent optimum Brayton cycle efficienc .

for the cotresponding

X The upper right region of the d: ﬂs restricted by Constraints

1 and 2. In this diagram the distance for: each step in the rp direc-

tioniis:0.083. The distance between wo. edjacent mesh points for the

 regenerator 1s 25 °F. In the actual.optimizationjp:ocedures,'hpwever,

‘somewhat smaller steps inJChanges of r were used. The global:

optimum Brayton efficiency seems to be O. 11?. The-optimum point ocecurs

= 1.67). -

225, and rb a ], 75) or at (X = 300 and Ty

Optimization of Rankine Cycle

In Eq. (3_4) the Rankine cyele efficiency was expressed as

Sieen oo e
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'where all the sfmbols'ln the expression havelbeen defined previously.
The coupling variables between the Rankine and Brayton cycle were Ty
SH, and T_,. For fixed valuea of the coupling variables, the Rankine
cycle efflciency is still a function of M and Tsi' where 1=2,...,M To
optimize the Rankine portion of the binary cycle as- functions of M and
Tgis dynamic programming has ‘been used.

Dynamic programming is very useful in . the optimization_of Rankine
cycles'because it can reduce the-tOtal nueber of computatlons of turbine
work necessary for optimizatien, This can be explained through the
.followiag examp1éo., Suppose a Rankine cycle employs M feedwater heaters.
The total number of feedwater heater temperatures to be optimized is H.
Assumeﬂthat there are 30 temperature mesh points on which feedwater
heatera can.be assigned to operate, and suppose one totally enumerates
the alternatives for this-system. Then there.wlll be130 pdssibilities

of - locating first feedwater heater and’ for each 1n1et saturation temper—

-ature of first feedwater heater, .the 1n1et saturation. tenperatures for the
second feedwater heater imist be searched. Then for each.given'temperature
of . first and second feedwater heater, the inlet saturation tenperature of
"third feedwater heater 1s aearched.; This procedure will be coutinued

.e;w r -

until the M th'feedwater heater inlet aaturattbn temperature is searched.

. When the total number of feedwater heaters employed 1n the system

_.‘ u L

‘I”-*

increases froq'M; o_M&l the entire procedure and’ feedwater heater inlet

e
h A L TN A

saturation temperature seanoh‘will be repeated. Thus*as the.number of
feedwater heaters employed in the system varies from M to M+10 there will

be substantial repetitiou in the search of . feedwater heater temperatures

. . . “ N . -
R I S ) =,
AT ! E hg
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and, consequently, a lof“df_repetitiohs in the computations of turbine

L e B
-k -

work.
Dynamic progfamming is used.fﬁr.a éeq&é&gigl multi—#tage decision
i.process. In dynamiec ﬁiogfamﬁing-férﬁﬁlatiﬁﬁs, ;.@uifi—sﬁ$ge gystem is
partitioned into sevér_al_singlg-s_ta_g_egT _Thép a; eaéé stage, decisions for
every given input value'(brfevéﬂt) ;ré-ﬁaAe;: The;é-&ecisions[and the cor-
respouding.input valués are stored, It should be realized that even
_ though the decision mad; on this stage is béséd on the information provided.
froﬁ the preceding stage and present stage, the best decisions made at this
st.:age rei:resent the optimal 'decis:.lo.ns from the first stage to l-:his Stagé.
Therefore, when décisions in the next stage are made, one does
nof have to go through the infprmatiﬁn of all fhe'préceding stﬁges, but
based on the information at tﬁié;é;ége_aﬁﬂ~the.next_spage, 6pt1¢al'
decisipns for the next can bé_ﬁs¢e. “ i L-
The.pfocedpre coﬁtinues-uﬁtil the final stage is reached. A best
decision oﬁ.the-f1na1 stagé_determines optimal'falues.and conditions for
the problem; | |

The advantage of using dynsmic programming in the Rankime cycle

model is that through the_divisic;_ fof: i:he f_.eeﬁviater heater system into
several siqgle feedwater heater éﬁdges-and through the usé of stage—ﬁy—
stage decision‘ptoﬁedures, one cén minimize the repetition of feedwatet.
heater inlet saturation tempe;étﬁfe search. “Conséquently thé_fdtai n@m-.
ber'of‘tufbine-work calculations is reduced. |

" Formulation of dynamic programming for the Rankineicycle is as

follows:




1)
2)

3)

4)

Each stage of the feedwater heater is the stage of dynamic
programming.
Let i be the index of the i th stege, then input variables

are T and T

s(i-1) s(i+1)
The decision variable is Taie
The recursive equations are a set of equations describing the

i th fegibn tu?bihe ﬁofk 1df1erma of enthalpies and flow rates

corresponding to the (1—1) th stage.

- 5)

Immediate retutns are mass flow rate Wy, and turbine work at

~ the i th stage. Total return 1s the sum of total turbine work

' generate& bj the optimai decision all the way through the i th

6)

stage.
The optimal policy of the dynamic program is to generate

maximum steam turbine work over the entire region of the

~ turbine expansion.

A schematic diagram of the-d&namic programming formulation is

1llustrated in Fig. 3-8.

Figure 3-9 illustrates a multi—feedﬁater heaﬁer Rankiﬁe cycle.

‘The Rankine cycle in'dynamic programming form is sdived as follows:

1)

2)

For a given T3(1+1) and from known information of Tg(i-1)>»
an optimum value of T (1) is searched in the temperature

ranggagrom Ta(i+1) to 13(1_1). Due to the formulation of

the Rankine cycle in Chapter II, the feedwater heater

Ey

£

temperatures are allowed only on temperature mesh points.

Procedure (1) is repeated for all possible values‘of T3(1+1y o

Lo R T
S s Y U T
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Decision Variable ' Return
) L
(Input.Variables) _
. "
i1 To(i-1) . 1

V WV

Turbine Work at i th

stage expansion.

Teciel)

Figure 3-8,

A Schematic Diagram of Dynamic Programming Formulation
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.. and optimum Té(15 aan17tn regiehfturbine work are recorded.

3

4)

When T3(1+1) = 100 oF (er condenser temperature) the optimum'

Ta(1) becomes the actual optimum i th feedwater heater inlet
saturation temperature of the system employing i stages of
feedwater heaters. |
As the number of feedwater heaters increaeee from i»re i+1,
the number of feedwater heater inlet saturation temperatures'
to be searched increases. Since information about optimum
Tg(1) 18 available through procedures 1 and 2, searches.oﬂ
Ts(ij are_nor repeated. However, to determine optimum values
of Ts(i+1).which maximize the (i+l) th region turbine work,
the following procedures are pursued: For a given T3<i+2).

and with theinformation on Optimum Tg(i)» 2 Eearch for the

s(i+1) 1s made in the temperature range from Ts(i+2)

Ts(4)* Hhen T3(1+2) = 100 °F the optimnm Tg(1+2) becomes

 the actual optimum (i+2) th feedwater heater inlet satura-

tion temperatute.

Procedure (3) is repeated for all possible values of Ts(i+2)'

" and appropriate Optimum values are recorded.
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CHAPTER IV
RESULTS AND DISCUSSION

Iﬁe mathematical model of the binary eyele describéd in Chapter
II was ana]_.yze(.i. with the optimizat‘:i_.'dn techﬁiques described in Chaptér
ITI to deterﬁine'the optimum conditions and plant configurations'td
maximize binary cycle efficiencies. For given reactor exit temperatures,
boiler sal:ﬁration tempe:p:'atﬁres, and amoudt of super;heat, binary éycle
~efficiencies have been optimized with réspéct ‘to the following ﬁariables:
number of feedwater heafers, number of compressor stages, compression
ratios, final feedwater heater inlet saturatiom temperétufe, and re-
'generatﬁr effectivenésé (expreséed by temﬁerature differences across
the regenerator). Opt:i.mum values for these variables are tabulated
in Tables 4-1 to 4-3 for reactor exit temperatures of 1900 °R 2100 °R
and 2300 °R, respectively. | -

For each assigned reactor exit. tperature, optmization Tuns

were made with boiler saturation temp ' _”res ranging from 400 OF to

700 OF in 100 OF increments. Different amounts of superheat%were em~

3

: ployed to raise the boiler exit temperature up to 1000 °F, except the

L

ForLthis case

case where the boiler saturation temperature_was 400 OF.

. , . ! |' .
too much superheat was found unfavorable and, consequently, the boiler
exit temperature was limited to 900 OF.

For each Opt'im.ijzatioh run, 'op-ti.tpizalj;__j.bﬁ ‘searches were made with

compressor stages varying from 1 to S and feedwater heater stages

e
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: ‘l'ableﬁ—l Efficiencies of Binary Cycles Corresponding to Reactor Exit Temperature of 1900 °R

i Boller Amount Nusber Fifgl® . Yunmber Compression Temperature Efficliency Efficiency Efficlency
DT ' 'Saturation of - of Feedwater of ‘Ratio - Difference of of of
o Temperature Superbeat Feeduater Heater Compressor Acroas Rankine Brayton Binary.
in °F in °F . Heaters Temp. in OF Stages Regenerator Cycle Cycle - Cyele

L : 700 0 0 1 2.10 0 .3485 1603 4529
e - 700 100 5 340 . 1 1.%35 . 0 4332 " .1240 " L5034
oo : 700 - 200 9 380 1 1.80 o 4456 1034 .5029
T : 700 300 9 380 1 .75 - 0 4549 0944 . 5063
600 0 2 Joo 1 1.70 - 300 3963 L1252 . 4720

: : 600 100 7 340 1 1.85 - 300 . 4059 - 1122 . L4725
e 600 200 9 360 1 1.65 275 4160 .1039 4787
: 600 300 9 jao 1 1.65 7 200 42539 - 0928 L4792
600 : 400 . 9 360 1 1.89. i 50 _ 4336 0895 LA844
500 0 & 320 3 1.20 - - 475 3629 L1611 4656
500 . 100 9 360 2 1.30 - 450 3686 . 1566 SR )
. 500 200 9 340 1 L.60 400 -3753 1492 L4685
' 500 300 9 340 L L.5%0 225 .3831  © .1328 .H650
2 o Co 500 400 9 340 - 1 1.90 125 3914 1163 - L4622
o ' 500 500 8 iz 1 1.95 Q- 4001 L1074 L4645
400 0 5 280 3 1.20 575 .3049 « 2204 -4581
N : - 400 100 3 2560 . 3 1.20 575 .3083 . 2204 - 4608
a ' C 400 © 200 6 280" ¢ 1 1.65 475 3156 .2033 . L4547
' ' 400 300 7 300 - 1 1.90 325 +3264 © .1855 4514

e 400 400" 6 280 - 1 2.00 200 3344 <1596 Ah06
: ' 5 240 : 1 2.20 50 . +3403 L1455 L4363

400 - - 500

* This temperature is aaturation tenperatﬁ_re for steam entering the fasdwater heater.
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Table 4-2.

"Efficiencies of Binary Cycles Corresponding to Reactor Exit Temperature of 2100 “R
) Beller -Amount Number Final * - Number Compresaion Temperature Efficiency EBEfficiency Efficiency
Cos Saturatien of of | Feedwater of Ratio " Difference of of of ’
L Temperature Superheat TFeedwater Heater Compresaor Acrogs Rankine Braytom Binary
in OF in °F Heaters . Temp. in OF Stages Regenerator Cycle Cycle Cycle
700 o 0 1 2,60 : o 3485 L2178 .4902
700 100 4 320 1 2.50 25 4305 1758 5306
700 200 3 320 1 2.30 0 4387 .1631 5303
: 700 300 9 - 360 1 z.15 0 4530 L1462 «5330
o : 600 0 5. 360 1 1.80 400 L4025 - . 1800 5100
. 600 100 7. 340 H i.65 475 4059 L1763 L5107
. 600 200 9 380 1 1.70 425 L4172 1666 5143
" 600 300 9 380 1 1.95 278 4259 L1533 . . 3140
; 600 . 400 9 380 1 2.00 150 4354 L1360 5122
o : 500 0 5 3op 2 1.35 575 23612 .2239 - 5043
L 500 100 9 360, 4 1.15 650 .3686 .2184 . 5066
o 500 200 7 300 . 1 1.70 525 L3720 .2146 . 5068
500 - 300 8 320 1 1.95 75 “.3813 . 2003 - .5082
500 400 9 360. 1 1.95 - 275 .3927 .1690 L4954
500 500 9 380 1 2.10 125 . 4020 .1528 G934
- 400 1] 6 300~ - 5 1.15 675 3060 .2759. - L4975
: - 400 100° 7 - 360 5 1.15 675 . .3108 .2758 . 5009
: - 400 200 5 260 - 1 1.70 625 L3139 L2635 - 4947
400 300 k| 220- - 1 2.05- 450 .3187 . 2564 4934
400 400 [ 280 1. 2.35 275 T L3344 L2196 . 4806
5 1

400 300 260. 2.45 150 <3424 .1946 © L4704

* This temperature is saturation "temper'a.!-:l;_.rie for steam entering the feedwater heater.

TR R
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ble 4-3. Ef fil_:ieﬁci'e.s of Binary Cycles Corresponding to Reactor Exit Temperature of 2300 °r

Boiler Ampunt ‘Number Final % Nomber Compressfon Temperature Efficlency Efficiency Efficiency

, Saturatfon of - of Feedwater of Ratio Difference of of of
o Temperature - Superheat Feedwater Heater Compresaor Across Raokine Brayton Binary
in OF : in °F Heaters Temp. in OF Stages : : Regenerator Cycle Cycle Cycle

7000 0 . 0 1 3.45 ) .3485 .2653 .5215

100 100 - .8 400 -1 " 1.93 450 L4388 +2152 +3595
700 ' 200 e 400 1 - 1.98 450 L4470 - 2047 .5602

700 St 300 KA igo 1 2.25 250 4549 21904 ".5586

600 T 0 4 340 1 1.85 - 550 . 4011 - 2387 © « 5440

600 100 5 300 1 1.75 600 4015 +2363 . 5430

600 200 8 340 | - 1.80 550 4143 +2268 « 5471

600 300 9 360 . I 2.00 425 ' <4244 .2143 <5477
-~ 600 400 9 380 1 2.25 250 +8354 -1883 5417

1. -0 6 320 3 1.25 725 .3629 . L2752 +3383

-500 100 6 300, 3 1.25 725 <3647 2752 -5395

500 200 5 260 1 © 1.80 650 -3675 L2720 +5396

500 300 9 380 1 1.85 575 .3852 - 2500 .5389

: 500 400 9 340 1 2.35 325 L3914 L2274 - 5298

' 300 500 9 340 -1 2.35 225 4020 -2026 .5232

400 0 3 280 3 1.25 825 . 3049 L3274 .5325

L . - 400 100 6 280 k] 1.25 825 <3097 < W3225 .5358.
e 400 200 9 360 2 1.45 00 .87 3089 .5291
Lo 400 300 4 240. . 1 - 2.00 625 3211 .3047 . 5280
- 400 400 -8 320 1 2.35 425 .3371 «2719 L5174

. : 400 ' T 500 6 280 1 2.70 250 e L2434 .5039

* This temperature is.saturatfon temperature for steam entering the feedvater heater.
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from 1 to 9. TFeedwater héétet~tempefatures.(including temperature

of the last feedwater heaferj ranged from the ldwef limit restricted
by the zero stage feedwater heater temperature to an upper limit con-
strained by the boiler éaturapi0n temperature. However, the boundary
temperatures (the boiler satd;ation tdnperature and zero stageffee&—

| water heater temperature) were excluded from the feedwater heater ten-
perature search. The incremeﬁtal temperature.uséd in the search was
20 9F. Cas compression ratios were searched with éteps of 0.05 and
temperature differences across the regenerator wére in steps of 25 °F.
For different boiler exit conditions, each table .lists optimum binary
efficlencies, efficlencies of the Rankine and Brayton portions of the
b;nary cycle, and optimum numher_df-feed?ater heaters and éompressor
stages. The tables also include optimum compression ratios and opti-
.mum ﬁempetatﬁfe differences across the regenefators.'

