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AESTRACT

\

A fpcwer generating system using the low thergal
potential availakle from the vertical temperature
distrituticn of the ocean is analyzed as a costined
engineerirg and economic mathematical model. The
model is cptimized for minimum capital ccst employing
a segquential unconstrained wminimizaticr algoritham.
Examgles cf the kinds of engineering and ccst
inforsaticn availatle from the model are presented.
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I. INTRODUCTICN

A. EACKCGECUNL

As c¢f 1574, the United States contained only 6% cf the
world pogulaticon but was using 33% of the energy consumed
€each year according to Ref. 1. Approximately one third of
the c1l used in the U.S. is imported. This heavy degendence
cn toreign scurces fcr epergy coupled with the exhausticn of
dcaestic fcssile fuels, particularly oil, in the foresceable
future is cavsing the U.S. military and civilian sectcrs of
the economy tc search for energy sources that wculd be
inexhaustible and independent of fcreign ccotrol.
Increasing fuel costs and environmental prcklems are cther
forces gpushirg the search for alternatives. Nuclear fower,
once considered the cure-all, is facing =severe Ffprotlenms.
Ccsts cf ccnstruction, operation, and £fuel have risen
dramatically. Questicns concerning the safety of cgeration
of the rnuclear plants and of the storage cf nuclear wastes
have beccre [pclitical issues that have slowed the
exploitaticn c¢f nuclear pover. The present nuclear reactors
use a fuel tkat, like petroleum, has a limited availakility
and whose price is increasing rapidly. The kreeder reactor,
which would create more fuel than it burns, and the fusion
reactor, which would use the hydrogen fourd in water, are
£till a lcng vay frcm producing power for a world whose
desands fcr energy increase each year.

Many fecgple advocate the explcitation cf the sc-called
"free" erercy scurces. These scurces are: (1) the kinetic
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energy cf scving fluids, such as winds and ccean currents;
(2) the jfctential energy of tides and rivers; (3) the heat
generated ipside the earth; (4) the direct conversicn of
sclar energy into electricity and heat; and (5) the use of
sun warmed water inm conjuncticn with a scurce of cclder
vater tc rrcvide the temperature differential to run a vapor
pcwer cycle. Ncne cf these sources are truly ¥“free". What
is happeninc is the trading off of the transportation,
Frccessing, and ervironmental costs of a concentrated energy
source fcr the capital, ogerating, and social costs of
corvertinc a very diffuse source into a Bmcre concentrated
fcrm such as clectricity.

The eertk can ke thought of as a giant heat engine,
abscrting erergy frcm the =sun and reflecting energy as
thermal 1adiaticn tack to space as [fpictured in Ref. 2.
Since the [cles receive less energy than the eguator, the
atwcsphere and ocean attempt tc distribute the enexrgy more
€venly cver the earth. The air is heated Lty absorpticn of
sunlight and Ly contact with the surface of the earth. The
heated air rises thus setting up surface wind currents as
cccler air tries tc replace the rising air. The shear
stress created by the relative moticn between the air and
the surface water causes the water to move thus creating the
surface water currents. Many currents in the oceans,
regardless cf depth, originate with the wind shear stress at
the air-surface ipterface. The circulaticn patterns cf the
oceans beccme extremely complex due to the influence of the
rotation cf the earth and the shapes of the ccean basins.

In gereral the surface waters near the equatcr are
warsed Lty the sun and flcw towards the poles giving ug
energy by evapcration, and by convecticn tc the air ard by
radiaticn fkack to space. As these currents cool, scme of
the water Leccmes dense enough tc sink and then flows back
tc the eguatcr alcng the bottos.

13
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The relaticnship between salinity and temperature and
the density cf seawater is such as tc create a stable
stratificaticn of the ocean in many areas. A salinity
decrease cr a temperature increase reduces the density. The
total effect is to create a warm surface current overlaying
the ccld water returning frcm the poles., 1In the trcpical
waters the surface temperature may exceed 80°9F (2€.7°C)
while 3,00 to 6,000 ft. (914 to 1828 m) dcwr the
temperature say be about 409F (4.4°C). This temperature
difference <c¢can Lte used to rur a man-made heat engine, like
the OCcean Thermal Energy Converion (OTEC) power plant
ccrcept.

The fproper choice of a site is critical toc the «ccst of
suck a heat engine. Since the temperature difterence is low
ccepared to ccnventional thermal power generating methods
which typically use temperature differentials exceeding
50C9F (2€0°C), the effect of a 1°F (0.56°C) loss in the AT
is wmuch more costly at the low thermal differentials, which
are usually 1less than 509F (27.8¢9C) in the ccean.
Therefore, the vertical temperature profile of the cceans
will ccntrcl the location of an OTEC power plant. The
surface temperatures vary with location and with tise. At
mcet places in the ocean there is a seasonal change of the
surface water temperature of 5 to 8°F (2.8 to 4.49°C) cicept
in the trcpical areas that remain relatively corstant
acccrding to Ref. 3. However, all regions of the oceaps are
affected Lty vwind-generated aixing of the surface water that
changes tte surface temperature by a degree or sc and a
daily cycle cf a few tenths cf a degree. Some cf the
possible U.S. near-shore sites being considered are the
waters arcund the Fawaian Islands and the Gulf Streas off
the scutbeastern U.S.

In the past, the engineering analysis and the cost
estimaticn ltave Leen conducted as if they were sefarate
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furctions. In a systea with a sgall temperature
differential, such as this one, the engineering desica and
eccncmic apnalysis should be 1linked tcgether as a single
prccedure because of the «capital intensive nature cf the
ccean thersal power plant. For exaaple, the heat transfer
eqraticn (C = UA AT) is coupled to the ccst equaticn for
heat exchangers ($ = K A") through the surface area of the
tutes. Eecause of the small AT involved the area mtst be
very larce tc supply the same Q. <The other components are
all linked tccetker by the engineering and ccst eguaticns so
that the fprcktlem cannot 1logically Lke Lroken intg an
equipment Ly equipment optimization. The fresent analysis
copsiders a clcsed vapor power system oferating cn» the
thermal fctertial available from the ocean. The eccncmic
optimizaticn cf the system is carried out to shcw what
informaticn can le gotten, what conclusicrs can be reached
frca suct apalysis and wvhere research effort shculd be
expended tc iaprcve the design of the system. This study
dces not attexft tc predict the cost of such a systes ¢r to
make specific recosmendations about the paraseters.

A scheratic diagram of the systea is shcwn in FPigure 1.
The wars svurface water, the Gulf Streanm for example, is
Furped thrcuch a heat exchanger. There scme energy is
transferred Lty boiling the working fluid such as amwsonia.
The working fluid is piped to a turbine where some of the
energy is ccryerted to mechanical energy then to electrical
ene:gy'iu a generator. The unavailable gortion of the
akscrbed energy is rejected to the environment in the
condenser ané the working fluid is returned to the 1liguid
state. Tke lcw temperature in the condenser is maintained by
Fesping ¢cld ocean vater up from the depths. Finally the
wcrking fluid is pumped back to the boiler.

The Ccear Therzal Energy Conversion program has received
much attenticn in the 1last several years from many

15
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researchers funded at first primarily by the DNaticnal
Science Fcurdation (NSF). Since the estaktlishment cf the
Energy Fesearch and Development Administraticn (ERLCA), new
research ccrtracts are funded mainly by this agency. The
C.S. Bavy is alsc funding some research in the OTEC area.
Ref. 4, 5 and 6 give a gccd summary of the work that has
been done. ®hile much of the work has concentrated on the
heat exctancers, the other components and the system as a
whcle are receiving attention. Some researchers are
concentratinc on the environmental and legal questicns of
such systems. Cther teams are considering hcw to wuse the
energy sugrlied from an OTEC power plant.

In ary design, trade-offs must be made. Capital cost
can be traded for operational costs. Pumping power can be
traded fcr heat exchanger size. Trade-cffs camn irnvolve
items that kave a common measure such as dollars; scege cther
trade-offs are very hard to measure in comscn terms such as
sccial and ervirormental costs. The trade-cffs may invclve
crly one ccmgcnent such as a pump or a turkine, Lkut most
often the trade-cffs affect more than cne compcnent or
pcssilkly tle entire systenm.

