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Oak Ridge National Laboratory . CONMIN , the optimization
program , was developed at the Ames Research Center.

OPCODE1 was well verified using main condenser input
data of an aircraft carrier and a destroyer escort.
Verification of OPCODE2 , using main condenser data of an
aircraft carrier , was less satisfactory due to the
conservative nature of flooding effects on the outside film
heat transfer coefficient used in ORCON1.

OPCODE1 is an excellent design tool for the conceptual
design of a marine condenser. Optimized test cases run with
OPCODE1 show that a condenser designed by the HEI method is
nearly optimum with respect to volume .

Test cases with OPCODE2 show that enhancing the heat
transfer on the shell-side by 80 percent yields a condenser
with ten percent less volume than the unerihanced case.
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ABSTRACT

Two separate computer codes were coupled with a con-

strained function minimization code to produce automated

marine condenser design and optimization programs of vastly

different complexity. The first program , OPCODE1, was

developed from the Heat Exchange Institute ’s Standards for

Steam Surface Condensers (HEI). The second program , OPCODE2 ,

was developed from the sophisticated ORCON1 , a computer code

produced by the Oak Ridge National Laboratory . CONMIN , the

optimization program , was developed at the Ames Research

Center.

OPCODE1 was well verified using .rnain condenser input data

of an aircraft carrier and a destroyer escort. Verification

of OPCODE 2 , using main condenser data of an aircraft carrier ,

was less satisfactory due to the conservative nature of

flooding effects on the outside film heat transfer coeffi-

cient used in ORCON1.

OPCODE1 is an excellent desi gn tool for the conceptual

design of a marine condenser. Optimized test cases run with

OPCODE1 show that a condenser designed by the HEI method is

nearly optimum with respect to volume .

Test cases with OPCODE2 show that enhancing the heat

transfer on the shell-side by 80 percent yields a condenser

with ten percent less volume than the unenhanced case.
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NOMENC LATURE

Eng lish Le tter Symbols

- tube shee t area/ number of tubes , f t / tube

- hea t tr a n s f er a rea , ft

- internal tube area per linear foot , ft 2/ft

-
~~~~ 

- external tube area per linear foot , ft 2/ft

A f 
- flow area for a single tube , f t

C - coefficient for calculation of overall heat
t ransfer coef f ic ien t

D - tube outside diameter , ft

d - tube inside diameter , ft

E
~ 

- internal heat transfer enhancement factor

- external heat transfer enhancement factor

F(~ ) - ob jec t ive func t ion

Fd 
- average tube flooding factor

- tube flooding fac tor for the n-th tube

F1 
- fouling fac tor

F 2 - material Correction factor

F3 
- temperature correction factor

f - tube-side friction factor

G - cooling wa ter flow , gpm

(X) - inequali ty cons t raint

g - tube flow fac tor
- acceleration due to gravity, f t/hr

g0 
- acceleration due to gravit y , f t / sec 2

Hk (X)  - equali ty cons train t
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h - enthalpy , BTU/ lb

h . - internal film heat transfer coefficient ,
1 BTU/ (hr) (f t2) ( ° F)

h - external film heat transfer coefficient ,o BTU/(hr)(ft2) ( ° F)

h* - external film heat transfer coefficient
correc ted for inundat ion , BTU/ (hr)(ft )L~F)

hfg 
- laten t hea t of condensa t ion , BTU/ lb

ICALC - control flag for COPES

k - tube constant , k = s/ g

k~ 
- f l u i d  c o n d u c t i v i t y ,  B T U / ( h r ) ( f t ) ( ° F )

- wall conductivity, BTU/ (hr ) (f t ) ( ° F )

- vapor conduc t iv ity , BTU/ (hr)(ft)(°F)

L - tube length , ft

LMTD - log mean temperature difference , 3F

- mass f low ra te , lb/hr

N - number of tubes

NAC - number of active constraints

NCON - number of cons traints

N DV - number of design variables

n* - number of tubes in a vertical row above
the n-th tube

P - absolu te pressure , psia

PP - pump ing power , f t . l b f/ sec

~~ext 
- tube exit loss , ft w.c.

- tube entrance loss , ft w.c.ent
- sum of all tube-side pressure losses , ft w.c.

- internal tube friction loss , ft w .c.
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- heat transferred , BTU/hr

q - itera t ion number

Rf 
- fouling res is tance , (ft)(hr)(°F)/ BTU

r - tube inside radius , ft

r0 
- tube outside radius , ft

- s carch direc t ion

s - outside area of tube per linear foot , ft /ft

T - temperature , ~R

- log  n ean  t e m p e r a t u r e  d i f f e r e n c e , °F

- cooling water inlet temperature , ~F

- c o o l i n g ~ater outlet temperature , °F

t - saturation temperature , ~F

- vapor temperature , °F

t - wall temperature , 3F

U - uncorrected overall heat transfer coefficient ,
BTU/ (hr) (f t 2) (°F)

U - corrected overall heat trans fer coefficient ,c 3 TU/ ( h r ) (f t ~~) ( ° F )

U .  - overall heat transfer coeffic~ en t based on
1 ins ide tube area , BTU/(hr)(ft~ ) ( ° F )

V - cooling water velocity, f t/s ec

~LB~ - lower side constraint on i-th design variable

VI J B . - upper side constraint on i-th design variable

W - s team flow , lb/hr

~~~. c. - water column

w - weight of cooling water , lb/ gal

X - vector of design variables

1~~’1~~~



Dimensionless Group s

Pr - Prandtl number

Re - Reynolds number

Greek Letter Symbols

- move parameter in optimization problem

- ra t io of A p /A f

8 - parameter in method of feasible directions

- absolu te roughness , ft

- push off factor in method of feasible directions

- fluid absolu te v iscos i ty , lb sec/ f t

- condensa te densi ty , lb/f t 3

sw - sea water density, lb/ft 3

- vapor density , lb/f t3
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I. INTRODUCT ION

A. BACKGROUND

In the last ten years a revolution has swept the marine

powe r plan t industry that could result in the obsolescence

of the marine s team power p lant . The revolut ion was caused

primarily by the use of the gas turbine as an alternative

to marine , and more recen tly, to naval propulsion . Gas

turbines brought about power plants which were more compac t ,

lighter , but less fuel efficient than the steam power plants

which they displaced.

When compared wi th the compact gas turbine , the massive

size and weight of the marine steam powe r plant , which

evolved in stride with the behemoth of the power industry ,

the stationary steam powe r plant , made this means of propul-

sion less desirable for naval vessels. Therefore , it has

become imperative for the naval eng ineering community to

develop a more efficient , more compact , lighter wei ght steam

power plant .

As s team power plants are durable and they can burn a

varie ty of fuels — both essential qualities when considering

the Navy ’s combat readiness — they mus t no t be al lowed to

be overdesigned out of existence. To make steam propulsion

competitive with marine gas turbine s , advanced concepts must

be explored in all areas of steam propulsion. Such concepts

as pressurized boilers , super critical cycles , enhanced

_  
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condenser tubes , and dropwise condensation must be developed

further. Above all , overdesign by the use of unnecessary

safe ty factors must be curtailed , and the minimum safe design

must be developed and identified.

B . METHODOLOGY

In the United States the most prevalent criterion for the

desi gn and spec i f i ca t ion of su r face  condensers  is based on

the “square root of V” rela tionship as developed by the Heat

Exchange Ins titute (HEI) [1]. Using this method , the overall

heat trans fer coefficient is calculated as a function of the

square root of the cooling water velocity multiplied by

correc tion factors for inlet cooling water temperature , tube

wall thickness and material , and f o u l i n g .

The HEI me thod was adopted by the Department of the Navy ,

Bureau of Ships (now Naval  Sea Sys tems Command) for  the

specifica tion of U. S. Navy condensers by issuing Design

Data Sheet 4601-I (DDS) [2] in 1953. Henceforth this thesis

will designa te the preceding methodology as the HEI/DDS

me thod .

With the advent of the high speed di g ital computer ,

numerical methods of solving complex engineering problems

are now possible. A computer code has been developed to

calculate the local heat transfer and thermodynamic properties

of a large surface condenser on a row by row basis. Known as

ORCON 1 , this code was developed by Oak Ridge National

Laboratory (O R NL) under contract to the Office of Saline

16
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Water during the period from 1968 to 1970 [3]. The program

was based , in part , on the work performed by Eissenberg [4].

Eissenberg ’s experimental results led to correction factors

on the basic Nusselt equation to accoun t for inundation

effects of tubes within a condenser tube bundle. Addi-

tionally, logic was developed to account for the pressure

loss caused by the steam ’s passage throug h the tube bank

w ith the accompanying reduction in saturation temperature ;

the hea t r e s i s tance due to the p resence  of a nonconde n sable

gas film; heat transfer enhancement factors on both sides of

the tubes ; and other important factors to yield a program

which could calcula te heat flux , overall heat transfer

coefficien t , noncondensable  gas concen tra t ion , and fif teen

additional parameters on a local , row by row basis.

Search [S j has used ORCON1 to perform parametric studies

of an actual naval condenser. Tube enhancement , the high

veloci ty flow allowed with titanium tubes , and d ropwise

condensation were investigated. The penalties paid in

increased pumping power and increased cost were weighed

against the gains realized with a more compact and with a

ligh ter condenser.

In the open literature there is but one reference [6]

to coupling a condenser analysis and design program with

an optimization procedure that is capable of improving a
4 *
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The case for utilizing an optimizing design scheme for

the condenser portion of a steam propulsion plant can easily

be made by re-emphasizing the fact that in order for steam

propulsion to remain a viable contender when the naval

vessels of the late 1980’s are desi gned , it mus t compete

and succeed in an area that is rapidly being dominated by

gas turbines. All components of the naval ship ’s steam

p r o p u l s i o n  pl an t w i l l  have to be cr it i c a l l y  des igned  to

ensure that the minimum design will still perfor~n as and

when required .

C. OBJECTIVES

There were two primary objectives of this thesis.

The firs t objective was to develop a computer code based

on the HEI/DDS method of condenser design , as this method

is considered the industry standard . Coupling the HEI/DDS

code with a numerical op timization program yields a complete

desi gn package. The design package can be used for trade-

off studies , firs t Cut analysis , and concep tual des ign .

The second ob jec tive was to coup le ORCON 1 , wi th i ts

capabili ty of varying both internal and external tube

enhancemen t factors , wi th a numerical optimization program

to produce a more detailed design program .

These design tools provide the Naval architect and the

Naval engineer wi th the means to optimize size , weig ht ,

desi gn , and cos t of the marine steam propulsion p lan t for

ships of the 1980’ s ;  the enhanced desi gn provides the optimum

18



streamlined desi gn of a steam plant resulting in its

reinstatement and continuance as a viable alternative to

gas turbine propulsion .

J 19
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II. NUMERICAL OPTIMIZATION

A. BACKGROUND

Nearly all design problems require ei ther the minimiza-

tion or maximization of a parameter or function . This

parame ter will be called the problem ’ s objec tive function

or desi gn objec tive [ ] ~ For the design to be accep table ,

it must satisfy a set of design constraints. For example ,

if an eng ineer was designing a piping sys tem to achieve the

minimum in required pump ing power , the minimum allowable

flow delivered would be a meaningful constraint. Likewise

a cons traint that required the inside diameter of the pipe

to be less than the outside diame ter of the pipe would be

a necessity.

If the problem could be formulated analytically with a

great deal of simplicity , the minima or maxima could be

found by using the methods of differential calculus or the

calculus of variations. However , these me thods would fail

for all but the very simples t of problems .

A numerical method that would be satisfactory for rela-

tively small scale problems would be an iterative solution

technique . A simple computer program could be written

containing a series of nested iteration loops that would

vary the design parameter s and solve the problem for a

variety of values for each of the parameters. For small ,

easily formulated prob lems , the cost in central processor (CPU)

time would not be excessive , and this method would be

satisfactory.

20 H



However , for a serious engineering problem , this method

quickly becomes too costly to pursue . For example , if the

engineer had ten design parameters for which he wanted to try

ten separa te values , he would need to make ten billion

calculations . If each calculation took ten CPU seconds ,

the solution would be available in approximately 3200 years!