It is noted from the tables that for.most-boiief exit condi-
tions;, optimum binary cycles favor single stage compression and larée
numbérs of.feedwater héaters.. There are a few cases in which the
optimuﬁ oééﬁis.at a larger number of coﬁpfeésion étages. Even for -

A o,

é‘ #gg-dO-nop'diffet much from effi-

6mpression. ‘For example, when no

these cases, ghe_optimﬁﬁfeffigi

ciencies found with single stag ¢

suﬁgrheat'ié ﬁmplofed with a'SOO'OF;boiief“sgturation temperature,
v T 4 : AR -

tﬁe optimum number of compression stages required for a binary cycie ’
with a 1900 OF reactor exit”temﬁeraﬁure ié 3. The optimum efficiency -

13 0.4656. When an equivalent system emplo?ing'; single compreséor

1s optimized, the maximuﬁ:efficiency obtained is 0.4632. Thus the .ﬁ%% i




two efficiencies differ by 0.68%.

Employment' of large mumbers of feedwater.heaters wete generally
' preferred in optimum binaty cycles because improvemeets'in the Renkiue
cycle due to the addition of feedwater heaters raised comblned cycle
efficiencies in sPite of reduction in gas cyecle efficiencies. However,
.there are cases in which optimum'cycles did not have large numbers of..
feeﬂweter heaters._ These cases are found when the rempereture range
between the last feedﬁater heater and.the zero stage feedwater heater
(or pump outlet in case a zero stage feedwater heater is not emplofed)
is not wide enosgh to insert large numbers ef feedwater heaters. It
should be noted that due to the formulation of the model, adjacent
feedwater heaters must be at least 20 OF -apart.

Binary cycles with boiler saturation temperatures.ef 7b0 OF
and no suserheating are examples in which optimum c¢ycles are found
with no feedwster heeters. When the boiler exit consists of 700 °F .
saturated steam, the turbine requires 16 moisture separators. Due to

the employment of mauny moisture separators, ‘the amount of steam flowh

ing through the turbine is reduced and consequently, addition of

feedwater heaters which_will indude further reduction of steam in the
turbine 1s'n6t}ﬁésirsﬁié.”“Coné&q@eﬁtly,:Optimum efficlencies are

ne )
" found without feedwater heaters.

Optimum inlet saturation telperatures of the last feedwater
!

heaters varied from 220 °F_td 400-?F depending on the boiler and reactor

exit conditions. It is also found that optimum'exit'temperatures'of e

s
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the last feedwater heaters for binarytcfcles are generally lower.than
the corresponding temperatures obteined throqgh the optimizétibns of
Rankine eycles alone. | |

Optieum temperature differenees acrosstregeneretors were varied _
from 0 to 825 °F depending on.the reactor end boiler exit conditions,
gas comeressien ratioe,,and inlet eeturation temperatures of last feed-
water heaters. |

For given reactor exit-temperatures, binary cycle efficiencies
have been oﬁtimized with respect to all variables including the
‘boiler saturation temperatures and amount of superheat. Opt:l.nmm .
. velues:for_these variables-and optimum cycie efficiencies are tabulated

in Table 4-4.

As 1s observed in Table 4-4 fo e fh?gg;of reactor outlet

temp&ratures examined binary cyclh iéieﬂdies become -optimum at

I ki

. i e" .

700 OF boiler saturation temperature'ahd 200 OF to 300 °F superheat.

L "t‘

For thgqgupqnditionsathe.pptimummnumber of feedwater heaters is 9
and theHOptiﬁum-number oixegmpressor.stegeelis 1. -The.optimum_binary
cycle efficiencies are 0.5063 at 1900 °R, 0.533 at 2100 OR, and 0.560

[

at 2300 °R, respectively.

Optimnm temperatures for individual feedwater heaters were also |

- a,;g L - h'm .
1nvestigate¢ ini

this research. These results are presented in Appendix

B. In most of the cases, optimum conditiots are found when témpera-

turea* f individual feedwater heaters are Spaced'more or ;ese uniformiy

in the %egioﬁ'bounded by the inlet saturation temperature ef'the_finel

feedwater heater and the zero stage feedwater heater.

e
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Table 4-4. Optimum Efficiencies of Binary Cycles -

Oi):!mn Conditions and Optimem Humber _of Cogg' onent Emploved

Reactor  Boiler Amount of Number .. ¥i6&l* Humber. Compres- Témperéture_ Bfficiency Efficlency Eff,icieﬁc
Exit Tem- Saturation of - - of _ Pecdwater of Com- sion .  Difference of : of of -
perature Temperature Supel Feedwater -H%gér preasor Ratio Across Rankine Brayton Binacy
in °p in OF in "OF Heaters Témp: in °F Stages Regenerator Cycle Cycle Cycle
i 1900 - r00 300 9 380 1 1.75 ) 0.4569  0.094  0.5063
200 700 0 - 9 O - 1 2.5 0 0.4530 0.1462 0.5330
T - 2300 100 E 200 .9 400 1 1.98 450 0.4470 0.20547 0.5602

* This temperature 1s saturation temperature for steam entering the feedwater heater.

§9




iy

Figure 4-1 illustrates binary cycle efficiencies at several
boiler saturation temperatures.as functions of reactor exit tempera-
tures. Each point in the line represents optimal binary'cycle effi-
ciency corresponding to a given reactor and boller saturation temperﬂ;
ture. At each point, the amount of supérheat is also optimized.
Binary.cycle efficiencies increase almost linearly with reactor exit
temperature and increase with increasing boiler saturation temperature.
It is also noted that effects of beoller saturation temperature on
binary cyclewefficiencies;are‘greater when.temperatures are increased
from 600_9F to 700 °F than from 400 °F to 500 °F.

Figures 4=2, 4-3 and 4 4 illustrate binary cycle efficiencies
as functions of boiler exit temperatures for various saturation temper-
atures. 'The bciler.exit temperature is tbe sum of the boiler saturation
temperature and amcunt of superheat. These figures illustrate the
effects of both boiler saturation temperature.and anOunt of.superhEat
on binary cycle efficiencies. | . | |

From'Fig. 4-2 it is seen that fer the first 100 °F of superheat,

binary cycle efficiencies increase with boiger exit temperature. Then,

depending on the boiler saturation’ temperathre, the efficiency either
continuously increases or begins to decrease with further increases in
superheating.

A small- degree of non-unimodal behavior in the binary- Cycle :
efficiency is observed in Fig. 4-2. Whenq500 oF boiler saturation

temperature and 500 ©F of superheat is employed, the binary cyclf: o

efficiency is slightly higher than the efficiency needed to form a

[N . . : o b
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smob?h.unimodai eff;ciepcy function. The higher value ino efficienéy-
for these conditions mej be explaiced by_ekamining the behavior of
Brayton, Raekine, and binary cycle efficiencies on superheat:_shown
in Fig. 4-5. As expected,.Btayton cycle efficlencies decrease and
Rankine cyecle efficiencies increase with 1ﬁcreaeing sﬁéerheat. Fot
superheats near 500 °F. the Brayton cycle efficiency does not decrease
as rapidly as at lower superheatgs. This causes the combined cycle
efficiency to start-increasing with increasing superheac. |

'Binary cycle efficiencies presented 1n.Fig..4—3 are greater
thah the corresponding binary efficiencies in Fig, 4-2. Likewise
efficiencies in Fig. 4f4 are-greater-than efficiencies in Fig. 4-3f
The differences in efficiencies of thgséffigufes are due to the Btay¥
ton portion of the combined c§c1e efficiency 1ncreeéing witﬁ increasing
reactor exit cemperature.

Small degrees of fluctuations in binary cycle efficiencies are

- observed in the original data of}FiQs._&-Z,,&-S{.end 4-4. These fluc-

tuations may have been caused for different reasons. But the magnitudes

of some .of these fluctuations are probebiy comparable to gross errors

accumulated throughout the .computations. Thus small petturbations in

'the original. data were neglected*and-the best lines through the points

in Figs. 4-2, 4-3, and 4-4 are presented.
In all of these figures,'binaty-cycle efficiencies corresponding

to boiler saturation temperatures of 700 °F and no superheat are com-

" paratively low. As mentioned pteviouSIy, at these particular co@ﬁiiions
G

the amount of water extracted from steam turbines for moisture eepatation

)
o

- arER R
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is extremely large. Consequently, the amount of steam sent to the

_turbines.is reduced and so is the turbine work,

Binary cycle efficiencies cofresbouding to boiler'saturation
témperatures of 400 °F and large amounts of superheat (500 OF) are
also very poor. The reason c#n be'gkplained as follows:l Incréasing
sﬁperheﬁt at low boiler saturation temperatures causes é reduétion'in
the amount of regeneration and a lowering of the compfessor inlet
temperature. The lowered comp?essor'iﬁlet temperature reduces the
compfessor work and thus inc?eases the Brayton cycle efficiency.l wah,
ever, due'to fhe lowered campréssor inlet tgmpeiature and reduced
regeﬁerator effectiveness, the temperature of the stream leaving the
regenerator is reduced which Increases the heat input. The combined
effect is that the increased heat input overshadows the advantage

gained through the reduction in compressor work. gbgsequently, Brayton

high éﬁﬁeﬁhﬁéts at low boiler

FE

cycle efficiencies decrease rapidl&?%i

satqfatioh temperatures.

- Sensitivity ‘Ardlyses

Perturbations of vatiablés-fﬁﬁm' @q__@ed cycle optimum conditions

may or may not produce significant differences in binary'cfclejéfﬁ;_

ciencies. In_tﬁis portion of Chaptef Iv, theﬁﬁg?ponses of binary cycle-

efficiencies with respect to Changing variableS-are sﬁuﬁie@¢: The re-

sults are éhﬁﬁn.in Figs. 4~6 £y¥QUgh 4722;
-:Figurg§;§;6;-4;7,ﬂ554f§§§;$116§tfate édﬁtonr ﬁaps.QfIBfayfgp

. ‘ énq X for 300 °F éﬁberheatiéhd

cycle efficignciqs-aé_functioﬁ; of r,

' reactor éxit'ﬁgﬁpefatures of 1900 °R, ZIOO'Oki and 2300 OR,qrespectively.
_ _ o - : 2 _ . L
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Thg.gluﬁdl Optimum'points.found in these thrde figqfes are (ip = 1.75,
X=0), (rp = 2.15, X=0), and (tp = IgQS, X=450) :eSpéctively. When gas
compression ratipsfincreasé from 1.1 fdf a‘given value.of X, Brayton
cycle efficiencies ingfease until.they réacﬁ a maximum and then decrease
with a further increase in compression'rétid. Due to the existence of
constraints . in the system, ail values df-regdneration fdr certain
ranges of compressidn ratios dré not ;llowed.' Thus fdr some reglons
of these diagrams it seems as if ﬁrayﬁon_cycle efficieﬁcies'increase or
decrdase monotonically with compressidh ratios.

The sensitivity of Bréyton cycle efficiencies with respec; to

perturbations of X and r_ from the optimum conditions of'combined

P

cyclés are also observed from these figuresr Obviously, sensitivity

on r, is found'by observinguchaﬂges-in Brayton cycle efficiencies aiong-

the vertical rp axis, while maintaining X at the initial Optimum values.

Likew1se, sen31tivities on X are found frqm information along the hori-
zontal axis. L
. '_ Kl

Brayton cycle'efficiencies are reduced by 4 ~5% when COmpressor

ratios are deviatedifram optimnm values byr10.125. The efficiencies are

also reduced by 3'*52 ‘when temperatute differences across. regenerators
are deviated from the optimum wvalue by 50 °F.. |

It is worth-no;ipg thgt constraints on the gsystem impose re-
stridtiods on X aﬂd rp.such tha; 1atge deviations in one Qariable fiqm
the optimum coﬁditions without readjustment.of dnothef variable chdnge'

the system into physicélly impossible.éituations. Thus 1t is.neéessary

in the Brayton part of the binary cycle to adjust X and Tp simultaneously;




‘employed. in the sysﬁéﬁ. -Rankin?;gxg%%é
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50 tbat large deviations in X or :p.can be tolerated.

Figures 4-9, 4-10, and 4e11_111u5trate Brayton, Rankiﬁe, and

‘binary cycle efficiencies as functions of_final feedwater_heater inlet

saturation temperature. For the specified reactor temperatures, boiler

saturation temperatures, and amounts of superheat, binary cycle effi-

ciencies were optimized for each value of final feedwater heater inlet

saturation temperature,

As expected, Brayton cycle efficiencies decrease with increasing

. final feedwater heater inlet saturation températures because increasing

final feedwatér heater inlet saturation temperatures raise Brayton cycle
compressgor iniet temperatures.  The abrupt change in the curvature of
Brayton cycle efficiegciés at;GOO & of Figs. 4-9 and 4-10 aﬁd at 660 OF

of Fig. 4=11 are due ﬁoisudden;phanggébin the number of compressor stages

SOTEL 4

'ihp?ehse with increas-
¥ I -
e i

tion temp

ing final féeﬂwatéf heaté; iﬁle; éafé;a f%turé%_ﬁntil they reach
an optimun and then decreasé with further increases in?Qemperatures. When
finéi féeﬁwater heater inlet saturationFEQQ§eratureé are raiéed, both the
heat input to.the boiler and wofk?qytput from'the_éteam turbine are-fee'
duced. fﬁe reduction in'the turbine work is caused by the.extraction af'
étéam.from the tufbine-to be-sent'to-thelfeedﬁatef hé&tera, Wheﬁ tﬁe
final\fgedwagér_heatef inlet saturatien tempe?aturé isllog, thé;aﬂw;aﬁagg
gained from the reduction of heat-iﬁputfto rhéiboiler.ovefcdmes the dis-
advanfége cauSQEiﬁy the reduction of turbine work. Thus ﬁhe Rankine.cyélé.

efficiency is r&i;gd. At extremely high-saturatioﬁ temﬁerétures, the :‘

situation is revetéed and Rankine cycle efficiencies decrease with . . =

e T T
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Figure 4-11.. Effic1ency of Binary, Rankine,.and Brayton Cycles

Versus Final Feedwater Heater Saturation Temperature.




increasiné final feedwatet‘heater iniet_saturatipn teﬁperatures;

. The influence oi:finaiiﬁegﬁ§§térfﬁeater?iﬁiét,saturatién_temperav'

ture on binary cvcle efficieaeies is that &n Bptimum temperature is
achieved at lower temperafures than would be required to maximize the
efficlency of the Rankine cycle. In Figs. 4~9, 4-10, and 4-11, optimum

I

final feedwater heater'iﬂiet~satutati&ﬁutemperatures are 380 °F, 360 ©OF,

and 400 °F, respectively. When'finai feedwater heater inlet saturation

temperatures are deviated from the optimum points By.ilOO OF, binary
cycle'efficieaeies are reduced By 1%.