The trade-cff [Erocess shculd continue tntil an cgtimum
design is cttained. From Ref. 7, "The aim <cf optimization
is the =selection, cut of the multiplicity of gpotential
scluticns, of that solution which is the best with «resgect
tc some vwell-defined criterion.® In crder for the plant
design tc be cptimum, the compcnents must be cptinized
within the ccntext cf the entire cystes. Some cf the
parameters fcr a piece of equipaent wmay bhave no éirect
effect cn the cptimum design of ancther porticm cf the
systes, kot scge parameters will have significant effects.
For exasgile, ; heat exchanger is made up cf a large ruamber
of tubes cf a given diameter and length and is designed to
have a certain he¢at transfer rate for a given flow rate of

17




water pumped through the tubes. The diameters, 1lengtk and
the npuskter cf tubes way be cptimized for lcwest cost cf the
heat exchanger. This approach leaves out the effect that
the tube diameter and the tube length have cn the fressure
drcp acrcss thke heat exchanger. Minimizing the cost cf the
teat exctarger irvclves minimizing the surface area. This
may lead tc increasing the [fressure drcgp acrcss the
exchanger. 1he higher the fpressure drop the more fpowerful
and the mcre expensive the pump must ke to maintain the flow
velccity. This is Jjust one example cf the hundreds of
trade-offs pcssible.

Unforturately, what happens in many cases is that e€ach
grcur cf experts wcrking on a particular ccmponent cptimize
that itex arcund some given conditions that may have lteen
set Ly teams working cn some other section c¢f the systenm.
Little apnealysis is made of how the entire system resgpcrds to
the ccupling ccnstraints. All that the [furp manufacturer
wants 1is that the tuyer tell him what the flow rate, head
and service ccnditions are and be will guote a frice.
Befcre tte buyer can decide on the flow rate and head he
shculd first know how the ccst cf the pump varies as flow
rate and Ltead vary so that those two parameters can be
optimized in tke ccntext of the system.

The [frctlem then becomes cne of acguiring sufficient
icfcrmaticn ¢cn hcw costs vary as certain parameters change.
Each manutfacturer is able to make estimates c¢f costs fcr his
picduct kut te is reluctant to devulge his informaticm to
tuyers «c¢r ccrpetitors. This makes constructing cost curves
a hazardcus prccess at best, since the data sust be gathered
by ctheér metlcds that may cause large unexplained variances.

Sometimes the optimizaticn analysis is made with

assumpticons that make the ansvers cf guestionakle value.
Fcr example, sometimes the heat transfer coefficient, U, is

18
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assumed fixed in the equaticn g = UA AT. But, as shcwn in
Ref. 8, for tciling the heat transfer coefficient is very
sensitive tc the temperature difference with the result that
q = UA'AT?-33, The The accuracy of the engineering equations
shculd te kept in mind. Mcst of the egquations are
ccrrelaticns tc fit experimantal data. The correlation was
develcpred fcr scme particular set of data and may disacree
significartly when ccmpared to data taken by cther
experimenters. The 1limitations of the various relations
must be kept in mind when reviewing the results. Jor a
system the =size of the OTEC plant, a pilct plant should be
ccostructed in order to prove cut the answers given by the
calculaticns Lefcre expensive mistakes are made.

As a Cesign [frogresses, the analysis begins with a
general [picture ccntaining many simplifying assumpticrs and
prcceeds foreward with more details added at each stage.
This regort is the second one written at the Naval
Pcstraduate Schccl on the subject of OTEC. Commander Furman
Shegppard, USK, in his analysis, Ref. 9, attempted tc show
what kinds c¢f informaticn could te gained from a «ccrbined
thermal eccrcmic model. He advocated the use c¢f zone
analysis, as develcped by Wismer in Ref. 10, fcr large
ccmglex systess. In Wismer's approach to zcre analysis, the
systep is krcken dcwn into =zones containing one cr ucre
ccmpcnents., The 2cnes are connected by linking variables.
Twc methcds cf optimization are Gfpossible. For the first
methcd, in each zone, the zone parameters are optimized
while the lirking variables are held fixed. Then, the =zone
parameters are held fixed while the linking variakles are
optimized. 1Tle process iterates ketween optisizing the zone
parameters ard the 1linking variables wuntil convergence
criteria are satisfied. 1In the second methcd the zcnes ar=
cut off trcms each other and each 1linking varialle is
separated intc two variables, one on each side cf the
cutting pplare. Tte cptimizaticn proceeds until the linking

19




variakles cp each side of the cuts are equal.

Shepgard's system did not produce vapor in a boiler tut,
instead, sa2intaineé the working fluid in the liguid state in
tte warm =seawater heat exchanger and vapcrized the wcrking
fluid, asscnia in his wmodel, Lty expanding it through a
“rlack tcx"™ called a vaporizer. His optisization analysis
was confined to the zone <ccntaining the warm cseawater
exchanger, the feed pump, and the warm water circulating
FuEp.

E. CEJECTIIVES

Tte FLEsent analysis iwmprcves the previous mcdel
analysis ty reglacing the 1liguid-to-liguid heat exchanger
anc¢ the vapcrizer with a bciler. The bciler model is tc be
cf sufficiert detail so that a realistic desigr is
represented. The cther major components of the system, such
as the turkire, the ccndenser, and the condenser circulating
Fueps, are included. A ncnlinear prcgramming technigue is
vsec¢ tc perfcrm the thermal-economic optimization of the
ccmpleted system. The research reported here is intended to
show the tsefulness of cptimization analysis in the (casign
of a 1lcw tiermal difference system and tc demonstrate some
cf the prcbless that must be considered in this tyfje of
analysis.

20




II. THE BODEL

A. GENEBIL L[ESCEIETION

Vagpcr pcuer generating cycles usually ccnsist o¢f four
FIccesses. Enexrgy 1is absorbed from a bhigh tesgerature
source and is used to vaporize a working fluid in a Eciler.
Mext, wcrk is extracted by expanding the vapcr in ar ergine,
exhaustin¢ tle vapcr at a lower temperature and fressure.
The wcrkirg fluid is then condensed back tc the liguid state
by rejectirg erergy to the lcwer temperature energy sirk in
the third pfrccess. PFinally, the liquid is returned to the
higher gresscre of the boiler by a pump. In the fcllcwing
analysis, tle energy source is a current of ocean water
teated by tle sun and the energy sink is assumed to te
cclder ccean water from deep currents. The wcrking flcid is
assumed tc ke propane although many otber £fluids are
poesikle, such as ammcnia or the Freonms.

Six ccrpcnents are modeled in the follcwing analysis.
Thke hot <side heat exchangers, the koilers, vapcrize the
working fluid which is expanded through a turbine exbausting
tc a ccnderser that rejects the unused beat tc the cold
sictk. Three pumgs are included, a feed pusp returns the
wcrking fluid to the boiler and two pumps circulate the warm
ané cold wvatecrs through the kEkciler and the ccndenser,
resgectively. 1The arrangement of the system is shown ir Fig.
2. 1The ncdes are nusbered to correspond with the £luijl
state points shcwn later, in Fig. 3.

21

T TR R 5T WS S T T

»" —- v
IO el v 2
y




INIWHONVIYY WHLSAS “Z TdN9Id

Sy
i

-FP

A
1]

dASNIANOD
U @ U
\ T
# "N dWnd
[> D 7 agid ,.
> N\ = ﬂ LrA 431104 o
y Q
SdnWNnd :
ONILVINDYID _ SdWnd &

e ONILVINDYID w .
CENIfNNL b2 5

e i 3




The analytical wmodel consists of the equations
descrikinc tle system and a set cf [Fparameters to be
cptimized sc as tc minimize the capital cost of the Gplant
subject tc certain ccnstraints. The objective functionm, the
functicn tc te minimized, is the sum of the capital ccsts of
tke rpuwps, the Lciler amd the condenser. Althcuch the
turtine is a significant capital cost and wculd affect the
design cf thke system, it 1is not included in this model.
There are twc classes cf constraints. The first class is the
€explicit ccnstraints that specify the upper and lower tcunds
cn the parameters. The other class of constraints is the
isplicit ccrstraints. These are the engineering equations
that descrite the operaticn of the pcwer plant. For
exaxple, a ccnstraint might say that the temperature inside
the boiler must ke less than the temperature of the warm
seawvater Lecause the egquations fail if the requirement is
nct satisfied. Ancther example would be a power balance
that requires that the sum of the energy flcws intoc and out
of the syster ke zero. Additionally, they proscrike the
regicn that the cptimizaticn rcutine may search within for
tte minisur cf the problem. The implicit cconstraints are of
tuc types, e€quality and inequality constraints. Inequality
ccnstraints set one-sided bounds on the feasible regicon.
Scxe of tle inequality constraints are restrictions flaced
on the maiimur or winisum values of the parameters dve to
judgements nade cn the basis of practical engineering
consideraticrs. The equality ccnstraints are relationships
that msust ke strictly satisfied at the optimimum. The system
of eguaticns descriting the'-odel fit intc the fcllcwing
fcim:
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pirimize f (X)

sukject to: g (X) 2 0, i=1,2,....,m
i

h (X) = 0, i=p+1,....,m¢n
i

wkere X is tle vector of the parameters tc be oftimized,
f(X) 1is the capital cost function, g; (X) are the ineguality
ccnstraints and hj (X) are the equality ccnstraints. The
parameters are the dimensions of the kcilers ané the
cenéensers, the boiling and condensing fressures, the sea
water velccities, and the wmass flcw rate cf the wcrking
fluid thrcuch the systen.

