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LIST 0? SYMP OLS

SY?~ OLS CESCEIPTICI UNITS

ENGLISH ?~ETPIC

I area j~ 2

c heat cap acity BTU/lba— °P J/kg_ CC

C cap acity rate BTU/hr— °~ kW/°C

d t ube diame ter in cm
Es d iame ter of t he shell it
f Panning fric tion factor — —
P fac tcx for the tube — —

b u n d l e  boil ing
g ice gua lity constraints — —
h equali ty constraints — —
b heat transfer coefficient BTtJ/ft2—br— °F kV/ 12— O C

B ertha lpy BTU/iba J/kg

H’ er tba ]py corrected for BTD/Lb a. J/kg

su~ccc1ing
hs he igh t frcn midplane of ft m

tte kcilez to top of

t he t u b e b a n k
I va~ cr quali ty — —
k ther g a l conductivit y BTO,’hr—f t— °F kW ,’.—°C

~c p zess~ re loss factor a t — —
the tube entrance

~e pr e ssv re loss factor at — —
t~ e t ub e exi t

L t u b e  length f t m
mass flow rate ibm/hr kg/br

n av e raçe number of tubes in — —
a cclvmn in the condenser

Isq sp€c ific speed of a pum p RPM RPM

lID num be r Cf heat transfer — —

un its ct an exchanger
lu Mu seel t number — —

prEss ur e lbf/in 1 kp
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P pc ve r BTD/hr MW
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y propcrtionality factor im — —
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I capital cost dollars dolla rs

GB ELI
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~i dyn amic viscosity ibm/s .c—it I/sec-a

~ kiseeatic viscosity ftC/s.c m a/Eec
P density lbm~ft~ kg/a3
V surface t.nsicn lbf/ft I/u
0 free fici/f rental are. — —

ratio

_  _

_ _ _ _ _ _ _ _ _



SU~SCRIPIS
ab at~crted

tcil€z
kulk averaçe of the inlet and

outlet temperatures
c ccn d€r ~ er
c critical ~r€ssure
c tbe cc].der fluid in

the beat exchanger
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f saturated liquid
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i. c~DU c’rIçN

A. ~A C K C •P C U t i C

As cf 1S74 , the United States con tained only 6~ Cf the

world populati on b i t was using 33% of the energy con sum ed

each year accor ding to Ref. 1. Approximately one third of

the oil u sed in the U .S. is ia~ or ted . This heavy d epende nc e

cn forei gn scurces fcr energy coupled with the ex h aus t icn of

dcaes t ic fcs s ile f u els, par t i cu la r ly  oi l , in the for€sc•t ab le

fu ture is causing the U.S. military and civilian sectc rs of

the ~conoay tc search for energy sources that wcu ld be

inexhaust ibl e and ir~dep ende n t of fc reign ccrtrol.

Increasi ng fuel costs and environmental prcbl eis are other

forces pus h irg the searc h for alternatives. Nuclear p owe r ,

once consi der ed the cure—all , is facing E evere problems.

Ccsts cf ccns truction , opera t ion , an d f u el have  r i sen
dramatically. Questicns concerning the safe ty of cp eratio n
of the nucl ear plants and of the storage cf nuclear hastes

have becc ie pclitical issues that have slowEd the

expl oitaticn ci nuclear power. The present nuclea r reactors
use a fuel tbat , like petroleum , has a lim ited availa b ility
and whos e price is increasing rapidly. The breeder reactor ,

which would create wore fuel than it burns , and the fusion
reac tor , which would use the hydrogen fou n d in water , are
still a lcng way frca producing power for a world whose

de m and s icr energy increase each year.

Many pe cp le advocate the exploitation of the sc—called

“free ” et€r q -y scurces. These scurces are: (1) the kinetic

12
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energy of icving fluids , such as winds and ccean currents ;
(2) the p ct cn tia l energy of tides and rivers; (3) the heat
generated inside the earth ; (4) the direct conversicn of
sciar energ ) into electricity and heat; and (5) the use of
sun warmed water in conjunction with a scurce of cclder
water tc pr cvid€ the temperature differential to run a vapor
power cycle. Ncne cf these sources are truly “free”. wh at
is happeninc is the trading off of the transpoLtation ,
pzccessing, and environmental costs of a concentrated energy
source for the capital, operat ing, and social costs of
corvertinç a v ery diffuse source into a acre concentrated

fcza such as electricity.

The ear t t~ can be tho ught of as a giant beat eny ine ,
ab scrbing en ergy inca the sun and reflecting energy as
thermal zadiat icn back to space as pictured in Ref. 2.
Since the pcie s receive less energy than the equator , the
atm osphe re and ocean attempt tc distribute the energy more
evenly ever the earth. Tne air is heated by absorption of
sunlight and by contact vitn the surface of the earth . The
heated air rises thus setting up surface wind currents as
cccler air tnies tc replace the rising air. The shear
stress creatcd by the relative •oticn between the air and
the surface water causes the water to •ove thus cteating the
surface water currents . Many currents in the ocean s,
regardles s ci dept h , originate with the wind shear stress at
the air- surface interface. The circulatica pattern s cf the
oceans beccue extremely complex due to the influence of the
rotation of the earth and the shapes of the ccean basins.

In general the surface waters near the eguato x are
warm ed by the sun and flcv towards the poles giving up
ene rgy by evapcr.tion , and by couvecticn tc the air aed by
radiation back to space. As these currents cool, scac of
tb water becomes dense enough tc sink and then flows back
to the egoatc r alcng the bottom.

_ _ _ _ _ _  --- -



The rela ticnshfp 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 cold water returning frcm the poles. In the trcpical

waters the surface temperature may exceed 800? (2€.7°C)

while 3 ,00C to 6,000 ft. (914 to 1828 a) dc wr the
temperature iay be about lI0°~ ‘(4.4°C) . Ibis temperature
difference can b e used to ru r a man—made heat engine , like
the Ccean Thermal Energ y Converion (0T~C) power plant

ccr cept.

The proper choice of a site is critical to the cost of

such a hea t engine. Since the temperature difference is low

ccmpare d to conventional thermal power generating methods

which typically use temperature differentials exceeding

50C°F (2€0°C), the effect of a 1°? (0.56°C) loss in the ~ T

is much more costly at the low thermal differentials, which
are usually less than 50°F (27.8°C) in the ccean.

Therefor€ , the vertical temperature profile of the cceans

will ccntrcl the location of an OTEC power plant. The

surface temperatures vary with location and with tiue. At

mc st places In the ocean there is a seasonal chang e of the
surface water temperature of 5 to 80? (2.8 to 4.11°C) cxc’2pt

in the trc~ica]. areas that remain relatively corstant

acccrding to Ref. 3. However , all regions of the oceans are
affected by vind—yenerated mixing of the surface water that

changes tie surface temperature by a degree or so and a
da i ly  c~ cle ci a f ew tenths cf a degree. Some of the
possible 0.5. near—shore sites being considered are the

waters arcund the Eavaian Islands and the Gulf Streal off
the southeastern U.S.

In the past, the engineering analysis and the cost
estimaticn rave teen conducted as if they were separate

14
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func tions. In a system with a siall temperature
differential , such as this one, the engineering design and
eccucaic analysis should be linked tcgetber as a single
piccedure because of the capital intensive nature Cf the
ocean thermal power plant. For example , the beat transfer
eqraticn (~ 

= UA £T) is coupled to tbe ccst equatien for
heat exchanger s (S K A’1) through the surface area of the
tubes. Lecause of the small dl involved the area aLat be
very lance tc supply the same Q. The other components are
all linked tccether by the engineering and ccst e~ uaticns so
that the pr ctlem cannot logically be broken intc an
equi pmen t by ~quipmen t optimization. The presen t analysis

considers a c]csed vapor power system operating cn the

thermal pctertial . available from the ocean. The eccncmic
optimizaticu cf the system is carried out to shcw what
infonmatica can be gotten, what conclusicna can be reached
inca suc k avalysis and where research effort sbculd be
expended tc Aspic vs the design of the system. This study
does not attEalt to predict the cost of such a system or to
make specific recommendations about the parameters .

A schematic diagram of the system is shcwn in figure 1.
The warm surface water, the Gulf Stream for exauple, is
pumped tbrcug~ a heat exchanger. There acme energy is
transferred by boiling the working fluid such as ausonia.
The working fluid is piped to a turbine where some of the
energy is ccn~ented to mechanical energy then to electrical
energy iw a generator. The anavailable portion of the
•tscnbed energy is rejected to the environment in the
condenser and the working fluid is returned to the liguid
state. The lcw temperature in the condenser is maintained by
peiping o d d  ocean water up froa the depths. Finally the
aciking fluid is pum p ed back to th. boiler.

The Ccee r Iberaal Energy Conversion program has received
much attea ticn in the last several year s from many

15
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FIGURE 1. SYSTEM SCHEMATIC DIAGRAM
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researchers funded at f i r s t  p r imar i ly  b y the Nat icna l
Science Ecu r dat ion (NS F) . Since the establ i shmen t of the
Energy Besea rcb  and Development Aduiniatraticn (ER~A) , new
research ccrtnacta are funded mainly by this agency. The
t.5. Navy is als c fund ing  som e research in the OTEC area.
Ref. 11, 5 and 6 give a good summary of the work that has
been done. bhile much of the work has concentrated on the
heat exckançera , the other components and the system as a
aid e are receiving attention. Sole researchers are

corcentratinç on the envi ronmen tal and legal ques ticn s of
snc h systems. Cthen teams are considering how to use the
energy supplied from an OTEC power plant.

In any design , trade—offs must be made. Capital cost
can be tradEd for operational costs. Pumping power can be
traded fcr beat exchanger size. Trade—offs can iLvolve
items that  ka’e a common measure such as dollars; scie cther
trade—off s are ver y bard to measun~ in common terms such as
accial and €niirormental costs. The trade—otis nay involve

cnl y one ccmpcnent such as a pump or a turbine , but most
often the trade—cffs affect more than cue coapcnent or
pcssitly tie entir e system .