Figures 4-12 and 4-13 il1lustrate Rankine cycle ef.f:l.ciencies\ as a-
function of the.number of feedwater heaters for several final feeﬁwater

heater inlet aaturation7tenperatures. The final feedwater heater-inlet~

82

saturation temperature is constant for each curve. When the final feed-

water heaterfinlet saturation temperature is low (below 300 °F) only a

limited number of feed ater heaters ie allowed in the system. For few

feedwater heaters Ra_igne5Cyc1e efficiencies generally increase rapidly

witalincreaeing number of feedwater heaters. Hoﬁever; as the ﬁﬁmber of
feédwater aeatersuincreases, the rate ef_inérease in efficiency.decreasee
and.eventually a peint is reached wﬁéfé iﬁbrdremente are_negligible with
further addition of feedwater heaters. o |

Figures 4-12 and 4-13 also illustrate how Rankine cycle effi-
eiencies vary with final feedwater heater 1n1et saturation temperatures.
As seen, optimum fiual feedwater heater inlet eaturation temperatures

vary according to the number of feedwater heaters employed and the amount

of superheat used in the system.
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‘Figures 4-14, 4-15, and 4~16 illustrate Brayton, Rankine and bi-
nary cycle efficiencies as a function of the number df compressor.staggs.
For the_specified peactor_températures,'boiler_saturation'temperaturés,
and amount of supérheat, binary cycle efficiencies wete'OpEimizednwith'
respect to all other variables except the varied number of.campressor
sfageé.- Brayton cycle efficiencies decreaée with 1ncreasiﬁg number of -
compressor'stageé with the rate of decrease greéter_when the system em-
ploys a small number of'éompfeésor étages. The main reason for the re-
ductianuin effigiency 1s that compressor inlet temperatures incfease-
with Increasing number of compressor. stages. Some comments on coﬂ:ﬁressor
inlet temperatures will be made iﬁ a late: paft-ﬁf this chapter. Another
reason for the reduction in Brayton cycle efficiencies is that the.total
preassure loss across intercoblefs increases as the numbér of compressor
stages iucregse.

Rankine cycle efficiencies are not_directly affected'py cha ges in

here is

the number of compressor stages. However, in the combinedf$§§fén he

an optimal final feedwater heater inlet saturation temperature for eéch set

of compressor stéges which varies with the number of “compressor stages

.T*T?fﬂﬁnSequentiy, Rankine cyéle effi&iencies are #afied Because'the
optimal feédﬁater heater inlet saturétion'tempeféture changes with the
number of éompreSSOr.stages. Due to the'effecf on the Brayfdn cycie
efficiency, binary cycle efficiencies decrease with increasiug number
of campresqo: stages. The rate of reduction in binary cycle efficiency
per additién of a compressor stage is greater when the'systqn employs a

small nuﬁbér of compressor stages. The reduction in binary cycle N |

S‘Eﬁ' . i 1
efficiencyqis S~6% when compressor atages increase from one to two. Ao
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Boiler saturation temp. = 700 oF
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Figure 4-14. Raﬁkine;férayton; and Bipary Cycle Efficiemcy

Versus Number of Compressor Stages.

. |f'g:r_ R )




Reactor exit témp. = 2100 °r o
Boiler saturation temp. = ?gO F-
_ - Amount of superheat = 300 °F
0.6 [ . '
0.5 ' _
S _Bankine cvcle '
g 0.4 |
‘o
-
3
hal
Gl
L]
‘@ 0.3 |
©
-
o
B
15
002 r
0.1 |
6 1 a I | _. 1 1 1

1 2 1 4 5

Number of Compressor Stages, N

Figure 4-15, ' Rankine, Brayton, and Binary Cycle Effici
v . Versus Numbet of Compressor Stages.

a -
. 't i
Yo
i [ -
LR 4
! LSS LI v
v | N
Can e ]
P PR
o , _
o _‘l
i b ¢
. i




i

Cycle Efficiency

0.6

0.3

0.4

0.2

0.1

Figure 4-16.

88

Reactor exit temp = 2300 °R
Boiler saturation temp. = 700 Op
Amount of spperheat = 200 °F -

\ Binary cfg_le

) Rankine cycle

\aytsn : cyclg

1. 2 3 - - 4 s

1

Nﬁmbgrdof Coqp;@ss@t Stggés, N .
i T i f'a

Rankine, sngyton; and Binary Cycle Effigiency
Versus Number of Compressor Stages. o

1.

Con
[ ol
. . [
HE .
L33
A LF
=
e
-4 .
P
e ; .
o E e
. <
—_ -1 )




Figures 4-17, 4—18, ahd.4419 111ustrate'ﬁank1ne, Bfayton, and
binary cycle efficiencies as a function of the amount of superheat for
a 700 °F boiler éaturation temperature. In each of these figures, for
given reactor and boiler saturation temperatures all other variables are
at their optimum vélues for a given amount of supefheat; The addition

of superheat raises Rankine cycle efficiencies and lowers Brayton cycle

_ efficiencies. For a boiler saturation temperatﬁre of 700 ©F, the

initial'anition of 100 OF of superheat increases the binafy cycle
efficiency by 7~11%. Howevér, further additions of sﬁperheat beypnd
100 °F dc; not significantly improve binary cycle éffic:l.encies.

The reason for the sudden rise in Rankine cycie efficiency
(and binary cycle efficiency) for an initial 100 °F of superheat for.
a boiler saturation temperature of 700 °F is that the severe moistﬁré
problems during the expansion'iﬁ the steam turbine for tﬁe saturated -
steam cycle significantly.reduces the turbiﬁe'th;ug wbrk;. Thé opt imum

amount of superheat in Eigs; 4-17 and 4-18 is 300 °F and the optimum

%
a,

amount in Fig. 4-19 is 200 OF, As 1oﬁg7aéﬁt§§§6ﬁaﬁle_amounts of super-

89

heat (100 °F orimore) are employed at 8'?00;9F bOilerwsaturation'téﬁ% £

}

ture, binary cycle effiéiencies-arqfiﬁsensitive'to the choice of super-

heat. o
For boiler saturatﬁéﬁ emperatures other than 700-°F (i,e;, 600,

500, and 400 °F), the mdistﬁ?e_prdbleﬁé £5e the saturated steam cyéle

are not as severe. In fact,lwith a 600 °F boiler saturation temperature :

the addition of_épperheat dbes not change binary cycle efficiencies

significantly. At 500 OF boiler saturation temperatures &nﬂ«h@gbf7g“”

v, S ) . S
I o - AR e |
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supenﬁeéts (400 °F, 500 °Fusuperheat); bihary cycle efficiencies begin
to be lowered. For 400 °F boiler'satﬁratibn-temperaﬁures andlhigh
suberheats, bihary cycle efficiencieé are significaﬁtly feduged. The
reduction in binary cycle-effiqiencies at the loﬁer boiler saturation
températures and high superheat is due_to the consideraﬁle'feduction
in Brayton cycle effiCieneies. |

Figure 4r20.111w§tratea*binary cYcié effiéiencies as a function
of b&iler saturafion temperature with all other variables optimized.
As exﬁécted, binary cycle éffiéiéndiéé increase“ﬁitﬁ'indréasing boiler
saturation temperature and reactor exit temperatures.. Figure 4-21 |
shows binary cycle efficiéhcies as a functioﬁ of.soiler pressure. \As
is seen, binary cycle.efficiencies increase with boiler pressure; but
with a greater.increasiﬁg rate at loéef pressures. The difference in
the behavior of the two figures (Figs. 4-20 and 4-21) originated from
the fact that saturation preséure increases with the saturation temper-
ature, but with greaﬁer increasing rafe at higher temperatures.

Figure 4-22 illustrates compressor inlet températﬁres;and Brayton

. cycle efficiencies as a function of th¢ nﬁmber[df Coqpressor stages,

Previously it was mentioned thatzﬁ?aYtOn-Cycle efficiencies decrease
with increasing number of cpmpression'stages.becausé compressor inlet

temperatures 1ncrease. eason for the increase in compressor imlet

temperatures is as follows::When the number of compressor stages increase,
the ratio of steam to helium flows inhreadé ﬁhich, in turn, causés a

lower compressor inlet temperature. However, ihcreasing the number of =

intercoolers causes a reduction in steam flow rate through each inter- ~+

o
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cooler which in turn causes a higher compressor inlet temperature. The

net effect is that the reductioniiﬁ steam flow through each intgréooler

-

overshadows the increase in total steam-to-helium flow ratio. Conse-

quently, compressor inlet temperatures increase with increasing number

of compression stages.

Computation Time

The numerical scheme for optimizing binary cYcies have been
programmed for ﬁselsn the CDC Cyber 70 / Model 74 at the Georgiajln-
stitute of Technology. This program, written in FORTRAN 4 and naméd
BINARY, is designgd;for optimizing helium-steam binary cycles. The-'
program listing for BINARY is given in Appendix C.

The average computing time required for optimizing a binaryl
cycle for a given reactor outlet temperature is 353 seconds. The
Rankine portion of the binary cycle takes an averagé of 244 seconds

. and the'BfaytOn poftion takes 109 seconds.
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" CONCLUSIONS AND RECOMMENDATEONS

Conclusions

Over the range of temperatures examired, optimum binary cycle

efficiencies are very sensitive to the choice of reactor exit and boiler .

saturation temperatures, reascnably sensitive to final feedwater heate:
inlet saturation temperatures and number of compression stages, and
insensitive to the amount of superheat as long as a minimum of 100 OF
or more of superheet is employed. Optimum binary cycle efficienciee'".
are also iuseusitive_tb the_choice of indiuidual feedwater heater inlet
saturation'temperatures,.provided.the-number of feedwater heaters useu
‘are large audfall feedwater heeter inlet getugétion temperatures ure
spaced reasouably apart from eaeh other. ;%hué aesignment of equai tem~
perature spacinge betweeﬁ-feeduater heater inlet saturation=temueratures
is a good choice for optimum design. | |
| For the conditions studied optimum binary cycles. require a boiler
saturation temperature of 700 °F; superheat of 100 °F or more, and
single stageuuomptESsion. Even though nine or more stageé of feed#I

' water heaters is numerically the optimum number, employment of such.
a large number of feedwater heaters 13 not justified because a suf;
ficiently high binary cycle-efficiency can be obtained through the-use.
of few feedwater:heaters. Begides, there is no-economie uduantage fot

employing large numbersruffféedwater heaters. -

T,
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In general, optimum conditions for a binary cycle do not coin-
cide with optimized conditions for Rankine or Brayton cfeles alone.
‘For example,.the-final_feedWater heater inlet saturation temperature of
an optimal binary cycle is much lower than tHe.corresponding temperature
of an optimum Rankine cycle; and_the optimal gas compression ratio for
the Brayton cycle portion of.an optimum binary cycle is much lower than
the optimum compression ratio of a Brayton cycie. High efficieney.
Brayton cycles require regeneration and multi-stage compression whiie
optimel binary cycles prefer single stage compression with or withoot
regeneretion. If reectoreexittemperaturesepproech 2300 OR, regeneration
improves binary cycle'efficiencies.

Comparing previous results by McCracken,3 imorovements in binary
cycle efficiencies of 7~8% erelmade. Four to.five percent of theee'

improvemente are due to improvements in the Rankine cycle from effective

employment of meny feedwater heaters (nine feedweter heaters). The

rest are due to the effective use of high quality steam and assignment
of turbine efficiencies as functions of steam qualities'whioh 1ea§s to
higher overelil.:.'u?éorbjine eff icienci'es. |

A final eonclueion.is thetfﬁinerffggeles optimized to ﬁeximize L

overall plant efficiency-tend to have simple plant configurations. . -

Suggested.Future Work

The optimization procedure and resolting.computer code have

been designed so that. future modifications, enlergements, and appliea- :

. 's"
~ tions to other working fluids-are poesible. In the process of optimization,

the Rankine and Bfayton cjclefﬂérgioneiof the-binary gyele3eref£reete¢,

s O
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separately. . This allows a.freedom to experimeﬂt'and modify one por-
tion of the Binaty cycie withoat too much concern about the oﬁher
portion of the cycle. .

One area for future work is tﬁjtry £lulds different from water
in the Rankine cycle, i;e., ammonla or freon. The use ﬁf bqttdm cycle
flqids other than steam is_accgmplished by replacing the steam tables
with: thermodynamic tables of the other fluids. Howévef, substantial
experimentation and refinements are necessary with the new thermo-
dynamic tables to preserve the accuracies of interpolation aé high.as 
po;s sib le_.. - |

it should be also realized that for another fluid to be applied
to.this program'successfully,'convexity of the system shoﬁld be méin—
tained when the system 1s formulated into a dynamic’programming_form.
For mo#t fluids this requirement is 1ikely to be met.

Helium is a perfect gag_qué_thus, ideal gas laws havéfﬁgge.
used in the Brayton portion of ééé{sinary cycle. To apply this pﬁg;
gram to a gas other than-heliﬁm, tééssessmeﬁts of component ptéssure
losses as well as modifications orlféplacement of ideal gas laws are
ﬁéceséafy.' In addition, an anélfgis similar to the one used for the
.BraytOn.portion of the binary_cycle should be-repea%ed to;ﬁake sure

th&t'fhe optimization strategx:appligs.to-tﬁat system éatisfactofily.
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APPENDIX A
EXPRESSTON FOR B
General expression for B.is

/

o= (G @D (Gw..xp®)) @D D)7 G

where all the symbols.used_are illustrated in Chapter II and Figs. 2-9

through 2-10., For N =3, and P, = 700 Pgyq,B yields

Pg. Pz ¢ Pg . Ps = Pg .y P3  Ppq -l s
= [ & (EE) &2) &2 A=2)
8 [(Pl) @ (&) & &) 7y =3 (a~2)
Component préssure losses are as fo}lows:'-
aP_=10 . - | | (A-3)
AP, =313 O (a)
b T TP _ S :
AP = 1,023 0 Cd (4=5)
) e . p* . :
AR, = (1.0 r /(L : | (A-6)
i. . . _,' ‘pr p L _

A
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Each term in the_éxpression of:B'iﬁ expressed as £ollows ¢
P, = 700 | | S (a-9)
Pg =710 - SR | - (a-10)
(fﬁ - 110 | | | (a-11)
Pl. 700 : _ . : o o . _
Since -
' _ IS I '
Py =P +4A (Preg)c = 710 + (TEE)K - (a-12)
The ratio of P? to Pg is
_ 1 1 : _ ' :
—_— — ] X e
(;1) _ Byt [100) S +(100) \ ©(A-13)
8 Pg Pg
From the relation betwgéﬁ PMB ané Pé Eﬁd;ffdmqu;“fa-lz)
P,. =1 P, =710+ \1og/* - - Lo Lo C(a=14)
M3 7 — o . .

From the relation betﬁéén Psuahd PH3 éhﬂ from Eq. (A—S)

Pg = Pyy + 20 = Byy + 1.0 ("23)
T 2 T 2
r P .
Thé ratio of P6 and PHS ig ¥
| 3 | 3 I N
1.0%p To ' . ' ;
e Pus + r, =1 +(l"ﬂ)(""‘2r ) A . (A-16)
,j

b e




From the relation between:PM_ and P and from Eq. (A-15)

2 6
P . : ‘
. 6_1 ( r 3
P 2 —m = | P + 1.0 E))
.HZ “p rP " (rpz .

Since P_ = P, + AP, and n = 2, therefore
s i

; Lo r 3
P5=PH2+1.0(E) . ‘
x,. /. _

From Eq. (A-18), the rat16'3f725/PM2'is
4. :
r

P

M2 P

M2 P

M2

From the relation between f4

: ,
1 P 1 ( . _(r ))
P, == S=2.| P . +1.0 _JL- :

Si_nce'P9 =P, + APé, therefore
The ratio of P3 to Pa_is . 