The Ltasis fcr the economic framework must be set cut at
tke start. 211 measurable costs are relevant to the final
design cf tike power plant, but, for some types of analysis
and design, many ccsts can be ignored. The 1life cycle cost
of the CTEC must be considered before the decision is made
tc commit the U.S. and the rest of the world tc the
ccrsequences cf chcosing this energy generation scheme as
even a partiel scluticn to the energy prctlem. The 1life
cycle ccst ccnsists of the capital costs, the financing
costs, and tte operating costs. The trade-cff of cgerating
ccst and capital cost is not considered in this rese¢aich,
because the cperating cost is, for the most part,
independent c¢f the overall dimensioral characteristics of
the compcnents. Operating costs are dcminated by the
structure, site 1location, and maintenance reguirements.
Such things as the kind of instrumentation, ccntrols,
tearings, and structural materials nave mcre effect cn the
cperational ccste than the 1length of the kEkciler c¢r the
diemeter c¢f the toiler shell. Therefore, cnly the capital
ccsts of thke majcr components, except the turbine, are
considered.
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T¢c ke vseful for model analysis cost data must be
transforsed into a cost estisating relaticnship (CER) that
shcws hce cost varies with some variakle or some combiration
cf wvariatles. The costs must be demcnstrated to ke highly
correlated with the variable chosen. Since the ccst
relation 1is «c¢nly a correlation, the tcunds on tane accuracy
of the eguaticr shculd be specified by those who develrf it.
Since the relation is arrived at from a finite body cf data,
the CER is directly applicable only in the range of the data
ccllected. Extrarolation c¢f the CEER outside the rarge is
dargercus tecause there is nc data in thkat region tc support
the assumed curve. However, the value of CER's is the use
of them tc enalkle the estimator to make a tetter analysis of
a pew desicn than he could if the infcrmaticn is not
availakle. 1Tte relevant range of the CER must be kepgt 1in
gind wher analyzing the solutions from the standpoint cf the
reliakility cf the answers. Another factcr tc consider when
vsing cost estimating relaticnships is whether the eguipment
the data was taken from is ccmparable to the system the
analyst is ccnsidering. If the design, the technclogy, or
the applicaticn of the proposed equipment is significantly
different fics that from which the data is taken, ttke CER
may give unreliakle answers.

This aralysis bPbegins with the develcgment of the
encineerirqg equaticns that ccnstrain the system. 7This is
fcllcwed by the development of a cost framework rased on
cagital costs as the function to be eminimized. The
engineering and economic relations are linked togetker in
the cbjective functicn and the constraints. A descrigticn
of the algcritim that perforss the optimizaticn is included.

B. CYCLE AN21IYSIS
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The tvilcéing of the nodeliteqins with the analysis of
the thermcdynamic cycle. Pigure 3 is a temperature-ertropy
diagram cf tte wcrking fluid on which the <cycle is <shown.
Ttese nusbered ncdes represent the thermocdynamic state
Fcints at that location in the system and ccrrespond tc tae
nupkers ir Fig. 2. The boiling and condensing processes are
assumed tc ke reversible processes. In the pump ané¢ the
turkine the reversiktle process is indicated oy the subscript
"s" on tle state pcint number. In the actual system there
are irreversitkle losses inside each component that are lett
out of tke analytical model or lumped in with cther 1lcsses.
The pressure drops due to frictional losses in the toiler

and the ccndenser are neglected.

State pcint 1 assumes that the lijuid leaving the kciier
is saturatec. State points 2s and 2 represert the
ccnditions leaving the feed pump. If there were no lcsses in
the pump, the fluid would be at 2s. The fluid enters the
bciler tc te heated, first, to saturaticn conditicrs at
state point 3 then boiled at essentially ccrnstant fressure.
State pcint U4 shows the vapor 1leaving the bciler as a
saturated vagcr. 1The 1lines from point 4 to 5s and 5
represent tte expansion through the turkine. The path tc
state pcirt £ acccunts for the losses due tc frictior and
cther irreversikle processes in the turbine. The remaining
heat is then rejected from pcint 5 to point 1, again assumed
tc ke a ccnstant pressure prccess.

The ttecretical heat transfer rate in the boiler and the
ccndenser is found by subtracting the enthalpy at state
pcints 2 and 1 frow the enthalpy of state pcints 4 ard 5,
respectively, and multiplying by the total mass flow rate of
the working fluid.

Qab = Mus(Hy - Hy) (1)
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Qrej = Mg (g = Hy) (2)
The enthalpy at state point 5 is determined ty first finding
the mcisture ccntent of the fluid exiting the turbine.

Sy= S
R o s (2)
s‘s

The enthalpy at pcint S5s is determined from

g, = B, + 4 Heg (4)

This allcus Ey to ke found frcm

o B

Peur = ———34

15)
H,‘ - ﬁs

where tke efficiency of the turbine is assumed kncwr. The
pcwer out of the turbine is now known.

Prup = My (Hy - Hg) (6)

For the feed pump the change in enthalpy is accounted for by

the change ir pressure assuming negligiktle rise ir the

tesprerature. The enthalpy of Foint 2 is determined frow

v -
?fp % 1“’3! Py) 7)
i

where the efficiency is assumed known. The fcvwer required to
drive the furf is determined from
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P‘P = Mg (Hy, - Hy) (8)

Tc gain a retter feeling fcr the low thermal pctential
systees 2nd tc wake compariscns with other =systems several
efficiencies are worthwhile calculating. Tbe first is the
Carnot efficiency which defines the saxiwum efficiency
Fcssible fcr a system operating Letweer two temperature
lisits ir decrees absclute, 9R (9K).

Teold

7kur e N
Thet

{9)

The next efficiency calculation takes into acccunt the
tbkeoretical +tnermcdynaamic cycle and is the ratio.of the net
Fower out cf the cycle to the heat taken up ty the cycle

P - P
Zyc= —tur ~ “tp (10)

Qap

This acccunts for the thermodynamic inefficiencies inlterent
in the cycle. Finally, the system efficiency takes into
acccunt tke <cther internal consumers cf power: the
circulaticn fumgs, the pipe losses, and any other lcsses,
such as tle antifouling eguipment. This calculation
acccunts fcr all of the wmechanical and electrical
inetficiercies of the system.

NET POWEF AT THE EUS EAR
Psys = - (11)
a

Por example, if the hot water is at 759F (23.99C) and
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the <ccld water is assumed at 409F (4.4°C) thc Carnot
efficiency is 6.5%. Pcr one typical set of assumpticns, as
shcwn irn 1Takle 5, where the turbine and the fumfs are
assumed tc ke ES5% efficient, the cycle efficiency is 2.6%
and the system efficiency is 2.4% for one feasible design.

C. ENGINEEFING FRAMEWOERK

This secticn describes the design of the components that
make up the systesm. The level of detail of the analysis
prcvides a physically realistic model and clcses the 1lcog.
Tte pipe friction lcsses on the cold amd hct water inlets as
well as tte figpe 1csses in the working fluid side are
neglected. The turbine is included only as an e€nergy
transducer and no attempt is made to obtainr costs, Gfghysical
dimensicrs, ¢r fluid flow characteristics. The efficiencies
of the turtine and the pumps are assumed as known ccnstants.
Thke heat atscrbed in heating the working fluid tc the
saturatec¢ state is a small pcrtion of the tctal emergy taken
UF in tke Lciler; therefore, the sensible heating cf the
fluid is reglected.