‘lie trade—cff process shculd continue until an cptimum
design is cbtained . From Ref. 7, WThe aim Cf op t iu i sa tion
is the selec tion , cut of the multiplicity of potential

solutions, of that solution which is the beat with respect
to some well—defined critenion.~ In order for the plant
desi gn tc ne cptimo.~ the components mast be cptiiized
mitbin the ccatezt of the entire systes. Sole ci the
p arameter s icr a piece of egmip ient may hav , no direct

effect cu the optimum design of another portica c~ the
system , bu t scie parameters mill have significant effects.
For exam pl e , a heat exchange r is made up Cf a large rumber
of tubes cf a giver diameter and len gth  and fa designed to
have a certain heat transfer rate for a given f l ow  rate of

17
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water pum p ed through the tubes. The didm eters , length and

the z,umb~r cf tubes may be optimized for lobest cost ci the
bea t exchanger. This appr oach leaves out the effect that

the tube diamete r and the tube length have cn the pressur e

drcp across tbe b a t  exchanger. llinim izing the cost cf the

teat exckarç€r irvclves minimizing the surface area. Ihis
nay lead tc increasing the pressure drcp acrcss the

ex changer. Ibe higher the pressure drop the more pokerfu l

and the more expensive the pump must be to maintain the flow

veiccity. Ibis 1 just one example Cf the hundreds of

trade—of fs pcssible .

Unfortu rately, wha t happens in many cases is tha+ each

grcup of experts wcrking on a particular ccmp onent cpti~ ize

tha t item ancund some given conditions that may have teen

set ty teams working cn some other section Cf the system.
-

- Little analysis is made of how the entire system respcnds to

the coupling ccnstraints. All that the p ump manufacturer

wants is t)at the buyer tell him what the flow rate , bead

and servic e ccn ditions are  an d be wi l l  guc te a pri ce.

~efcre tte buyer can decide on the flow rate and head he

shcul d first knob how the ccst of the pump varies as flow

r a t e  an d b ead v a r y  so tha t those two p arame ters can be
optimized in the context of the system .

The prctlea then becomes one of acguiring sufficient

irfcrmatic n on hc~ costs vary as certain parareters change.
Each .anutac turer is able to make estimates of costs fcr his

pzc duct but he is reluctant to devulge his inforsaticu to

buyers or competitors . This makes constructing cost curves
a hazardcus pzccess at best, since the data must be gathered

by cther settcds that may cause large unexplained variances.

Sometime s the optimizaticn analysis is made with
assump ticns that make the answers cf q~ estionaLle value .

Eon example , some times the heat transfer coetfici~ nt , U, is

18
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assumed fixed in the eguaticn g = UI £T. Eut , as shcwn in

Ret. e , for bciling the heat transter coefficient i~. very

sensitive tc the temperature difference with the result that
q = ~~~~~~~~~~~~~~~~~~~ ¶he The accuracy of the engineering equation s

shculd be kept in mind. Most of the equations are

• ccrr€ laticns tc fit experimantal data. Tne  correlation was

deveicped for sc.e particular set of data and may disaçree

significart ly when ccmpar€d to data taken by cther

exper imenter s . The limitations of the various relations

must be kept in mind wb~ n reviewing the results. F~ r a

system the size of the OTEC plant , a ~i1ct plant should be

ccrstructed in order to prove cut the arswers given by the

calcula ticus before expensive mistakes are made.

Is a ~es1gn progresses , the analysis begin s with a

-: general pacttze ccntaining many simplifying assumpticrs and

proceeds foreyard with mor e details added at each stage.

This repor t is the second one written at the Naval

Pcstraduat€ ~cbccl on the subject of OTEC. Command er Eurma n

Sh e p p a r d , U .~N , in his a n a l y s is, Ref. 9, attempted tc show

wha t k in ds ci i n fo r ma tion could be gained f rom a ccv b in ed

thermal eccrcmi c model.. He advocated the use of zone

ana lys i s , as develcped by Wismer in Ref. 10, icr large

ccmplex sy stems. In ~i smer ’s approach to 2C~~€ a n a l y s i s, the
syste. is bicken down into zones containing o~~ C: ~icr e

ccmpcnents . lie zcnes are connected by linking variables.

Inc me thcds ci optimization are possible. For the first

metb cd , in each zone, the zone par ame ters are op t imiz ed
while the h iking variables are held fixed . Then, the zone

parame ters are held fixed while the linking variables are

optimized. lie process iterates between optimizing the zone
para.eters and the linking variables until convergence
criteria are satisfied. In the second method the zones ar’~
cut otf tici each other and each linking variable is

separated intc two var ia bles, one on each side of the
cutting pla ne . The opti.izaticn proceeds until the linking

19
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variables cr each side of the cuts are equal.

Shepp ard ’s system did not produc e vapor in a boile r ~ut ,

instead , ma intain ed the working fluid in the liguid state in

tie wa rm seawatci h~ at exchanger and vaporized the wcrkinq

f l u i d , aiicn]a in his model , by expanding it through a

“black box ” called a vaporizer. His oltiliiation analysis

was confined to the zone Containing the warm seawater

exchange r , the feed pump, and the warn water circulating

pu m p.

E. C~ JEC11Vh S

The present analysis imprcves the previous model

analysis ty replacing the liquid—to—liquid beat exchanger

an d the vapcnizer with a bciler. The boiler model is tc be

cf sufficient detail so that a realistic design is

represented. The cther major components of the system , su ch
as the tu rb ine , the ccnden ser , and the condenser circulating
pu m ps, are inclu ded. A nonlinear prcgramm ing technique is

~sec to peni cni the thermal—economic optimization of the

ccapleted system. The research reported here is intended to
show the rsefulness of optimization analysis in the r1-~sign

of a lcw tt€rma l difference system and to demonstrate some

Cf the pr oblems that must be considered in this type of

analysis.

20
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‘I. ~H !2P~L

A . G!$!~ SL £ISCbI}TION

Yapcr power generating cycles usually ccrsist of four

prccesses. Energy is absorbed from a high temperature
source and is used to vaporize a working fluid in a bciler.

Next , wcrk is extracted by expanding the vapcr in an engine ,
ezbaustinç the vapcr at a lower temperature and pr essure.

The wcrking fluid is then condensed back to tie liquid state

• by rejecting energ y to the lover temperature energy sink in
the third piccess. Finally, the liquid is returned to the

higher pressire of the boiler by a pump. In the fcllcwing

analysis, tie energy source is a current of ocean water
h eat e d by tie sun and the energy sink is assumed to be

cclder ocean wa ter from deep currents. The wcrking fin d is

assumed tc be propane although many other fluids are

possible, such as ammcnia or the Freons.

Six ccipcnents are modeled in the foilcuing analysis.
Ike hot side neat exchangers , the boilers, vapcrize the
vonking fluid mu ch is expanded through a turbine exhausting
to a ccnderser that rejects the unused beat to the cold
sink. Three p um p s are included , a feed pump returns the
vczkimg fluid to the boiler and two pumps circulat e the waru

• and cold wat er s through the boiler and the ccndenser,

r esp ect ively.  The arrangement of the system is shown in Pig.
2. lbs ncdes are numbeted to correspond ~ith the tluia
stats points e bown later, in rig. 3.

21
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T he a n a l y tical mo del consists of the eq u at ion s
descrikinc tie system and a set of parameters to be

cptim ized sc as tc minimize the capital cost of the plant
subject tc certain ccnstraints. The objective function , tne

fuoct icn tc be minimized , is the sum of the capital ccsts of
the p um p s, the boiler and the condenser. A ltbcu gh the

turbine is a significant capital cost and would affect the

design ci the system , it is not included in this model.

Ther e are twc classes of constraints. The first class is the

ex p licit cons t rain ts tha t speci fy the upper an d lower t c u n ds
• on the paramete rs. The other class of constraint s is the

implicit ccrstraints . These are the engineering egu~ t ions
that describe the operaticn of the pcwer plant. For

ex a m p l e , a ccnstraint light 587 that the temperature inside

the boiler •nst be less than the teipe~ature of the warm
seaw ater b ecause  the  equ at ions fail  if the requ i r e m e n t  is
nc t satisfied. Ancther example would be a power balance

that requires that the sum of the energy flcws into and out

of the sIste, be zero. Additionally, they proscribe the

regicn that the cptimizaticn routine may search with in for

the minimu m of the problem. The implicit ccnstraints are of

tvc ty p es, equality and inequality constraints. Inequality

ccnstraints set one—sided bounds on the feasible region.

Scre of tie inequality constraints are restrictions placed

on the maximu. or minimu m values of the parameters due to
judgements m d c  on the basis of practical engineering

consideraticis. ‘lbs eq uality ccnstraiats are relationships

that must be strictly satisfied at the optimimum. The system
of equations describing the model fit iatc the following

icr r:

C

~:



D.inimi2e f (X)

~utject to: g • (X) � 0, i=1 ,2 •

1

h (X) = 0 , i i+ 1 
2.

whe ze I is the vector of the paraaeters tc be optim ized ,

f (I) is the capital cost function , g1 (I) are the in€~ uality

ccnstraints and hi (I) are the equality ccnstraints. The

parameters are the dimensions of the hcilers and the

con de n se r s , the boiling and condensing pressures, the sea

water veiccities, and the mass flcw rate cf the wcrking

fluid thr cuçb the system .

The tasis fcr the economic framework must be set cut at

the start. ill measurable costs are relevant to the final

des ign cf tb€ power plant, but , for some types of analysis

an d des ign , many ccsts can be ignored. The life cycle cost

of the CT~ C •ust be considered before the decision is rade

tc commit thE U.S. and the rest of the world tc the

ccrse qu€rces of cbcosing this energy generation scheme as

even a partial solution to the energy prctlem . The life

cyc le ccs t cons ists of the ca pital cos ts, the financing

costs, and the operating costs. The trade—cft of cperating

ccst and capital cost is not considered in this r e r ~ cn ,

because t he cper a tin g cos t is, for the most part ,

in d epen den t of the overalL d imensional  charac terist ics of
the compcnen ts . Operating costs are dc.inated by the

structure , site locatic~n, and maintenance requirements.
Such th i n g s  as the kind of ins tr u m e n tat ion , controls ,

be a r i n gs, and structural materials nave acre effect cn the

cpera tional ccsts than the length of the bciler ci the

diamete r ci the toiler shell. Therefore , cnly the capital

ccsts of the iajcr components, except the turbine , are

considered.
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‘IC b e tseful for model analysis coSt data zuEt bE
transform ed into a cost estimating r€iaticn ship (CFB) that

shcw s bc w cos t v an i e~ with some variable or some coabiration

of variatles . The costs must be demcnstrated to be highly

correlated ~ith the variable chosen . Since the ccst

rela tion is cu ly  a corr ela tion , the tcunds on ta€ accuracy

of the e-gua ticu shculd be specified by those who dev€ lrp it.