Thus a rational approach to design automation and optimiza-

t ion is obviously needed.

There are many optimization schemes available to the

engineer . The various methods fall into three broad cate-

gories based on the type of problem to be solved:

unconstrained minimization , solution of constrained problems

by uncons trained minimization , and direc t methods for

solution of constrained problems [8] . An optimization

program based on the last method was chosen for this

research work .

B. CONSTRAINED FUNCTION MI~IIMI:ATIoN (CONMIN)

Vanderplaats [9] developed an optimization program ,

CONMIN , capable of optimizing a very wide class of

engineering problems . CONMIN is a FORTRAN program , in

subpro gram form , that optimizes a multi-variable function

subject to a set of inequality constraints.

Three basic definitions are required [101:

Design Variables - Those parameters which the
optimization program is permitted to change in
order to improve the design . Design variables
appear only on the right side of an equation ,
are continuous and have Continuous first derivatives.

21
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Design Constraints - Any parameter which must
not exceed specified bounds far the design to be
acceptable. Design constraints may be linear
or non linear , implicit or explici t , but they
must be functions of the design variables.
Desi gn constraints appear only on the left side
of equations.

Objective Function - The parameter which is going
to be minimized or maximized during the optimization
process. The objective function may also be linear
or non linear , implicit or explicit , and must be a
function of the design variables. The objective
function usuall y appears on the left side of an
equation. The only exception is if the objective
func t ion is also a design variable .

As can readily be seen by the definitions above , desi gn

constraints and objective functions are usually

interchangeable.

The number of design variables being utilized for a;~

op timization is equivalent to the dimension of the design

space in which the design is being calculated. Thus , if

an optimization problem has four design variables specified ,

the des ign  w i l l  be c a r r i ed  out  in f o u r - s p a c e .

Assuming that the optimization process requires the

minimization of a par ticular objective function , the general

op timization problem can be stated as:

Find the  vec to r  of desi gn v a r i a b l e s , X , to

minimize F (X) subject to the constraints

(!) < 0.0 , 
j — 1 ,NCON (1)

VLB~ < X < VUB~ , i ~ l ,NDV . ( )

In the general problem statement , F(~) is the objective

funct ion , there are NDV design variables , and NCON constraints.

VL B~ and VtJ B~ are the lowe r bounds and upper bounds respec-

tively on the i-th design variable. If the inequality

2 2



condition of equation (1) is violated , (G~ (~) >0), for any

constraint , that constraint is said to be violated. If the

equality condition is met , (G~~(~ ) = 0) , the cons traint is

active. If the inequality condition is met , (G~ (~) < 0),

the constraint is inactive . Because of the numerical

problems involved in represen ting exact zero on a computer

with a finite number of si gnificant f igures , the equali ty

condi tion is represented by a band around the value G~ (~
) = 0.

The band is equal to twice the constraint thickness (CT) and

is shown ~n Figure 1. Figure 1 is a representation of a

two-variable desi gn space wi th the values of G~~(~ ) = 0

plot ted. In this instance ,

= 
[x ~~
LX 2J

For n-spac e , G~~(~ ) would appear as a hypersurface

whereas for n = 2 , the hypersurface degenerates to a single

curve tha t can be easily represented.

Any design which sa tisfies the inequalities of

equa tions (1) and (2) is referred to as a feasible design.

If a design viola tes any of these constraints , it is an

infeasible design . The minimum feasible design is said to

be op t imal . No te that if it is desired to maximize an

ob jective function , the process reduces to ~ünimizing the

negative of the objective function.

CONMIN requires an initial vector of design variables , 7
~~~, which may or may not yield a feasible design. If the
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ini tial design is infeasible , CONMIN moves towards a

feasible solut ion wi th a minimal increase in the ob jec t ive

function [9] . The optimization process then proceeds in

an iter at ive fashion with the following recurs ive

relationshi p:

= ~q +

where q is the iteration number and a* is the move parameter ,

a scalar , which defines the distance of travel in the

direction of search , ~~.

Th e optimi zation process is divided into two parts.

The fir st is the determination of ~ ~.hich will reduce the

ob jective function without violating any constraints. The

second is the determination of the scalar a~ so tha t F(~ )

is minim i zed in this direc ti on , a new constraint is

encoun tered , o~ a curren tly active constraint is encountered

again.

For the sake of dis cus s ion , consi de r a condenser design

problem with two desi gn var iables , X 1 and X~~, where

condenser tube outside diameter , and

X2 tube pitch to diameter ratio.

The ob jective function is condenser volume , VOL(~ ) . Assume

that the tube bundle diameter must be greater than a

specified value , BDmjn~ 
and that tne cooling water pump ing

power must be less than a specified value , ‘
~~max~ 

Figure 2
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4 is a graphical representation of the problem. Note the

l ines of constant objective function , with VOL 1 (~ ) 
>

and the ini t ial desi gn at point ®
It must be reiterated that , while this ex ample assumes

a feasible ini t ial design , this is not a requirement and

CONMIN will also optimize when g iven an infeasible ini t ial

design .

The optimi z ation begins by calculating the gradient of

the ob jective function by using the finite difference tech-

ni que . A per turbation of 0.01 is applied to each of the

design variables in a single forward step. The gradient

vec tor is therefore

~ (VOL) r~voL

~x 1
~VOL =

~(VOL) ~VOL
L~X

Because no cons traints are active or violated , the greatest

improvemen t in the objective function w ill be realized by

moving in the direction of steepest descent so that

- - 

~VOL

as shown in Figure 3.

Wi th the value of ~ now de termined , it remains t~ find

the move parameter , ~~~*
, that will allow the greatest

t 
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improvement in the objective function. A one-dimensional

search is carried out in the ~ direction until the value for

a~~ is found. This is poin t ~~ on Figure 3. The loca t ion

of point ® terminates the first design iteration.

The second desi gn iteration is begun by, once again ,

per turbing ~ to find VVOL. Instead of moving in the

direc tion of steepest descent , however , a new ~ is found

by the method of conjugate directions , developed by

Fle tcher and Reeves [11]. With this method , ~ is calcula ted

by the following relationship:

— 
7 F(~ )~~

= - 7 F(X)~ +

:~
:. 
F(X)~

This is shown in Figure 4.

The advantage of using the Fletcher-Reeves method

ins tead of the steepest descent is that convergence to an

op ti mum is much fas ter. Wi th the new search direc t ion , ~~~~ ,

a se a rch is performed in this direc t ion unti l a cons t ra int

is encoun tered. This occurs at point 
~J 

on Fi gure 4 a t

th e pumping power constraint , thus termina t ing the second

design iteration .

The third design iteration beg ins wi th the HPmax
cons traint active at point © on Figure 5. As 7VOL is

found , the gradient of the active constraint is found using

the informa tion from the same forward finite difference step.

Not only is a new ~ required that will reduce the

objec tive function , bu t this new ~ mus t not violate the

________________________ — 
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active constraint. This problem may be solved by the method

of feasible directions developed by :outendijk [~ 2] and

implemented by Vanderplaats and Moses [13]

The finding of a new S has now become a sub-problem

which i s a linear programming problem with a s ingle

quadratic constraint. This sub-problem [14] is stated as:

Find a vec tor ~ to maximize ~ subject to the constraints

~ F(~ ) . + 3 < 0 (3)

~ G~~(X) ~~ + < 0 j  = l ,NAC (4)

(3)

where , for the case at hand , 7 F(X) E 7 VOL , 7 G~~(X) = -7HP ,

and G~~(~ ) = HPmax - HP. NAC , the number of active constraints ,

is one in this ins tance .

If equation (3) is satisfied and 3 is positive , the

re sulting search direction will reduce the objective function

and is defined as a usable direction. If equation (4) is

satisfied and ~ is posi tive , ~ is a feasible direc tion

because , for a small move in this direction , no constraints

~..:ill be violated. is defined as the push-off factor for

(
~

) and has the effect of pushing the desi gn away from

the active constraint. must be zero or positive to

maintain a feasible design . For - 0 , ~ would be tangent

to the active constraint. For > >  1.0 , ~ would be

1• ”

-,
~~~~~~~~~ 
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pushed away from the active constraint and very nearly

tangent to a line of constant objective function . For

- 1.0 , the angle between constant objective function and

the active constraint would be approximately bisected. If

the maximum value of ~ obtainable from equations (3) , (4)

and ( 5) is zero , then no direction exists which will both

reduce the ob jec t ive func t ion and sa t isfy the cons traint ,

and the current desi gn is op t imal or is at leas t a local

m inimum . In this example , a usable and feasible direction

ex i s ts and a one dimensional search leads to point © in

F igure 5 where the minimum bundle diame ter , BDmjn~ cons traint

is encoun tered. This ends the third iteration in the

optimization process.

The fourth iteration begins as before , with the calcula-

tion of the gradient of the objective function and the

active constraint. The sub-problem of equations (3) through

( 5 )  is again solved for a new S.

It should be noted that the minimum bundle diameter

cons traint is assumed to be linear; therefore in equation (4)

the push-off factor , is se t to zero allowing ~ to

follow the constraint as shown in Figure 6. A one

dimensional search is again carried out in the new ~ direc tion

un til a new constraint is encountered or an active constraint

is re-encoun tered. Thus , the activated BDmjn constr aint is

“ridden” un til no further design improvement is realized.

This occurs at point ® on Figure 6 and the fourth design

iteration is terminated.

_ _ _ _ _ _ _ _ _  
- 
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For the fifth iteration , the same procedure is followed

and the solution to the sub-problem characterized by

equations (3) throug h (5) yields a value of zero for 3.

Thus , there is no direction that will both reduce the

objective function and satisfy the constraint and the

current design at point ® in Figure 7 is op t imal.

Figure 8 illustrates the value of using optimization

techni ques to solve the design problem. Assume an initial

design at point ® such tha t the minimum tube outside

diameter is active. A reduction in the tube p itch to

diameter ratio will yield a desi gn improvement until the

minimum bundle diame ter constraint is encountered at point

At this point , nei ther the pitch to diame ter ra t io

nor the outside tube diameter can be reduced independently

as required to reduce the objective function , without

viola ting the active constraints. Only by changing the

two design variables in a particular manner can the minimum

value of the objective function at point © be achieved.

Th is discussion of the methodology involved with CONMIN

would not be complete without citing the program ’ s limita-

tions. The number of design variables (NDV) directly

affects the computational time required to reach an optimum .

Since the calculation of the gradient information requireL

for each desi gn variable at the beginning of each desi gn

iteration is found by using a single forward finite difference

step, requiring a complete pass through the analysis portion

of the program , there is a subsequent increase in CPU time

‘ _ _ _ _ _ _ _ _ _ _ _  
_ _ _  
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as NDV increases. Also , problems with many design variables

tend to converge more slowly due to the interaction between

the design variables and because of the numerical inaccuracy

(machine related) generated during the optimi zation process.

The number of design variables should therefore be kept

small in order to expedite the optimization process.

Vanderplaats [;] recommends a practical limit of twenty

des ig n var iables .

The number of design cons traints used is not limited in

the same manner. Recall that the only time gradient

information is stored for a constraint is when that constraint

is ac t ive . Therefore , the sheer number of constraints will

not adversely affect the optimization.