P p, +1.0r3 |
P, P4

-2

Since P3 = P9.+ an, therefqre

- 3
P3 Pg + 3 rp

(o) e 2on)

and Ps_and from Eq.'(A—lS)

i ¢
e
wh
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(A<17)

(a-18)

(4-19)

(A-20)

(A-Zij

(a-22)
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The ratio of P, to Pg'is-

-3¢ 3
2 3
@+ 1.0

P, P 3r.3 313

{A~26)
P P .
9 9 e

[

I

Since Py = By + AR,.), therafore D | (a-27)

F2= B3¢ (100_) L S | (A-28) .

The ratio of P, to Py is . | S o | !

(fg) I3s (%%3) X -;.1.4?(f%3) 2 | | | (A=29)
\P3/. Py | P3

'As seen, each teim in Eq;__(A-2) ‘1s found fr:mf;E quations (A;Il)',

(A-13), (a-16), (A—lgj, (A—23), (AQZG),-and (A—29);i%eépectively.

i
:
3 1
: L
. — il e s
B o n
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APPENDIX B
OPTTMUM PEEDWATER HEATER ‘INLET SATURATION TEMPERATURES

Table B-1. Optimum Feedﬁéief ﬂeatef'Iniet Temberatﬁreé at 1900 °r

gg:&:;tion ﬁ?Ount “ gtzgz:ggi"'ﬂesh Point Tndices of.Feédwater_
C e Heater Inlet Saturation Temperature
Temp. Superheat  Heaters : . _
in °F in °F R
700 O 0 :
| 700 | 100 5 18, 19, 21, 22, 24 _
: 700 200 - 9 16, 17, 18, 20, 21, 23, 24, 25, 26
| 700 300 9 16, 18, 19, 21, 22, 23, 24, 25, 26
; 600 - 0 2 20, 22 | -
] 600 100 7 18, 20, 21, 23, 24, 25, 26
] 600 200 9 17, 18, 19, 21, 22, 24, 25, 26, 27
3 600 300 9 16, 18, 19, 21, 22, 24, 25, 26, 27
600 500 9 17, 18, 19, 21, 23, 24, 25, 26, 27
500 0 6 19, 21, 22, 23, 24, 25
| 500 100 9 17, 18, 19, 21, 22, 24, 25, 26, 27
i 500 200 9 18, 19, 21, 22, 23, 24,25, 26, 27
fl 500 300 9 18, 19, 21, 22, 24, 25, 26, 27, 28
o 500 400 9 18, 19, 20, 21, 23, 25, 26, 27, 28
E . 500 500 8 19, 20, 21, 22, 34, 26, 27, 28
: H
400 0 5 27
1400 100 5 27 :
400 | 200 6 27, 28
400 300 7 26, 27, 28
400" 400 6 5, 27, 28
| 400 500 5 74 28
Feedwater Heater _ ' .y _ N :
Inlet Saturation 700 - 20'9 Mesh point temp. 1ndex. o
Temp. ' B
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Table B-2. Optimum Feedwater Heater Inlet Saturation Temperatures

at 2100 °R :
Boiler Amount NumyeF_of; Mesh Point Indices of Feedwater
Saturation. -of Feedwater  poarer Inlet Saturation Temperature
Temp. Superheat  Heateérs
in °F in °F
700 0 0
700 ' 100 4 19, 21, 22, 24
700 200 6 19, 20, 21, 23, 24, 25
700 300 9 17, 18, 19, 21, 22, 23, 24, 25, 26
! 600 . 0 5 17, 18, 19, 21, 22 : ' _
! 600 100 7 18, 20, 21, 23, 24, 25, 26 '
600 200 9 16, 18, 19, 21, 22, 24, 25, 26, 27 ' o
600 300 9 16, 18, 19, 21, 22, 24, 25, 26, 27 .
600 400 9 16, 17, 19, 21, 23, 24, 25, 26, 27
500 0 5
] 500 100 9 26, 27
i 500 200 7.
] 500 - 300 8. , 28
4 500 : 400 9 - 27, 28
500 500 9 27, 28
i 400 0 6 20, 225 g
: 400 100 7 20, 22,02 -
400 200 5 22, 24, 2 i3
400 300 3 24, 26, 2 '
400 400 6 - v 21,.22;°23
400 500 5 22, 23
Feedwater Heater _ " . f e s L
Inlet Saturation =700 - 20f0 % Mesh point temp. indexi};lu

Temp.
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Table B-3. Optimum Feedwiter Heater Inlet Saturatiaﬁ Temperatures

at 2300
Boiler Amount Number of * Mesh Point Indices of Feedwater
Saturation  of Feedwater  peater Inlet Saturation Temperature
Tgng.; Superheat  Heaters '
in °F in °F
700 0 0 :
700 100 8 15, 16, 18, 19, 21, 22, 23, 24
700 200 9 15, 17, 18, 20, 21, 23, 24, 25, 26
700 300 9 16, 18, 19, 21, 22, 23, 24, 25, 26
600 : 0 4 18, 19, 21, 22 .
600 100 5 20, 21, 23, 2, 26
600 200 8 18, 19, 21, 22, 24, 25, 26, 27 '
600 300 9 17, 19, 21, 22, 23, 24, 25, 26, 27
600 400 9 16, 17, 19, 21, 23, 24, 25, 26, 27
500 0 6 19, 21, 22, 23, 24, 25
500 100 6 20, 21, 22, 24, 25, 27
500 - . 200 5 22, 24, 25, 26, 27 : :
500 300 9 16, 18, 20, 22, 24, 25, 26, 27, 28
500 400 9 18, 19, 20, 21, 23, 25, 26, 27, 28
500 500 9 18, 19, 20, 21, 22, 24, 26, 27, 28
400 -0 5 21, 22, 23, 25, 27
400 100 6 21, 22, 23, 25, 26, 27
400 200 9 . 17, 18, 19, 21, 23, 25, 26, 27, 28
400 300 4 23, 25, 27, 28 | -
400 400 8 . . 19, 21, 22, 23, 25, 26, 27, 28
6 D21, 22, 23, 25, 26, 28 ,

400 500

‘Inlet Saturation
Temp.

Feedwater Heater _ 700 - 20.0 * Mesh point temp. index.




APPENDIX C
COMPUTER PROGRAMMING

This pfbgram, written iﬁ.FORTRAN 4 and named BINARY, is designed
for optimizing helium-steam binary cycle usiﬁg DATA as input., DATA -
stores input information, ocutput information, and thermodynamic proper-—
ties of steam. Iﬁput information is recorded on the first c¢ard of DATA
and output information is spec%fied ﬁn the second ;ard. fhe rest of the
ca;ds store thermodynamic properties of steam aﬁd, therefore, the user
should not alter these properties uniess a modification of tﬁe code is

inten&ed.

In this program.the Raﬂkipg;cycle 1s operable between temperature

limifs of 100 OoF and 1000 .°F aﬁdéghé' _%éioﬁ;tgmperature-is
ﬁatied from 400 °F'to'7OO Q?Tintiéo 0% intgr?_ls;iéThéf;moﬁnﬁ of - syper-
heat can be varied ffom 0 °F.tp ﬁﬁe upper'teapéra£ﬁré limit in IOD bf.
intervals. The upper limit is decided from the fﬁct that the boiler -

exit temperature should not exceed 1000 °F,

2cifications

The reactor outl_et-'tempg!;a!_:‘i.ire, the}.f;"a‘pge_-'df boller saturation

temperatures, and the range of;ggperheat to be searched.is specified as

input. The input format is asifﬂliows: | - o i

Card 1. Columns 1-10

_ Reactor exit temperatures in OR are specified as ( Fl0.0 )ffgrmat,iﬂJ

5 wig,;;
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Columns 10-12
Index of highest boiler saturation temperature to be searched -

1s specified as ( 12 ) format,

Index of Highest _ { 800. — Highest Boiler Sat. Temp., °F )
Boiler Sat. Temp. _ 100.

Columns 12-14
Index of lowest-bqilér'saturation temperature to be searched
is specifiéd as ( I2 ) format.

Index of Lowest - ( 800, - Lowest Boiler Sat. Temp., °F )
Boiler Sat. Temp. 100.

Columns 14-16
Index of smallest amount of superheat selected is specified
as { 12 ) format. :

Index of ' .. Amount of Superheat, OF
Lowest Superheat + 100.

Columns 16-18
Index of greatest amount of superheat selected is specified

“as ( I12) format._

.

Index of'_ i'=- 1+ AmountrofHSuperheat
Greatest'Superheatﬁ R
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Qutput Specifications

The output of the program is confrolled through appropriate
specifications in the second card of DATA.' By assigning eithér.o or 1
to the appropriate columns of the second cérd,'the.amount of-print:out
is adjusted. If a user does not want to control the amount -of print out,
he should leave the second card as is and neglect the following instruc-

. tions:

Card 2 Columns 1-2

: _ To print out the input, enter "1" in ( I2' ) format. Other-

wise enter 0",

Columns 2«4
To print out the indices of oﬁgimum feedwater heater 1n1ét
- saturation temperatures, enter "1" in ( I2) format. Other-
wige enter “0“; | .

Columns.4—6”

To print oﬁt'thermodynamic propgfties-of steam along the
turbine expansion and moisture éébaration stages, eunter "1"
in ( I2 ) foribat. Otherwise enter "0".

Important Symbols.. in Output
-l

1".'

Index of optimum final feedwater heater inlet saturation

" LTO = Index of boiler saturation”temperature*
2 SH = Amount of superheat in ?F

I : LR

i! ETAM = Optimum efficiency of binaty cycle .

i

I LTSM =

i & :

d
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temperaturé**-
EREFI = Efficiency qffRankiné portion of optimum binary cycle

EBEFI = Efficiency of Brayfbn portion of optimum binary'cycle

LOPT = Optimum nﬁmber of feedwater heaters + 1

NB = Optimum number of compressor atageé

RB = Optimum compression ratio |

IXB = Index of optimum amount of regeueration across the regenerator#i
TSUMR. = Net-édmputatioﬂ time in seconds reqﬁired to optimize Rankiné..

portion of the binafy‘cyclé for a specified boiler saturation
températi.lre and amount of sﬁperﬁéat.

TSUMB = Net computatioh time in seconds required to optimize Brayton
portion of the biﬁary cycle for a specified boilér satdration_-
temperature aﬁd.amount of superheat. -

] LTO is the Qnteger valﬁe.of.gﬁe.fbilbwing equation:

o | U .._:._-___' L :__0
1To = { 700.. Boil;g Sat. Temp. in OF ) |

ik tTSH is the pptéﬁﬁﬁﬁLTS;.ﬁggpé,LIS ;qj;hé integer value of the

following equaﬁion:'-ivtuﬁy.n -’5

s = £ 700 - Final Peedwater Heater Inlef Sat. Temp. in OF )

a

xk%x  IXB is thé oﬁtiﬁﬁghlx; wﬁefeflxiis tﬁ;‘intégéf value of the following

equation: RS o  .1;
X |
IX =1 +4~— o . .

X is the temﬁﬁfépuré differenﬁé'acrpss the regenerator.

1
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PnDGRlH HAINIIN”UT OUTPUT'TAPEB INPUT,T&PEG'OUTPUT)

COHHDN/DINA/ STS(#E$§UI¢SHH(“UQ“0)'SSSS(kD¢hBl1
STHORK (40 440) 4 :
SOSUH(QU,“D)tSTSUHI#ﬂoQE)oSOHEGl(#ﬂt“ﬂl'JJoIIoKKsFJF!
DTSl )y '

DHH(4O)
1SQUAL(459kO)oSLTS(kUvMElvDL?b(Qﬂ)nL?S(#ﬂloJSo
SREFI(30,40),
* REFI(40)9QyNC : )
COMMON/RANKIN/ HTOP(ZD!'HCEN(ZB)v“!ZﬂlvHBDT{ZBDo
THORK{2C}Y

L.

.

.. .

» DSStua:.nruoaxtaua.nosuu(uon,orsuntuaa.nonasA(uci .
. _ _
L

»

TSUM(2L)+TS(20)

PP(20) ¢ HU sLTO s LAST,S0 .III,LCRIT
CGHHON/VARIIHFEEDfLDPT{5£)gHB.LTEHPoTIisLTSDNE
COMMON/CONT/TL s SHoTB+EREFI(50)4EFSTARGEBEFI(SC)

.
*  QSUM(20), Hntzze:.sstazot.onssntzu; T,
» . . : L
;

%  ETA{5D)

connonzsrnR/Ns1nR.IxSTAR.RSTnR.RBtsut.Ixatsn;.uatsnl,
* ETAM |

% 4LTSM

100
110

450

CBHHON/PRINT/LPRINT!oLPRINTZfLPRINT3oLPRINTQ,LPRINTS.
* LPRINTEgLPRINT?sLPRINT&gLPRINTQoLRRINiﬂeLPRINiio
4 LPRINLZ

- LPRIN1D=0

LPRINTO=]
LPRINTS=D
 LPRINT?=0
LPRINTS=G
LPRINTE=D
LPRINT4=0 - '

READ(5,100) TTioJBEGINoJENDsIBEGIN.IEND

FORMAT( F10.09 &I2 )

READ(5,110) LPRINri.LPRIurz.LPRINTs

FORMAT( 312 ) .

CALL STEAM

IF ( LPRINTL .LT. 1) GO TG zso - :

WRITE(6+150) TTieJBEGIN,JENDcIBEGIN.IENH.LPRINTic
% LPRINT2,LPRINT3

FORMAT (1Xo™TT4d= “3F1D40," JBEGIN= “eI2,* JEND'_“.IZ,_W
& “ IBEGIN= “,I2," IEND= ",;I2," LPRINTi' " Iz'“__

. #  LPRINTZ2= “,12,

T 200

¢ % LPRINT3= ",12 ).

. D0 800 J=JBEGINLJEND
LT0=(J = 1)*S _ _
DO 766 I=ISEGIN,IEND  _ _.
SH=100.0 *( I'= 1)
TEMPLIM= SH + ( 700 =~ LT( * 20. u )
IF ( TENPLIM «GTe 1000 ) GO TD 800
CALL BINARY - : S
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“RITE { 6,500 ) LT& SH ETAN'LTSH,tREFI(LTSH” _
hd EBEFIC(LTSM) :
. LOPT(LTSH'QNB(LTSN)QRB(LTSH"IXB{LTSH) .

S03 FORMAT (1LX,*LTOD SH ETAM LTSH EREFIM EBEFIM LOPT -.IQ!
¥ 2F1l el

) Ih,ZFB.h.Ik./.iX;"NBH RBN IXBH -"leoFiﬂokglt ’

700 CONT INVE
8y CONTINUE
END

L ]

suaaourrns BINARY o '

COHHONIDINA/ STS (&b, kE)oSHH(#D:#OivSSSSlhﬂohﬁ)o
STHORK (40 +4C)y '
SOSUN(&G,#O)'STSUHJQQ.RGD:SOHEGA(&G,&E)'JJ'II'KKgFJF,
DTS (LD)y
DSa(uu:.otuonxtuu).oosuntua).nrsuntan),nouesntuol'..
OHH (4C) ,
oSQUAL(HB.hb).SLTS(#ﬂg&LloDLTS(QU!oLTS(#U!,JS.
SREFI(30440), , _ L
REFI(40) 9QaWC

COMMON/ZRANKIN/ urop(zu).ucsntze:.uczan.uaortzni.

¥ TWORK(20),

¥ OSUMIZ0), Hutzzoa.SS(zzm).ou:sntaa) . .

% TSUM(20),TSC20) -

‘Q PP(Z&I’HBQLTOQLﬁSTsSB vIIIoLCRIT
COMMON/VARIZMFEEDsLOPT(S0) 4 HE4LTEMP, TT1 o LTSONE
COMMON/conrxru.su.ra.EREFI:501.EFSTAR.EBEFI(SE).