Since thE relation is arrived at from a finite bod y of data ,

the CEA~ is directly applicable only in the range of the data

ccll€cted. trapolation ci the CEB outside the r~ rge is

c a r ger o u s  b e c a u s e  t h e r e  is nc data  in th a t  reg ion tc su p p o r t

the assumed curve. However , the value of CER’s is the use

of them tc enable the estimator to make a better analysis of

a ne w desi co than he coul d it the in f c r m at icn is no t
availa ble . The relevant range of the CER must be kept in

m i n d  w he n a n a l y z i n g  the solu tions from the standpoint ci the
re liability of the answers . Another factcr tc consider when

using cost estimating relaticnships is whether the E gu ipl en t

the data was taken from is ccmparable to the system the

analyst is considering. If the design , the technclogy, or
the app lica t icn of the pr opose d equi pm e n t is sign i f i c a n tly
different fzcm that from which the data is taken, t~ e CEB

may give unreilabl e answers.

This an a lys is  begins wi th the de ve lopm en t of the
encineerirg equaticas that constrain the system. Ibis is
fcllcwed by the development of a cost framework based on

capital costs as the function to be minimized. The

engineering and economic relations are l i nke d toge th er in
the cbjective functicn and the constraints. A description

of the aiqcnitbm that performs the optimization is included .

B. C Y CLE AIIII TS I S
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The tuil cing of the model b~’gins with the analy sis of

the thenm cdy r ,amic cycle. Figure 3 is a t€aper atur e— ertropy

diagram cf the wcrking fluid on which the cycle is shown.

These numbe red ncdes represent the thermodynamic state

pcints at that location in the system and ccrrespond tc tac

numbers ir Fig . 2. The boiling and condensing processes are

assumed tc be reversible processes. In the pump and the

turbine the reversible process is indicated hy the subscript

“s” o~ the state pcint number . In the actual systeir th~ re

are irreversible losses inside each component that ar~ lett

out cf the analytical model or lumped in with cther lcss s.

The pressur e drops due to frictional losses in the toiler

and the ccndense r are neglected.

State point 1 assumes that the liquid leaving the kciier

is saturated . State points 2s and 2 represer-t the

ccn ditions le avin g the feed pump. If there were no lcsses in

the pump, the fluid would be at 2s. The fluid enters the

bciler tc he heated , first , to saturaticn conditicrs at

state point then boiled at essentially ccnstant pres sure.

State pcint 4 shows the vapor leaving the bciler as a

saturated vapcr . Ihe lines from point 4 to 5s and 5

represent the expansion through the turbine. The path tc

state pc .irt ~ acccunts for the losses due tc frictior and

ether irreversible processes in the turbine. The remaining

heat is then rejected from pcint 5 to point 1, aaain assumed

to be a ccns-tant pressure prccess.

The thectetical heat transfer rate in the boiler and the

ccndensez is found by subtracting the enthalpy at state

pcints 2 and 1 fro m the enthalpy of state pcints 4 and 5,

res pectively, and mul tiplying by the total mass flow rate of

the working fluid.

= M ,,,ç(H~ — 1Ia )  ~1)
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r

Qrej = N~~~(H 5 — H 1) (2)

The entha lpy at state point S is determined by first findi ng
the moisture cOntent of the fluid exiting the turbine .

S~, S.
i = —, I 

(3)Sf~3

Th e en th a l p y  a t pcln t 5s is de ter m i n e d from

H Ss = H1 + j  44)

This  a l l cw s F~ to he found frcm

IS)

vh~ re the €ffici~ acy of the turbine is assumed kncwr . Th e
power out of the turbine is now known.

= — H5) ( 6 )

b r  the feed pump the change in enthalpy is accounted for by
the change ii pressure assuming negligible rise ir the
temperature. The enthalpy of point 2 ~~S determined f r c m

= 

~I~
° (7)

where the efficiency is assumed known. The power required to
drive the p u mp is determined from

I

28

- - .-.~,,_ _~~_,~~~_.____
_____— — - — —— ~~~~-



= 0w4 (N
2 

— H1 )

~c gain a better feeling tcr the low thermal pctent ial
system s and tc iak€ comparisons  with other systems several
efficiencies are wor thwhile calcu.&ating. The first is the
Cannot Efficiency which defines the maximum efficiency
pcssible ton a system operating between two tempeniture
h u ts it degrees absolute, 0R (°K).

49)

The nex t efficiebcy calculation takes into acccunt the
theoretical tr€rmcdynaaic cycle and is the ratio of the net

~oaer ou t cL the cycle to the heat tak en up by the cycl e

V) 
_ _ _ _ _ _ _(Cyc = Ii )

Ibis accctnts for the thermodynamic inefficiencies inherent
in the cycle. Finally, the system efticiency takes into
account the cthe r internal consumers cf power: the
circulaticn p um ps , the pipe losses, an d any  other  lcsses,
such as the antifouling equipment. This calculation
acocunts fcr all of the mechanical and electrical
inefficierciee of the system .

NET POWEB AT THE EUS hALi
• * (11)

For example , if the hot water is at 75°I (23.9°C) and

29
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the ccld water is assumed at 40°P (4.4°C) thc Carnot

efficiency is b.5%. Fcr one typical set of assumpticn s , as

sb cwn in Table 5, where the turbine and the pumps are

assumed tc be €5% Efficient , the cycle efficiency is 2.6%

and tti~ system efficiency is 2.4% for one feasible design.

C. !NGIIi!EBING JRANEW O~K

This secticn describes the design 01 the components that

mak e up the system. The level of detail of the analysis

prcvides a physically realistic model and c]cses the leap.

lie pipe frictio n lcsses on the cold and hct water inlets as

well as tie ripe lcsses in the working fluid side are

neglected. The turbin e is included only as an energy

transducer and no attempt is ma d e to obtain costs, physical

d imensiots , cr fluid flow characteristics. The efficiencies

of the turbine and the pumps are assumed as known constants.

Th E hea t a bsor bed in hea tin g the w ork ing f l u i d to the
saturatec state is a small portion of the tctal energy taken

up in the bcilen; therefore, the sensi b le heat in g cf the
fluid is neglected.