As can be seen in Figure 9 , it is quite possible that

the optima l design found is actually a relative optimum and

not a global op t imum . This problem can be overcome by

starting the design with several different initial vectors ,

~~~~ , until the same optimal desi gn is repea ted .

Equali ty constraints of the type

are very difficult to provide for in the general optimization

scheme [7]. By defining an objective function in which a

weighting factor multiplies the parameter to be held constant ,

Y , and this product is summed with the parameter to be

optimized , X ,

objective function - X + weighting factor x Y

I

_____________  - -  
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the parameter to be held constant can be forced to the

appropriate bound . The weighting factor is generally one

that will keep both terms in the same order of magnitude

but trial and error is sometimes required. Parameters can

be held ‘ constant” within tO .5 percent.

C . CONTROL PROGRAM FOR ENGINEERING SYNTHESIS (COPES)

Recall that the optimization program , CONMIN , was

written in subroutine form . Vanderplaats [15] has developed

a main program to simplify the use of CONMIN and to further

aid in th e design optimization process.

The user mus t supply an analysis subroutine with the

name ANALI . ANALI :, in keeping with general good program-

ming pract ice , mus t have three segments: input , analysis and

outpu t. Based on the value of a flag from COPES

(ICALC - 1 ,2 or 3), ANALE performs the proper function.

F inally , CONMIN and ANALr: do no t communicate directly w ith

each other as COPES is the main program .

COPES is cons tantly being revised by Vanderpl aats to

be tt er mee t the needs of the eng ineer.

The COPES program curren tly provides four specific

capabili ties :

1 .  S i ng l e  a n a ly s i s  - just as if COPES/CONMIN were

no t used .

2. Optimization - minimization or maximization of a

rnul tivariab le function with limits imposed on other

func t ions.

~~~ 
_ _  _  _
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3. Sensitivity analysis - used to investi gate the

effect of changing one or more design variables

on one or more calculated functions.

4. Two-variable function space - provides analyses

of all specified combinations of two design

variables.

This work is concerned only with the application of

COPES/CONMIN to the optimized design of a marine condenser ,

therefore , items 3 and 4 are included only for completeness.

If there is no relative or absolute change in the value

of the objective function for three design iterations ,

the optimum is found and COPES prints the appropriate

message and termina tes the program . If no feasible design

can be found after ten design iterations , COPES prints the

appropria te message and terminates the program .

Experience has shown that most desi gn problems can be

op t im i zed within 20 desi gn itera tions and the maximum number

of desi gn iterations permitted is defaulted to this value .

Thus , if the optimum value has not occurred in 20 design

itera t ions , COPES will prin t the appropriate message and

terminate the procedure .

COPES has simplified the procedures involved in using a

sophisticated program such as CONMIN. Thus the engineer is

freed from the unwanted role of systems analyst and may

devote his talents to engineering.

I
I

I
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III. OPTIMIZED CONDENSER DESIGN , VERSIO N 1 (OPCODE 1)

A. DEVELOPMENT

The Bureau of Ships adopted the Heat Exchange Institute ’s

Standards for Steam Surface Condensers [1] by issuing Design

Data Sheet DDS 4601-1 [2] in October , 1953. The DDS is still

being used to specify naval condensers.

The technique involved is based on calcula ting a value

of the overall heat transfer coefficient , U,~ 
based on the

cooling water velocity throug h the condenser tubes , the

condenser tube wall thickness and material , the tube fouling

factor , and the cooling water inlet (injection) temperature.

Know ledge of these parameters and their associated correction

fac tors leads to the simple formulation of Uc

LJ~ = F 1F 2 F_ C

The correc tion factors F 1, F~~, and F.. are ta bulated in

references [1] and [2]. Reference [21 specifies a value of

C = 270 for 0 . 6 2 5  and 0 .750 inch outside diameter (o.d.),

18 Birmingham Wire Gauge (BWG) tubes. A value of C = 263 is

used for 0.875 and 1.00 inch o.d. , 18 BWG tubes.

Because of the simplici ty of the HEI/DDS method of

condenser design , and since the DDS is still the specifying

documen t for naval condensers , the author chose to implement

the HEI/DDS method for automated design . The combination of

33
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COPES/CONMIN with the HEI/DDS method was named OPCODE1

(OPtimized COndenser DEsi gn , Vers ion 1) .  The developmen t of

OPCODE 1 is presented in Appendices A and B.

To add greater versatility to the HEI/DDS method ,

algorithms were developed for OPCODE1 to calculate a

circular bundle geometry and the cooling water pumping

requirement. The circular bundle geometry was desi gned from

the long axis out. A central 1 inch diameter void to serve

as the collection header for noncondensable gasses was

provided along the bundle ’s long itudinal axis. Once the

number of tubes was calcula ted , the tubes were placed in

rows concentric to the central void and spaced with a 60

degree triangular pattern . To simplify the algorithm , and to

provide con t inuous func t ions to COPES/ CON MIN , par t ial tubes

were permitted in a row and the outermost row was allowed

to be partially filled.

The calcula tion of the mass flow rate of cooling water

requ ired began the calculation of the sea water (S-W) pressure

drop and pumping power requirement.

The S-W pressure drop was divided into a component based

on the sudden expansion and contraction losses caused by the

f low entering and exi t ing the wa terboxes;  a componen t based

on the sudden contraction and expansion losses caused by

flow from the inlet waterbox into the inlet tube sheet and

from the outlet tube sheet into the outlet waterbox ; and a

componen t based on the normal frictional losses associated

wi th internal tube flow.

_ _ _ _ _ _ _ _ _ _  

_ _
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Reference 1 presents , in graphical form , the pressure

drops for all the components. The graphical data from

Figure SF-9 of reference 1 for the calculation of waterbox

losses was implemented using a systems library interpolating

subrou tine. The S-W velocity in the waterboxes was taken

as 5 percen t of the veloci ty in the condenser tubes as

spec ified in reference 16.

To simplify the tube-side pressure loss algorithm , the

friction factor , f, was firs t calculated by solving the

transc endental Colebrook equation [F]. Details of the

solu tion are provided in Appendix B. An absolute roughness

of S x l0 6 feet was assumed as representative of drawn

tubing . With the value of f calculated , the tube-side

pr essure drop , 
~~~~ 

was calculated using th e familiar

Darcy-W eisbach formula [17]

- L V
- 

~~

The tube sheet entrance and exit losses were calculated

by utilizing the area ratio technique developed in

reference 18. With this method , the flow area associated

with each tube was calculated

— tube shee t area
- F number of tubes

followed by the calculation of the internal flow area for

an individual tube , A f and the ratio of the two areas:
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A

W ith the value of S calculated , the ent rance loss was

calcul ated with the relation

~~ent 
= 0.5(1.0 - 3

2) (~~~ ) [feet of water column ]

and the ex it loss was calcula ted wit h the rela t ion

2 7

~~ext 
= (1.0- 3 2 ) (

~~~~~~~~ _) [ f ee t of w ater column ] .

Al though the heat transfer calculations performed in

OPCODE1 were for a single pass cond enser , expansion of the

program to mul tiple pass condensers is feasible. To

simplify this future expansion , the waterbox pressure loss

was multi plied by the number of tube passes , read as an

input var iable .