. N 'l"l'l'l'l

* ETA(SD)
COHHON/STARINSTAR,IXST&R.RSTARfRB(55lsIKB(5ﬂisNB(5Gl1.

* . ETAM ' . CL

* SJLTSH

COMHDN/PRINT/LPRINTisLPRINTZ;LPRINTS.LPRINT#.LPRINTS.
* _PRINTG+LPRINT7, LPRINTG.LPRINTQcLPRINiBoLPRIN11:
.®  LPRIN1Z . ;
DIMENSION JSTAR (40540) .THESHtun 4ns.oREFItaol.LKK(40,
s 40
DIMENSION LreapntuU)_
TSUMR=0
TSUNB=D
DO 10 L=1,30
 ETA{(L)=( .
LTENPMILY =0
00 § LN=1,30
LKK (LNsL} =0
s CONTINUE
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CONTINUE

LTEMP=D

I11=1 e -
LTSUP=LTD 2 = . ... .
DO 3000 KFIR=LTSUP,29

CALL SECOND(R1)

LTEMP=KF IR

LTS(1)=LTENP

TS(1)=7004=2C.%LTS(1}

- T=TS{}1)

HE=HL (T) =10 .
TB=70Ce=20.*LT0
LAST=30 |
TU=SH+TB

I=1

- I1=1

30

160

CALL RANK :
MFEED=LCRIT=LTS (1)

IF (MFEED .LT. 10 ) GO TO 30
MFEED = 1§

II=2

L IIIs=e

IF (. LTS(1) 4GE. (LCRIT=1)) GD TO 4400
JSSLTS (1) 41 -

DO 18C J=JS.30

JJd=J :

LTS(21=J |

IF(II +GTe 2) GO TO 150

CALL . RANK

JSTAR(LTS (L) +2)=LTO
JSTAR(JJ,2) =LTS(1)
SLTS(JIs20=d -
STHORK(JJs2) =THORK(2Z)
SOSUM (JJ42) =0SUH(2) -
STSUMAJIS2) =TSUM(2)
SOMEGATJJ,1) =ONEGA(1)
CONFINUE

JI=30e

00, 1zc K=4s2 .~ .

IF (K «EQe1) 60 .TO 118

o dJ= KK

110

L=eK #2 #1
KK=JSTAR (JJ5L)

. YMESH(ZyL)=KK
120~

CONTINVE .
DLTS(1) LTEHP

COTS 1) ETS (L)
DHH (1) =HH (1)
0SS (1)=SS(1)
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DTHORK(1) =TWORK (1) ; ' l
DLTS{2)=TS{2) ' ' - S S
DTS{2)sTS(2)
"DHH {2 ) =HH 2}
DSS(2)=s5(2) .
DOMEGA (1) =OMEGA(1) -
- DTHORK (2} =TWORK (2)
DOSUM(2) =0SUM(2)
DYSUM(2)=TSUM{2) :
_DOSUM(LY=DSUMI(L) .
DYSUM(1) =TSUMI1)
DOMEGA(1)=0MEGA{1)
DREFI (2} =REFI(2)
MM=2 '
_ IF (MFEED .EQe 2) GO YO 315
. 150 00 308 H-S.HFEEQ
II1=M
JI=(II=1)+LTS(1)
00 200 J=JI,20
LTS(MI=y
TS 700-"2&.".1'5(”’
JJ=J R
CALL FOPT _
JSTAR(JJSS M) =KK .
SLTS(JJeMIZLTSM)
STHORK(JJ ¢ M) ZTHORK (M}
SOSUM (JJy M) =0SUM (M)
STSUMIJJ M) =TSUM (M)
SOMEGA(JJyM=1 ) ZOMEGA (M=1)
208 CONTINUE .
JJ=3C
D0 160 K=14M _
IF (K +EQs1) GO .TO 310
L SKK L o
31D LE=K +M +1 ' '
_ KK=JSTAR (JJs L)
TMESH (M, L) =KK o
IF( LPRINTS «LT. 1) GO T
WRKITE(E+180) STHORK(JJoLl)
*  STSUMGJJsL)
* LsJJeKK _ :
180 FORMATI1X,“STWORK(I) ~ SOMEGA(I&g)
. % STSUMIJINIY L%, goE
RN Lo K I xx"./.ix.uriz.u,sxul
160 CONTINUE
C DLTS(MI=LTSIM)
DOTSIHISTS (M) -
. DHHUIM)SHH(M)
.. DSS(MI=SS(M) - :
DYWORK (M) STWORK (M)

MEGA (JSslwt) SOSUMIISGL) o

SOSUM(JJ ¢ 1)

) . . . Coahsl T

i _ o . "-i':.‘l=}2|-
S T . : - - - FaTH

I .
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- DOSUM (M) =0SUM (M)

DTSUM (M) =TSUM(M)
DOMEGA (M=1) SOMEGA (M1}
DREFI(H}-REFI(Hl '

MM=M _ o
IF(DTSUN(M) . LT, DTSUMIN=1)) GO TO 360
306 CONTINUE .
315 EREFI(LTS(i))'DREFI(HM)
LOPTILTS (1)) =MM
DG 317 L=1sMM . e —
LKK(LTS(L1) o L) STMESHMMHyL)
IF(LPRINTS .LTe 1) GO TO 317 _
WRITE (64326) LKK{LTS(124L) oLoLTS(I) o
316  FORMAT(LX,* LKK(LTS{1),L) * ,I3," =",13," LTS(1)=
S Y &} .
317 CONTINUE - o *
320  MFZERO=MFEED +1
. DO 350 L=MFZERO.11
DTHORK(L) =0,
DOMEGA(L)=0,
DOSUMIL}=( W
DTSUM(L)=L.
: OREFI(L)=(a
350 CONTINUE
. GO TO 400 .
360 EREFI(LYS(1))=DREFI( MM=i)
© LOPTILTS(1))=(MN=1)
MMINUS=MN=1
DO 355 L=1,MMINUS
LKKCLTS(1) 4L) STHESH(MMINUSy L)
IF (LPRINT5 LT, & 10 355 -
 WRITE (69354) :LKK (LTS (1) 4L) sLsLTSCL) L :
354  FORMAT (1Xo"UKK (LTSCL) 4L)="sT34 * L3, I3," LTS(1)=
% ",13) :
355  CONTINUE L
" DO 370 L=MM.11
DTWORK(L) =0+
DOMEGA(L) =0, .
.oosun(ut-a._,d»
i OTSUMILEZD..
" DREFI{L)=fe
370 . CONTINUE..
400 chLL,secouo(Rzi .
LFIMER=RZ = R1 . )
 TSUMR=TSUNR+TIMER SN T
.. IF C.LPRINT6 +LTe 1 ) GO T [ﬁﬁﬁﬁi_
-HfuRITE(BJQBQ) EREFI(LTSIiPﬂ OPTULTS (1))
450 FORMAT (1X+"EREFI(LTS(1)) LOP WISty = “1F12.#o15 )
: WRITE{64500)-
»

(DTHORK(L’9L-1v1030(DOSUH(L31L 13103o(DT$UH(L"L-11
i0) » : . \
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% (DOMEGA(CL) oL=1+10) 5 {DREFI(LY oL =1,10)
FORMAT (4Xs , -
“"DTHORK(L) = 10F12.a. 91X " DOSUM="310F12¢ b9/ y1 X,

- % "OTSUMIL)=

550

2500

3o0¢

4000

sS000

5600

* 10Fi2e0 e/ 1x'“DOHEGA‘L, ®y 10F12eb0 791X+ ™DREFI(L) =",
¥ 10F12elss/+4) . .
CALL SECOND(B1)
LTSONE=LTS (1)
CALL BRMAX
CALL SECONDtB2)
TIMEB=BZ2 = Bi
TSUMB=TSUMB + TIHEB
RBILTSCL))I=RSTAR
IXBILTS{1))=1IXSTAK
NBILTS(1)3=NSTAR
EBEFI(LTS{1))=EFSTAR
ETACLYS(1))I=EREFI (LTStL)) +EBEFI(LTS(1)) =
* EREFI(LTS(1)) :
* HEBEFI(LTS(1)) :
IFILPRINTY LLT. 1) GC 7O 3¢00 '
WRITE(5+25GG) LTS(1), LGPT(LTS!ilJQEREFIILTS(il]0
* EBEFIILTS(4))
. ET“(LTS‘i’)!RB(LTS(i)"IXB(L'S(i" NBSILTS(1))
FORMAT(1X*"LTS(1) LOPY EREFI EBEFI ETA "'213 23F7ele
% /41X «"RBsINBINBE s Fotte21lt )
 CONTINUE
LTSt1)=30
TS(L)=700+=2C*LTSH(1)
I=1
Il=f
CALL RANK - -
DTHORK‘LTS(i))-TNORK(i’ S |
DOSUHILTS(i”'OSUH(i)
DTSUH(LTS(i’)'TSUﬂIil e e
DREFI(LTS(i”'REFI(i’
DOMEGA(LTS(1))=0 : T
EREFI(LTS(i”-DREFI(LTSfI”EQ
LOPTILTS(1))=1
IF ( LPRINTSG olTe 1 ] GO TO Se0pR

- WRITE(645000) DTHORK(Sﬁ)1DOSUH(3D).DTSUH(3U)¢.

* DOMEGA(3D),
. OREFI{30)
FORMAF (1Xs .- -
'“DTHQRK(sn’-“|F12'“§/'1XQ.D
®  “DTSUM(30)=", . e
% F12eb9/4 1x."nonesntsna=“ T2, 701X, OREFT (300 =",
* . FiZele/e) S |
LTSONESLTS (1) SR I
CALL BRMAX ' : P

 RBILTS(1))=RSTAR




119

IXBILYS(1))=IXSTAR
NBILTS{L))=NSTAR
- EBEFI(LTS(L))SEFSTAR ;
CETACLTS(L))I=EREFI(LTS(1)) +EBEFI(LTS(1)) .-
%  EREFI(LTS(1)) .
. & SEBEFI(LYS{1)) .
~IF(LPRINTK «LTe 1 ) GG ¥0 5550
WRITE (B,5500) LTSli),LOPT(LTS(ll)oEREFI(LTS(i))'
* EBEFI(LTS(1)), - -
% ETA(LTS(1)) sRBILTS(L))yIXBILTS(1)) yNB(LTS(1)). o
5500 FORMATILX+"LTS(1) LOPT EREFI EBEFI ETA “.213 »3FTeley
% /e1X e RBWIXBeNB= o FT e 49214 )
5550 ETAOLD=~%
LTSUP=LTO+1
LTOSTOPSLCRIT = 27 -
DO 65C0 L=LTSUP,LTOSTGS®
ETANEW=ETA (L)
LTS(1)=L
LYSNEW=LTS (1) _ _
IF( ETANEW «GT. ETAOLD ) GO TO 6400
ETAM=ETAOQOLD :
LTSM=LYSOLD
: GO TO 6500
6400 ETAM=ETANEW
" LTSHSLTSNEW -
- ETAQDLD=ETANEW 1
. LTSOLD=LTSNEN
6500 -CONTINUE . '
: IF . lETAH.GT.ETA(su)) so 10 6600
ETAM=ETA(30) :
LTSH K11}
6600 IF (LPRINLO% LTe: 1) .60 'TO 7100
o HRITE(6¢70053 ETAM; LTSN’ e
_ TO00 FORMAT(LIXs“ETAM=",F12.4, LTSH =M,15 )
7400 D0 7555 L=2,10
LTEHPN(L]'LKK(LTSHoL)
LREAL=L~1 o N
LIF € LPRINTZ oLlTe 4 ) GO TO 7555 o
 WRITE (B+7550) LTEMPM(L), LREAL : BN
7550.=F0Rnar(1x,'LtEHPH(L)-“,15.._ . LREAL=".I5 1.~
7555 .CONTINUE _ \
'WRITE (64 850C) TSUMR,TSUMB : .
esnn FORMAT (4 X»"TSUMR=" vFic-Z' © TSUMB="3F1Z.2)
‘RETURN '
‘END
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SUBRDUTINE FOPT

COMMON/DINAZ. STS(#EqQDIsSHH(#Dc#Ol;SSSS(4094(lo

STWORKILO +60)
- DTSC(4D),
DHH ¢40)

SREFI(3L+40),
REFI (40} sQsHC

COMMON/RANKINY/ HTOP(ZD).HCEN(ZO!'H(ZO).RBOTIZOlc

TWORK{201) »
CTSUML20)+TS(2D)

=LTS(II-1) (II=-2)+LTS(1)
TS(II-iI-700.-29.‘L75(11-1)

KKS(II=2F#LTSA1)

CALL SET

CALL RANK .
TSUMB=TSUMIII)
KI=II=1+LTS(1)
KF=JJ=1

.00 20C K=KI¢+KF

- KK=K |

200
300

400

LTS(II=-1)=KK -
TS(II-il'Tuﬁ.-Zﬁ'LTS(KKI
CALL SET'

CALL RANK |
TSUNF=TSUM(II) - .

IF(TSUMF.LT.TSUMB) GO TO 300 -

TSUMB=TSUMF

CONTINUE -

60 TO 500

KK=KKe1 -
LTS{II=1)=KK
TS(II=1)=700 =20+ *LTS (KK)
'CALL SET

 CALL RANK

- 500

RETURN

END

DSS(HU)sBTNDRK(#O)QDOSUH(QBJ:DTSUH(4BIgDOHEGA(#Gi

;SQUAL(HL’&EJoSLTS(hB’QB).DL?S(HB!:LTS(#U);JS:

OSUM(Z20}y HHUZ22G) +S5(220) 4OMEGALZD)

s PP{20) 4HO sLTO+LAST,S0 ,III,LCRIT
COMMON/VARI/HMFEEDLOPT(56 ) 9y HE 9. TEMP,TT1,LTSONE
COMMON/CONT /T s SHeTB4EREFI(SB) JEFSTAR, EBEFI(S(Y,
*» ETA(SO)

120 -

SOSUH(&D:#Q)oSTSUH(kE’#BlgSOHEGA(kthB)gJJgII,KK,FJF,

v
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SUBROUTINE SET
COMMON/DINAZ srstus.un>,5HHtun.uu:,sssstan,uﬁl,

" STHORK LT 4L40) » .
sosuutuo,un),srsunthc,ucr.sonrsntho.kn).JJ,II,KK,FJF.
DYS (0,

DSStsn),01u0RK(un).Dosuntual DTSUM(4G) s DOMEGA (40) o
DHH (40
oSQUﬁL(kB;#D)gSLTS(#b.#DloDLTSI#S’,LYS(#Bi.JSg
SREFI(30440),
"REFI (U2 +QoWC _

COMMON/RANKIN/ uroptzai,ucentzn) ﬂlZO)oHBDT(ZG).

* THORK(Z&)'

& 0sSUM(2Q). Hﬂtzzri.ssczzs;.oassaczn} ; _ v
¥ TSUMI20),75¢20) :
%, PP(20) ¢HO yLTD4LAST,S0 oIII,LCRIT
C ALTSATII=1F=SLTS(KKsII»1)"

~TSUM(II=1) -srsun(xx,al-in

OMEGA (1I=2) =SOMEGA(KK, I1=2)

OSUM{I]I=1)3 SOSUH (KK;II-:I.}

‘THORK (II=1)= STHORK(KK.II-i)

RETURN

_END-

i YRR

SUBROUTINE RANK
CCMMON/LIST/ TSS(#U’;SSISD(#Q);PPP!#DI.HHH(E#&)v

L DR SR IR B |

S5S(240) s
QUIS(#Q)qHIS(kD!oTIS(#B)oQU(ﬁU!.TEHP(#B);QUNEH(&U!g
HHHNEW (40)

,SSSNEN(QO) 1 LSAI(ZE].PQI(ZE)  oHINC20) yHOUT €20)
v SAI(20)HSAT(20)+HWAT(20) sH3EF ,SAISUM )

COMMON/RANKIN/ HTOPIZGIoHCEN(Zﬂ’iH(Zﬂ’iHBOT(ZU'a

* THORK{20) s .