1. 
~~~~~~~

The tciler consists Cf a number ci tube—in-shell

hea t exchangers connected in parallel as sbcwn in Pig. 2.

Figure 4 shows the internal arrangement of cne shell. The

tube bundle is horizontal and boiling occurs on the outside

surface ci the tubes. The tube bundle is sut.erged in the

wczking fluic. The working fluid is ma intained at a level to
just cover the top rcw of tubes. The warm seawater is pumped

through the inside of the tubes.

-L  

_ _ _ _ _ _  
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21€ clearance between the tubes is fixed at 0.5
inches (1.11 cm) to allow for Ilaring of the tube ends or
o the r  sp ace a~ d strength requirements. Similarly, the tube

thickness is fixed at 0.028 inches (0.071 cm) , since no
strength requirements due to differences between internal

and exter nal pressures on the tubes or material loss ~ue to

ccrrosxon ci the tube surfaces are accounted for.

At the tcp of the tube bank the leaving vapor

ccr tains  a la r ge amcunt of liquid droplets which mu st be
el iiinated either in the boiler or by an external separator.

In the acd€l the separatio n takes place in the tciler by

allowin g sufficient space above the tube bank. PalEn and

Small , Ref. 11 , presen ted a m€tbcd for f i n d in g the n ecessary
separaticn iclume that considers the effects oi surface
ter s icn , density of the vapor and the liquid , and the mass

flcw of the bcrking fluid. First the allowable vapor lcad is
foun d inca

r -10 .5
VI. 2290~~ I 412)

L6.86IlO~ S (~ f —

~ap c r  loa d i s ~n expression for the mass flow rate ci vapor

tflrcugb a urit volume. The expression for the maximum vapor

iced limits the flcw rate so that the moisture droplets are

ab le to settle out of the vapor before it leaves the bciler .

Th en the require d segmental area is found frcm

SA (13)
V L L  S

Th e segmental ur~.a is the cross sectional area from the top

of the tube bank to the top of the shell. Kncwing the

segmental area the height of the tube bank above the main

32
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diamete r is fcun d f r o m

2 /2 hs\ 2 2 0.5
SA = C.25 Es ARCOS ( 

~~— hs(0.25 Es — hs ) (14)
\ Ds /

Palen an d Small also present a muc h simpler •ethod of

determining t h e  total height of the tube bank. The height

of the separatio n vcl ume is set at 40% ci shell diameter

whi ch results in “be” being equal to 0.1 Ds. Either method

can be used alone or the first method can be us€~ as a

ccnstraint on the seccud. For this problem the segmental

area is fcund by bcth methods with the first used as a check

cn the values given by the second.

Since the heat flux calculation is based on a single
tube , the  n u m ber of tubes per shell mus t be determined in
order tc find the total energy absorbed by the heat

exchan ger. Ihe tubes are assu.ed to be laid out in a 60
• degree triangular patte rn for maximum ccmpactaess. The

tubes are Iccated at the vertices of an equilateral
triangle . Twc cross sectional areas are calculated. The

area of a texagon who se minor radius is equal to cne half

the pitch is detetiined from

/P\2
£ = 61— I TAil 30° 415)

Then th€ effectiv e cross sectional area of the tube bank is

fcund by subtracting the clearance area, SA , from the cross
sectional area of the shell after correcting the shell
diameter icr a clearance space to allow for free flow

channels both within the tube bmndl. and arcund the ottaide
of the tute bundle. The effective cross sectional area of
the tube bark is divided by the area of the hexagcn , found



abcve , tc det ermin e the number of tubes in a shell.

lie ilcw of tne liquid and vapor through the tube

back is assum ed to be turbulent . The inccning subcccled

working fluid frcm the feed pump mixes wit h the

rec irculating fluid returning trca highei up in the tube

bank. The circulation of the fluid is induced by the

boiling process. Ibis mixture enters the tube b dn~ an d
begins the bciiing process . Near the bctton of th~ tube

bark the heat transfer goes mostly to brin g the fluid up to

the boiling temperature. After the fluid reaches sattrat’~d

l i qu i d ccn d i ticns, stable boiling begins. The vapor bubbles

rising tbrcugh the surroi’’~d in g  li q u id inc rease  the
turbulence arcund the tubes. As the liquid c3ntinues up

th r c u g h  th e tube bank , the local boiling teap2rat~ r~ is

decreasing due to the decreasing hydrostatic head. This

decrease in the boiling temperature increases the

telperatLze difference and increases the heat flcw and

increases t~ e bubble generaticn rate. Tne vapor genE :ati3n

may become sc rapid that a condition called vapor blanmeting

may ccctz ~n the interior of the tube bank where the liquid

cannot flow inward fast enough to displace the vapor flowing

through the region. This is similar to ournout in
ccnvec tive hciling in that the tubes dry out and the heat

transfer rate decreases. This effect becomes pr~ n c u n c ed

cnly near the critical heat flux according to Starczewski ,

in Ref. € .

*11 ci the heat a~ d mass flow variaticns in the tube

bundle are average d by performing the calculaticos for a

sin gle tube iccated at the aid height of the tube bank.

This tube is assumed to represent the average of all the

tubes in the tube bank. The boiling situaticu is assumed to

be satuna tec poo l boiling. Quoting frcm Collier , R e f  12,

“pool boilin g is defined as boiling from a heated surface

submerged in a large volume of stagnant liquid” . Since the
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flui d vclumE seen by the tube is neitner large nor staçnant ,
a ccrr ect icn is nee ded for  the ef f e ct c i being in a tu be
bundle. 5aturated boiling is defined as boiling at a

constant temperature and pressure as the liquid changes to a

vapor. Ibis is ~~obabiy not strictly true becaus e the

boilin g temEerature is ccntrolled by the iccal press~ re at
each tube , and the fluid is not reaching a stable

temperature as it rises in the bundle. The situation is

pichatly closer to convective boilin g since the fluid is

boiling in a confined channel between the tubes. ~n

additional effect in the boiler is the fact that the

hydrostatic head at the bottom of the tute bundle causes the

boilin g tc take place at a higher pressure at the bottom

than the tciling at the top of the bundle where the pressure

is equal tc the boiler exit pressure. This effect is

acccun ted icr by using the average head of the bundle in the

hea t trarsfei eq uaticns.

The hea t transfer analysis of the bcilet begins with

tk~ basic equation

Q = UI AT,,, 416)

where U is the overall heat transfer coefficient~- r is the
area tbrcugh which the heat is transferred and AT,, is a
prcperly defined mean temperature difference. In this

paper , the prcduct UI is treated as a single quantity called
the thermal ccnductance. One may look a t the equat i on  as ~n
analogue ci the basis electrical equa tion I E/~ wher e I is
equivalent tc Q, E is the same as AT,,, and UA is 1/i. Ibis
analogy is used when developing the expressicn for UA.

in crder to account for the eftects of the tube

seeing many nearby neighbors , the equation is modified by
the iaclrsi cn of a factor , 1, to account for the e f f e c ts of
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the surrcund irg tubes. Equation 16 is changed to

Q = UI P AT,.,.~ (17)

where P is defined as the ratio of the heat flux of the tube

bundle tc the heat flux for a single tube in a stagnant pool

bciling situation. According to Ref . 13, a report pub lished

by vcrkers at Heat Transfer Research , Inc. (H’I~ I) of

Al b am bra , Ca l i fo r nia , P is greater than cne. In FigurE 5,

w h i c h is s I~etcbe d f r o m  a fi g u r e  in their  r e p o r t, P ranges

inca 4.1.~ at AT,, r 8°? to 2.63 at AT,, ~40°F. Since nc data

is given cn the conditions of the test , F i~ assumed to be

f i~ €d at thre e .

In crder to find AT,,, the heat €xcbanger

e f f e c t i v en e ss , € , is determined . The effectiveness is

d e f i n e d as the ra t ic of the actual hea t tr a n s f e r  ra te to th e
m a x i m u n  ~cssible neat transfer rate as shown by

= 
C h (Th,ih — Th.eut ) (18)
c,, ~,, ~~~~~~~~~ 

—

w h e r e

C = (N cp)fLU~ 
19)

C,,,,,,~ = minim um of C~ or C0 (20)

In the bcilez, Thin is the temperature of the entering

seawa ter , an d  Tc,~n is the sa tura tion te m p e r a ture  ct the
acikin g fluid at the pressure at the mid height of the - I
boiler. Reference 114, by rays and Lcndon , contains

equa t ions for  f i n d i n g the effec tiveness icr var ious f low
comfigura ticre . In addition to finding ~~~~~ C,,~~ must be

36
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kncwn in cr dez to decide which equation applies. For the

case of hcili ng, C,,.,~~ is infinite; therefore , regardless 
of

the flcw pattern

= 1 — EXP (—NIU) (21)

Wh E rE N I L , the number of heat transf€r unitc of a beat

eichangez , is d e f i n e d  as

NTU = VA/C,,,,., i22)

and

C,,,,,~ = N
~,w ~~~~ (22)

AT,,,is found frcm

UI AT,,
= __________ 4214)

C,.,.,;,% AT0

and the temperatu re of the sea water at the outlet cf the

tube is det erm ined frca

* 
~~~~ 

— Tp~,0~t 42~)AT0

w h e r e

AT0 = Ip
~

p
~ 

T;~p.1 (26)

Ibe quantity VA is determined next. Figure 6

38
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i1lcs trate~ the method used. If VA is pictured as the

nec ipr cca l ci resistance then the flow cf Energy from one

fluid tc the other can be pictured as a series electrical

circuit and VA is determined from

UI 1/ (R1 + R2 + R3 + E4) (27)

~ef€ renc e 15 , b y Ho lman , shows how each resistance can be

fcun d. Ri is the thermal resistance due tc convecticn on

the inside ci the tubes, the sea water side.

1
Ri (28)

~~ sw d 1 L

R2 is the thexual resistance of the tube wall.

R2 = 
ln(d0/d 1 ) (29)
2 7 r k~~~L

R3 is t h e  t h e r m a l  res is tance a t t r i b u t e d  tc b o i l i n g  cn the
cutsjde cf the tubes.

1
R3 (30)

7Th ,,~ d0 L

E4 is the thermal resistance due to any other resistances ,

such as fcu ling and corrosion deposits.

The heat transfer coefficient on the seawater side,

is det ermined from the dimensionless group called the

Nusselt n uuk e z defined as follows for flow inside of tubes.

i

_ _  
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1
h1w d~Ru = i31)
ksw

In CEder tc find the Nusselt number , three distinct regions
ci f low ar e  allowed for  in the prc blem : l a m i n ar ,
tr ansi ticr , an d turbulent flow. The divisicn points are in

terms of v a l u e s  of the Reyn ol ds number , Re =

laminar: 0 < Re ‘S 2,CCO

transition : 2,300 < Re � 10,OJ0

turbulent: 10,000 < Re ‘S infinity

In the laminar region the Sieder—Tate correlation is used.

1/3N u L = 1.86(Be Pr d~/L ) (32)

In the turbulent region the tittus—Boelter correlaticn is
use d.

0.8 0.3
R%lTu = 0.023 Be Pr (33)

In the transition region the tlcw is unstable, but ftom data
in Ref. 114 it appears that a fairly smooth curve drawn from

the lami na r curve to the turbulent curve adequately

represents the value cf the ~usselt num ber in the transitio n
reqi cn. Ihis is done by assuming the form

~~rr 
= lu 4 + (1 — Y) ~~~ 4314)

whe re

2
y ’ a E e + b B e + c R e + d  (35)

-J — _ _ _ _ _  - 
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T h e  coefficients in the polynomial are fcund by requir ing

NU Tr = NU L at Re = 2,000
= N u ~-.~ at Re = 10 ,000

and t h a t  t h e  f i rs t  d e r i v a t i v e s  w i t h  r espec t  to the  R e y n o l ~is
num ber m atc h at Re equal -to 2,000 and 10,000.

The 1.1. Mostinski correlation , from Ref. 16 , for
sirgIe hcnizcrtal tube pool boiling is used to find the heat

t :ansfer coefficient on the outside of the tube. HT~ I’s
Ex tensive experimentation led Palen , Y ar den , and Tab creic , in
Ref. 13, tc conclude that Mostinski’s equation prod uced the
“acst consisten t results” . His correlation is

C .6 9  0.7 0.17 1.2 1C
C .C C 6 5 8  p~ q (1 .8  r + 4 r + 10 r ) (36)

where

=

= crit ical  pressure of the w o r k i n g  f l u i d  ap s ia )
g = bea t  f l u x  ( B T U / h r — f t 2 )

A f i n a l  b ea t f l u x  relation needed is the  re la t ion  icr the
m a x i m u m  h e a t  f l u x  allowed. Nostinski,s correla tion for  a
s in g le  t u be is used.

0.35 0.9
= 803 r (1 — r) 137)

where the units are the same as in eguaticn (36). prom
H T F I ’ s data , unde r  u n k n o w n  cond i t ions , g,,0~ for  the  bund le
ap p e a r s  tc be cne t h i rd  of the  fo r  a s ingle  t u b e .

42
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ftc pcwer required to pump  the salt w a t e r  t h r o u g h
•1 the t ubes  depends  cn the pressur e dro p across the t u b e  bank .

Ther e  are three causes of the pressure drop. The flow
ex p er iences  a loss as the wa te r  enters  in to  and ex i t s  from
the tubes in addition to the frictional loss along the tube.