The pumping power was now easily calculated

PP = N~ V~ A -~ 
p V

t
~~~~

f
It sw sec

The input variables required for the use of OPCODE1

are l isted in the User ’s Manual provided as Appendix C.

B. OPCODE1 VERIFICATION

It was desirable to verif y the performance of OPCODE 1

as a predictor of condenser performance by comparison with

36
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actual experimental data. Complete and accurate data was

no t available , therefore , another method of model verification

was sought.

Using the design data from the condenser technical

manuals fo~ two classes of ships , th e CVA 67 and the DE 1040 ,

an attemp t was made to repeat the design of the condensers.

The two condensers are vastly different in size; the CVA 67

has a heat transfer area of 16 ,011 square feet while the

DE l~ 40 class condenser has a heat transfer area of

6600 square feet.

The result s of the desi gn of the CVA ~~ by ~PCODE 1

are tabulated in Table I with the dat.~ f rom the condenser

techn ical manual [1?] included for comparison. Very close

agreement was achieved fo r all parameters except tube-side

pressure drop . This difference — .as attributed to the tube

shee t layout by OPCODE1 and the fact that no steam lanes

were accounted for. The addition of steam lanes would tend

to increas e the tube-side pressure drop since more tube sheet

area would be unused as tube sites. Thus the entrance and

ex it losses associated with the tube sheets would be greater

than predicted by OPCODE1.

The resul ts of the design of the DE 1040 class condenser

by OPCODE 1 are tabulated in Table It with the data from the

condenser technical manual [20] included for comparison.

Excellen t correlation was achieved with all parameters wi thin

three percent of the specifications except for bundle

d iameter and tube-side pressure drop . Since no provision was
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made for the calculation of circumferential stean lanes

in OPC ODE 1 , the bundle diameter calculated ~as less than

the prototype.

Since the DE 1040 condenser has a basically circular

bundle geometry , close agreement was expected between the

calculated tube-side pressure drop and the value specified

in the technical manual. This was not the case. One

olausible explanation could be that the designers specified

a large factor of safety for this parameter.

These results confirm that the designers of the CVA ~~

and thr~ DE 1040 main condens ers did , in fact , use the

F1EI/~ DS method for the calculation of the heat transfer

parameters and , w ith the notable exceptions of t - i -e- side

~ressure drop and bundle diameter , OPCODE 1 accurate ly

pred icts these parameters at the full power desi gn point.

rf the limitations imposed on t ’ube- side pressure drop

and bundle diam eter by the exclusion of steam lanes from

OPCODE 1 are ackno w ledged , the results received from OPCODE1

can be vi ewed as a ‘firs t cut ” analysis. This was the

original purpose of develop ing this program .

C. LIMITATIONS OF OPCODE 1

OPCODE1 is insens itive to shell-side conditions. The

saturation steam pressure and the saturation steam temperature

are assumed to remain constant as the steam passes through

the bundl e , whereas the steam flow actuall y exper iences a

pr essure drop with a resulting decrease in satur:~t ion
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temperature as the steam passes through each row of tubes.

As a result , OPCODE1 makes no attempt to specify steam

lanes , either circumferential or radial , since the proper

design of s team lanes is a st rong func ti on of local s team

pressur e.

OPCOD E1 has no provision for the appl ica tio n of tube

enhancement factors due to the simple manner in which the

corrected overal l heat transfer coefficient is computed.

The usual methud for the calculation of tJ~ [1 ]  is:

u . 1 (6)
1 A. ln (r /r1) A. 1

2~rk L 
+ R f ~~~~~~~ }~

•-
w a 0

where the internal film heat transfer coefficient is given

by the Colburn form of the convective film heat transfer

correlation [21]:

h. = 0.023 (Ref~
8
(~~)~~~ (

~~) (_ )

The outside film heat transfer coefficient is given by

Nusselt ’s equation [21] corrected for the inundation , or

condensa te rain , effects of upper tubes on lower tubes in

the bundle by including the fac tor n~ in the denominator ,

where n* is the number of tubes in a vertical row above the

i-th tube

39
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h0 
= 0. ~~5 ~~~~ ~v Lh f~~c1 

1/4 

(8)

W ith h. and h0 in the forms given by equations (7) and

(8) , enhancement factors can be applied as multipliers of

these equations and equation (6) will yield a value for

the enhanced overall hea t transfer coefficient , U-~~.1

None of the foregoing is possible with the HEI/DDS

based OPCOD E1 .

Finally , since OPCODE 1 is insensitive to steam conditions ,

the effect of noncondensable gasses on the heat transfer

character istics of the condenser are unknown .

- -— -



IV . opTI:-~lI:ED CONDENSER DESIGN , VERSION 2 (OPCOD E2)

A . BACKGROUND

In the late 1960’ s , engineers at the Oak Ridge Na t ional

Laboratory developed a sophis ticated computer code under

con tract to the Office of Saline Water. This code , called

ORCON 1 [3] , was generated to aid in the analysis and

parametric study of large , generall y circular steam

condensers for use in large sc a le , multis tage distillation

plants for the production of po table water from sea wa ter

by the flash evaporation process.

Much of ORCON1 was dependent on Eissenberg ’ s research

work [4] on the effects of condensate rain on the shell-

side convective heat transfer coefficient.

The program analyzes a single pass , c i rcular or semi-

circular condenser , with steam flowing on the shell-side

of the tubes and variable salinity water flowing on the

tube-side . An optional , rectangular air cooler bundle is

p rovided for , as wel l  as elemen ta ry , she ll-side baffles.

The bundle is divided into 30 degree sectors and symmetry

about the central axis may be employed to reduce computa-

tional effort . The tubes are placed on a 60 degree equilat-

eral triangular pattern of concentric rows with the rows

added from the outermost row to an inner void provided

along the bundl e ’ s long itudinal axis. This serves as a

collec tion header for noncondensable gasses prior to passage

through the air cooler , if specified. The steam is assumed

41
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to flow radially from the outside of the bundle to the

central void. Figure 10 shows the ORCON1 model of a steam

condenser with optional baffles and cooler.

ORCO N 1 proceeds with sector by sector , row by row

calculations of the following quantities:

a) Saturation temperature of the steam entering the
row.

b) Pressure of the steam plus noncondensable gas
ent ering the row.

c) Steam flow entering the row .

d) Steam and noncondensable gas velocit y at the minimum
cross section in the row .

e) The frac tion of noncondensable gas by weight.

f) The overall heat transfer coefficient for the
average tube in the row.

g) The steam-side condensing coefficient.

h) The tube-side heat transfer coefficient.

i) The shell-side film heat transfer coefficient
composed of the rioncondensable gas fili~. lus the
condensate film.

j )  The shell-side Reynolds nur~iher based on the mass
flow a t the min imum cros s sec t ional area in the ro w .

k) The heat flux per square foot of condenser tube.

1) The shell-side friction factor.

m) The mass flow rate of steam plus noncondensable gas
at the minimum cross sec t ion in the row .

n) The cooling water temperature at the inlet end of
the condenser tube.

o) The cooling water temperatur e at the outlet end of
the condenser tube.

p) The heat transfer coeffic ient for the noncondensable
gas film.

1~~’F —
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q) The number of tubes per row.

r) The cumula tive shell-side pressure drop from row 1
to row n.

In addition to the above parameters , the area weig hted

overall heat transfer coefficients for the condenser section ,

the cooler section , and the combined condenser are used to

calculate the “back calculated” log mean temperature

difference (LMTD). This value of the LMTD , when compared

with the L~1TD calcula ted by standard means using the

sa tura tion s team tempera ture and the aver age cooling wa ter

inlet and exi t tempera tures , represen ts the loss in averag e

thermal driving force due to pressure drops within the

bundle.

The tube internal film heat transfer coefficient is

calculated by the Colburn equation multiplied by the

internal enhancemen t fac tor

h
~ 

= 0.023 (Re)°8 (Pr)~~
3 (

~~
)(E

~
) -

The uncorrec ted external film heat transfer coefficient

is calculated using the basic Nusselt equation [21]

r
Ik c ~ h f ~~h0 

- 0.725 
Lu D ~~~ - 

(E0) . (9)

The value of h0 calcula ted in equation (9) is for a

single tube. Eissenberg [4] corrects for inundation effects
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by first calculating a tube flooding factor using the

following relation:

F = O.ÔF d 
+ (1 - 0.5647Fd )n °”

~
°

Fd is an input parameter and is a function of both tube

spacing to diameter ratio and tube orientation [3 , 22 ].

The cond ensate film coefficient for the typical tube in

the n-th row is then calculated by correc t ing the value of

h0 from equation (9):

h0~~(n) = [nFn - (n - l)F 1 ]h

To model the main condenser of the CVA 6~
’, one quarter

of the full circular bundle was specified. With two bundle

quarters placed back to back as shown in Figure 11 , the

s team lanes and tube arrangemen t closel y approxima ted the

CVA 6 tube sheet as shown in Fi gure 12 from reference 19 .

The combina tion of the COPES/CONMrN optimization package

with a suitably modified ORCONI produced OPCODE (OPtimized

Condenser DEsign , Version 2 ) .

B . MOD1~FICATIONS TO ORCON1

The original ORCON 1 had nei ther tube-side pressure drop

calculations nor volumetric calculations. The subroutines

developed for OPCODE1 to calculate the tube- side pressure

drop and pumping power were installed in ORCON1 when

_ _ _ _ _ _ _ _ _ _  
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converting it to OPCODE2. An equation for the calculation

of condenser volume based strictly on the model as developed

for the CVA 67 main condenser and shown in Figure 10 was

added to ORCON1.

The flowchart given in Figure 13 illustrates the

original program logic for ORCON1. Once all calculations

were completed , a test for the exit steam fraction was made

against an input target value. If the target value was not

met , and de pend ing on the value of an input flag , ei ther

the len gth of the condenser tubes or the quantity of inlet

steam was varied , and the calculations were repeated until

the target value and the calculated values agreed. The

adjustment of tube length or inlet steam was performed in

cubrou tine ADJUST .

It was felt that the quantity of inlet steam was generally

the value which should drive the entire design of the

condenser and should therefore remain a constant .

Similarly, the tube length was a good candidate for inclusion

in the optimization program as a desi gn variable. For these

reasons , subroutine ADJUST was removed from ORCON1.

The original ORCON1 provided log ic for multiple data

runs . This capability was removed since COPES/CONMIN

requires a “once through” analysis program . Figure 14 shows

the sections of ORCON1 removed during the conversion to

OPCODE 2.

Search (5] had previously modified ORCON 1 so as to

Lalculate the shell-side heat transfer coefficient either

I
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with the original equation from the work of Eissenberg [4]

or by using the relation specified by the manufacturer of

Korodense condenser tubes [23]. This facility was left in

OPCODE 2 .

ORCON1 was not ori ginally a machine independent program

as it had been tailored for operation on IBM (International

Business Machines) equipment. This was not a desirable

charac ter i s t ic and programmin g change s were made to ensure

tha t ORCON1 was machine independent and that OPCODE would

remain machine independent.

ORCON 1 uses iterative techniques to solve for quantities

such as condensa t ion ra te , ste am mass flow rate , and pressure

drop balance between sectors. The description of subroutine

ADJUST is an excellen t example of such an app lica t ion .

CONMIN uses perturbation techniques to calculate the

gradient information required for each design variable and

for each active design constraint during an optimization

itera t ion.

Since ORCON1 has the capability to make design decisions ,

a per turbation by CONMIN would cause an adjustment by ORCON1 .

The two programs therefore worked at cross purposes.

It was not possible to remove all of these design

decision points from ORCON1 because of the strong coupling

between the subroutines. The decision was made to remove

only ADJUST and to leave the other design decision points f
intact.

_ _  
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This problem affected the choice of parameters that

could be used as design variables and the range of values

that the chosen desi gn variable was permitted to assume .

Another problem area developed because many of the thermo-

dynamic properties were calculated in ORCON1 by subroutines

tha t use logari thmic func t ions to approxima te the thermo-

dynamic curves. If the arguments for these functions take

on values less than or equal to zero , the function is

und efined. While constraints could be added as part of the

optimization proce ss , the computation would stop during the

pas s through the analysis.

Tests were put before all calculations that involved

lo garithmic evaluation and before all function evaluations

where the denominator could take on values very close to

zero . These tests , when activa ted , would make a “desi gn

decision ” by setting the function to an approximate value

such as :

if x < 0.0001 , then y -10.0

o therw ise , ‘
~~ 

= ln x -

These approxima te values would cascade due to the large

number of times the function was evaluated. Other mathematical

instabilities also occurred.

The design variables or the values of the desi gn variables

that would trigger the ori ginal instability were found. The

tests were removed and the troublesome design variables and,’or

the particular values that would cause the undesirable

response were avoided.

:~~~~~~~~



C . OPCODE 2 VERIFICATION

Verification of OPCODE2 as a predictor of condenser

performance was attempted by inputing the desi gn values

from the CV-\ 67 technical manual [19] and comparing the

condenser designed by OPCODE 2 with the values given by the

condenser technical manual [19]. Both the Eissenberg [3]

and the Korodense [23] relations for tube inundation

effects were used.

Because only one half of the condenser is designed b-v

ORCON 1 , the quantity of inlet steam and the number of tubes

specified by reference Ii were halved.

The program would not accept an inlet steam rate of

grea ter than 200 ,000 pounds per hour (400 ,000 pound s per hour

for the entire bundle).

Nolman [21] states that up to a 20 percent increase in

he at transfer rate ma -v be realized by the ripples set up in

the cond ensate film by steam passing over the film. The

Korodense literature [23] indicates an enhancement due to

the same phenomen a as less than the 0 percen t repor ted by

}-Iolman bu t also shows the enhancement to be a weak function

of tube location in the bundle.

An enhancemen t , due to film ripples , of 14 percen t was

assumed for the current work.

The results of the verifications using both the Eissenberg

and the Korodense relations are tabulated in Table III with

the data from the CVA 67 technical manual [191 included for
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comparison. Both relations yielded unsatisfactory design

verifica tion and in both cases a very conservative condenser

was desi gned .

All parame ters , as calcula ted by OPCODE2 , were ten to

twenty percent less than those from the actual condenser.

Wi th the removal of subroutine ADJUST , the condenser designed

by OPCODE2 ven ted in excess of 20 percent of the inlet steam

without condensin g it.

It is believed that the effects of tube inundation g ive

a shell-side film heat transfer coefficient which is too

conserva tive as reflected in the reduced value of the ov~ ra 1l

hea t t ransfer coef f icien t.

D. LIMITATIONS OF OPCODE 2

Because ORCON 1 has the capabili ty to make design decisions

and COPES/CONMIN requires a “once through” analysis , the

coup ling of these two programs in OPCODE2 created a situation

where the programs were working against each other. This

p laced a limi tat ion on which parame ters could be used as

desi gn variables and on wha t range of values these desi gn

variables could use .

The condenser desi gned by OPCODE2 was very conserva tive ,

a condi t ion caused primarily by the conserva t ive value of

the overall heat transfer coefficient calculated.

Accepting these limitations , it was felt that OPCODE .

should be further developed and that case studies should be

performed. L
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V . RESULTS

A . EXPLANATION OF THE CASE STUDIES

The case studies were devised to best exercise the

a tt ribut es of OPCO DE 1 and OPCODE 2 , and were made as reali sti c

as possible so as to simulate the problem of a condenser

desi gn and specification during the early stages of power

plant design . Only input parameters that would normally

be ava i lable were used .

When compari ng the results from the different cases , two

cautions must be kept in mind. First , s ince all the cases

involve four to s ix des ign var iables , the desi gn is taking

place in a four to six dimensional design space and intuition

on how an optimized desi gn “should” turn out is not always

appl icable. Secondly, the percentage change referred to in

each case is calculated based on the initial design for that

particular case.

1. Constraint Framework for OPCODE1

In ord er to simulate an actual trade off study , the

cons traints for each case study were kept the same , even

though an unimpor tant constraint could become active during

a part icular case study . In this way , each case study could

be dkrectl y compared with all others.

The main condenser for the CV.\ 6 was to be desi gned

-...ith a max imum bundle diameter of ten feet; a terminal

temperature difference (pinch poin t) of at least five degrees

So



Fahrenhei t (°F) but not morc than 35°F; a cool ing water

temperature rise of at least five °F , but no t more than 20 °F;

and a ratio of tube sheet hole area to tube sheet area

without the drilled holes of less than 0 . 3 6 .

The cons traint on bundle diameter was chosen only

bec ause it is a reasonable value . If more or less vertical

space was available in a proposed machinery arrangement , the

diameter constraint would be appropriately chan4ed . Th e

lower cons tra int on p inch point came from reference 1

which called for a minimum terminal temperat ure JLf ference

of f ive °F. No reference to a:~ uppe r lim :t zn p :nch point

could be found , but several techni cal m arua ls srec if ieJ

temperatures in the range of 20°F to 45°F. .\ vai.~e of 3YF

was therefore chosen as the upper bcu :~d on the t~~rmi na l

d i f f e r e n c e .

Reference 4 states that the difference in temperature

between the steam and cooling water stre am— enteri ng the

condenser , or temperature range , is ordinarily kept to 20°F ,

and that the cooling water temperature rise is usuall y made

about five °F less than the temperature range. ~~nce the

CVA 67 exhausts steam with a saturation temperature of L .5°F

and reference 3 ca lls for a cooling water injection tempera-

ture of 75°F , the temperature range used was 50°F and the

cooling water temperature rise upper limit -.~as 45°F. ~s

the guidance given by reference .4 seemed inappropriate and

s ince neither reference 1 nor reference 2 specifies limits

on cooling wa ter temperature rise , the lower limi t was
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arbi traril y set at five °F and the upper limit was

arbi trarily set at 20°F. The amount of tube sheet material

that can be removed by drilling for th e installation of

tubes is specified at 4 percen t of the blank tube shee t

are a by reference 2. Since OPCODE1 does not allow for

s team lanes in the desi gn of a condenser , and since these

steam lanes would provide blank tube sheet area , the

-~ percent limit was raised to 36 percent.

To ensure that an unrealistic tube wall thickness

was not specified , a constraint on th e wall thickness was

add ed. The wall thickness was calculated from the current

values of tube outside diameter and tube inside diameter ,

and the constraint applied. Values of wall thickness in

the range from BWG 24 (0.0~~ inch) to BWG 12 (0.109 inch)

were used as the lower and upper constraints.

In summary , the general des ign cons traints and the

a-— socia ted upper and lower bounds were :

0.022 < tube wall thickness (inch) < 0.109

1.0 bundle diameter (feet) < 10.0

5.0 < terminal temperature difference (°F) < 35.0

5. 0 sea water temperature rise (3F~ 0.0

These des i gn constraints and the associated upper and lowe r

bounds were used in all of the OPCODE1 test cases except

where specifically modified.
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2. Design Variable Framework for OPCODE1

The condenser tube outside and inside diameters

were used as design variables. The side constraints were

set to correspond with the values of normally available

tubes [1]. The tube outsid e diameter was allowed to var-v

in the range between 0.625 inch and 1.25 inch. The tube

inside diame ter was al lowed to vary from 0 .407 inch to

1.206 inch.

The tube pitch is defined as the center to center

snacing between tubes. The p itch to diameter ratio (S/D)

is an accurate measure of how closely packed the tube

bun dle is. Generally accepted S/D ratios lie in the range

of 1.3 to 1. ~~~. Howev er , to g ive greater latitude ta this

design var iab le , and since OPCODE1 was insensitive to

shell-side conditions , the S/D rat io was allowed to vary

within the range from 1.1 to 3.0.

Ther e was no guidance available on the range of tube

len gths that would be applicable to a condenser of this size

i - - ing 0.625 inch tubes. Reference 1 ga ve a range of -

recommended tube lengths of eight to fourteen feet for

0.65 inch outside diameter tubes with an upper limit on

hea t transfer surface area of 1000 square feet. In the

range of the expected heat transfer area of 12 ,000 to 18 ,000

square feet , the recommended tube outside diameters were

from 0.~~5 inch to 0.875 inch with tube lengths rang ing

from 16 to 24 feet. Since the lower bound was not considered

to be as crucial as the upper bound , it was se t at one foot.

The upper bound on tube length was set at 25 feet.

S3
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Cooling wa ter veloci ty general ly ranges from thr ee

to nine feet per second for all common tube materials

excep t titanium which has an upper bound of 15 feet per

second .

In s ummar y, the general design variables and the

assoc iated side constraints were :

0.625 < tube outside diameter (inch) < 1.25

0.407 < tube inside diameter (inch) < 1.206

1.1 < pitch/diameter ratio < 3.0

1.0 < tube length (feet) < 25.0

3.0 < cooling water velocit y (feet/second) 9.0

These des ign variables and the assoc iated s ide

constraints were used in all of the OPCODE1 test cases

excep t where specifically modified.

3. Constraint Framework for OPCODE2

The same con st ra ints tha t were used for OPCODE 1

were used for OPCODE2 with several additional constraints

required due to the physical calculations performed.

To ensure that the cooler was not designed to be

wider than the void inside diameter , the ratio of cooler

width to void diameter had an upper bound of 1.0 and a lower

bound of 0.1

As the initial design with OPCODE2 vented over

20 percen t of the inlet steam without condensing it , an
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upper bound on the exit steam fraction was set at five

percent. The lower bound was set to zero.

Since OPCODE was attempting to allow for a central

st eam lane , the upper limit on bundle diameter was set at

12 feet and the lower limit was set at five feet.

Bundle volume had an upper lim it of 1500 cubic

fee t and a lower limit of 100 cubic feet. These limits

had been used sa ti sfac tori ly with OPC O DE1 .

To ensure that the cooler height did not become

larger than the band of condenser tubes from the outside

diame ter of the bundle to the inner void , the ra t io of

cooler heigh t to tube band ~idth was calculated. This

ratio had an upper limit of 1.0 and a lower limit of 0.01.

The pinch po int and the sea water temperature rise

had the same range as was used for OPCODE1.

The tube wall thickness was not used as a design

cons traint in OPCODE2 as it had been in OPCODE1. Instead

the tube inside diameter was used , wi th the lower constraint

set at 0.407 inches and the upper constraint set at l. 06

inches to correspond with the values of normally available [1].

In s umma ry , the general design constraints and the

associated upper and lower bounds were:

0.1 < cooler width/void diameter 1.0

0.0 exi t steam percentage < 5.0

5 .0 < bundle diame ter ( fee t ) < 12 .0
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100. < bundle volume (cubic feet) < 1500.

0 .0 1 < cooler height/ tube band wid th < 1.0

0.40 tube inside diameter (inch) < 1.206

5.0 terminal temperature difference (°F) < 35.

5.0 < sea water temperature rise (°F) < 20.

4. Design Variable Frame work for OPCODE2

The condenser tube outside diameter and wall

thickn e s s were us ed as design var iab les . The side con-

straints were set to correspond with the values of normally

spec ified tubes [1]. The tube outside diameter had a

lower side constraint of 0.625 inch and an upper side

constraint of 1.25 inch. The tube wall had a lower side

cons traint of 0.022 inch and an upper side constraint of

0 .1 09 inch .

Tube length had the same side constraints as were

used for OPCODE1.

The tube pitch to diameter ratio had a lower side

constrain t of 1. 4 and an upper side constraint of 2.0.

This band of allo wable values was reduced from that used

wi th OPCODE1 because of instabilities that developed for

values of this variable outs:de of this band. More prob-

lems occurred at the lower end of the range than at the

upper end . These problems originated from the tubes coming

t oo close together and causing an excessively hig h ste am

velocity with a subsequent large pressure drop through a

row of tubes. Since condenser pressure was already low ,



passage through very few rows led to a negative steam

pressure and thus the computational problems associated with

the logarithmic calculation of thermodynamic properties

discussed in Chapter IV.

The sea wa ter veloc ity was allowed to var y within

th e range from three feet per second to ten feet pet second.

The upper side constraint was raised from the nine feet

per second spec i f ied in OPCODE 1 in an att emp t to incre as e

the mass flo w rate of the cooling water and , therefore , the

hea t rejection rate.

In summary , the general design variables and the

associ ated side constraints were:

5 .0 < tube length (feet) < 25.0

3 .0 < sea water velocity (feet per second) < lD .0

0 .625 < tube outside diameter (inch) C 1.25

0 .022 < tube wall thickness (inch) < 0.109

1. 4 < tube p it ch/diame ter ra t io < 2. 0

B . CASE STUDIES USING OPCODE1

1. Case One

The ob jective of this test case was to minimize

the pumping power requirement while holding the heat load

to the condenser constant. The input parameters are pre-

sen ted in Table IV , the ini tial design is presented in

Table V , and the results of the optimi:ation are presented

in Table Vt .



These resul ts show an 81 percent decre ase in pumping

power wi th a commensurate 3 percent increase in heat

transfer surface area , a 55 percent increase in cond enser

volume , and a decrease of 2 7 percen t in overall heat trans-

fer coefficien t. The log mean temperature difference

remained cons tant.

The lower bound on tube wall thickness constraint

and the upper bound on sea wa ter temperature rise constraint

were both active. No side constraints were active and no

cons traints were violated.

The decrease in pumping pow er i s impressive but

so are the increases in condenser dimensions with the implied

increases in we ight and co st.

2. Case Two

The objective of this test case was to minimize

condenser volume with the heat load to the condenser held

con stant. The input parameters are presented in Table IV ,

the init ial desi gn is presen ted in Table V , and the results

of the optimization are presented in Table V II.

These results show a 15 percent decrease in condenser

vo lume with an unexpected 3.0 percent decrease in pumping

power. This design can be understood by noting that the

tube wall th ickness was reduced from 0.049 inch to 0.022

inch causing an increase in material correction factor

from 0.90 to 0.99. This increase was the primary factor

in increasing the overall heat transfer coefficient 9.9

percent.
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The lower constraint on tube wall thickness , and

the upper constraint on tube sheet area ratio were both

active . In addition , the lower side constraint on tube

outside diameter and the upper side constraint on sea water

velocity were both active . There were no violated constraints.

3. Case Three

The objective of this case was to maximize the heat

rejected while holding pumping power constant. Since the

pumping powe r is a calculated quantity, the me thod of com-

bining pumping power and the heat rejected with an appro-

priate weigh ting factor in the objective function was used.

The ob jective function was therefore :

OBJ = QREJ + A * POWER

and POWER was added as a desi gn cons traint with the target

valu e of 68836 foot pounds per second as the upper constraint.

With the weightin g factor , A , set at 5600 , the pump ing

power was constant within one percent. Turbine exhaust

ste am and auxiliary exhaust steam were both added as desi gn

variables to provide the driving force to increase the heat

rejection rate.

The inpu t parameters are presente d in Table IV ,

the initial design is presented in Table V and the results

of the optimi zation are presented in Table vrrr.

_ _  -~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ s - - -
_~~~~~~~~~~~~~~

-_



These results show an 82 percent increase in the

heat rejection rate with an accompanying 88 percent increase

in surface area. The log mean temperature difference

remained const ant and the overall heat transfer coefficient

decreased by 3. percent. The condenser volume increased

by ‘S percent and the number of tubes increased by 96 percent.

The upper cons traint on pumping power was active , as

desired , and the upper constraint on the tube sheet area

ratio was active . There were no violated constraints and

no active side constraints.

It should be noted that the turbine exhaust steam

rate increased by 83 percent , whereas the auxiliary exhaus t

steam rate increased only 1.0 percent. Inspection of the

componen t pa-’-ts of QREJ explains the dominance by the main

steam rate. The rejected heat was calculated by:

~rej 
= “~is ~~is 

+ r~i~~ ~h~ 5 
+ heat from other sources

where the subscri pt MS corresponds to main steam and the

subscrip t AS corresponds to auxiliary steam . Heat from

other sources was assumed constant during the optimization.

The product mMS i
~
hMS was several orders of magnitude greater

than the product mAS ~
hAS and it therefore dominated the

opt imization process as a change in the mMS design variable

would yield a greater design improvement than would a like

change in the m A5 desi gn parameter.

-—
~~~~~~~~~~ 
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In all probabili ty, the mAS desi gn vari able would