*$ OSUMI28) . HH(ZZO)155(220)o0"565(20i .

*  TSUM(20)4TS(20)

', PP(ZH’!HQ:LTG;L&ST!SB QIIIOLDRIT IR L

COMMON/DINA/ STS(ﬁﬁth)cSHH(#Ut#UilSSSS(Qﬂvﬁﬁ)v

. STHOIK(UG4L0) o -
SOSUH(#G*%U)$STSUH(hD!#01'SDNCGQ(Goshﬂl'JJQIIQKKQFJFQ'
DYS(4d ),
DSS(kﬂltDTHORK(#B,'DOSUH(QG’;DTSUH(#G’,DOHEGA(#G) *
DHH (43)
tSQUﬂL(HDc#ﬁ’fSLTS(ﬁCiHD!1DLT$(40’0LTS(40"JSO
SREFI(3Gs40),

REFI (4 ) +QeWC.
COHHON/CONT/TBQSHuTBoEREFI(5n!1EFSTAR'EBEFI(5D’9_

* ETA(SD)

* ct_QCwua *
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COHHON/DRINT/LPRINTivLPRINTZ'LPRINTS-L°RINT#1LPRIN?5¢
.. LPRINTB,LPRINT?,LPFINTB.LPRINTQ'LPRINIBngRINiig
* LPRINLZ

LAST=30 : :

TBe= ?BC.*ZB.'LTB '

EFC=C.85

T=78

P=PL(T}

PB‘P : '

WC= 0.016137'((PB-1¢l'l#ko/??ﬁ.lBl/EFC

" IF(SHeLEe 040).G0 rb 10

TO=TB4SH

Po=PB

T=T@

P=P] -

HI=HVIT,P)
S0=SV(T4P)

60 'TO 13

HO=HG(T)
.SE=S6 (T

TO=TB
HTOP=HG = .
IF(IIls GTe 1) GO TO 15
CALL TABLE
TS(1) ?BB.-ZD.’LTS(i)
T=1sS (1}
HHCL0G) =HL(T) =10,
FLOW=1.( :
I=1I1-1

IF( I« GEs 1) 60 TO ZZC _
IF ( SAISUM oLT. P.0C0GOGL) GO To 55
NI=1k o
Do 20 K-19NI
KIN =K
IF(LT0s LTa LSAI(K)) GD 10 30
‘CONTINUE
LSIN=KIN _
DO 40 K=LSIN,NI

B |

. KOUT=K

IFC (LTS(1)eLTeLSATIK) ) 40Re (LSATK ) elTe 84060000011

~* GO TO SO

&0
i

55 .

60

LsouTEL

" CONTINUE
LSOUT =KoUT
GO0 TO 60
LSIN=31

PAIC(L)=1 o
HH(ii'HHH(LTS(i’)

osuUMii) =0+ . o
IF(LSIN.EQ.LSOUT] GD TO 200_




150

206
21t

7000

212

215

'216
217 .

220

-méédt

300

/ _
) 500
i .

520

100

120

180

T
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HTDP(I)'(P&IIil-DSUH(iIl'(HC = HIN(1)) ‘?LGH
IF{(LSOUT=1)sLEs LSIN) GO TO 158

' WCEN{1)=0.0

LSINP=LSIN+1 =

. LSOUTM=z LSOUT =1 o
B0 120 K=LSIN®, LSEUTH! -

HL)I=(PAT (X} -OSUH(1l}'(HOUT(K‘iiﬁﬂIN(KI"FLUH

WCEN{1) =WCEN(1) +H(1)

CONTINUE . e _

GO TO 18D o . ”'.'mhs_“_. e .. e

WCEN{1)=0.0 o g . o

WBOT (1)=¢( PlI{LSOUT) -GSUH(il)'(HOUT(LSOUT =1) = HH{1)
YSFLOW ' : .

THORK (1) = HTOp(1’+HCEN(1l+HBOTE1)

G0 TO 21¢C B ’ .

TWORK (11=( PATI(1) COSUHfiil'( HE -HH(i))‘FLOH

TSUM(1)=TWORK (1}

IF (LPRINT? «LTs 1 ) GO TO 212 -

WRITE (By7L00) PﬁI(i’995UH11'9H“fHH(i]vTHORK(i’v
TSUM(L)

FORHQT(iX,"P&I(l) OSUM{1) HD HH(1) THORK (1) TSUH(il“

" BF1C3) ' .

IF( LTS(1), EQ.SCI GD TO0 215

Q=HI=HH(100)

60 TO 217

HH{1D0) =H(+69.73

IF(HH (1080) +GTHSEP) GO TG 216 _

HH (100 )SHE 46T, 73+SAISUNR(HSEP=(WCH+BI,T3I+101))

HH(20C+I+1)=HH(1DL) +1ﬂ X

G=HO=HH{100)

EFI'(TSUM(I+1)°HC]/Q

REFI(I+1)=EF1

G0 TO 500¢

TS(I)*?DD.-ZC.‘LTS!II

NI=14 :
IF (SAISUM .LT. 0.060000C1) GO TO 528

DD 250 K=14NI

KIN=K - - o :
IFCILTS(I)ebTe LSAI(KI)eORe( LSAILK )elTe040000081))
GO TO 360 . I

" CONTINUE

LSIN=KIN .

DO 4§t K-LSIN.NI

KOUT=K | | S

IF((LTS(I+1} LT4LSAT(K))4O0Re € LSAZAK 2eLTeGe0000001))
GO TO 500 - "

CONTINUE

LSOUT =KOUT

GO TO 54

LSIN=1
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’Lsour 1 FAREY
PAI(LSINl'i
540  HH{I)=HHHELTS(I}).

T'Hatx+11-nuutL*s§1+1aa L
| TS(I) =700 .r204% (LTSCD))
T=TS(I) -
. PP(IN=PLIT) -
L PEPP(I) |
HH(200+I) =HL(T)
CHH{5B+I)=HG(T) -
SS{200+I)=SL(TY
SS(5041)=SG(T)
HHC1GE +1~-4) SHH(2C0+I) ~10,
TS(I+1)=7004=200%LTS(I40)
T=TS(I+t)
HH(200+I+1) =HL(TY =
IFC(LTS(I+41).EQs 3() GO TO 560
HH(1G0+I)=HH (200+1+1) =1l.
6D TO 565
560 HH(100+I)= WC+ 69473
IF( HH(100+I) #GTe HSEP ) GO TO 563 - .
HH{100+I)= WC+69.73 +SAISUM®( HSEP =( WC+69.73+10))
563 HH(200+I+1)=HH(L00+I) +1C
565 OMEGA(I) =(1e0/7(¢ HH(I)= HH(208+I+1}D)*(HH(100+I-1) -
*  HH(180+I) +
#(OSUM(IN)*{ nutzns+1+1) “HH (20041 ))
OSUMII+1)=0SUM(I) +OMEGA(I)
IF{ LSINs EQe LSOUT) GO TO 2000
1000 HTOP(I+1)=(PAI(LSIN) rOSUM(I+1))®( HH(I) = HIN(LSIN))
¥ & FLOW
IF((LSOUT=1),LEs LSIN) GO TO 1150
HCEN(I+1)=0.0. |
LSINP=LSIN+L
LSOUTHM=. LSOUT -1 . |
00 1160 KSLSINP,LSOUTH |
WCI43 1= (PAL(K) ~OSUM(I+1))% (HOUT (Kei) =HIN(K  ))®FLOW
WCEN(I+L1) ZHCEN(I+1) +W(I+1) .

1100 CONTINVE _

G0 T0. 120C
1150 WCEN(I+1)=0.0 _ | o
1200 WBOT(I+1V=(PAI(LSOUT) -osuut1+1):-:nou1thour-1) |
*  <~HH(I+1))%FLOW
TWORK {T+1)=WTOP (I+1) +WCEN(I+1) +WBOT (I+1)
GO TO 2500 - -
2000 THORK (1+1) =(PAI(LSINIH!DSUH(I*i))'(HH(II =HH(I41)) -
 SFLOW = |
ucsut1+11 =00
WTOP(I+1)=THORK (1+41)
" WBOT.(I#1)=0el k
2500 TSUM(I+L) =TSUM(I) +ruonxzr+1)'
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e )_-‘.'._. .

CQEHO SHH(100)
EFIS(TSUMII+LY -ncuzQ“
. REFI(I#1)=EFI
5080 RETURN . '
END

SUBROUTINE TABLE

COHHON/ACOHIEN(BGoEU)oST(5ﬂv5ﬁlvTH153)oPRH(50lgPRS(SB)K
¥  JENL(130),EN
_‘6(130).STL(130)'576(130lgTﬂT(130IgTSAT(Z30iqPSﬁT{;3ﬂ)g
® TSATT(37C) P B,
BSATT(370) « TFoTAYTAZWHF

COMMON/LIST/ TSS(40)+SSISOTLD) PPPA&E)QHHH(EHC!Q

*  SSS(240) 4 |
* QUIS(4G) 4HIS (D) 4TIS(40) 4QUILD) o TENP (4L ) 4 QUNEWCGC) ,
% HHHNEZW (40) |

% ,SSSNEW(LD) o LSAI(ZU),PAIC20)  4HIN(20)4HOUT(20)

% , SAI(20),HSAT(20) yHWAT(20) +HSEP o SAISUM

COMMON/RANK IN/ HTOP(ZEIanEN(ZB),HIZG),NBOT(ZGI.
® THORKI(2U)
*  QSUM(20), Hntzzor,SStzzol.onzsncza: - s
* TSUM(20),TS(20)
%, PPL20)oHOsLTOsLASTySC +ITIoLCRIT .
OOHNON/PRINT/LPRINTioLPFINTZ;LPRINtssLPRINTk.LPRINTS.
* LPRINTE,LPRINT7,LPRINTS, LPRINTO,LPRINIS +LPRINIL,
% LPRINL2
DO 50 K=i, 1
- HINAK =0
THOUT(X) =g
HWAT(K) =0
SAI(K)=D
PAI (K} =] -
O LSAICKISD
50  CONTINUE |
7 DO 60 L=1,35
SSSNEW(L)}=C
HHHNE W(L) =0
_ QUNEM (L) =0
60  CONTINUE
_LST&RT#LTDfi
.. LFINAL=LAST _ e e e
LS=0 . -
00 500 L=LSTART,LFINAL
T=760.=204 *L -
TSS(L)-T

e ——— DD e U S




250
260

S

300

S8S(L=-1)=S

, _ 126

IF!L.EQ. LSTART) GO TD 250

TSSIL)=T o
$SISO(LI=ssS(L=t) . A |
60 TO 260 E AR A - |
SSISO (L) =SG o - - s

T=TSS(LY -.'s- S
'PPP(L)-PL(T’ S g

PEPPRALY a--** L E : _ : :
_HHH(ZBH+L)‘HL(71 e L U A

MHH(SC+L)SHG LYY © .

USSS(200+LY=SLITY v

"SS5(504L1=56(T) LR o e

IF(SSISO(L) *SSS(SB+L!) 350,359,300

-S=SSISOILY - . _
CCQUISALIELGD T

- TA=TSS(L)

T QUELY=glD ¢ AR : o | : : |

" HHH(L)=HS =EFT* {HO=HIS(L)) | o §

320
330

333

CTSYSSIL)
. sE8ss (L)

- 350

'mss

358

[l

“360
365

370

- IFL QuiL). LT-G.QB)_GD TO 380

.HHH(Ll‘HHH(L*i)'EFT'(HHH(L-i) -HIS‘L))

..QUIS(LJ-(SSISOILI -QSS(ZUB+L)l/lSSSi50+L) ~SSS(200+L))

TIS(LY=TSS(L)

HIS(L)-HSP(S.PI

EFT=0492 _ o _ o
IF(L.GT.LSTART) GO TO 320 . . o s

GO TO 330

TIS(L)=TF
HSHHHIL)
TA2=TIS(LY .
TEMP (L) STHP (H,P)
T=TEMF(L) .
SSS(L)=SV(T+P)

60 TO &Gl

HIS(L)=QUIS (LIS (HHH(SL+L) -HHH0200+L1) +HHH (200 +L)
IF (QUNEH(L=1) +GT. QUILPi)J ‘G0 TO 355
EFT=0,92-(1 *QU(L-iii'(ﬂoITII(Boizi

GC TO 358 :

EFT=0492 ={1 -QUNEH(L-iIl“(G.i?J/ ﬂoiZ

IF( LeGTe LSTART) GO YO 360
EFT=0.92 -
HHH(L!'HB'EFT‘(HUDHIS(L))
GO To 365 :
HHA(L) -HHHIL-il 'EFT‘(HHH(L'i

IFCHHH L) - =HHH (50 +L)) 37uﬁ{7u" 5 '

QU L) =(HHH (L) -HHH(ZEB+LDQ/(HHH(50+L! qHHH(200+Lll
SSSIL) =QUILI*(SSSISD+L) -SSS(ZGG+Ll) +SSS(200+L)
IF ( LeEQs 30 ) GO ¥O 375:
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490

2900

500

100
600
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S$S=5SS(L}

T=TSSAL) o

60 TO 40b - -';. - .?_
" QUNEW (L) #0599 o

ﬁHHHNEH(L) QUNEW&L)‘(HHHU£E+LI-HHH(ZBU+L1I+HHH(ZBG*L}

SSSNEH(L"QUNEH(L)‘(S*S(SU+L) =358 (200+L) +SSS(200+L))

LSSLS#L. ... S
LSATCESIEL "\ﬂva?: e

HIN(LS) =HHH (L) R CPR

\NHDUT(LS}—HHHNEH(Ll_N_w_;m;}wa:;“”;Wm.
TTSESSSNEWLLY - oo

“HHH (L )SHHHNE W (L)
T=TSS (L)

ﬂlﬁa-c'ca‘hc sr e

L

» -
. ,(SAI(K’.K-icB’o{PﬂlfKitK‘isGlc( LSﬁI(KlfK-itﬁl

HSAT (I)=HLIT)
HHAT(LS) =HL'CTY

PAI(1)® . - e

IF ¢ LPRINT3 .LT. 1 ) GO TD 500
HRITE (642L8C) TQHHH(L)'SSS(LIQLi HHHNEN(L’; SSSNEH‘L’
+QUCIL) » .
QUNENWIL) EFT +PPP(LYy HHH‘ZBG*L’Q HHHI50*L)!
SSS(200+L)» . '
SSS(S0+L), . SSISO(L"HIS(LI » LS,LSAI(LS]!HIN(LS). R
HOUTC(LSY _ . : ) '
FORMAT (1X» “T= ”QFIZQQQ" HHH(L)= 'gFiZ-“i" SSQ(LF=““'
Fi2o by
* L= ",Ih4y ™ HHHNEW(L)= “.FiZ.h.* SSSNEH(L?‘ e
_ FiZoﬁ'/t 1Xe
PAUILI =Yy FL2. 4, QUNEWIL) = -,FiZ.k, " EF?‘ “oFicok.
“PPP(L)=“§F12 _
.#./,1x,"HﬂH(ZBB+LI="1F12§k," HHHAS504L)Y =", F1244,"
§55(200+L) = . L
_FiZ-“o/ciX." SSS(55+L)'" FiZiQo“”SSISﬂQﬁ S®oFi2e 4™
\ HIS(LY="" ' _ _;f':' . _
FIZQQ'““”LS§?,IJQ(;1X'*'LS#;(LS)#”OI3O? HIN(LS)= *,
Fil2a.hy . ' T ' '
" HOUTILS)*“.FiE.k )
OONTINUE _ o
DO 400 K=1,4L5 '
IF( HOUTI(K)« LT, ﬁoﬁaﬁi) GD T0 600 T
SAI(K} (PAT (K} ’( HIN(K’WQHOUT(K]i/( HHHT(K’ -HOUT(K))
) B T
PAI(K+1)- PAI(K) ‘SAI(K’ - AL
'CONTINUE '
IF ( LPRIN11L «lTe 1) GO 70 ‘610
HRITE(&viFOC) { HIN(K) yK= lo&’o( HOUT(K’!K 1e8)s
(HN&?(KI,K 1 8)

1000 FORMAT(LX, HIN(LS)= ",8F12e4+/+1X, ®HOUT(LS)= _.asie.ui

.