1. 1ke Fciler

The tciler ccnsists ¢f a number cf tube-in-shell
heat exchangers connected in parallel as shcwn in Fic. 2.
Figure 4 shows the internal arrangement of cne shell. The
tute burdle is horizontal and boiling occurs on the outside
surface cf tte tubes. The tube bundle is sulkmerged ir the
wcrking flui¢. The working fluid is maintaired at a level to
just cover the top rcw of tubes. The warm seawater is fumped
through tke inside of the tubes.
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Tle clearance between the tubes is fixed at 0.5
inches (1.27 cn) to allow for tlaring cof the tube ends or
cther space and strength requirements. Similarly, the tube
thickpess is fixed at 0.028 inches (0.071 cm), since no
strength requirements due to differences tetween internal
and exterral fressures on the tubes or material loss due to
ccrrosion cf the tute surfaces are accounted for.

At the tcp of the tuke bank the leaving vapor
ccrtains a large amcunt of liquid dropliets which wmust be
elisinated eitter in the boiler or by an external separator.
In the mcdel the separation takes place in the ©Lciler by
allowing =sufficient space akove the tube bank. Falen and
Small, Ref. 11, presented a methcd for findirg the necessary
separaticr vclume that considers the effects of surface
tersicn, density of the vapor and the liquid, and the wmass
flcw cf thte wcrking fluid. FPirst the allowakle vapor 1lcad is
found frcs

0.5
VL = 22903[ g ] (12)

Vajcr lcaé¢ is an expression for the mass flow rate cf vapgor
thrcugh a urit vclume. The expression for the maximum vapor
lcad limits the flcw rate so that the moisture droplets are
atle to settle out of the vapor before it leaves the bciler.
Ther the required seqgmental area is found frce

B ¥ cumm— (13)

The segmental ar«a is the cross sectioral area from the tog
of the tuke bank to the top of the shell. Kncwing the
segmental ar¢a the height of the tube Lank akove the main
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diameter is fcund fros
4 2 2 hs 2 2 0.5
SA = (.25 LCs ARCOS _E__)- hs(0.25 Ls - hs ) (14)
s

Falen aprd Sgall also present a much <simpler sethod of
determining tke total height of the tube bank. The tLteight
of the =separatiorn vclume is set at 40% cf shell diameter
which results in "hs" being equal to 0.1 Ds. Either =zethod
can be wvused alore or the first method can be useé¢ as a
ccnstraint or the seccnd. For this grcktlem the segmental
area is fcund ty bcth methods with the first used as a check
cn the values given ky the second.

Since the teat flux calculation is based on a single
tuke, the pumter of tubes per shell must e determined in
order tc find the total energy aksorbed by the heat
exclanger. The tubes are assumed to be laid out in a 60
degree triangular pattern for wmaxizum ccempactness. The
tuktes are 1lccated at the vertices of an equilateral
triangle. Twc cross sectional areas are calculated. The
area of 2 lexagon whose minor radius is egual to c¢ne half
the pitct is determined fronm

P\2
A = 6(3) TAN 30° (15)

Then the effective cross sectional area of the tube bank is
fcurd by subtracting the clearance area, SA, from the cross
sectional area of the shell after correcting the shell
diageter fcr a clearance space to allow for free flow
channels Loth within the tuke bundle and arcund the ottside
of the tule kundle. The effective cross sectional area of
the tuke Ltark is divided by the area of the hexagcn, found
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akcve, tc determine the number of tubes in a shell.

Tte flcw of tne liquid and vapor through the tube
fank is assumed to be turbulent. The inccming sukcccled
working fivid frem the feed pump wmixes with the
recirculating fluid returning frcm higher wuf in the tube
bank. The circulation of the fluid 1is induced Ly the
tciling grocess. 1This mixture enters +the tube Fank and
begins the kciling process Near the bcttoa of the tube
bark the leat transfer goes smostly to tring the fluid vp to
the boiling temperature. After the fluid reaches saturated
liquid ccnditicns, stable boiling kegins. The vapor bubkles
rising thrcugh the surrouvnding liquid increase the
turktulence arcund the tubes., As the 1liquid continues uf
thrcugh the tuke Lank, the 1local boiling temperature is
decreasing due to the decreasing hydrostatic head. This
decrease in the boiling temperature increases the
tenperature difference and increases the heat fics and
increases tte bubble generaticn rate. Tnhe vapor Jencration
may tecose sc rapid that a condition called vapor blanketing
may cccutr in the interior of the tube bank where the liguid
cannot flcw inward fast enough to displace the vapor flowing
thrcugh the region. This is similar to oDbarnout in
ccnvective tciling in that the tubes dry out and the heat
transfer rate decreases. This effect becomes proncunced
coly near the critical heat flux according to Starczewski,
in Ref. E.

Rl1l c¢f the heat and mass flow variaticns in the tuabe
tundle are averaged by performing the calculaticns for a
sirgle tuke lccated at the mid height of the tuke blank.
This tulte is assumed to represent the average of all the
tukes in the tube kank. The boiling situaticn is assumed to
be saturatec gcol toiling. Quoting frce Ccllier, Ref 12,
"gcol boiling is defined as boiling froem a heated surface
sukmerged in a large volume of stagnant liquid". Since the
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fluid vclure seen Lty the tube is neither large nor stacnant,
a ccrrecticn is needed for the effect cf being in 2 tube
bundle. <Ssaturated boiling is defined as boiling at a
constant temgerature and pressure as the liguid changes to a
vagper. 1This is fprobabiy not strictly true because the
boiling tesmperature is ccntrolled by the lccal pressctre at
each tuke, and the fluid is not reaching a statle
temperature as it rises in the bundle. The situation is
prckakly clcser to convective boiling since the fluid is
bciling in a confined channel between the <tubes. Ap
adéditioral effect ir the Lkoiler is the fact that the
hydrostatic tead at the bottom of the tukte kundle causes the
tciling tc teke place at a higher gressure at the lkottowm
tkan the tcilting at the top of the bundle where the fressure
is equal tc the tLtoiler exit pressure. This effect is
acccunted fcr ky using the average head of the pandle in the
keat trarsfer eguaticns.

The heat transfer analysis of the kciler begins with
tte Lasic eqration

Q = UA AT,, (16)

where U 1is the overall heat transfer coefficien*t, & is the
area thrcugtk which the heat is transferred and AT, is a
prcrerly defined mean temperature difference. In this
paper, the prcduct UA is treated as a single guantity called
thte thermal ccnductance. One may look at the equaticn as an
analogue cf the basis electrical eguation I = E/R where I is
equivalent tc Q, E is the same as AT,, and UA is 1/EK. 1This
analcgy is used when developing the expressicn for UA.

In crder to account for the effects of the tube
seeing many nearby neiglbors, the equation is modified by
tte inclcsicn of a factor, F, to account fcor the effects of
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the surrcundirg tukes. Equation 16 is changed to

Q = UA F AT, (17)

where F is defined as the ratic of the heat flux of the tube
Eurdle tc the heat flux for a single tube in a stagnant gool
bciling situation. According to Ref. 13, a report published
Ly wcrkers at Heat Transfer Research, Inc. (HTEI) of
Alhasbra, California, F 1is greater than cne. In Figure 5,
which is sketched frcm a figure in their report, F 1anges
frca 4.7 at AT,, = 89F to 2.63 at AT,, = 409F. Since nc data
is given cn the conditions of the test, F is assumed to be
fixed at three.