not beg in to make an appreciable move until the mhMS design

variable approached its upper side constraint. This could

not occur as the mMS design variable had an unbounded upper

side constraint.

No attemp t was made to balance the flow of steam

from the two sources to more evenly distribute the incoming

heat luad. Balancing could be accomplished by appropriately

scaling th e two mass flow rates so they would have approximately

the s ame values .

4. Case Four

The ob jective of this case was to minimize the

condens er volume while holding pumping power and the rejected

heat constant. POWER was again ir.cluded in the objective

funct ion

OBJ = VOL + ~ * POWER

and as a design constraint with a lower bound of 6883t foot

pounds per second . The lower bound was the targe t value

for pumping power . Trial and error solutions with various

values of the wei ghting factor showed that a value of

A = 0.0 gave a value of POWER which was constant within

0.5 percen t. This was interpreted to mean that the optimi-

zation would have reduced the objective function further

if the pumping power constraint was not present and that
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the pumping power lower cons train t was therefore always

ac tive . With the value of this constraint set at the

targe t value for cons tan t pumping po wer , inc lusion of POWE R

in the ob jec t ive func t ion was unnecessary and A = 0.0 was

appropriate.

The inpu t parameters are presented in Table IV ,

the initial deisgn is presented in Table V and the results

of the optimization are presented in Table IX.