Frcm Ref . 114, the pressure drcp icr a liquid is determined
frc m

2 1 4 f L
= 0.5 

~~~ ~~~ ~ d 1 
• Kc — l I e)  i38)

In crd€z tc determine f, lIe an d Kc, the f l ow  regime mu st be
specifi€d.. ftc regimes are a little different than those for
the Nusselt ruaber ..

laminar: 0 < Re ‘S 2,OC O
transition: 2,000 < Re ‘S 5,000

turbulent: 5,000 < Re ‘S i n f i n i ty

The Panning friction factor, f, in the laminar regime is

f 16/Re (39)

In the turbulent regime, the Fanning fricticn factcr is
found frcv the Rica. ~s equation in the range 5,00C < Re <

icc ,ooo

0.25
f • 0.079/Re (~0)

which is a close approximaticn to the Karma n — Nikcradse

eqnatic n,

1 \ ~4
1 
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-0.5 0.5
4 14 f) = — 0 . 8  + 0.87 ln (R€ (4 f) ) 441)

w h i c h  is v a l i d  t h r c u g h o u t  the turbulent regicn (Re ) 5,000),

a s s u m i n g  s m c c t h  wa l l ed  tubes.  E i t h er  e q uat i c n  ( 140 ) Cr ( L l i )
•ay be use d wi th s imilar  resul ts bu t the Llasius is b e t t e r
s u i t e d  tc t h i s  ana lys i s  because the I ( a r a a n — N i k u r a d s e
e q u a t i o n  m u s t  be solved by i t e r a t i o n .  E q u a t i c n  (41)
c cn s u m e s  •oze c o m p u t e r  t ime to solve and  can cause accuracy

problems if not enough significant digits are evaluated.

The fL i c t i c r  f a c t cr  in the t r ans i t i on  region is determined

by fitting c least squares curve through a hand drawn curve

in c a  the en d ci the lamina r curv e 4o the beginning of the

t u r b u l e n t  c ur v e .

The Entrance effect, lIc, an d the ex i t e f f e c t , ~e,
depend on the Reynolds number , the free flow to frontal area

ra t io, $,  and , in the laminar region , on the tube length.

Fcr the bc i l e r , 4) is determined by

2

4, (142)

Ds — 14 SA

Fi gure  5, p age 7—13 , in Ref. 17 is used tc find Ke and Kc.

The effec t of Reynolds number and L/d ratio was eliminated

fn cm the relationships in the laminar and the turbulent

regimes Cf t h e  f l ow , hut t he  R e y n c i d s  n u m b e r  was i n c l u de d  in
the trarsiticn region because of the large variatico of lIc

wi th Reynold s number . The fcllowing eguaticns are used to

fin d the entrance effect in the various flow regimes.

Lam inar : (Laing the curve for 4 (L/d) Re = 0.1)

= 1. - 0.4~~ (43)
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Turbulent: (using the curve for Re = 5 , 0CC)

Kc.~ = 0.52 — 0.* ~ (14 14 )

Transiticr :

Kc.~.,. = A KcL + (1 —
~~

) KcT~ (145)

A z e B E + f  ~46)

The ccefficienta e and f are determined ty requiring the

transiticn ~c to equal the laminar lIc at Be equal to 2,000
and the turbule nt lIc at ~e equal to 5,000. The exit effect

is the same fcr all flow regimes, and is found frcm the
fcllcwing EGuation that approximates the 4(L/d)Re =0.05
curve in ftf. 17.

lIe • 1.Ci~93 — 2.5178k • 1.1613 o — 0.17677~~~

2. lbs U~4nsu

Ike  ~eaign of the condenser is almost the same as
the design ci the boiler. It is a fixed tube sheet ,
tute—ia—stell best exchanger. The condenser does act tied a
aeparaticn iclume so the •ntire shell is filled with tubes.
In crder to allow the •nterinq vapor to reach all ci the
tutu, chasnels through the tube hank ire needed. The

1#5 

—-

_ _ _  _ _ _  
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a l l c w a n c e  f or  this is accomplished by dec reas ing  t h e  shel l
d i a s et e r  by a fixed factor when calculating the rumber of
t u b e s .  T h e  calculaticn of the  w o r k i n g  f l u i d  s ide hea t
t r a n s f e r  c o e f f i c i e n t, h , is d i f f e r e n t .  The e q u a t i o n
acccunts for the ccndensate frca one tube falling cn those

b e lcw it a id  f o r  the  subcool ing of the  c c n d e n s a t e .  M . N .
Ch en s e q ua t ica , as developed in Ref . 18 and  shown in a more
sl i p l e  f c r r  in Ref . 17 , is used.

= C . 7 2 ~ 
~1~ 0 (cp~~T\  ~~~~~ ~~ ~p4 

0 .25  
(4 8)

L / JL n d 0/-4 AT

w h e r e
h = BTU/ft2—hr_0F

41 = “Sat — T~ 
(l4~~ )

3
H’ = H + ~ c1.8T 450)

8

n = num ber of tu bes in a c o l u m n

is t h e  e n th a l py  corrected f o r  subccoling of t h e
ccr densate . Equation (48) replaces eguaticn (36) ir  the
analysis ci the condenser. In the circular shaped tine

Lark , n is fcurd by determining the number cf tubes in a
cclumn of average height.

Ds
n 9.425 — — 1 51)

pi

The defini ticu of AT0 becomes

46
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AT0 • T s.t — (52)

in con trast tc equation (26) above. The seawater cutlet
tem p erat ur e is found from

= 
Tsw,out — Tsw,in 453)

AT0

which replaces equa tion (25)

In crder tc find the heat transfer ccefficient , the

temperature ci the outside tube surface is needed in

equation 149); therefore, the therma l netwcrk is solved for
the outside tall temperature and for the heat flow rate.

Q = OA~~ (T~1, — T
~~Lk ) (544)

w h e r e

UI ’  • 1/(R 1 + R2 + R44) (55)

average of the inlet and
the o u t l e t  seawater t e m p .

There  is n c fac tor , 7, in the beat t r am a fe r  e qu a t i c n  for
ccnd .nsat ion  since the e f f ec t  of neighbor ing t u b e s  is
acccunted  icr in equation (47) .

3. 1.ts_I~~su

h e n  are thtae pumps in the model. Poth
ciccu lat icu pumps for the bciler and the condenser are
a ssumed to he propeller pumps (axia l flow pumps). The feed

_ _ _ _  
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pu mp s are assuied tc be centrifugal pumps. The differences

in the characteristics of the two types of PUS? show up cnly

in the calculaticn of capital costs of the pumps in the

mo del.

~ke choic e of the type of pump to app ly is ia~ e on

the basis ci the flow rate, GRL~, and on the head the pu m p is

wor king against. Cualitatively, the propeller pump is used

where the flcw rates are high and the head is 1cw. rhe

cen trifugal pumps apply where the flow rate is comparatively

lcb an d the head pressure is high . The qualitative picture

is place d in better perspective through the calculaticn of

the specific speed from

0.5
EP~~ GR ~(

Nsq = (56)
0.15

Head

The centnif~ gal pump is used when 500 ( Nsq ~ 7,500 and the

propeller p u ip applies when 7,500 < Nsg � 15 ,000, acccrding

to Ref. 15. The choice of the type of pump is checked after

the optili2aticn process has been completed by sclving

e q ua t ion (5~) . If the value of the specific speed is

ou tside ci the range , 500 < Nsq < 15 ,000, the m axi m um

ef ficiency of the pump drops off rap id l y ;  the r e f o r e , few
pumps are designed tc operate outside ci this range.

since the pumps are “black boxes”, only the pcw er
ccnsu.ed by the pumps is calculated. The pcwer required to

driv e the p um p is f o u r 4 d  from

N A p
p (57)

~purm p

48
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C .  CCS4 I PFA ~~~h C E K

As d i s c u s s e d  at  the  s ta r t  of th is  r ep c r t , the  ca~.it al
costs of t h e  m a j o r  c o m p o n en t s  are  t h e  cn]. y cost s  tc be
c c n s i der e d  in  th i s  icdel . The boiler  and t h e  c o n d e n s e r  are
b o t h  t u h E — i u — s ~ ell  heat  exchangers  a s sumed  to be ci th ~
f i x e d  t u b E  sh ee t  t y p e .  The only d i f f e r e n c e  being  t h a t  t h e
she l l  of t h e  bo i le r  is p a r t l y  f i l l ed  w i t h  t u b e s .  Eo th
se a w a t e r  c ir c ul a t i c n  p umps  a re  assumed to be prop e l l e r  t y p e
p u i p s  a n d  m ade  ci the same ma te r i a l .  The size a n d  n u m b e r
pci hea t exc h an ger shell  may be d i f f e r e n t  f c r  the b c i l er  aad
t h e  c o n d e n s e r ,  The number  of w o r k i n g  f l u i d  f e e d  p u m p s ,
w h i c h  a re  t h e  c e n t r i f u g a l  t y p e  p u m p s , are as sumed  to e g u a l
the number ci bo ile r  shells.

Ihe  ccst e s t ima t ing  re la t ionsh ips  icr t h e  hea t
ex c h a n g e r s  ar .d t he  c e n t r i f u g a l  p u m p s  are t a k e n  from 6ef. 20 ,
b y K .~~. G u t h r i e .  The eq uat ion fc r  the  cost of t h e  hea t
e x c h a n ger s  is

0.63
= 116.3 

~
1
~d
’ F~ ) P,~ ~~~ (At ) (56)

where the ccrstant s are calculated from a lcg—log pict of

cos t Versus total  tube sur face  area an d

0 . 6  for  a f i x e d  tube  sheet
0.0 for pressure correc tion (p < 150 psi)
m a t e r i a l  factor  f r o m  Table 1

1
~ e ccst index

A
~~~~~

= d0 L N

icr a relevant range of 100 < A < 10,000 it’.

The ccst equation for the centrifugal pumps  and  the

i~9
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asscciat€o ictcrs is

0.721
= 1 .C13 F,~ F0 Iç~ 

CH (59)

wh ere the constants are found from a straight linE

appr oxiaatic n ci the log—log plot Cf ccst versus C for the
section of thE curve from C = 30,000 to C = 300 , 000 icr  ai~
e lec t r i c  m o t c i  d r i v en  pump and

P 0 = 1.0 icr suc t ion  t e m p e r a t u r e s  < 250°f (12 1°C)
= ccst in d e x

f,,~= material factor from Table  2
CH = p zcd rct of the flow rate in GPM

an d the pressure differential in psi

f o r  a r e l e v a n t  r ange  of 30 ,000 < C~ < 300 ,000. T h e  cost
cata in c-utb nie’s article is uiven for a time base of

iid— 1968.