Ir crder to £ind Alve the heat exchanger
effectiveress, €, is determined. The effectiveness is
defined as tte ratic of the actual heat transfer rate to the
maxisum gcssible neat transfer rate as shown by

Ch (Th,in ~ Th,out)

= (18)
Cmin (Thin = Tein )
where
C = (M Cplyiuid AL
Cmin * minimum of C, or Cg (20)

In the tciler, Th,in is the temperature of the entering
seavater, ard Tgin is the saturaticn temperature cf the
wcrking fluié at the pressure at the wmid height cof the
kciler. Feference 14, by Kays and 1Icndon, cortains
equations fcr finding the effectiveness fcr varicus flow
confiquraticre. In addition tc finding Cp,ps Cpay MUSt be
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kncwn in crder to decide which equation agglies. For the
case of tciling, C,,o, is infinite; therefore, regardless of
the flcw pattern

€ = 1 - BXP(-NIU) (21)

where N1L, the number of heat transfer units cf 2 heat
exchanger, is defined as

NTO = UA/Cpmin 22)

and

Cmin = HNgy Cpsaw (23)

AT,is fournd frcm

UA AT
0 s (24)
Cmin AT,

and the tesperature of the sea water at the outlet cf the
tukte is determined frcm

£ = Tl\.ln > TP\.Out (25)
AT,
wkere
AT, = Thin~ Te,in =9

T1te gquantity UA is determined next. Figtre 6
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illestrates the wmethod used. If UA 1is pictured as the
recigrccal cf resistance then the flow cf energy frcs one
fluid tc tlte <cther can be pictured as a series electrical
circuit and UA is determined from

UA = 1/(R1 + R2 + R3 + Kd4) (27)

Eeference 15, by Holman, shows how each resistance can be
fcurnd. F1 1s the thermal resistance due tc convecticn on
the inside cf the tubes, the sea water side.

1
R1 = (28)
ﬂﬁkw d; L
R2 is the thermal 1esistance of the tube wall.
1n(d, /3,
ORI o L L (29)
2mk, L

R3 1is tle thermal resistance attributed tc boiling c<n the
cutside cf tlke tukes.

1
A W il (30)
Th, 41

R4 is the thermal resistance due to any other resistances,
such as fculing and ccrrosion defposits.

Tte teat transfer coefficient on the seawater side,
hgyw, 4is determined from the dimensionless group called the
Nucsselt numker defined as follows for flow inside of tubes.
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hey 4;
R e el (31)
Ksw

In crder tc tind the Nusselt numker, three distinct regions
cf flow are allowed for in the G[frctlem: laginar,
trapsiticr, and turbulent flow. The divisicn points are in
terms of valtes of the Reynolds number, Re = udp/m,

lasinar: 0 < Re < 2,0C0
transition: 2,300 < Re 10,000
turtulent: 10,000 < Re < infinity

IA

In the lasinar region the Sieder-Tate correlation is used.

1/3 A
Nu, = 1.86 (Re Pr dj/L ) (32)

In the turkulent region the [L[ittus-Boelter «correlaticn is

used.

¢.8 0.3 :
‘“Tu = 0.023 Re Pr (23)

In the transition region the flcw is urnstable, but fros data
in Ref. 14 it appears that a fairly smooth curve drawr from
tke 1lamirar curve to the turbulent curve adaquately
represents tke value cf the Nusselt number in the transition
regicn. Ttis is done by assuming the fora

'"Tr =y luL + (1 -y luT“ (34)
wheére
Yy = a lesf k aezo C Re + d (35)
41
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The coefficierts in the polynomial are found ty requiring

Nur,. = Nu_ at Re = 2,000

10,000

FuTr & NuTu at Re

and that tte first derivatives with respect to the Reynolds
nugker matck at Re egual to 2,000 and 10,000.

The 1I.I. Mostinski correlation, from Ref. 16, for
sirqgle hcrizcrtal tube pool boiling is used to £ind the heat
transfer coefficient on the outside of the tube. HTERI's
extensive experimeptation led Palen, Yarden, and Takcrek, in
Fef. 13, tc conclude that Mostinski's egquaticn produced the
"acst copnsistent results", His correlation is

C.69 0.7 0.17 Tl 1C
hs = C.CC658 P. q (1.8 ¢ + 4r + 10r ) (36)

wkere
I = E/P
P = critical pressure of the working fluid (psia)
g = heat flux (BTU/hr-ft2)

A final beat flux relation needed is the relation fcr the
maximum heat flux allowed. Mostinski,s ccrrelatior fcr a
sirgle tuke is used.

0.35
S 803 Pe T i S < (37)

where the urits are the same as in eguaticn (36). From
HTIFI's data, under unknown conditions, Qmgx fOr the Ltundle
appears tc ke cne third of the q,, for a single tutke.
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Tte [fpcwer required tc pump the salt water ttrocugh
the tubes degends cn the pressure drop across the tuke bank.
There are three causes of the pressure drop. The flow
experiences a loss as the water enters into and exits froas
the tukes in addition to the frictional loss along the tube.
Fices Ref. 14, the fpressure drcp fcr a liquid is determined
frca

2 4 £ 1L

Ar = 0.5 g, ug, = + Kc - Ke) (38)
i

In crder tc determine f, Ke and Kc, tte flow regime must be
specified. 1Tle regimes are a little different than those for
the Nusselt rusber.

lasinar: 0 < Re < 2,0C0
# transition: 2,000 < Re £ 5,000
turktulent: 5,000 < Re < infinity

The Fanning fricticn factor, f, in the laminar regime is

£ = 16/Re (39)
In the turtulent regime, the Panning fricticn factcr is
found frcer the Blas s equation in the range 5,00C < FRe <
1€, 000

0.25
f = 0.079/Re (40)

which is a close approxisaticn to the Karmam - Nikcradse
egcaticn,
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-0.’ 005
4 £) = -0.6 + 0.87 ln(Re(4 £f) ) w1

which is valid thrcughout the turbulent regqicn (Re > 5,000),
assuming smccth walled tubes. Either equaticn (40) cr (41)
may ke used with similar results but the Elasius is Letter
suited tc this analysis because the Karman-~Nikuradse
equation mtst Le sclved by iteration. Equaticn (41)
ccnsumes mNOI€ computer time to solve and can cause accuracy
proktlems if not enough significant digits are evaluated.
The fricticr factcr in the transition region is determined
by fitting & least squares curve through a hand drawn curve
frce the e€nd cf the laminar curve to the teginning of the
turkulent curve.

Tte erntrance effect, Kc, and the exit effect, Ke,
depend on the Reynclds number, the free flow to frontal area
ratio, ®, and, in the laminar region, on the tube 1length.
Fcr the tciler, ¢ is determined by

2
¢ w5 (42)
2
Ds - 4 SA

Figure ¢, ¢fage 7-13, in Ref. 17 is used tc find Ke and Kc.
Tte effect cf Reynolds number and l/d ratio was eliminated
frcm the relationships in the 1laminar and the turtulent
regimes cf tte flow, tut the Reynclds number was included in
the trarsiticn region because of the large variaticn of Kc
with Feynclds numker. The fcllowing equaticns are wused to
find the entrance effect in the various flow regimes.

laminar: (using the curve for 4 (L/d)Re = 0.1)

Ke, = 1. - 0.4 & (43)
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Turbulent: (using the curve for ke = 5,00C)

Kcy, = 0.52 - 0.4 ¢ ()
Transiticr:
Kcr, = A Ke, + (1 = A) Kep, (45)
wkere
A =eRe+ £ (46)

The ccefficients e and f are determined ty requirirg the
transiticn Kc to equal the laminar Kc at Re equal to 2,000
and the turtulent Kc at Re egual to 5,000. 1he exit effect
is the same fcr all flow regimes, and 1is found frcs the
fcllcwing ecguation that approximates the 4 (L/d)Re =0.05
curve in Fef. 17.

2 3
Ke = 1.CC93 - 2.5178¢ + 1.1613 ¢ - 0.17677 ¢ i47)

2. 3bs ccpdenser

Tte cesign of the condenser is almost the sage as
the design cf the boiler. It is a fixed tuke sheet,
tukte-in~stell heat exchanger. The condenser does nct reed a
separaticn vclume so the entire shell is filled with tukes.
In crder to allowv the entering vapor to reach all cf the
tukes, ctannels through the tule Lank are needed. The
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allcvance for this is accomplished by decreasing the shell
diameter by a fixed factor when calculating the rumker of
tukes. The calculaticn of the working fluid side heat
transfer coefficient, L , is different. The egquation
acccunts for the ccndensate frcm one tube falling c¢n those
belcw it ard for the subcooling of the ccndensate. M.M.
Chen's equaticn, as developed in Ref. 18 and shown in a more
sisple fcir in Ref. 17, is used.