'“Haartus:s'“.ariz.u./.zx; = SAIILSI= “,8F12444/01Xs

ZelXe
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- -w’- sy ;' - G 'g-f .

& “pAT(LS)= “.ariz.a,/.ix." Lsnthsa- “.3112./ )

- 610 HHMOSUM=EQ 7

. saisum#s /] _.;f ;_ .
4 DO390  K=deLs . K
- SATSUMSSAI(K) +SAISUN
nnosun-uuosunwnwnttkn ‘SAI(K}
IF ( LPRINLZ LT 1 D5GO- TO 390

. RRITE(G,4B80) sa:tx:.su:suw _ S

4000 FORHAT(ix,“SAI(K) Fiz.a.“snxsuu osFl2eb)

390 CONTINUE i
IF (SAISUN LT« a.nnnuoni ) GO TO 630
HSEP=HMOSUM/SAISUM _

IF ( LPRINI3 oLT, 4 ) GO TO 630
WRITE (623000 HHOSUN,SAISUH,HSEP L ; )
3000 FORMAT(LXs"HMOSUM="3F1244y"SAISUN="T, FiZ-k ¢ “HSEP=",
5 F12.4) -
630 W0=0e 01513?*((PB-i.I'ihh./??&.i&)/B.BB
' HCRIT*HC+69.73+SAISUH‘(HSEP-(HC+69.73+1B))
LORITS30 =( (HCRIT=HHH(20u+30))/20e +1)
~ IF (LPRINiG +LTe 1 ) GO TO 900D
" WRITE(647550) LCRIT sHCRIToHHH(Z00+30)
7550 FORHAT(iX."LCRI? HCRIT Huntzon+su)“.13.zriz.a 3
98006 RETURN _ _
END o . .

BR@UTINE STE“H S ' '
uMeN/ACUHIENISU.SEIgSTt50e5el'TnISSI.PRH(SOJ,PRS(SE)
. QENL(13331£N S
‘5(13BJQSTL(13UIoSTG(13QIQTATli3ﬂ)1T$AT(2301QPSﬁT(230’9
& TSATTU37G) «P . :
¥SATT(370) s TF4TA,TA2,HF : : '
DIMENSION ENTRD‘&B)!ENTHA!&B)vPRES‘isﬂiQPPRNflﬁﬂir
#  HPRNT(60) :
RE“D(5010’ (PRH(I"I 1,333 Q(TH{J)QJ 1,knl, IPRS(I)'I—.
o L1500
IREAD=1 , ' .
RE“D(EQIE’(( ENroJliI-iysﬁloJ 1+35), ((ST(IQJ'iI'i'
% 50)4Jd=1,35) _
READ{S+10) ¢ ENL(J’-J'10135’9‘ENG(JI J-10130’9.( TL(J)
¥ WJ=1,130), _ =
e (STG(J"J-1'13U'1(PS&T‘J"J=1,22039f75lTT(J’rJ11a360)
10  FORMAT(10F8.0) E .
' - pD 206 J=i.i26 : _
: IF(J.GT-ilg’ 60 TO 110
 TAT(J) =95, *5.‘J_ :




250

260
300

31¢

320
330
335

349

343

345

35¢

S SR L R
N T .- a . .
4 =) S

" Vigh 1o zie
116

“gar(J)-sen. +2.*(J~119) .

-ﬁconrrnus :
ﬂira7t1z7a -705.&7

DG 300 J 1.218
IF(J.GT.iZB) GO To 258
TSﬁT(J!- 93.+2.B'J

G0 TO 300 C N
IF(J«G6T4211) GO TO 268
TSAT(J)-350+(J-1261'h.n

G0 TO 380

TSAT(J)=690, +(J-211)‘2.0
CONTINUE o )
TSAT(219) =7C54 67

Do 350 J= =1,3%%

IF (J «6Ts 23 ) GO TO 320
PSATTHJ)=5.,0 +(J=23)%L,.2
60 Yo 350 . _ _

IF(J «GTe G4) GO YO ‘33D
PSATT (J) =260 +(Jd=44)"1,.0
Go To 350 : a

IF(J «6GTe 13%) GO TO 335
PSATT(J) 2200el +(J=131)%240
GO YO 350 :

IF(J «GTe 161) GO TO 3J4u0
 PSATT(J) 35040+ (Jei61)*5.0
G0 T0 350 '

" IF(J +6Ts 256) GO TG 343 i
PSATT(J) 2130060 +(J=256)%1040
GO YO 350 . _
IF(J «GTa 347) GO TO 345
PSATT (J) '3120. +tJ-3u7}*20-0
rGD“TO 350|, a
3IF(J|.GT. 355) 60.TC 350 -
*PS&TT!J) 43200.+(J-355)*10.B
CONTINUE .

PSATT (356) =}208¢2.
RETURN
.END .

FUNGTION HV(T,P) BREE

129

.f]"vnponzencso.so),srtsu.ss).rnxssa.Paﬂtso"ﬁ*f“'




R &
B

Sl ¢ il Tl
P - T,

'341713703.7F,1A,1A2.HF
IFIToLTe 50Gs) GO TO 48
IF(TGT5C0) GO TC 5
JE(¥=56)/50 . e
GO TO0 15 )
5 . IF (T<GT. 1LOC) GO YO 10

© . J=9 +(T=5600/20

. 60 TO 15
10 IF(T. GT.1100) GO To “8
e 9=34
15  IF(P.GT.0e12) GO TO 20
I=1 :
GO TO 40 o
20 IF (P.GT. 18) GO TO 25
I=1 +{P={. 12)/».94 '
. ... GO TO 4D
25 IF(P.GT.58) 6O 7o 3t
I=3 +(P=1()/20
G0 TO 43
30 IF(P.GTe6{0) GO TO 35
I=5 +(P=~5{)/50
. GO TO 40 ' _
35 IF(P.GT.3400) GO TO &&
I=16 +(P=600)/200 : :
410 IF(tENtI.J).EQ.iouc.cl.oa.(tNtI+1.J).cQ.1unu.oJ) GO
¢ TO 45
Xi= (Eu(:+1.J+1l-Eu(1 J+1)3'(P-PRH(I))I(PRHII+1)-PRH(I)
% )HEN(INJe1) - _
X2=2( ENLI+1.J) -ENII;J!) 'tp-nRH(131/(PRHt1+1) «PRH (1)
* Y4EN(ILd)
HYS( X1 =X2) %( T-TH(JH)I(TH(J+11 -TH[J))+X2

GO YO SG
45 TREAL =T
TZ‘TL(P) . :
IF(TI(T.TZ ) GO TO 4@ '
C OHAZ=EN(I.J41) +( (EN(I41.J41) -EN(I.J+1!II(PRHII+1) -
® PRH(IV))I*(P=PR _
HII))
T=T2
. H2EHGAT)
= T=TREAL
IF( Hi.LYe HZ!) GO vo 46 -
HYZHZ +(H1 =HZ)®G(T=T2 }/({TH(J*1) =T2)) -
: IF(lEN(IgJ+1).EQ.iﬂﬁu.ﬁ)oOR.(EN(I+1.J+1).EQoitonoB))
* GO TO 47 | T ,
” " 60 10 50 _ A ]
47 HIZEN(I,042) +( (EN(1+1.J+zi -EN(I.J+2)1/:9RH(1+11 -
. ', PRH €I) ) )% (P=PR
SH{I)) :
HVYSH2 +UHL -st-:fr-r; l/lTH(J+ZI -T2))
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S 60 10 58 : L
46  HV=SH2¢( T =T2 )‘(2.5)‘(1-0/5)
- 60 TG 59 | j
- 50 . RETURN ' S -

END

FUNCTION SV(T!PI _ . ’ '
CONHUN/ACOH/EN(SUQ55"57(5$t50)sTH(53iQPRH(553QPRS(5U)
%  LENLCL3L)LEN
'Gl133}vSTL(13UlQSTG(13UJQTIT(139’9?SAT[233) PSAT‘Z3U’;
#  TSATT(370) 4P
‘SﬂTT(37B)QTFoTA§TAZQHF
. IF(TeiTe 1G0a) GO TO 4B
IF{T+GT+500) GO TO &
J-(T-5U)/50
' GO TO 15 .
S CdF (T.GT.ionu) 50 TD 10
_.9*(7'50&'/20
‘G0 TQ 15
40 . IF (Y. GT.iiOU) GO TO 48
T Jd=364
15 IF(P.GT. 3-12’ GQ TO 206
- I=3
GO TO &0 . -
200 IF( P.GT. 20) GO TO 25
I=2 +{(Palt) /4
GO TO &0 o
] 25 IF (PeGT. 300) GO TO0 20
! ' 1’6+(P-20)/2[ :

| GO TO 40 ST
E 30 IF(P.GY..E0C) GO TO 35
I=20 +{P=200)/50
: GO .TO 43 .
| - 35 _MIF(P.GV.ZEDHI GO Y0 37
k ' I=26 +{(P=600)/7100
- 6O TO W0 - S
37 IF(P. GT. 3u60) GO TO &8
. r- 0 +( P=2000)/72(0 o
40 IF(IST(I.J) EQ.ioEﬂG!-OR.IST(I+1'J).EG- 14000)) co 10
. i 5 .
x1=(57t1+1.4+11 -st(I.J+1m)-tP-PRStx;;/tnﬁ311+1:~ L
& PRS(INI+ST(I,J+1) :
X2= tsrt:+1.J:-stsr.J11 'IP-PRS(I!)/(PRS(I+1) -PRS(I))
. +srtI.J) : :



ftp://FtP.GT

il

46

48
50

T132.

Sy -={K1 -XZI’(T-TM(J]'/ITH(J+1’ -TH(J!) +xz
GO TO 50 K

TREAL =7

Te=TL(P)

IF(T.LT.T72) GO To h& :

S1=ST(I,J+3) +(ST(I+1gJ+1l -ST(I:J+1!I'(P -PRS(I))/

-# {PRS(I+1) -PRS(

* 1)

T=712

. 8§2=S6I(T)

T=TREAL '
IF(S1 «LTe 52 ) GO TO 46
Sv=52 +(s5i -SZ!'((T'TZ)/(TH(Jiii -TZI)
GO TO 50

Sv= SZ+(T-IZ)'!0.UB¥E)'(1-0/5)
. GO TO 50

SvV=0.0

RETURN

END

FUNCTIDN HGIT) '
CONMON/ICOH/EN(SDsSUl13T(50950):Tﬂ‘533yPRH(50)oPRS(50}

. ®  JENL(130)EN

60

7

'5(1301-$TL(13B)oSTG(i‘ﬂ)oTIT(13B)vTSth23ﬂloPSlT(23ﬂ)1
* TSATF(3?0)9 :
*SA?T(S?Q){TF.T&:YAZ'HF

IF(T.LT. 108a) GO TO 60

IF lToGT. 690+) GO0 YO 5

J-(T-QS)IS L

GO TO 49

- IF (Te5Te 70GSe47) GOo TO 60

J=119 +(T=5690)/2

ENG(iZ?l =90 640 .
TAT(127) =705.47 .

HG =( ENG(J+1) -ENGIJ))‘(?*T&T(JJ IﬂTﬁT(

*  +ENGLJ) o
GO T0-70
H-G=° o
RETURN, .
END ,. .
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1
70
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FUHCTION HL(T) T '
COHHDNIACDH/EN{SGQED)gST(Sﬂ 50)'THISSIoPRH(SDIgPRS(BDI

®  LENL(L3()4EN

‘6(130)33TL(130)’STG(130isTATl13BI,75#1(238),PSAT(23D),-
*  TSATT(370),.°

‘SﬁTT{3?ﬁ)QTFiTﬁvT520HF

IF(T.LT. 10G+) GO TO 60

IF (T. GT. 6904} GO TO 5

J=(T=95) /5 o -
GO TO 40 | e
IF (Te GTe 705.47) GO TO 60

S JS119 +(T=69C3/2

ENL{127) =906.0
TAT{127) =705447 .- ' ' :
HL=( ENL(J#1) -ENLIJ))'(T -TﬁT(JIll(TA?(J*iI -IAT(JI)*

. ®  ENLIJ)

60 TO0 73
HL=B o
RETURN
END

FUNCTIDN SG(T)
COHHON/ACOH/EN(SBQSQIoSTlSﬂeBOIfTH153l,PRH(SDIfPRSt50)
¥  JENL{130)EN :

'*GliSUJvSTL(13B)957G(130’oTAT(iSU)oTSAT(23BlvPSAT(Z30)y

% TSATT(370)+P

40

60
:70

- IF (TeGTe 6904} GO 70 5

e _vEND'“!_L; U S

*SATTA370) s TFyTAsTAZ4HF
IF(T.LT. 100.) GO TC 60

J=(T=85) /5

GO TO &8 L

IF (T«GTe 705.47) GO TO 60

J=119 +(T=690)/2

. 8STBl127)=il.0612

TAT(127) =705.47 , ' -

SG-f ST (J+1) -STG{J}}'(T'TBT(J,lIITlT(J+11 PT#T{J)’ +
STE (M . _

GO TU”?B

sS6= B.B*f"”

RETURN
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Fuucrzou SL(T) o
COHMON/ACOH/EN{EO.SD)'87(509501,THISSI,PRHtSﬁl,PRS(Sﬂ)
8 JENLCL3C) 2EN
_;,_;J‘GtiSSl,STL(13n)¢STG(13PloTAT113ﬂ’.TSAT(Z30)ePS&T(230)c”
®  TSATY(370),P -
SSATT(370) ¢ TR TATAZ2,HF .
IF{T.LT. 18Ce) GO TO EL
IF (T«GT. 59Cs) GC TO 5
‘J=(T=85) /5 :
GO TO &b - . S
5  IF (TeGTe 7L5e47) GO TO 60
10 J=119 +(T<690) /2 '
STL(127)=1.0842
TAT(127) =TUS47
40 SL =(STL(J+1) -srLtJ))ﬂ(r-TaT(J;)/rtnT¢J+1’-rnrtJ3) +_

% STLD)
GO TO 70
60 SiL=0.C
76  RETURN
. END

FUNCTIDN PL(?! '
COHHON/ACOH/EN(SO.SB),ST(SBoSBIoTH(SS)oPRH(ED}cPRS(SBI
+ENLCL30) sEN
‘6(1303:STL(139)oSTGtISD)oTAT(130!.TSAT(ZSB),PSAT(23B)'
¥ TSATT(370),P
SSATT(373)+TFeTAsTA2,HF -
IF{T4LTs 100,) GO TC 60
IF (Te GTe 3504) GO TO 5._
J=(T+98) /72 SR
. G0TO 40 -
5 IF (Te GTe 6904) GO'TO 0
L J=i2e +cr-3su)/a S
.. 60 TO &5 - L
10 .. IF (T«GT. 705.47) GO/ TO en R N T
c . JE2AL+(TeB9LN /2 SR 35
E psn7(219: =3208:2 f_f,&“.:“' : v
. LIESAT(219) 2TCS5¢4T S g T
80 PL= (PSAT (J+1)=PSAT(J) )% ( t-rsnrta:::trjj
% TSATLINI4PSAT(D L %
. soTe T ST
60  PL=D0.C B :
70 . RETURN
- END
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FUNCTIDH IL(P) o ' ' '
COHHON/ACOH/EN(5H¢SB)oST(50,5D’oTHlSS):PRH(Sﬂ):PRS(SDJ
b tENLl135).EN :

‘6{135)gSTLﬁiSO)sSTG(lSO) TlT(iSB)sTSAT(230)¢PSAT(23D)r.