P e f e r e n c e  21 , also Dy G u tu r i e , gives  cost d a t a  for
p r cp E l let  p u m p s  and c e n t r i f u ga l  p u m p s .  The  E q u a t i o n  f cr  the
pr cpell er p u m p s  w i t h  the  motors  is

0.783
5.767 

~~~~~ 
1~~ Plow EE C)

w h e r e  the constants are found from the log—l cg plot Cf cost
versus  f i c u  la te  fo r  an e lectr ic  motor d r i v e n  pump and

P p = 1.0 icr a suction pressure < 150 ~ Ei
z m a t e r i a l  fac tor  f r o m  Table 3

= cost index

Plow ~ f l c w  ra te  in GPM

for  a relevant range of 1,000 < Flow < 1 CO ,000 GPN . The

time base icr the propeller pump data is icr the ecd of

50
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Table 1
M~ flSIAL FACTORS ICR THE HEAT EIC1~ANGER S

C a r b c r  S tee l  Carb cn  Steel  1.00
C a r b c n  Ste~el Brass 1.52
Carbcn Steel Stainless Steel 3.52

~tainl€ss Steel Stainless Steel 4.50

Carbo n Steel Nonel 3.75

~cncl  Lionel 4 .95
C a z b c n  S tee l  T i t a n i u m  11 .10
l i t a r i u m  T i t a n i u m

Table 2

!?THIAL FACTORS FOR THE CENTRIFUGAL FEED £IJI!FE

K!

Cast Iron 1.00

Bronze 1.28

Cast Steel 1.32

Stainless Steel 1.93

Nonel 3.23

Hastelloy C 2.89

T i t a n i u m  8.98

I-

5] .
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Table 3

MATERIAL FACTORS FOR PROPELL !I~ PUMPS

pumps

Cast Iron 1.00
Cast Steel 1.28

Stainless Steel 1.64
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1570. f tc  costs a r r i ved  at  f r o m  e q ua t i o n s  (58) , ( 5 9 ) ,  and
(6C)  ar e in dcllars per com ponen t, for examp le , do l l a r s  per
hea t exchanger shell. The purpose of the cost incex is

allcw all the equipment to be costed on a ccimcn Dasis. Tn€

time difference is assumed to be small enough so that the

cost index is set to 1.00 for all the components.

F. ASSEULY Cf THE MATHEMATICAL MCDEL

The erçineerirg and the ccst relaticnships are linked

together in the mc d e l .  The cost equat ion is the function tc

be minimized and the implicit and explicit ccnstraint s ~re
the engiteer~ rg equat ions  tha t res trict the fe asib le reg ion
of the p r c k l e a .  The expl ic i t  cons t r a in t s  tes~~r i c t  the
var iab les , the vector X, to positive values. The rest of

th e mo del is fc r m u l a ted in the fo l l owing  f o r m

Iinimi2e f(X )

subject to: g (I) � 0, i=1 ,2,....,m

h (~ ) = 0 , i=m+ 1,....,m+n
1

where the aefiniticns of the elements of X are shown in

Table l4~ $ev eral of tile variables must have only integer

values if the system were actually built , but Lot the
objectives of this analysis they are left as continucus teal
variables. ~cr example , the nu.b€r of shells may have an
integer value in the actual system but this requireme nt can

• be accoscdated by solving the system for a neal value then

integerixing the number of shells and solve the prct lei with

the next higker an~ the next lcver integer number of shells.
The lover cf the two solutions would be chcsen. ibe f i n a l
rescluticn ct the correct numbar of shells w cu l d

_ _ _ _ _  _ _ _ _ _ _ _  
_ _ _ _ _ _ _ _ _ _ _  

_ _ _ _ _ _ _ _ _  
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Table  4
DEEflIIICN CF THE ELEMENTS OF THE VECTOR X

x (1) = velocity of seawater in the bciler

= H H II condenE er

x ( 3 )  = cu t l e t  p r e s su re  in the  b o i ler
x (4 )  = inlet “ “ ccndenser

x(5) = t u b e  l eng th  in t h e  boi ler
x(6) = “ c o n d e n s er
x(7) = mass flow rate of the w cr king fluid

= diameter of the bciler shell
i(S) = “ “ condense r  she l l
x (1C) = o u t s i d e  d ia .  of a t u b e  in t h e  bo i le r
z (11) = II U II SI H c o n d e n s er
x ( 1 2 )  = n u m b e r  of b c il er  shel ls
x ( 1 .~) = “ condenser  shells

- _ _  
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prc ba bly d ep end on other than thermo dy n a m i c  an d cost
consi der at icus , such as a requirement that cne extra shell

be inc lu de d to allow for  one shell bein g dcv r  f o r
maintenance. Cbviously, the number of tubes in a shell must

• be an integer value but one extra tube cut of several

t h o u s a n d  i~ a minor matter. In additicn , there w a y b e a
r e q u i r e m e n t  icr extra tubes to allow for a percentage tc be
plugged wh en they develop leaks so that the entire shell is

not put c t  cf ccmiission by a minor leak in one tube.

1. cfl~cfl!& 1~~~ti2~ ~~~ tk~ c9n~~~m~~

The cbjec tive functicn is the sum of th e cos ts of
the boil€r and the condenser, and the pumps. The model

assumes that there is one circulating pump and one feed pump

for eac h shell in the bciler and tha t there is one
circulating pump for each shell in the ccndenser. Since

there is rc cost analysis for the turbine, nc assump ticn is
needed ah cu t  the  n u m b e r  of t u r b i n e s  in the system.

There are nineteen constraints in the present

pr c g r a m , cue ci which is optional. The first three ccncern

the s a t u r a t i o n  pressures in t h e  boiler and the ccnd€nser.

The n e x t  t w e l v e  place restrictions on va r ious  d im ensi co s  of
the Lciler an~ the condenser. The last three  requir e tha t
scie intermediate calculations stay positive.

E sing  the cbjective function as a const ra int  has
proved advantaç ecu s in cases where  the  prob lem was
ncr—ccn v€ or where the program had difficulty in finding a

• solution. It is used by setting a boundary on the cbjective
function cc that the constraint is either infeasible or
slightly feasible at the starting point. The proper chcice

must be icund by trial and error. One caution to note is
when equality constraints are involved . If the starting

_ _ _  
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p c in t  is r e a r  t h e  opt i m u m , the program tries to wove away

fnci the bcundary and the equality constraints may not be

satisfied w h en the prcgra m finishes.

The need for the cther eig hteen inequality

c cn s t r a in t s  is not obvious  when  t h e  p i c t i em  is f i r s t
fcnrulated. The thermodynamics of the problem require , for

e x a m p le , that the propane saturation tempe rature L~e less

than seawater temperature in crder for the iciler tc absorb

energy, but the program has no way of knowin g that , un l e s s
it it spec ified. If  the p r o g r a m  can i mp r c v e  the  cost  and
satisfy the cther constraints by reversing the relaticnship

it viii dc so. This inversion may take [lace only for a

s hcr t  t i m e  d L n i n g  the solution of t he  p r o b l e m , bu t , i f  t h e
eq ua tions f a i l  under  thi s ccn d ition , the constraint cn the

teI [eratires in the bciler is necessary. Mcst of the other

con straints are needed for the same reason.

Scm e ccnstraints are nct added to the problew since

they are oct .ci~ djntj in the solution. There are twc such

ccnstrain ts. The tiLst is the segmental area required to

a l low s e par a t i cn  of the liquid droplets from the vapcr . The

segmental area set aside by the ‘10% rule—of—thu mb is more

than that required by the consideration of the physical

pr cper ties Cf prcpane. The cther ccnstraint is the

restricticu cm the maxim , hea t flux by Nostinski’s

correlatict , equation (37) . The constraints dc not k ecoae
bin d ing In the scluticn .

The three equality ccnstraints contain the

caiculaticus Cf the properties of the various co .pcn€nts
modeled in this analysis. The first crc concerns the

bciler . It states that the actual energy abscrption rate of

the bciler shells must be equal to the energy absorption

ra te requir ed by the thermodynamic cycle. Similarly, the

second equality constraint states that the beat rejected by
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the condenser must equal that required by the thermodynamic

cycie for the ccndensation of the vapor from state point 5

back tc state pcint 1 as shown in Fig. 3. The third

ccos tra in t calcula tes the pcwer require d b y the v ar ious
pu m p s and the pcwer extracted from the turbine to run the

system ’s pum ps and to produce electrical power for

ccnsum pticn . This ccnstraint requires that the power cut of

the turbi ne equal the power used by the pumps and the

generator. The net useful power cut of the system i~ a

design ci;€ctive and is specified as 25MW herein.

2. ~~~~~ ~~~~~~~~~~~~ ~~~~

Since the ar r iva l  of t he  elec t rcn ic  com p ut e r , a
great m any nonlinear programming techniques have teen

• deve loped  from earl y theories and more current research.

The ccr putei program , calle d the Se quen tial Unc ons t ra ined
Minimizatico Technique (SUNT) , developed by ~ylander ,

ficlens , and McCormick in ~ef. 22 is used to optimize the

mcde] . . Th e i r  p rogram impl emen ted much ci the theory
c on t a i n e d  in Ref . 23, by Fiacco and Mc Ccrmick , about

oculinear programming using unconstrained minim i2ation

techniques. SUNT—Version Is is chosen because of i ts ab i l i t y
to solve a wide variety ot problems. The theoretical

require.ents for STINT to be guaranteed to find a local

min imum is that there exists some point which satisfies the

inequa l i ty  ccnatr a in t s  and tha t  there  not be a local m in i m u m
at pcints where I goes to infinity. If certain convexity

con ditions are satisfied, t hen  the local m i n i m u m  f o u n d  is a
gichal mi n imum.

St iNT uses a penalty functicn tc transform the

• ccnstraired cptimizaticn problem
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min imi2e f (X)

s u b j e c t  tc: g (I) � 0 , i=1 ,2,....,m
1

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

intc a sequence of unccnstrained problems cf the form

m
= f (X) — r~~ in g (X) + h r  1 4h (X))2 461)

1= 1 i i=w+1 i

w h e r e P 4X ,r) bEcomes the function to be m inimized. The

inequality ccnstraints , g(X) , cau e a large penalty to cccur

as a boun d a r y  is a pp rcacL~d. The equality ccnstraints add a

la r g e  penalty whenever h(I) departs from zero in E i t h e r
direction. The size of the penalties due tc g (X) an-i h (X)

is con trclled by the arbitrary parameter “r”. The algcrithm