3 0.25
C, AT - k H!
hy¢ = C.72€ [uo.;( 4 )(n-1)] [q b YA ‘1] (48)
Hyq n d, M AT
where
k = BIU/ft2-hr-OF
H! =H + E- AT (50)
tq tg g P
n = number of tubes in a coluan
B; is the entkalpy corrected for subccoling of the

ccrdensate. Equaticn (48) replaces equaticn (36) ir the
analysis <¢f the condenser, In the circular shaped tube
tark, n is fcurd by determining the number c¢f tubes in a
cclumn of average beight.

Ds
g 8 9025 an =~ ) (51)
pi

Tke definiticr of AT, becomes

L6
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AT, = Tgat = Tsw,in (52)

in contrast tc egquation (26) above. The <cseawater cutlet
temperatule is fcurd from

€ = Iswout ~ Tswin
AT,

(53)

which regplaces equation (25).

Ip crder tc find the heat transfer ccefficient, the
tesperature c¢f the outside tute surface is needed in
equation (49); therefcre, the thermal netwcrk is solved for
tke outside sall temperature and for the heat flow rate.

Q@ = UA* (T, = Tpuik! (54)

where

UA' = 1/(R1 ¢+ R2 + R4) (55)

Tbulk = average of the inlet and
the outlet seawater temp.

There is nc factor, P, in the heat transfer equaticn for
ccrdensation since the effect of neightcring tubes is
acccunted fcr in equation (47).

3. 1le_Eusps

Ttere are three Fuaps in the wmodel. Eoth
cirtculaticn pueps for the bciler and the condenser are
assused to te progeller pumps (axial flow puaps). The feed




Fumfps are assusmed tc te centrifugal pumps. The differences
in the cltaracteristics of the twc types of fump show up conly
in the calculaticn of capital costs of the fpumps ir the
model.

Tte chcice of the type of fpump to afpply is w®made on
the basis cf the flow rate, GEM, and on the head the pumf is
working agairst., (Cualitatively, the propeller pump is used
where tle flcw 1rates are high and the head is lcw. The
centrifuqgal pumps apply where the flow rate is comparatively
lce and tte tead pressure is high. The gualitative picture
is placed in Letter perspective through the calculaticn of
the specific speed frcm

0.5
¥ EPM GEM (56)
s =
g 0.75
Head

The centrifugal pump is used when 500 < Nsg < 7,500 ard the
progeller pusg agplies when 7,500 < Nsq < 15,000, acccrding
to Ref. 15. 1The choice of the type of pump is checked after
the optisizaticn [process has been completed by sclving
eguation (5%). If the value of the =specific speed is
outside cf tle range, 500 < Nsq < 15,000, the waximum
efficiency «c¢f the pump drops off rapidly; therefcre, few
Fusps are designed tc operate outside cf this range.

Since the Gpumps are "klack boxes", only the pcwer
ccnsumed ty the pumps is calculated. The pcwer required to
drive the pusg is fouud from

M Ap

P =

(57)

Poump
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L. CCST FFAMEWOEK

As discussed at the start of this repcrt, the capital
costs of tle major components are the cnly costs tc be
ccnsidered ir this mcdel. The bciler and the condenser are
both tute-in-shell heat exchangers assumed to te cf the
fixed tute steet type. The only difference keing that the
shell of tte Loiler is gpartly filled with tubes. Eoth
seavater circulaticn fumps are assumed to ke propeller type
Fuvaps and gsade c¢f the same material. The size and rumber
per heat e€xchanger shell may ke different fcr the bciler and
the ccndensex., The number of working fluid feed pumps,
which are the centrifugal type pumps, are assumed tc egual
tte number cf kciler shells.

Ihe «ccst estimating relaticnships fcr the heat
exchangers ard the centrifugal fpumps are taken from Fef. 20,
by K.M. Guthrie. The eguation fcr the cost of the heat
exchangers is

0.63
$he = 116.3 (Fg+ Fy) F, I, (A,) (58)

where the ccrstants are calculated fromw a 1lcg-log fplct of
cost versts tctal tube surface area and

Fy = 0.& for a2 fixed tube sheet

Fp = C.C for pressure correction (p < 150 psi)
F,, = material factor from Table 1

Ipe = ccst index

by = 4 LN

fcr a relevart range of 100 < A < 10,000 fta2,

The c¢cst eguaticn for the centrifugal pumps and the
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asscciated mctcrs is

2 0.721
$p = 1.C13 B, P, I Cy (59)

where the copstants are found from a straight 1line
approximaticn cf the log-log plot cf ccst versus C for the
secticn cf tte curve from C = 30,000 to ¢ = 300,000 fcr an
electric motcr driven pump and

Fo = 1.0 fcr sucticn temperatures < 2509F (1219C)
I¢p = ccst index
Fpy = material factor from Table 2
cH = prcduct of the flow rate in GEM
and the pressure differential in si

for a relevant range of 30,000 < Cy < 300,000. The cost
édata in Cutbrie's article is given feor a time Llase of
gid-1968.

Feference 21, also by Gutnrie, gives cost data for
prcpeller fusps and centrifugal pumps. The equation fcr the
Frcgpeller pusps with the motors is

0.783

where the ccrstants are found from the log-lcg plot cf cost
versus flcw rate for an electric motor driven pump and

Fp = 1.0 fcr a suction pressure < 150 pei
F,, = saterial factor froa Table 3

Icp = cost index

Flow = flcw rate in GPM

for a relevant range of 1,000 < Plow < 100,000 GEK. The
tise base fcr the prcpeller pump data is fcr the erd of
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Table 1
MATERTAL FACTORS FCR THE HEAT EXCEANGERS

Material
skell Tube En
Carkcn Steel Carbcn Steel 1.00
Carkcn Steel Brass 1-52
Carkcn Steel Stainless Steel Sehe
Stainless Steel Stainless Steel 4.50
Carkcn Steel Monel 3.75
Mcnel Monel 4.95
Carkbcn Steel Titaniuam 11.10
Titarium Titanium 16.€C
Table 2

MIPTEFIAL FACTORS FOR THE CENTRIFUGAL FEED FUFNES

Haterial En
Cast Iron 1.00
Bronze 1.28
Cast Steel 1.32
Stainless Steel 1.93
Monel 3.23
Hastelloy C 2.89
Titanium 8.98
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Table 3
MATERIAL FACTORS FOR PROPELLEEK EUMPS
Fumps
Baterial En
Cast Iron 1.00
Cast Steel 1.28

Stainless Steel 1.64
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1570. Tte ccsts arrived at from equations (58), (59), and
(6C) are in dcllars per coamponent, for exawple, dollars per
heat exckanger stell. The purpose of the cost incéex is
allcw all the equipment to be costed on a ccmmcn basis. Thne
tigse difference is assumed to ke small encugh so that the
cost index is set to 1.00 for all the components.

E. ASSEFELY CF THE MATHEMATICAL H4CDEL

The erncineerirgq and the ccst relaticnships are linked
together in the mcdel. The cost equation is the function tc
be winieized and the implicit and explicit ccnstraints are
the engireerirg eguations that restrict the feasible 1egion
of the frcitlem. The explicit constraints resfrict the
variakles, tke vector X, to positive values. The 1rest of
the model is fcrwulated in the fcllowing fcruz

airimize £ (X)

stkject to: gi(X) Z U5 =10, casapl

h (X) 0, i=m+1,....,m4n
i

where tte definiticns of the elements of X are shown in
Takle 4. Several of the variables must have only irteger
values if the systes were actually built, but for the
objectives cf this atalysis they are left as continucus real
variakles. Fcr example, the number of shells wmay have an
integer value in the actual system but this requiremert can
ke accomciated ky solving the system for a real value then
integerizing the number of shelis and solve the prcklerm with
the next higker ané¢ the next lcwer integetr number of shells.
The lower «¢f the two solutions would be chcsen. 1Tke final
rescluticn cf the correct nuasber of shells wculd
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Takle 4

DEFINTIICN CF THE ELEMENIS OF THE VECTOR X

x(1)
X (<)
x(3)
X (4)
¥ (S5)
x (6)
x(7)
x(€)
x(S)
x (1C)
1(11)
x(12)
x(13)

velocity of seawater in the bciler
- i . " " condencser
cutlet pressure in the boiler
inlet & " " ccndenser
tuke length in the boiler
" " # " condenser
sass flow rate of the wcrking fluid
diameter of the Lkciler shell
- & " condenser cshell
outside dia. of a tube in the boiler

" " (T TR T " " condenser

number of kciler shells
" " condenser shells
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prctaktly degend on other than thermodynamic and cost
consideraticrs, such as a requirement that cre extra shell
be included to allow for one shell Leing dcwr for
maintenance. Cbviously, the number of tubes in a shell must
be an irtegcer value but cne extra tuke cut of several
thousand is a sinor matter. In additicn, there may ke a
requiremert fcr extra tubes to allow for a percentage tc be
Flugged wien they develop leaks so that the entire shell 1is
nct put cut cf ccmrission by a minor leak in one tute.