® TSATT{370)4P
‘SATT(S?O);TF.TA.T&ZvHF
IF(PelTe L26) GO TO 6L
. IF(P «GTe5+6) GO 1O 5
 JE(Peleb)/Ga2. _
- - 60 _TO &0 ' I
5 IF{Ps 6Te 2640) 60 TO 18
o Jehh +tP-c6i/1.n :
GO TO &2 .
10 IF(PeGTs 20UCe0) GO YO 15
J=131 +(P=2Gle0)/24C
GC TG 40 ' .
.15 . IF(P.GT4350.0) GO Tc 26
J=161 +(P=350,0)/5.0 -
GO TO 40
20 IF(P.GTY. 1300aD) 60 Te 25_
J=25b6. +(P-13aa.01/10.0
G0 TO 40 _
25 IF(P.GT. 312C.0) GO TO 30
' J=347, +(P-3120.0)/ZB-0 !
_ GO TO 40 - '
30 IF(P.GTs 32060.0) GO TO 35
- J=355. +(P=3200.0)/10e0
35 IF(PsGT+320842) GO TO 60 .
ub TL-(TSATT(J+1)-rsantJ))*(p-nsnrrtJ))/tPsnrr(J+11-
= PSATT(S)) + _

STSATT LS
60 TO 70 o
60 TLRLET o
7?6 RETURN . 0 R

END . ' ‘ vt'—'_"-'a'w'::- , ‘n.pel‘ .I e

FUNCJPGNgHSPISoPﬁ o C _
ccunauracenrentsd.sn).srtsu.su),rntssa,PRHtsna,pgsgsg,
¥ LENLIL3L).EN.

'5(130)sSTL(i3ﬂ)vSTG(13ﬂ)oTAT(iiBicToﬁT(Z30)oPSA?(23OJ"

TSATT(370) 4P
‘Snttts?S),TFfTAo1A2oHF
OIMENSION DT (4)

0¥ (11259

oT(2) =5




500
540

520

590

600

608

610

. 628
69C

700

Y 69t|u-i,3

~ END
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LT3y =

DT(4)=0el | | \ |
T=TA . S | .
DO 590 N=1,4 | '

TZT+DT (M)

SU =SVIT.P) .

IF(SQ.LT+S) GO TO 510

IF(ABS(S50) 4 LELB4OLDE3) 60 TO ssu

T=T=DT{MH)
CONTINUE
T=T+DT(4)
SLSSVIT+P)
HSP=HV(TsP) -
TF=T

RETURN
END

FUNCTIDN THPIH,P)

CDMHGN/&CUH/EN(SB;SO)vST(SOoSDI.TH453)gPRH(5[),PRS(501

. iENL(13DioEN o

‘G(iSinSTL(13ﬁIcSTG(iSUlo?AT(i*O)g?SﬁT(23ﬂl;PS&T(ESB)Q'

s TSATT(370),P
*SATT(I70) oTFoTASTAZSHF -
ozue~smon=otls) R v
DT(1)=1 L
DT t2)=De2. , -
ortsa-ank& e
T=TA2

TET+0T (M) AR
HF= H?(hr?) SR LT
IF(HFLELH) GO TO 610

e
.IF(hBS(H-HF).LE.G.Oﬂ;; 60 TO. 700

T=T=DT{(M)
CONTINUE =
T=T+DTI(3)
HF=HV (T, P]'
THP=T

RETURN
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"IF - (DELIMRe LTe GeBCC1) GO
- 60 TO 30 . S

40

10

i6 -

25
26
30
35

6000
45

50
80

70

 WRITE(646000) Erth).Ethar.amgxg
'FORMAT(1X+ “EF1 EF2 . DIF=*,3F12+4

SUBROUTINE BRHAK

' COHHDN/VARI/HFEED.LOPTISLl.HB,LTEHP.TTi.LTSONE
COMHON/CONT/TﬁsSHgTBgEREFI(Sﬂ)vEFST&RgEBEFI(SElg

ETA(SY)

COMHON/BK&YTO/TT3LIH TT5LIM.X.TT3 DELIHR.NCOH;TT#:

TT4LIN

'oLTSH
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CDMHON/STAR/NSTAR,IISTAR,RSYAR;RB(50)11KB(50)9NB(50)9

ETAM

COMHON/PRINT/LPRINTi9LPRINT2oLPRIN73vL’RINTM'LPRINTSa

% LPRINTG64LPRINT7+LPRINTE+LPRINTS,LPRINLL +LPRINLL,

LPRINLZ

DIME NSTON EFi(lEloEFE(iﬁ)'DIF(‘B)oEFP(SG) EF(iB)g
* ENSTAR(1D) s IXNSTARILIYL) ¢RNSTAR(LE) oRP (50)

IXF=(TT1=560+~70)/25.F
DC 6400 NC=1,6€
NCOM=NC

AMINR=1.0

K=0

EFPEAK==3

DO 30Go IX= 19IXF
EFOLD=EFPEAK .
X=25.(%(IK"1)

T K=K#1
J=0

NENT W

'IF(K'l) 1&;;0;13

IF(J=1) 16,16.15 o

RS=1.1
R=RS. '%_f
- DELRS=Ds05 -
;DELR=DELRS

- RS=ER

EFI(U)-F(R}

R=R=DELR
- 60 TO 26

'RERH+OELR e Care

EF2{J)=F(R) _
OIF{Jd)= EF@(J) -EFI(J)'
IF ( LPRINTS «LTe 1 ) GO TO %5

IFI(DIFLI) SﬁoZSDoZSE
RSReDELR . .
EFL{JI=F(R) Ry
IF(R=AMINK) 70;2200.8[
R=R+DELR

- EFLN=FIR)



LPRINf8.LT*

75

80

90 -
95
100
1190
i20

250

251
. 252

253
. 255

- 2ok
265

700C
270
ageo

1050

2000 S
 EFCJY=FIRY . - S
CEFPLIXISER(H - . T

2200

2220

2300
2260

2280
2283
3000

3500

2285

. IXPEAK=IXNEW - _ b
EFOLDSEFPEAK =~ T

. WRITE(6,2280) TT3, TFILIM, TTOLI
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GO .TO 2200

"R=R=DELR -

EF2(J)ISFIR) .
DIF (4)=EF2(J) ~EF1 (J)

IF(DIF(JS)) zuon'znno.ziu'i'
CEFL(J)=EF2(J) S

G0 TO 65
EFLLI=EF2(S) . .
IF(DELIMR) asz.zeﬁn.zss
RER=DELR
EF(J)=FIR)

GO TO 2200

R=R+DELR |
EF2(J)=F (R)
DIF(4)=EFZ(J) ~EFLCS)
IF( LFRINTS oLT, 1 ) GO TO 270

WRITE (62 7L06) EFL(J)+EFZ(J)aR -
FORMAT (1Xy2F12ek+™R CORESOND TO EF2=",F1244)
IFR{DIF(J)) 15009250.250 :

R=R=DELR

EFGI SFIRY s -
GO TO 2200 ¢+

R=R+DELR

RPLIXISR .

EFNEH-EFP(IX) o

IXNEW=IX - L T e
IF (EFNEWa. GT. EFOEDI_SUJfofﬁzzﬁ

" EFPEAK=EFOLD

IXPEAK=IXOLD -~

GO TO 2300

EFPEAK=EFNEN . - L

IXOLO=IXPEAK S e
IF ( LPRINTS <LTs 1 ) GO TO 22831 A TS
WRITE(542260) ReEF(J) 99y DELRyDELINRy RSy X' '

FORMAT (1X4*"R= 9F13.5v"9F"",F12.5,”J‘ “'IS;"D:LR' e
Fl245y - - S
MDELIMR="4F124,5+*RS= “oFiZo Bo X =" _FG.Z’

STT65 TTLLEN
. FORMATU1X5F12.4) P Db
IF (EF(J) oLEs Baﬂﬂil GG TO 35Qﬂ
CONTINUE - o
RPEAK=RP(IXPEAK) ' = o
IF ¢ LPRINTY +LTe 1) GO TO 5500
WRITE (6,2285) RPEAK :
FORMAT(LX,""HE IS RPE&K=“,F12.&)

- WRITE(644000) DELINR




4000

5000
5500

6400
6500 -

T Ri=ReRYI

" END

= ETA(S0D

- RLOSS=1,
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FaRMArtxx. "DELTHR zs OUT OF LIMIT -“.Fiz.ul

WRITE (6+5000) EFPEAK*W

FORMAT (4X o "E FPEAK="yF1244)

IXNSTAR(NC) ZIXPEAK

'RNSTAR ¢NC)=RPEAK

- ENSTAR(NC) =EFPEAK

IFINC «EQe 1) GO TO 6KEC
zrtsncrnatuceir_.ss. ENSTAR(NC)) 60 TO 6500
CONTINUE = = -

NSTAR=NCOM = 4 o

EFSTARSENSTAR (NSTAR)

IXSTAR=IXNSTAR(NSTAR)

RSTAR=RNSTAR (NSTAR) -
~'RETURN '

) - : N 5;- .

- FUNCTION F(R) - ' '
COHHDNﬁUhR&IHFEEDJLOP?(5[lsHﬁ.LTEH?fTTi.LTSONE

COHHGNICOhTﬁﬁﬂuSH%TB*EREFI(SB)'EFSTARoEBEFI(5E),

IN/ HTO”(ZCI;HOEN(ZO’QHIZU)'HBOTIZBio
! lr ” :
'&¢ : , HH[ZZE)'SSIZZU)QOHEGAIZQI F U

IfﬂjgtS(ZBl- : S
) ,_uh'lyLTOQLﬁSTQSB fIII
CONHON(@ "YTO/TT3LIM'TT5LINthTT3.DtLIHR;NCDH.TTﬁ:

TT4LIM, . ;
DIHENSION PRES(iU)qPRﬁTIU(iB)

COMMO mahw

CHIEHD o0 I
T=7B ',,4 P ) o S ' .
HlL—HL(TQ [
‘HB=HiL
RnTIOSR

TE_n 9
CE=G.9 -
YI=(GAMA =31} /GAMA

PP7=710 .4 th.01¢xa
a73-1.+tn.01'x)/710.




166

110

120

137

188

190

250

300

140 o

IF (N.Eﬁuil 6o’ 70 119
PRESCN) =PP7/F

DO 100 IS=24N

I =N+2=1S ' ' L
PRATIO(I)=1. +1 D*(R“Nl/(PRES(Il'lR**(I-i)!}
RLOSS=RLOSS*PRATICO(]I)

_PRES(I-i)‘(PRES(I) +1.0‘(R"Nl/tR*‘(I-1)))/R
CONTINUE

- PPy= (PRES(2)+1.E'(R‘“N)/R1/R
B0 T0120 i,
 PPU=PP7/RT T

B T

ROU=1e +1.0% (R®*N)/PPY
R39-1.=+3oﬂ'(R"N)/?PPQ+1-D'(R"N)l

- R23 Fle +(0.038X 1/ (PPU+LoOPAREONI )
TLOSS=RLOSS® (71L& 7700 4) ¥ (R78)% (R4 * (R3Q) ¥ (R23)

B=TLOSS**YI
HTT= CP‘TTi'TE*(i-B/(Ri‘*N)l

- TT2¢% TTI-HTT'(i/CP)

TI3=2TT2=X
CONMP= . (31/7CE)*{(R1~1)

DENOM=(Hi=H8) + tN-:1#t1+conpn-(ue-uel¢(1.n/~:'

FNUML=CP*TT3 : cei
FNUHZ’CP’(N-i!'{TB+€10)'(1+CONP)

6 (FNUMLeFNUM2 «N*CF*(TB+510))/DENONM
TIP=TB+54(

TT4=TTP -(G/(CP‘N])‘(HB-H&’

CTTSETTG  +YTLSCOMP

TTSLINSTTS5+50.

IFLTTS = TT3LIM) oLTs (173 ~TTSLIMI) 60 TO 167

GO TO 188 .
DELIMR=TTI =TT3LIM
60 TO 190
DELIMR=TT3 =TT5LINM
TT8=TTS+TT2=TT3
HCC=TT4¥COMP*CP¥N.
QSRAY=CP*(TT1~TT8)
EFBRAYS(WTT=WCC)/QBRAY
TS{1) =700, = 204*LTSONE
T6=TS{L) =ile
TTHLIM=TE + S10

CIFC TTR oLTe TT#LIH )’ 6o ro 250
60 TO 300 | | T
EFBRAY=3,01 | o B

F=EFBRAY o S - o cE
RETURN o - SR
END T




2363.0
isn
Ce12
- 35C,
160G,
104.
540
Thbe
94l .
Got2
120.
350
1105
2200,
1108,7
10020
1GGDWE
1128.¢
100wl
1040008
1155.5
1000 .0

1030.0

1173.3
16640
10608
1195.9

100040

1330.0
121 8.8

1006.0 .

190C.0
1241.9
1430C,.0
1083.0
126542
1217.5
10GaeC
- 1288.7
12%1.5

100346

1298.4
126442
100040
1307.6
127644
1000.0
" 1317.1
1283, 4
4000490
132646
1300.0
1000.0
133642
131144
13000
1345.8
132246
1189.0
1355.4
1333.7

1216.2 -

1365.1
134446

1361.4

1 & 16
S5.08 it.
400, 450,
1838, 200C.
‘150, 200 .
560, 580,

- 760, 790,
960, 980
4 8,
140, 160,
400, 450.
1200, 1300«
2403 2600
150049 L3GulL
130049 L0GhH G
10BueC 100G 0
1G004C 10000
1000e% 10GLE
LL00.0 180840
1148,6 1Ld4.0
1608.¢ 1§UEOE
10000 ~ 130 o8
1171.7 11701 .2
1080.C 1GGCa0
10004 100C .U
11948 1193.7
10000 -100L+6
1000.,0 10000
-1218.0 1217.1
1000e" . 100L L0
"30G0.0 100L0

124143 1240.6
106640 20500
1300.0 10008
1264, 7 1Z204.1
1208.6 100C.°0
160040 100GeG
128842 1287.8
12451 123843
100G.0 100C.0
1297.7 1297.3
1258t 125243
1005.0 100C0
1307.2 1306,8
127142 12658
10000 A000G.0
1316.7 1316.4%
1283.6 L1278.,7
100040 10000
13263 1325.9
1295, 7 129142
100C.¢C 130C.0
£335.9 1335.%
13074 13033
1000.0 100QC.0
1345,5 1345,2°
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414425 415481
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703465
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540490 ' Bu2eti

HE24 86
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To4eld
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653436
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57T ek
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r&1- 7YY

S519.64
£33.26
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546,99
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699,72
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.0
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570,32
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617.90
632494
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659.65
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632.91
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702.22
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523.86
537,13
549,36
560473
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545,48

603.17
619447
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66C. 88
BT2.77
£83.89
634,32
Ti2.7C
0.0
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