solves the prcblem by solving a series of sutproblems . For

StINT minimizes P(X (r ,~),r~) in each sut:probl em

in cr d er  to find the minimum of f(X) as “r” tends to zero.
When a minimum of a subproblem is found , “r” is re-~uced by a

fac tor assigned by the user and the new subprctlem is

sd -m ed.  T h e  process cont inues  u n t i l  t h e  c o n v e r g e n c e
c r i t e r i a  chosen by the user is s a t i s f i ed .  F i g u r e  7
illus trates schematically the results of the sequence of

sut prcbleis and the gualitative shape cf the pena lty

func tion. Three methods of minimization are included in the

pr cqram. The user may choose either the generalized

New ton—Ra [hscn , steepest descen t, or Mccormick modification

of the Pletcber—Powell method.

T h e r e  a re  several o the r  options that contrcl the

opera tion of StINT . The user may chccse the initial

penalty, z, ci, if the problem satisfies certain conditions ,

the user may elect to have StINT compute the initial “r”.

There are three choices for the convergence critericn cf the
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prcblea . The criterion used depends on the in€- ~ua1 it y

penalty term being close enough to zero .  A n c t h e r  c [ t i c n  is
the choice of the calcu lation of the ~u bçr c~ let stc~ pinq

criterion . Two of the choices compute the inver se Cf the

seccnd part ial matrix and the third choice ccmp utes cnly the

gradient cf the penalty function C V~P(1
,r)). One ct the

mc~ t useful cptions is extra~ olation . After two or t t ~~~. .
sutproblei s have been solved EUNT is able tc make a first ~r

s€ccnd crcer extrapolation to the starting pcint for the

next subp rcblem . This can speed up the sclution ci the

problem ucasureably.

The characteristics of the problem limit the choices

for each cpticn . The penalty factor couldn ’t be set by SUNT

due to the presence of equality constraints and because the

ini tial J is usually not close to any boundary. The £tcpjing

criterion icr the problem is that the inequality penalty

term heccue less than some value , usually 10— 1 .

Ex trapolaticn is used , but it makes little difference in the

answer or tc the sclution time whether a twc point or three

p c i n t  e s t i m a t e  is made. The s u b p r cb l em  c cn v e r g e n c e
cri terion is the ma gnitude  of the g ra d ien t of P (X ,r)
be ccm in g less than some small number .

The choice cf starting penalty, r, affects

significantly the solution time and even whether a solution

is f o u n d  in  scie prob lems  according to F e f .  7. If the

initial “r” is toc small , the subproblea cptimum may he the

pi chiem ’s cptimum which may be hard to find cr require more

calculaticns than if a much larger  “ r ” is ch c sen .  If “ r” j 5
toc large , the first few optima lie near the center of the
feasiole region and are unrelated to t h e  opt i m u m  cf the
ob~ €ctive func ticn.

Scaling of the variables, constraints , and the
cbjective function is necessary. The variables must be
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w i t h i n  t w c  ci t h ree  orders of m a g n i t u d E  of each o t h e r .  E o n
e x a m p l e , the working fluid flow rate is of the order of 101

whereas the tube diameters are of the order 100. If the

finite difference interval is 10—’, the partial of the

equations w ith respect to the mass flow rate may be lost due

tc the rcundcff error providing the cnly significant

figures. w i t h  the constraints and the objective functicn ,

~n scal in ç  may resul t in one term in the p ena l ty f u n c tion
being dcai nant , and the algorithm finds that most ci the

dEcrease in tb€ penalty function takes place in the dominate

term. ThE result is that STINT wcrks hard to decrease that

ter. and does not see the other terms resulting ir a

me aningless scluticn.

In  m a k i n g  f i r s t  and second order  e s t ima tes  c-f the
sc l u t i c n , ~ CN1 may  generate negat ive  n u m b e r s  in t h e  I
vector. Whe n it evaluates the cons t r a in t s  and o b j e c t i v e
tu r c ticn fo r  this point, the equa tions f a i l  an d may cause
the program to fail depending on the severity of the iailure

and bow many times the error has occured .  This p r c b l e m  is
ciicuaven ted by testing the vector upon entry intc the

sut1ou tine where the objective function and the constraints

are evalta tec and setting the ccnstraint being evaluated

equal to scue negative constant.

The main program of STINT is altered so that the

prctle. can be restarted at the current soluticn without
readin g in a new problem. This is necessary because the

prcgram would give all the indications of having fcund a
solution , but it the problem is restared it could often find
a lcw valte for the objective function. The new soln t lcn is

• ccmpare d to the previous solution and if the two sciLtions

are not clcse enough the problem is restarted after making

acme changes to particular parameters , opticts , or
ccnstrairts depending on the objective the user has in mind.
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~II. ~~~~~~ ilP cQ~~~!L~1~i!a

One cf the ma~ cr tasks in the development of a nonlinear

m c d € l  is the linking of ~he model with the optimi7ation

p r c g r a m  in c ide r  to  a n a l y z e  th~ model .  The  selecticn ci the
p zcper ocnlinear programming technique is Essential tc the
scluticn. Several techniques require that the cbjective

functio n and the ccnstraints be in a particular fcrm. For

ex a m p le , G€cm€tric Programming develope d b y tu ff in , Peterson
an d Zen e r , in Ref. 24, requires that the equaticns be

pcsyncaials which is not true of the model developed it this

p ap er. STINT was chosen because cf its wide applicaticns to

problem s ci any type. it only requires that there exist

som e f eas i b le poin t and tha t local m i n i m a  no t ex ist at
infinity. It has successfully solved many ncnconvex

p ro b l e m s .

Twc 1EiS1CUS of the analy tical model are presented. The
firs t is called the iterative version because the

ca lcu l a t icn of the hea t absorp tion ra te and hea t re jec tion
ra te require iterating on some quantity to find them.

Nostinski’s correlation, equation (36) , contains the heat

flux which is an unknown . It is not possible to solve the

system cf equation s explicitly for the heat flux; tberefcre ,

a successive apprcxima tion technique is used. The

calculaticn ci the heat rejected in the condenser involvt~
the same process with the temperature of the outside tube
w a l l  as the iterating variable. STINT is unable to arrive at

a ccnsist ert sciution in the t u e  allowed , up to 90 minute s
of compu ter time. The soluticus are quite different for

each try with nc pattern evident about the direction the

sclu ticn mig h t lie.
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There are several possible explaoaticns icr this

behavior. Perhaps the behavior of this version ci the

• p r cb ]em is such that SUNT is not the best choice fcr the

optimizinç algorithm or possibly the prcblem cannct be

sclve d at all in this for.. Another source of ptctlem s

could be the numerical differentiation procedure. Numerical

differentiaticn is subject to severe truncation and

rcund—of f ELLCL. The subproblem always terminates whe n STINT

is un ab le to re duce the pen alty fu n c ticn durin g the ncz t
i ter a t i c a , tzcm one es t imate  at I to the next estimate.

~em€ mb e r t h e  ccnvergen ce  c r i ter i cn , never  sa t i s f i ed  f o r  t h i s
v e r s i c n  of the problem , is the  m a g n i t u d e  Cf V

~
E (X ,r)

beccminq less than some small number . No ccnclusiv€ results

cculd  be cbtained with this version so the second veiz±on is

tse d fcr the present analysis.

In this secon d version the hea t tr a n s f e r  coef f i cie rts on
the ropene side of the tube are fixed. This enables the

equali ty ccnstiaints for the bciler and the condenser to be
• calcul ated to the full accuracy of the computer without

incr easing the time required. The ccrrelaticns, eg* ation

(36) and ~4 8 ) ,  arc used for ccmp an ison  w i th  the  f i xed  value.
If the calculated value and the fixed value are within 20 tc
29 of cne ano ther , the solution would be considered to be
gcc d since  t h i s  is the tolerance clai me d fo~ the

ccnrelaticns .

STINT seemed to be able to solve the new prcble. because

a series of seven solutions have been prcduced where the

values of the elements of I and Cf the objective function

vary nc more than 3.7% and 1.2%, respectively, about the
me a n when different starting points and different SUNT

ccntrcl para.eters are selected. See Table 6 for a su .mary
of the scluticns ottained from the assumed data , as sh c w n  in
Table 5. The design implications of these results are quite
reasonable . The range shows the spread in the soluticns.

- -  
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Table 5
PROBLEM INPUT DATA

EouHng Thermal Besistance 0.0 hr—°F/BTU
Eciler and Condenser (0.0 °C,’kW)

Elevatic u of Bciler 15 ft

Above Condenser (4.57 m)

Chan n el Allowance 0.83 ft

(0.25 w)

Ef fi c i e n c i e s for  the Tur b ine 85%

and the Pumps

Sea~ ater Temperature s — Hot 75°F

(23.9°C)
— Cold 40°F

(4 .4 °C)
Net Out p ut Pcwer 8.532x1C7 BTU,ihr

(25 MW )

E u n d l e  actor  (~
) 3.0

Ccst I .dexes (1) 1.00 ict all ccmp .

lute ball Thickness 0.028 in

(0.071 cmi )
Nit. Cistance Between Tubes 0.5 in

(1.27 cm )

H e a t  T r a n s f e r  Coef f i c i en t s  145 B T U , f t 2 — h r — ° F
icr Eci ler  and  Condenser  (0.822 k b / a z— n C )

Boiler and Ccnd€nser Carbon Steel Shells

Brass Tube s
Peed Lump s Bronze

C i r c u la t icn L u m p s  S t a i n l ess  Steel
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Tdbl~ 6

EXAMP LE P~ OBL !~1 5OLUTI0I ~ S i i M N A ~~Y

H an ~ e sean Var ts

Bc I icr:

Velo city 3.323—3.347 3.335 0.7 ft/sec

( 1 . 0 1 3 — 1 .0 2 0 )  (1.016) (i/sec)

Eressuze ap prox 0 118.2 O.C lb/in 2

(815.0) (kp)

lute length 39.16—40 .00 39.71 2.1 ft

(11.91—12.19) (12.10) (U)