The cLkjective functicn 1is the sum of the costs of
the koiler aré the condenser, and the pusmgs. The model
assumes ttat there is one circulating pump and one feed fpump
for eachb stell in the bciler and that there is one
circulaticrg pump for each shell in the ccndenser. Since
there is nc cost analysis for the turbine, nc assumpticn 1is
needed aktcut the number of turbines in the systen.

There are nineteen constraints in the present
prcgram, c¢ne cf which is optional. The first three ccncern
the saturaticn pressures in the koiler ard the <ccndenser.
Tke next twelve flace restrictions on various dimensicns of
the kciler ané¢ the condenser. The last three require that
scoe intersediate calculations stay positive.

Lsing the cbjective function as a constraint has
precved advantacecus in cases where the proktlesr was
ncr-ccnvex or where the program had difficulty in finding a
sclution. It is used by setting a boundary cn the ckjective
functicn sc that the constraint 1is either infeasikle or
slightly feasible at the starting point. The proper chcice
must be fcund by trial and error. One cautiocn to note is
when equality constraints are involved. If the starting
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Fcint 1¢ pear the optimum, the program tries tc move away
frce the bcundary and the eguality constraints may not be
catisfiec¢ witen the prcgram finishes.

Tte need for the cther eighteen 1inegrality
ccrstraints is nct obvious when the prcklem is first
fcrrulated. The thermodynamics of the proklem require, for
example, tkat the fropane saturation temperature bLe less
than seasater temperature in crder for the tkciler tc aksorb
energy, kut the prcgram has no way of knowing that, vunless
it it =specified. If the program can imprcve the cost and
satisfy tle cther constraints Lty reversing the relaticnshig
£t will d¢ 20 This inversion may take place only fecr a
shcrt time during the sclution of the problem, but, if the
equations fail under this ccndition, the ccnstraint cn the
tegperatures in the bciler is necessary. Mcst of the other
constraints are needed for the same reason.

Scme ccnstraints are not added to the probler =csince
tkey are nct binding in the solution. There are twc such
ccnstraints. The first is the segmental area required to
allow separaticn of the liquid drcplets from the vapcr. The
segmental are¢a set aside by the 40% rule-cf-thumb 1is more
thar that 1equired by +the consideration of the physical
picperties «c¢f [frcpane. The cther «ccnstraint is the
restricticn cn the wmaximum heat flux by Mostinski's
correlaticr, equation (37). The constraints dc not Lteconme
tinding in the scluticn.

The three equality ccnstraints contain the
calculaticns c¢f the properties of the various comgcnents
modeled in this analysis. The first cpne concerns the
bciler. It states that the actual energy akscrption rate of
the kciler stells must be equal tc the energy aktsorption
rate reguired by the thermodynamic cycle. Similarly, the
second egquality ccnstraint states that the heat rejected by

56

e . A

Ehaear



N

-

R o

the condenser must egqual that required by the thermodynamic
cycle for the ccndensation of the vapor from state fpoint S
kack tc state pcint 1 as shown in Fig. 3. The third
ccnstraint calculates the pcwer required ty the various
pusps and the pcver extracted from the turktine to run the
system's fpumps and to prcduce electrical power for
ccnsumpticn. This ccnstraint requires that the power cut cf
the turtire equal the power wused by +the fumps ané the
generator. The net useful power cut of the systerm is a
design ck_ective and is specified as 25MW herein.

2. 1Thbe Cptimization Method

Sirce the arrival of the electrcnic computer, a
great gany nonlinear programming techniques have teen
developed frcm early theories and more current research.
The ccrputer program, called the Sequential Unconstrained
Mirisizaticn fTechnigue (SUMT), developed by Mylander,
Hclens, and McCormick in FRef. 22 is used to optimize the
gcdel. Their prcgram implemented wmuch c¢f the thecry
ccrtained ir Ref. 23, by Fiacco and McCcrmick, atout
ncplinear fprcgramsing using unconstrained minigization
techniques. SUMP-Version 4 is chcsen tecause of its akility
to sclve a wide variety orf pgrobless. The thecretical
reguirements for SUMT to Lte guaranteed to find a local
rinimum is that there exists some point which satisfies the
inegquality ccnstraints and that there not ke a local sinimum
at pcints vwhere X goes to infinity. If certain ccnvexity
corditicre are satisfied, then the local rsirimum found is a
glctal xirimun.

SUMT uses a penalty functicn tc transfors the
ccnstraired cptimizaticn proktlea
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sipimize £ (X)

sukject tc: g (X) 2 0, i=1,2,cc0.,8
i

h (X) = 0, i=g+1,....,0¢n
i
intc a sequence of uncecnstrained problems cf the form

m m+n
P(X,r) = £(X) - £ T 1n g (X) ¢ I/r, T (h (X))2 (61)
i=1 i i=me1 1

where E(X,r) becomes the function to be @inimized. The
inequality ccnstraints, g(X), cause a large fenalty to cccur
as a bouncary is apprcached. The equality ccnstraints add a
large f[feralty whenever h(X) departs from zero in either
directicn. The size of the penalties due tc g(X) and h(X)
is contrclled by the arbitrary parameter "r". Tne algcrithm
solves tbe prchlem by solving a series of sulprobleams. For
L,2C0,2C5...20, SUMT linilizes'P(X(t”),rn) in each sukprotlem
in crder to find the minimum of £ (X) as "r" tends to zero.
When a wmipimum of a subproblem is found, "r" is reduced Lty a
factor assigred by the wuser and the new subprcklem is
sclved. The frocess continues until the convergence
criteria chcsen Lty the user is satisfied. Figure 7
illustrates =schematically the results of the sequerce of
sukprcbless and the qualitative shape <c¢f the penalty
function. Three methods of minimization are included in the
Frcgrams. Tte wuser may chocse either the generalized
Newton-Raghscn, steepest descent, or McCormick modification
of the Fletcher-Powsell method.

Tkere are several other options that contrcl the
operation of SUMT. The user may chccse the iritial
peralty, 1, cr, if the problem satisfies certain conditions,
the user may elect to have SUMT compute the initial “r".
There are three choices for the convergence critericn cf the
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FIGURE 7. PROBLEM SOLUTION SEQUENCE
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prcblem. The criterion used depends on the ineguality
penalty ters keing close enough to zero. Ancther copticn is
the choice of the calculation of the subproblem stcpping
criterion . Two of the choices compute the inverse cf the
seccend partial matrix and the third choice ccmputes cnly the
gradient cf the penalty function ( VyP(X,r)). One ct the
mcst useful cptions is extrapolaticn. After two or three
sutproblems have been solved SUMT is able tc make a first or
seccnd crcer extrapolation to the starting pcint for the
next sulyrcklem. This can speed up the scluticn cf the
proklem measvreably.

Tte characteristics of the proktlem limit the ctoices
fer each cpticn. 1The penalty factor couldn't ke set bty SUMT
due to the fpresence of equality constraints and because the
iritial ¥ is usually not close to any boundary. The stcpring
criterion fcr the problem is that the ineguality fpenalty
terr Dbeccrme less than some value, usually 10-7.
Extrapolaticn is used, but it makes little difference in the
answer or tc the sclution time whether a twc pecint or three
fcint estizate is made. The subprcktlem ccnvergence
criterion is the @®magnitude of the gradient of [E(X,r)
teccming less thar scme small number.

Tte choice cf starting penalty, T, affects
significartly the solution time and even whether a solution
is found ir scme [froklems according to Fef. 7. If the
initial "r" is toc small, the subproblem cptimum may te the
prcktlem's cptimum which may be hard to find c¢r require wmore
calculaticns than if a much larger "r" is chcsen. If “r% is
toc large, tke first few optima lie near the center of the
feasible region and are unrelated to the optimum cf the
okjective functicn.