These results show only a 2.0 percent decrease Th

condenser volume . The tube pitch to tube diameter ratio

rema ined essentially constant as did the tube outside diameter.

The tube wall thickness increased by 11 percent with an

accompanying decrease in ma terial correction factor from

0.90 to 0.88.

The lower constraint on pumping power was active ,

as discussed above . The upper constraint on sea water

temperature rise , as well as the upper constraint on tube

shee t area ra t io were ac t ive . The upper con st ra int on sea

wa ter velocity was the only active side constraint. There

were no violated cons traints.

The resul ts of this case study indicat ed that the

circular bundle pro totype was very close to having an opti-

mum volume wi thin the given design variable and design

cons traint framework.

Comparison of Cases Two and Four shows that a

smaller condenser with essentially constant pump ing power
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was achieved with Case Two then with Case Four. This

anomal y can be understood by comparing the constraints

for the two cases .

Pumping power was not a constraint for Case Two

and it was an active constraint for Case Four. Thus ,

the Case Four optimization had to contend with an additional

cons traint whereas , Case Tw o had more la tit ude within the

des i gn sp ace and a be tt er op t imum was found.

5. Case Five

The ob jective of this case was to minimize the

condenser overall leng th while holding pump ing power and

the heat rejected constant. Pumping power was included

in the objective function:

OBJ = CLOA ÷ A * POWER

and as a design cons traint with a lower bound of 68836 foot

pounds per second as the target value . With a weighting

factor of 3.526 x l0~~~, pumping power was held constant

within 0 . 5  percent.

The inpu t parameters are presented in Tabe IV , the

in itial design is presented in Table V and the results of

the optimization are presented in Table X.

The overall condenser length was reduced by 28 percent.

The hea t transfer area increased by 9. 7 percen t and the

overall heat transfer coefficien t decreased by 15 percent ,
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while the log mean temperature difference increased by

1 percen t. The number of tubes increased 96 percent and

the tube length decreased 11 percen t. The tube wall thick-

ness increased causin g a decrease of 14 percent in the

ma terial correc t ion fac tor thereby con tribu t ing to the

decrease in overall heat transfer coefficient.

Accompanying the 23 percen t decrease in condenser

length was a compensating 37 percent increase in bundle

diameter and an 18 perc ent increas e in con denser volume .

The lowe r constraint on pumping power was active ,

as desired. The upper constraints on p inch point and on

tube sheet area ratio were act.ive. There were no active

side cons traints and rio violated constraints.

6. Case Six

The objective of this case was to minimize pumping

power while holding condenser vo lume and the heat rejected

cons tant. For this case , volume was included in the

objective function:

OBJ POWER A * VOL

and it was also included as a design constraint with an

upper bound of 928.8 cubic feet as the target value . The

usual trial and error procedure with various weighting

func tions was performed and the best results were obtained

for a weighting factor of -2.5. With this value , condenser

vo lume was held cons tant to w ithin 1 .3 percen t .

-
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The input parameters are presented in Table IV ,

the initial design is presented in Table V and the results

of the optimization are presented in Table XI.

The pumping power was reduced by 35 perc ent. The

log mean tempera ture difference and the heat transfer area

remained essen tially constant , while the tube wall thickness

decreased 52 percent causing a ten percent increase in the

tube material correction factor. The sea water velocity

was reduced by 16 percent , however , and the overall heat

transf er coefficient remained essentiall y constant. There

were no active constr aint s , no violated constraints and

no active side constraints.

Vo lume was not forced against its upper constraint

as plann ed because the two members of the objective funct1on

were attempting to move in opposite directions. As power

was decreased , the volume tended to increase. The negative

wei ghting factor he lped to turn this process around hut

~he op timum was reached before the constraint was activa te d.

Case Seven

English has shown [25] that by placing boun dary

layer fences in fron t of the injection scoop of a ship.

the pressure coef f ic ien t , and hence pumping power , will

increase by 68 percent. These boundary layer fences cause

shedding vortices to form behind them thus pumping water

from the boundary layer around the ship into the condenser

intake .
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This case takes advantage of the increase in

avail able pumping power by setting pump ing power at a

value 50 percent gre ater than the nor~nal 68g36 foot pounds

per second , and holding this new val ue of pumping power

con stant while maximizing the rejected heat.

The cons traints and design variables were set up

exac tly as they were for Case Three with the exception that

the upper constraint on pumping nower -.%- as raised to 103 ,250

foot pounds per second. PflW~ R was included in the objecti ve

function as be fore and a wei ght ing factor of 4095 vie del

punnin g power constant w ith in 0 .3 percent .

The input parameters are presented in Tahle IV , the

initial design is presented in Table V and the results

of the optimization are presented in Table XII.

The heat rejected was increased by 107 percent . The

heat transfer area increased by 101 percent , and the log

oean temperat ure difference remained constant. The tube

wall thinned down by 53 percent causing an increase in the

tube w all material correction factor of ten percent. The

sea wa~ er velocit y decreased 13 percent and the overall heat

tr~ .isfer coeffic ient increased 2.5 percent.

The upper constraints 0 1  pump in g power and the tube

shee t area ratio were active. There were no active side

cons traints and no violated constraints.
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C . CASE STUDIES USING OPCO DE2

1. Case Eig ht

Thi s case was run assuming plain copper-nickel

tubes with a 14 percent enhancement factor applied to the

ou tside film heat transfer coeffi cien~ as descr ibed in

Section IV (C) of this work. Steam baffles were specified

and the inlet steam flow rate was set at 200 ,00 0 pounds per

hour is  only one hal f of a con denser bundle was bein g s imu-

lated. The Koroden se equation from reference [23] was used

to calcula te the correction factor for tube inundation by

condensate rain.

The ob jective of this case was to minimize condenser

volum e. The initial and optimum desigrLs are pres ented in

Table XV I .

The vo lume was reduced 13 percent and the heat

transfer are a increased 14 percent. The log mean tempera-

ture difference decreased 5.6 perc ent , the overal l  hea t

transfer coeff icient increased 11 percent and the heat

re jected increased 21 percent. The vented steam rate

decr eased Th percent to five percent of the inlet stean

flow rat e . Finally, pumping power increased 65 percent

and the sea wa ter f low ra te increased 35 percen t .

The upper side constraint on sea water velocity as

well as the lower side constraints on tube outside diameter.

tube pitch to diameter ratio and tube wall thickness were

all active . The upper constraint on vented steam rate

was active. There were no violated constraints.

_  - 
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. Case N i n e

The objective of this case was to minimize the

condenser vulume when enhanced tubes were specified.

The ini tial parameters were the same as those used in

Case Nine with the exception of the outside enhancement

factor which was set to 1.8. It was felt that this modest

enhancem ent was attainable with the augmented tubes

currentl y being manufactured.

The init ial and optimum designs are presented in

Table XVII.

Use of enhanced tubes reduced the condenser volume

by 21 percent. The heat transfer area increased 2.6 per-

cent , the overall heat transfer coefficient increased 3-L

percen t , the log mean temperature coefficient decreased

11 percent and the heat rejected increased 21 percent. The

vented steam rate decreased 6 percent to five percen t of

the inlet steam flow rate.

Pumping power increased 5 percent and the cooling

wa ter flow rate increased 35 percent. Tube length was

increased by 2 . percent and the tube inside diameter

incre ased ten percen t.

The pump ing power calculated was based on smooth

tubes. The most common augmented condenser tubes use either

a rope design , a twis t desi gn , or internal f low promo ters

to enhance heat transfer. Reilly [26] has found that the

pr essure drop throug h enhanced tub es is 1.5 to 3.0 time s the

pressure drop throug h smooth tubes for the same flow conditions.



The up per side constraint on sea water velocity .

as well as the lower side constraints on tube outside

di ameter , tube p itch to diameter ratio and tube wall

thickness were all active. The upper constraint on vented

steam rate was active , and there were no violated constraints.

3. Case Ten

This ca se was run using the same conditions as

ase Eight with the exception that the ori ginal equation

from 0RCQN1 was used to correct for tube inundation. Reference

3 spe ci f ied a value for the f looding fac tor , FDAV E , of

zero for pitch to diameter ratios greater than 1. 4- .

This value was used during this run of OPCODE2.

The objective of this case was to minimize the condenser

volume . The initial and optimum designs are presented in

Table X V I I I .

A more conser vative design was produced with the

Ei ssenberg equation than the design produced with the

Korodens e equation . The volume was reduced 5.3 percent and

the hea t transfer area increased 24 percent. The log mean

temperature difference remained constant , the overall heat

transfer coefficien t increased by ~.9 percent , and the

heat rejected increased by 33 percent. The vented steam

rate decreased 83 percent to five percent of the inlet

steam flow rate. Pumping power increased ~5 percent and the

sea water flow rate increased 35 percent.

The upper side cons traint on sea water velocity ,

as well as the lower side constraints on tube outside
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diameter , tube pitch to diameter ratio and tube wall

thickness were all active. The upper constraint on vented

steam rate was active. There were no violated constraints.
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V I .  CONCLUSIONS

The intent of this investigation was to couple a

numerical op timization code with both a simple computer

code for condenser design based on the REt/ DOS me thod

and the more sop hi sticated ORCON1 , and to test the programs

eve loped with a varie ty of tes t cases to prove the ir

vi abilit y . The re sults of these test cases were presented

in Sec tion V ;  the resulting conclusions are sun rnar ized

here .

A .  A condenser designed by the HET/DDS method is very

near the volumetr ic optimum in de si gn , as onl” a

15 percen t decreas e in conden ser vol ume was

realize d when volume was optimized using ~PCODEl .

B. OPCODE 1 is an excellent design tool for the concep-

tu al desi gn of a condenser to meet specified con-

straints such as length , h e i ght , and we ight .

C . OPCODE1 can optimize a variety of objective func-

tions , and wi th some trial and error applica t ion

of weig ht ing factors , equal ity constraints can

be met.

D. OPCODE1 will yield an optimum design on which

experi ence-based -~a [e ty factors may be appli ud.

E. The abilit y to enhance tubes and the sensitivity

of the program to shell-side conditions make the

ORCON1-based OPCODEZ very attractive.
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F. The basic equations and the research applied to
4

the development of ORCON1 are sound , but a conser-

vativel v- Iesi gned condenser resul ts. More baffles

are required to more closely approximate an actual

condenser and to aid in reducing the inundation

effect on interior tubes.

G. The OPCODE2 designed condensers were more conserva-

tive than those designed by OPCODE1 . This was

caused by the detrimental effect on outside film

coeffic ient by tube flooding. It is felt that th Ls

ef fec t could be reduced by the addi ti on of more

baf f les .
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VI I . REC~ M~ FND-\T IONS

In addition to the insight tha this inv esti-ga t~ on has

given into the generati ri of automated design programs for

condenser design , it has also generated an awareness C

this inves tigation ’ s shortcom ing s . Presented herein ai

recommend ations Hr ir~~rovin g upon and furthering de’ lop-

ment of the JPCODE fam ’~lv of cond enser desi gn progr-

A. OPCODE 1 should he expanded to include t}’~ ility

for m ulti-pass condenser cal cul at ions , ~

op t ions , material co stin~ eQuations , str~ n of

ma tcr :a ’. con sider ations , a nd in algorithm to compute

st eam ve loc it~.- ‘-hr cu 4h the rows of tubes ensure

that the velocity remains r ea listic.

B. Res earch shcu1~ be p erf orm ed ‘-o develop en nin ~ em ent

fa ctor data tor v - i n ~s 
• ub e tvr e~ that can be

applied to the basic equation s used ~n )PC~ D~ l.

C . ORCON1 should be rewritten ~ i ’-h ‘-he intent o~

apply ing optimization techn~ -aues to the new pr ogn~m.

and based on the equations and loc zic developed by

Eissenberg, Korodense , and other inve sti gators and

manufac tures , wi th the option to choose the

desired rel ationship to be used.