Shell dia. 24.12—25.00 24.91 3.5 ft

(7.352—7.620) (7.593) (m)
lube d i a .  0.756—0.76 1 0.758 0.7 in

( 1 . 9 1 9 — 1 . 9 3 4 )  (1 .926 )  (cx)
I of shells 7.141—7.409 7.228 3.7 —

CCr d e nse r :
Velocity 2.793—2.823 2.808 1.1 ft/sec

- (0.851—0.860) (0.856) (e/sec)

PressurE 91.53—91.60 91.i6 0.1 lb/inz

(631.1— ~ 31.6) (631.3) (kp)
lube length 39.3~ —4O.00 39.78 1.6 ft

( 1 1 . 9 9 — 1 2 . 1 9 )  (12.12) (m)

Shell dia. 44.69—45,00 44.89 0.7 ft

(13.62—13 .72) (13.68) (a)
lube dia. 0.7t32—0.7686 0.7660 0.7 in

(1.~~38—1.952) (t.946) (cm)

I of shells 4.297—3.401 3.331 3.1 —

Mass f l o w  r a t e  2 2 . 1 2 — 2 2 . 2 1  2 2 . 1 7  0 .4  1O’]bm ,hr
(10 .03—10.07)  (10.06) ( 10~~k q/ h r )

System cc~ t 7.~~~E—7.673 7.607 1.2 10’ 3

( 
-
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The arith m etic mean of th-~ seven soluticr,s is calculated.

Th e  d i f f e r e n c e  b e t w e e n  the  m a x i m u m  and  t h e  i in i a u in  v a l t e~ i~
s h c w n  as a ~et cen t  of the  m e a n .  The p e r c e n t  v a r i a ti c n  g ives
scie idea Cf how well the solution was determ in€d. Nate

that the tube length and shell diamet -e n ccnstra ints ~ire
binding for both the bcil€r and the ccndenser . The

sui~ rcble~ still terminates cely when the penalty function

does not cecnease from one iteration to the next. The

magnitudE Cf ‘
~A~P (X ,

r) is not becoming small enough to

satisfy tt~e ccnvergence criterion. The value never beccues

less than C.C2 and is usually greater than 0.5 whe n a

sutp rc bl em is stopped by the program.

Useful results are obtainable , however. The encin eer

can l e a r n  much about his problem even from a single point.

Fcr ex a m p le, Inc. the cost breakdown in Figure E , the

portion Cf the costs attributable to each ccrponent can be

SEEn . The bea t exchangers , of cour se, dominate with 78% of

the cost . The circulation pump s are about 21% of the cost

with the feed pumps being 1.2% of the total cost. Since

the efficiency assumed for the circulation pump s is p rcba il y

toc hiqh , these pu.ps would be even acre ccstly in terms of

energy and .cney. This could indicate the priorities that

should he set on the design efforts for imp rovement s of the

various ccapcnen ts with the highest pri~ nity b€i n ç the

highest perc entage cost component.

The syste m ’s pcwen distribution is shown in Table 7.

The significant features are the large energy abscnption

rate for the small useful output power and the parasitic

pum ping pcwer. The lower the efficiency the greater must be
the power absorbed for the same output. This is to be

expected for this kind of system. The parasitic p t a p i n g
power (12~ of the turbine output) is about twice what it is

for a fcsslle fuel plant.
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CONDENSER BOILER
$3 , 333 , 000 $2 , 528 , 000
4 3 . 9 %  3 3 . 3 %

COND ENSER
CIRCULAT I ON
PUMPS

FEED BO ILER $9~~8 , ooo
PUMPS CIRCULATION 1 2 . 9 %
$94 , 100 PUMPS
1.2% $654 ,000

8 . 6 %

FIGURE 8.  COST BREAKDOW N
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Table  7
S O L U T I C N  £ O W E 1 ~ E U C C E T

J~L~~

I~Eat Ab sorption 3.56x1C~ 1042.8

lurtine Shaft Power 9.69x107 28.4

LEE d Pumps 44.49x106 1.3

f i r  C i r c u l a t i c n  Pumps  2 . 5 8 x 1C 6
C c n d  Circulation Lumps 4 .51x1t~ 1.3

feat PEjeCted 3.147x1C9 1015.7

~et tseful Power 8.53x107 25.0
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Cnc e  t h e  •cdel has been o p t i m i z e d  w i t h  the n u m b e r  of
she lls as r eal v a r i a bles, the problem can he r e—solved  tw ice
by fixing the shells at the next higher and the next lower

integer rurter. For the higher number of shells , the cost

increase d slightly as expected , from 7.607 million dcllars

average to 7.983 iillion dcllars. The problem with the

lcwer integer number of shells could not be scived due tc

the constraints cn the tune length and the diameter cf the

shel ls  h ein ç bin d in g before the shel l num bers w e r e
integenized. The program is unable to find a new solution

that satisfies the equality constraints.

Table 8 shows some miscellaneous data from the .cdel

that deserves comment. The overall heat transfer

ccefficient Cf the bciler is approximatel y three tiies that

for the ccnd€nser which is the major reason for the lcwer

ccst of the boiler relative to the condenser . f1ow€ver ,

remem ber that the bundle factor, equal to 3, is a par t of
the heat transfer coefficient . More data must be gotten
atcu t this factor in crder to improve the reliance on any

sclution. There is a significant difference between the

Prcpane heat transfer coefficients that were assimed and the

theoretical values calculated frcm the correlations. Other

values should be tried until the fixed value is within the

20% tolerance on the theoretical value. The flcw of

seawater tbrcugh the tubes in both the Lciler and  the
ccr densei is turbulent. Apparently, the resultinc cost

savings due to the improved heat transfer rate through a

smaller area is more than the increased costs of th€ higher
pumping pcwer needed. It seems likely that the s o l u t i o n
obtained is globally optimal; several different starting

• pcints were tried. The problem has been started in both the

laminar and the turbulent flow regions with no change In the

resul ts.
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lable 8

ADDITIONAL I~A TA FROM SA~ PL~
P R O B L E M  S O L U T I O N

Boiler Condenser Units

hcrking fluid Heat Transfer Cccfficients

#ssumed 145. 145. B’rU/hn_ ft2_ 0F

(0.822) (0.822) (kW,~~ _cC)

Theor etica l 227. 241.

(1.29) (1.37)

Surface ire a per Shell 2.39x105 1.27x106 f t2

(2.22x10’) (1.18x10~) (a2)

S E a w a t e r  C u t l e t  Te m p 72.3  43.8 0?
( 2 2 . 4 )  (6 .55)  (°C)

Shell SatL’rat icn TEm P 66.7 £49.9 Of

(19.3) (9.94) (°C)

Seawater Pa ss  flow R a t e  4 . 3 9 2 1 08  9 . 1 1 x 1 0 9  i b m/ h r
(1.991108) (4. 13x1O~) (kg/hr)

Mean Temp ~~ff€r€n ce 6.67 7.85 Of

(3.71) (4.36) (°C)

Overall Peat Transfer 310.6 105.0 HTU/hr—ft~ —°F

Coeffic lert (1.76) (0.595) (kW/m 2— °C)

Heat Flui 2070.0 824.9 ~TU/ft2_hr

(6.528) (2.602) (kW/m 2)

Seawater ~eyncl ds no. 19,800. 9,960. —
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j

iv.  cQ Iic~

The present model has a grea t  deal acre informaticn to

cffer , but scme improvements in the model shcu ld  be m a d e  tc
improve the ability of a ncnlinea r program to scive the

prcblem. The first recoamendaticn would be to study the

e q u a l i t y  cons t r a in t s  and place inequality ccnstraints cn any

varia ble or grouping of variables if they tcth can become

ne gative and alsc must have their logarithms cc.puted.

E x a m p les , already includ ed in the program , a r e  the n u m ber of
tube s in tie shells. The heat transfer coefficients fcr the

w o r k i n g ilu i c  side in the boiler an d the ccndenser  ccu l d be
inclu ded as equality constraints. This can be dcne by

addi n g the hea t tr ans fe r  coeff icients to th e vector I an d

requiring that the variables be equa l to the coefficients as
cc.puted by the appropriat e correlation. The same cculd be

dcr€ with Ealen and Small’ s property—dependent calculation
of the separation area by equation (12) and (13). Frca an

cverall standpcint , the results seem to in d icate ei ther  the

pr cbl€m is tcc difficult to be solved efficiently ir its

present form or that another nonlinear prcgram , other than

SUMI, might t€ better suited to the problem. Numerical

differentiatico of the constraints in this problem dc not

seem to help the program to find the solution since the

ma gnitude of ‘~~P(X,r) is not near zero when a sukpzoblea
stcps .

Once the optimization scheme is functioning properly,

the model can be used  to study the ef fects of f o u l i n g  an d

ccrros icn  an d  the costs of their prevention. Many proposals

have keen made that must be analyzed in the ccntex t of the
tctal system . Scie such as A.ertap, where  plastic foam
balls are pumpe d through the tubes to clean the heat
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t r a n sf e r  su r f a c e s , add a cost penalty f r c n  t h e  c a ç i t d l  and
cper ating ccst of the Amertap system and frca the ircreased

pulping p cwe r required. Coatings add the capita l ccsts of

the coatirq and the added capital cost of increased heat

t r a n s f e r  a r e a  r e q u i r e d  because  of the increased t iermal

r e s i s t a n c e  cf  t he  c ca t i ng .

A sensitivity analysis can he performed cn the model to

test t ie assumptions and the various ccnstants . T h e

sensitivity tc changes in these factors can indicate how

muc h one shculd be willing to pay for the imp rovem ent

sought. High sensitivity indicates areas where the greatest

effcrt tcr impr ovement should be desired or the priorities

shculd be set cn research into the unk ncwn areas cf tne

problem. ThE trade—off between cost and performance can be

studied by changing the o u t p u t  power and  l o o k i n g  f c r  t r e
lowest ccst per  k i l o w a t t — h o u r , which  is t h e  measure  by  wh i c h
ccrventicral pcwer plants are compared. One could icok into

the cost and the benefits of increasing the depth from which

the cold water is pumped versus the impr cved temperature

dif ferential possible from using the colder water.

PoE the capital cost ~f the system to be comple t e, the
turbine design must be included and cost estimates made.

Th e tur b ine  wi l l  be un iqu e  due to th e very  low pr essur e
po tential dzcp it must use. Some work has been do ve by

cther grcups wcrking on OTEC, Ref. 25 and 26. Reference 27,

by Bcbert I. Bartlett, can provide costing and design

inz c~~u a t i c n  a l t h o u g h  he deals only with steam turbines. The

r e m a i n i n g  p ar t of the sys tem tha t is desirea b le for
inc lus ion  in  the analysis presen ted h e r e i n  is the cold
seawater intake pipe. It will. be on the order of 1,OCO ft

(3C4.eI) lcng and 100 ft (30.14 1) in diameter.
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