Scaling of the variables, constraints, and the
cbjective furcticn is necessary. The variables wmust be
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witkin twc cr three orders of magnitude of e€each other. For
exasple, the working fluid flow rate is of the order of 107
whereas the tube diameters are cof the order 100. 1f the
finite difference interval is 10-¢, the pfpartial of the
equations with resgpect to the mass flow rate may be lost due
tc the rcundcff error providing the ocnly significant
figures. with the constraints and the objective functicn,
unscalinc may result in one term in the [fenalty furction
being dcminant, and the algorithm finds that most cf the
decrease in the penalty function takes place in the dcminate
ters. The result is that SUMT wcrks hard tc decrease that
term and does not see the other terms 1esulting in a

meaningless s=cluticn.

Ir making first and second order estimates cf the
scluticn, SUMT @may generate negative nuxkers in the X
vector. #Wken it evaluates the ccnstraints and okjective
furcticn fcr this fpoint, the equations fail and may cause
the program tc fail depending cn the severity of the failure
and bow mary times the error has cccured. This prcktlenm is
circuamvented ty testing the vector wupon entry intc the
sukioutine where the objective functicn and the constraints
are evalvated and setting the ccnstraint Leing evaluated
equal to scme negative constant.

The rmain program of SUMT is altered so that the
Frctlem can be restarted at the current scluticn without
reading in a nevw grotlem. This is necessary because the
prcgram wcoculd give all the indications cf having fcund a
sclution, tut if the problem is restared it cculd ofter find
a lcw valte for the cbjective function. The new soluticn is
ccapared to the previous solution and if the two sclutions
are nct clcse encugh the problem is restarted after making
scme changes to particular parameters, opticrs, or
ccnstraints degending on the objective the user has in mind.
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One c¢f the maicr tasks in the development cof a nonlinear
mcdel 1is the 1linking of the mcdel with the optimization
prcgram in crder tc analyze the model. The selecticn cf the
Frcger ncrlinear programming technique is essential tc the
scluticn. Several techniques require that the clkjective
function and the ccnstraints be in a particular fcrm. For
example, Gecmetric Programming developed by Luffin, Peterson
and 2Zener, in Ref. 24, requires that the equaticns be
Fcsyncmials which is not true of the model developed ir this
Fafer. SUMT was chosen because cf its wide applicaticns to
prcklems cf any tyge. It only requires that there exist
some feasible point and that 1local wirima not exist at
infinity. It has successfully solved sany ncnconvex
procklenms.

Twc versicns of the analytical model are presented. The
first is called the iterative versicn because the
calculaticn cf the heat absorgticn rate and heat rejection
rate require iterating on some gquantity to find then.
Mostinski's correlation, equation (36), contains the heat
flux which is an unknown. It is not possiktle to solve the
system cf eguations explicitly for the heat flux; therefcre,
a successive apprcximaticn technique is used. The
calculaticn cf the heat rejected in the condenser involves
the sampe frocess with the temfperature of the outside tube
wall as the iterating variable. SUMT is uraktle to arrive at
a ccnsistent sclution in the time allowed, up to 90 minutes
of computer time. The soluticns are gquite different for
€ack try with nc pattern evident akout the directicn the
scluticn migkt lie.
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There are several possible explanaticns fcr this
behavior. EFerhaps the behavior of this version «cf the
prcklem is =such that SUMT is not the best choice fcr the
optiwizinc algerithm or possibly the prcktlem cannct be
sclved at all ir this form. Another scurce of frctleams
could be tte numerical differentiation procedure. Numerical
differentiaticn is subject to severe truncatior and
rcund-cff errcr. 1The subproblem always terrinates when SUMT
is unakle tc reduce the penalty functicn during the next
iteraticn, frcm one estimate of X to the next estirmate.
Femember tte ccnvergence critericn, never satisfied for this
versicn ¢f the ©fproklem, is tke magnitude cf Y E(X,r)
beccming less than some small number. No ccnclusive results
cculd ke cttained with this versicn so the second vercion is
tsed fcr the present analysis.

In this second version the heat transfer coefficierts on
the Frcpene <cide of the tuke are fixed. This enakles the
€quality ccnstraints for the bciler and the condenser tc be
calculated to the full accuracy of the computer without
increasirng the time required. The ccrrelaticns, egquation
(36) and (48), are used for ccmparison with the fixed value.
If the calculated value and the fixed value are within 20 tc
2%% of «cne another, the solution would be considered to be
gccd sirce this 1is the tolerance claimed for the
ccrrelaticns.

SUMT secemed to ke able to solve the new frcblem Lecause
a series cf seven soluticns have been prcduced where the
values of the elements of X and cf the otjective furction
vary nc wmore than 3.7% and 1.2%, respectively, akout the
mean when different starting points and different SUMT
ccntrcl f[arameters are selected. See Table 6 for a summary
of the scluticns olttained from the assumed data, as shcwn in
Taktle 5. Thke design implications of these results are gquite
resscnakle. The range shows the spread in the scluticns.
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Table 5

PROBLEM INPUT DATA

Fouling Thermal Resistance
Eciler and Ccndenser
Elevaticn c¢f Bciler
Afcve Ccndenser
Channel Allowance

Efficiencies for the Turtktine
ané the Pumps
Seawater Temfperatures - Hot
- Cold
Net Qutput Pcwer
Eundle Factor (F)
Ccst Irdexes (I)
Tuke Wall Thickness

Mir. LCistance Between Tukes

Heat Transfer Coefficients
fcr Eciler and Condencser

Materials

Eciler and Ccndenser

Feed Evmps
Circulaticn Eumgs
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0.0 hr-©5/BTU
(0.0 °C/kW)
15 £t

(4.57 m)

0.83 £t

(0.25 m)

85%

750F

(23.99C)

4QoF

(4.40C)

8.532x1C7 BTU/hr
(25 MW)

3.0

1.00 fcxr all ccap.
0.028 in

(0.071 cm)

0.5 in

(1.27 cnm)

145 BIU/ft2-hr-OF
(0.822 kiW/m2-9()

Carbon Steel Shells
Brass Tutkes

Bronze

Stainless Steel
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Bciler:
Velocity

Eressure
Tuke length
€hell dia.
Tukte dia.
4 of sktells
Ccrdenser:
Velocity
Eressure
Tuke length
Shell dia.

Tuke dia.

4 of stells
Mass flcow rate

System ccst
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fable 6
EXAMELE PROBLEY SOLUTION SUMMARY

Range Hean Var doits
. ¥
3.323-3.347 3.335 0.7 ft/sec
(1.013-1.029) (1.016) (m/sec)
afpgprox 0 118.2 0.C 1b/in2
(815.0) (kD)
39.16-40.00 39.71 251 £t
(11.91-12.19) (12.10) (m)
24.12-25.00 24.91 B ft
(7.352-7.620) (7.593) (m)
0.756-0.761 0.758 0.7 in
(1.919-1.934) (1.926) (ca)
7.181-7.409 7.228 3o -
2.793-2.823 2.808 el ft/sec
(0.851-0.860) (0.856) (Rn/sec)
91.53-91.60 91.56 0.1 lb/in2
(631.1-€31.6) (631.3) (kp)
39.35-40.00 39.78 1.6 fe
(11.99-12.19) (12.12) (m)
44.65-45,00 44.89 0.7 ft
(13.62-13.72) (13.68) (m)
0.7€32-0.7686 0.7660 0.7 in
(1.638-1,.952) (1.946) (cm)
3.297-3.401 3.331 3.1 -
22.12-22.21 22.17 0.4 10¢1lka/hr
(10.03-10.07) (10.06) (10%kg/kx)
7.57€-7.673 7.607 1.2 106 3
65
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The arithmetic mean of the seven soluticrs is calculated.
The difference between the maximum and the wminimum valves is
shcwn as a gercent of the mean. The percent variaticn gives
scome idea cf how well the =sclution was determined. Note
that the tuke 1length and shell diaweter ccnstraints are
binding for toth the beiler and the ccndenser. The
sutprcbler =till terminates cnly when the fpenalty furction
does not decrease from one iteration to the next. The
magritude cf W E(X,r) is not tecoming =mall emnough to
satisfy tte ccnvergence critericn. The value never beccmes
less thar (.02 and is wusually greater than 0<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>