D. In an effort to reduce the computer t ime required

for a run using OPCODE (typic ally 35 CPU minutes)

an inves ti ga tion into using OPCODE1 as a pre-

processor in front of a detailed analysis scheme is

at tr act ive.



E. Expand OPCODE2 to perform calculations for other

than a circular bundle.
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IX. TABLES

TE CHN I CAL OPCODE1 DEVIAT ION

Heat transfer area; ft 16 ,011 16 ,099 +0 .55

Number of tubes 6,612 6,648 +0.54

Bundle d iame te r ;  f t N/ A  • .26 -

Heat reiected; BTU/hr 4.035x10 8 4 035 108 0.00

Overal l heat transfer 635 63” +0.31
coefficient
BTU/ (hr) (ft~ ) ( ° F )

- 

Log mean tempera ture  39. 7 39.3 -1.01
difference; °F

Sea w ater temperature rise; 19.9 19.9 0.0

Terminal temperature 30.53 30 .2 -1.08
difference ; °F

Sea w ater flow rate , gpm 40 ,565 40 ,645 ~0.20

Tube-side pressure drop : 16.3 12 .4 -23.9
f t . w . c .

TABLE I . Verification of the CVA 6~ MainCondenser Design Using OPCODE1
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TECHN I CAL OPCODE 1 
DEVIATION

Hea t tr a n s f e r  a r ea ;  f t 6 ,600 6 ,52 -1 .11

Number of tubes 3 ,892 3 ,850 -1 .08

Bundle diame ter; ft 5.9 4.6 -22.1

Heat rejected; BTU/hr 2.05x10 8 2 . 0 47x 10 8 -0.15

Overall heat transfer 635 637 +0.31
coefficien t~
BTU/(hr) (ft-) (°F)

Log mean temperature 50.0 49.2 -1.6
difference; °F

Sea wa ter tempera ture r i s e ;  16 .9 17 .4 +2.96

Terminal temperature 41.9 41.0 -2.15
differ ence; °F

Sea water flow rate; gpm 23 ,900 23 ,539 -1.51

Tube-side pressure drop; 11 .5 8 .21 -28 .6
ft. w .c.

TABLE II . Verification of the DE1O4O Class
of Main Condenser Using OPCODE 1.
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INITIAL VALUE AT CHANGE
VALUE OPTIMUM (%)

Heat transfer area; ft 2 16 ,008 18,290 +14

Number of tubes 6,612 6,612 0.0

Bundle diameter; ft 10.23 8.95 -13

Heat rejected ; BTU/hr 3.241x108 3.9l6x108 +21

Overall heat trans fer 562 625 +11
coefficient
BTU/ (hr) (ft2) (°F)

Log mean temperature 36 34 -5.6
difference ; °F

Sea water temperature 15.6 13.7 -12
rise; °F

Terminal temperature 25.6 24.6 -3.9
difference; °F

Sea water flow rate; gpm 40,341 54 ,479 +35

Tube-side pressure drop ; 12.3 - -
ft. w.c .

Tube length; ft 14.8 16.9 +14

Tube outside diam . ; in. 0.625 0.625 0.0

Tube inside diam.; in. 0.527 0.581 +10

Tube wall; in. 0.049 0.022 -55

— S-W velocity ; fps 9.0 10.0 +11

Pitch/diameter 1.6 1.4 -13

Exit steam ; % of input 21 5 -76

— Pump ing power ; ft lb/sec 35 ,409 58 ,290 +65

— Condenser volume ; ft 3 ~75 678 -13

TABLE X III. Case Eight Initial Design and
Opt imization Results
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INITIAL VALUE AT CHANGE
VALUE OPTIMUM (%)

Heat transfer area ; ft2 16 ,008 16.431 +2.6

Number of tubes 6,612 6,612 0.0

Bundle diameter; ft 10.23 8.95 -13

Heat rejected; BTU/hr 3.241xl0 8 3.924x108 +21

Overall heat transfer 562 751 +34
coefficient 2BTU/ (hr)(ft )(°F)

Log mean temperature 36 32 -11
difference; °F

Sea water temperature 15.6 13.1 -16
rise; °F

Terminal temperature 25.6 21.6 -16
difference; °F

Sea water flow rate; gpm 40 ,341 54 ,479 +35

Tube-side pressure drop ; 12.3 - -
ft. w .c.

Tube length; ft 14.8 15.2 + 7 7

Tube outside diam . ; in. 0.625 0.625 0.0

Tube inside diam . ; in. 0.527 0.581 ~l0

Tube wall; in. 0.049 0.022 -55

S-W velocity; fps 9 10 +11

Pitch/diameter 1.6 1.4 -13

— Exit steam ; % of input 21 5 -76

Pumping power; ft-lb/sec 35 ,409 53 ,674 +52

— Condenser volume ; ft3 775 609 -21

1
.

• TABLE XIV. Case Nine Initial Design and
Opt imization Results
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INITIAL VALUE AT CHANGE
VALUE OPTIMUM (%)

Heat transfer area; ft2 16 ,008 19 ,808 +24

Number of tubes 6,612 6,612 0.0

Bundle diameter; ft 10.23 8.95 -~l3

Heat rejected; BTtJ/hr 2.937x108 3.910x108 +33

Overall heat transfer 505 550 +8.9
coefficient-
BTU/ (hr) (ft~) (°F)

Log mean temperature 36 36 0.0
difference; °F

Sea water temperature 14.4 14.2 -1.4
rise; °F

Terminal temperature 25.2 26.3 +4.4
difference; °F

Sea water flow rate; gpm 40.341 54 ,479 +35

Tube-side pressure drop ; 12.3 16.0 +30
ft. w .c.

Tube length ; ft 14.8 18.3 +24

Tube outside diam . ; in. 0.625 0.625 0.0

Tube inside diam. ; in. 0.527 0.581 +10

Tube wall; in. 0.049 0.022 +11

S-W velocity ; fps 9 10 +11

Pitch/diameter 1.6 1.4 -13

Exit steam ; % of input 29 5 -83

Pumping power; ft-lb/sec 35 ,409 62 ,059 ÷75

Conden ser volume ; ft3 775 734 -5.3

TABLE XV . Case Ten Initial Design and
Optimization Results
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APPE NDIX A

DEVELOPMENT OF THE ANAL I SUBROUTINE FOR OPCODE1

OPCODE1 was based on the HEI/DDS method of calculation

of heat transfer and thermodynamic parameters.

The following equations are used in the design of

a condenser using the HEI/DDS method.

Uc F1F2F3C
/V’ (A-i)

= 
~~ 

AH ~
TLM (A-2)

Q = W ~h ( 1-3)

Q = 500 G (t 0 
- t

1) 
( A - 4 )

= 

-

- ~~~~
. 

( 1-5)
in 

~ 
-

AH = L N s (1-6)

G 2 N g V  (A-7)

k — s/g (A-8)

The ANAL I subroutine of OPCODE1 was divided into three

sections : input , analysis and output . The correct section

t 
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of ANALI: was entered by testing for the value of ICALC

that was passed from COPES to ANAL IZ.

When ICALC = 1 , the input section of ANALI was entered

and the input variables and problem identification were

read . The input section had the capability to default the

latent heat of vaporization to 950 BTU per pound as speci-

fied by reference [21 and to calculate either the saturation

temperature or the saturation pressure depending on which

value was not read in on the data card.

When COPES set ICALC = 2 , the analysis section of

ANALI: was entered and the calculation of the outside

area of a condenser tube per foot of tube length was made :

f t  -s = ‘ r D

The rate of flow , in gallons per minute , through a

condenser tube at a velocity of one foot per second was

then made:

V

Cl = (~ ) (d 2 ) (60 x ~.48l) = 4 4 8 . 4 6 ( ~~)d

[L~.] [ft2] ~~~~~~~ [~~
_
~.] = [&~

_1]
— sec mm ft~ 

mm

The value of C in equation (A-i) was assumed to be a

constant ~~0 when in fact , C was weakly dependent on tube

outside diameter. With this assumption , the uncorrected

heat transfer coefficient was calcu1at~d as:

-L ~~~~~~~~~~~~ - •-.—~~~~~ _ _  _  L



U = C/V [ 
BTU

hr ”ft . ~F

A call was then made to subroutine MATFAC to find the

new value of the material correction factor , F2 , based on

the current value of tube wail thickness. The temperature

correction factor , F3, was found with the function sub-

routine TEMFAC .

The data from Figure 1 of reference [2] was implemented

in TEMFAC and a value of F3 as a function of injection

temperature was retrieved using subroutine INTRPL , a systems

supplied interpolator.

— The fouling factor , F1, was set to 0.85 in accordance

with references l and 2 during the input section of ANALI :.

The corrected value of the overall heat transfer

coefficient was calculated:

Uc = F
1 F2 F3 U -

The ori ginal form of equation (A- 4) was :

Q = 60 W C~ C (t 0 
- t~ )

For sea water , the following value of 60W C ~ was

calculated:

ôO(W Cp ) s w  ( 6 0 ) ( 8 . 5 5 ) ( o . 9 4 )  48 2
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while , for fresh water , 60 W C~ was calculated as:

60(W Cp)F W  = (60)(8.33)(l.0) = 500

Reference [2] recosrimends the use of 60 W C = 500 inp
keeping with industry standards . This approximation will

induce an error of approximately one-half percent.

Be setting equation (A- ) equal to equation (A-4)

and substituting for values of G , AH and ~
TLM, the following

relation was obtained:

t -
s U L K

~ t~ 
- t~ J (A-9)

which can be written as:

t - t ,

- 
ea

where :

- 

Uc L K
a 500 V

Equation (A-9) was solved for the cooling water outlet

temperature

t - t ,
t — t - S 1

0 S ea 
-

I 
---- - - — - • • •

~~~~
•• .  —

~~~~~~~~~~~~~~ 
— 
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The sea water temperature rise and the p inch point were

calculated , as was the initial temperature difference. All

the factors were now available for the calculation of the

logarithmic mean temperature difference , 
~
xTLM, using

equation (A-5).

The input heat load was divided into the auxiliary

steam flow , main steam flow , and heat from other sources.

The auxiliary and main steam flows were multiplied by

their respective changes in latent heat , Ah , and summed

with the heat from other sources to yield the total heat

input , Q.

If an input value for ~h is not read in for either

auxiliary or main steam flow , the default value of 950 BTU

per pound , specified by reference [2] , is used.

With the value of Q, equation (A-4) was utilized to

calculate the required flow rate of cooling water , C. With

the value of G known , the heat transfer area , AH, was

found using equations (A-6) , (A-7) and (A-8):

L G K
2 _ _ _

‘H V

The heat rejected to the cooling water was found by

using equation (A-2).

The next portion of ANALIZ was devoted to the calcu-

lation of bundle geometry . The call to subroutine GEOM

yielded a condenser design of circular bundle cross section
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with a 12 inch diameter void along the longitudinal center-

line to serve as a header for the removal of nonconden-

sable gasses by an air ejector. The rows of tubes were

filled from the inner void and were concentric to the

center void. Partial tubes were permitted in order to

simplify the algorithm and the final , outermost row was

only partially filled. The bundle radius was calculated

with no allowance for circumferential steam lanes , since

it is beyond the capability of the HEI/DDS method to provide

for steam lanes.

It was assumed that the waterboxes were hemisp herical

caps on the ends of the cylindrical bundle. The waterbo xes

may not be any deeper than 45 inches [2] and logic was

included to ensure that this specification was met.

The ratio of tube sheet material removed for tube

installation to ori ginal undrilled tube sheet area was

calculated and used as a design constraint during the

optimization process. Reference [.J requires that the

ratio calculated mus t be less than or equal to 0.24 to

allow for adequate tube sheet strength.

A hotwell capacity capable of receiving the condensate

from one minute of full power operation is specified by

reference [2] . This value was calculated as the product

of the specific volume of the incoming steam and the

steam flow rate.

The calls to subroutines FRIFLAC and PRSDRP found the

factors required for the calculation of tube side pressure

drop and pumping power.
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Total condenser volume was the sum of the tube bundle

volume , the waterbox volume , and the hotwell volume with

the individual watervoxes treated as spherical caps.

The final step in the analysis section of subroutine

ANALIZ was to define the objective function with any

necessary weighting factors as described in Chapter II.

COPES repeatedly enters the ANALIZ subroutine with

ICALC = 2 during the optimization process — often on the

order of hundreds of times. Therefore , no WRITE statements

were included in the analysis section. All output was

performed within the output portion of ANALIZ , a region

that is entered only when the optimi zation process is

terminated and ICALC is set equal to three.



APPENDIX B

DEVELOPMENT OF SUPPORTING SUBROUTINES FOR OPCODE1

In this appendix , the subroutines that were utilized

during the execution of ANALIZ in OPCODE1 are briefly

described.

FRIF AC

This subroutine iteratively solved the transcendental

Colebrook equation [17]

1 2.51 E
— = - ‘lo ( +

iT 
- 

Re~’T 3.7d

for the value of the internal friction factor for tube

flow . FRIFAC was valid for the range

0.01 < f c 0.10

This method was chosen over the simpler Blasius equation

because of the inclusion of the desirable dependence on

the relative roughness , ~/d , in the Colebrook equation .

GEOM

This subroutine calculated bundle geome try . The

condenser bundle was assumed to have a 12 inch central void

along the longitudinal centerline with the rows of tubes

in concentric rows about the void. The void served as a

ill
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header for the venting of noncondensable gasses. The rows

were filled from the inside out; partial tubes were permitted

and the outermost row was unfilled.

P RS D RP

This subroutine calculated the cooling water pressure

drop through the condenser bundle. The development of this

subroutine was thoroughly discussed in Chapter III and will

not be repeated here.

DENSE

This subroutine calculated the density of water as a

function of temperature with the relation from reference [27]

63.8 - 0.01781 t + 1.132 x l0~~ t2

- 6.786 x lO
_ 8 

t 3

Based on the assumption made for determining the coeffi-

cient for equation (A-4) in Appendix A , the relation given

above was used for the sea water as well as the steam and

condensate densities.

For the calculation of cooling water density, the

numerical average of the cooling water injection temperature

and the cooling water overboard temperature was used.

PSATFN

This function subroutine calculated the saturation

pressure of steam as a function of the saturation temperature , 4

~ 

.

‘ :i. ‘~ I. T 
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in degrees Rankine , using the relation from reference [3]:

in P5 — 14.150119 - 6452.562 
- 837533.21 (B-i)

s T5

TEMFAC

The retrieval of the temperature correction factor ,

F3, was performed in this function subroutine . The data

presented in Figure SF-2 of reference [1] was implemented

in tabular form and was retrieved as a function of cooling

water injection temperature by a call to the library

supplied interpolation subroutine , INTRPL.

TSATFN

This function subroutine calculated the saturation

temperature as a function of saturation pressure by solving

equation (B-l) for T~ .

MATFAC

This subroutine retrieved the material correction

factor , F2, as a function of wall thickness and tube material.

The data presented in Figure ST—i of reference [1] was

in tabular form and was retrieved using the library supplied

interpolation subroutine , INTRPL.

• ~~

.
- •

.
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APPENDIX C

USER’S MANUAL FOR OPCODE 1

This Appendix describes the data cards required for

the use of OPCODE1. A complete optimization run is included

as Appendix D.

The data is divided into the COPES/CONMIN program section

and the HEI/DDS-based condenser design program section .

The COPES data is segmented into “blocks ” for convenience.

All formats are alphanumeric for TITLE , END , and STOP cards ,

FlO for real data and 110 for integer data. Commen t cards

may be inserted anywhere irs the data stack prior to the END

card and are identified by a dollar sign (S) in column 1.

The COPES data stack must terminate with an end card

containing the word “END” in columns 1-3.

The analysis data is also segmented into blocks for

convenience and must immediately follow the “END” card.

No comment cards are permitted and the analysis data stack

must terminate with the word “STOP” in column s 1-4.

It should be noted that only the information for using

OPCODE1 for either a single analysis or for optimization

is included in this User ’s Manual. Information pertaining

to the use of the sensitivity analysis and the two-variable

function space features of COPES can be found in reference [15].

114
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DATA BLOCK A

DESCRIPTION : COPES Title Card

FORMAT: 20A4

TITLE CARD 1
REMARKS

1) Program is terminated by the word ‘STOP ’ in column s 1-4 .
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DATA BLOCK B

DESCRIPTION : COPES Program Control Parameters

FORMAT : 110

1 2 3 4 5 6 7 8
NCALC NDV IPNPUT

F I E L D  CONTENTS

1 NCALC : Calculation control
0 - Read input and stop. Data of blocks

A-B is required. Remaining data is
• optional .

1 - One cycle through program . Data of
blocks A-B is required. Remaining data
is optional.

2 - Optimization . Data of blocks A- I is
required. Remaining data is optional.

2 NDV : Number of independent design variables
in optimization or optimum sensitivity
study .

3 IPNPUT : Input print control
0 - Print card images plus formated print

of input .
1 - Formated print of input only.
2 - No print of input.

REMARKS
1) Field 1 determines  program execution .

2) F ie lds  3 , 4 , 6 , 7 , and 8 to be left blank for the
OPCODE1 application of COPES/CONMIN.
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DATA BLOCK C

DESCRIPTION: COPES Integer Optimization Control Parameters

FORMAT: 8110

2 3 4 5 6 7 8
— IPRINT INAX IC’DIR NSCAL ITPM LINOBJ NAG’~ l NFDG

F I E L D  CONTENTS

1 I P R I N T : Print control used in optimization program ,
CONM IN .

0 - No print during optimization.
1 - Print initial and final optimization

information.
2 - Print above plus function value and

design variable values at each iteration.
3 - Print above plus constraint values ,

direction vector and move parameter
at each iteration .

4 - Print above plust gradient information.
5 - Print above plus each proposed design

vector , objective function and constraints
during the one-dimensional search.

2 I TMAX : Maximum number of optimization iterations
allowed. DEFAULT = 0.

3 I C N D I R :  Conjugate direction restart parameter.
DEFAULT = NDV÷l.

4 NSCAL : Scaling parameter. GT.0 - Scale design
variables to order of magnitude one
every NSCAL iterations . LT.0 - Scale
design variables according to scaling
values input . DEFAULT = No scaling.

S ITRM : Number of subsequent iterations which
must satisfy relative or absolute
convergence criterion before optimization
process is terminated. DEFAULT = 3.

6 LINOBJ : Linear objective function identifier.
If the optimization objective is known
to be a linear function of the design
variables , set LINOBJ 1.
DEFAULT - N o n - L i n e a r .

7 NACMX1: One plus the maximum number of active
constraints anticipated.
DEFAULT = NDV+2.
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DATA BLOCK C (Continued)

FIELD CONTEN TS

8 NFDG : Finite difference gradient identifier.
0 - All gradient information is computed

by finite difference.
1 - Gradient of objective is computed

analytically. Gradients of constraints
are computed by finite difference.

- All gradient information is computed
analytically.

REMARKS

1) The value of NSCAL = S is suggested and
ITRM = NACMX1 = 0 should be used.

) The value of IPRINT may be reduced when the user is
familiar with the optimi zation output .
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DATA BLOCK D

DESCRIPTION: COPES Floating Point Optimization Program
Parameters

FORMAT: 8F10

1 2 3 4 5 6 8
FDCH FDCHM CT CT M IN CTL CTLM IN THETA PHI

Note: Two cards of data are read here.

F I E L D  CONTENTS

1 FDCH : Rela tive change in desi gn v a r i a b l es in
ca lcu la t ing fini te difference gradients.
DEF A ULT = 0. 01

2 FDCI-IM : Minimum absolute step in fini te difference
gradien t ca lcu la t ions .
DEFAULT = 0. 00 1.

3 CT: Constraint thickness parameter.
DEFAULT = -0. 1.

4 CTMIN: Minimum absolute value of CT considered
in the optimization process.
DEFAULT = 0 .00 4.

5 CTL:  Cons tra in t th icknes s  parame ter fo r
linear and side constraints.
DEFAULT = -0.01.

6 CTLMIN: Minimum absolute value of CTL considered
in the optimization process.
DEFAULT = 0.001.

THETA : Mean value of pu sh-off factor in the
method of feasible directions .
DEFAULT = 1.0.

8 PHI: Participation coefficient , used if  on e
or more c o n s t r a i n t s  are v i o l a t e d .
DEFAULT - 5.0.
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DATA BLOCK B (Con t inued)

FORMKi: F10

1 2 3 4 5 6 7 8
DELFUN DABFUN

F I E L D  CONTENTS

1 DELFUN : Minimum relative change in objective
func t ion to indica te conver gence of
optimiz ation process.
DEFAULT = 0.001.

DABFUN : M inimum absolute change in objective
func ti on to indica te conve rgence  of
the op t i m i z at ion proc ess .
DEFAULT 0.CO l time s the initial

ob ject ive va lue .
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DATA BLOCK F

DESCRIPTION: Total Number of Design Variables , Design
Objec tive Identification and Sign on Desi gn
Obj ect i v e .

FORMAT : 2110 , F l O

1 2 3 4 5 6 7 8

DVTOT IOBJ SGNOPT

F I E L D  CONTENTS

1 NDVTOT : Total number of variables linked to the
des ign  v a r i a b l e s . NDVTOT mus t be
greater than or equal to N DV. This
op tion allows two or more Darameters
to be assigned to a single design
variable . The value of each parameter
is the value of the design variable
t imes a mul ti p l i e r  wh ich  may be
different for each parame ter.
DEFAULT = ND V .

IOBJ : Global variable number associated with
objec tive function in optimization
or optimum sen sitiv ~ t- .-’ analys is.

3 SGNOPT : Sign used on objective of optimization
to identif y whether function is to be
maximized or minimized . ÷1.0 indicates
maximization. -1.0 indicates minimization.
DEFAULT = -1.0.

_ _ _  - 

121



DATA BLOCK F

DESCRIPTION: Design variable bounds , initial values and
scaling factors.

FORMAT: 4FlO

VLB VUB X SCAL 

6 ~ 1
No te: Read one card for each of the ND\-’ independent design

v ar iables .

FIELD CONTENTS

1 \ r L B :  Lower bound on the design “ariable.
2 VUB: Upper bound on the  design variable.
3 X: Initia l vaiue of the iesign v ar i a b l e .

If X is non - zeto , th is ~i 11 supercede
the value in it ialized by subroutine
ANALI:.

1 SCAL : Desi gn vari able scale factor. Not used
if NSCAL .GE.0 in Block C.
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DAT A B LOCK G

DESCRIPTION : Desi gn Variable Identification

FORMAT : 2 1 10 , F l O

[NDSGN IDSGN AMULT 

4 5 6 8

Note: Read one card for e : ich  of the NDVTOT Design Variables.

FIEL D CONTENT S

1 ND SG N :  Des i gn variable number associated with
the variable.

2 IDSGN : Global variable number associated with
the var iable.

3 ~MULT : Constant multiplier on the variable.
The value of the variable will be the
va lue  o f the d e s i g n  v a r i a b l e , NDSGN
time s AA~1ULT.DEFAULT = 1.0.



DATA BLOCK H

DESCRIPTION: Number of constrained parameters.

FORMAT: 110

CONS 
2 3 4 5 6 7 8

F I E L D  CONTENTS

1 NCONS : Number  of cons tra in t se ts in the
optimization problem.

REMARKS

1) If two or more adjacent parameters in the Global common
block have the same limits imposed , these are part of
the same constraint set.

- 
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DATA BLOCK I

DESCRIPTION: Constrain t Identification and Bounds .

FORMAT: 3110

• 1 2 3 4 S 6 7 8

ICON JCON LCON

Note: Read two cards for each of the NCONS constraint sets.

FIELD CONTENTS

1 ICON : Firs t Global number corresponding to
the constraint set.

2 JCON : Last Global number corresponding to
the constraint set.
DEFAULT = ICON .

3 LCON : Linear constraint identifier for this
set of constrained variables.
LCON = 1 indicates linear constraints.
D E FAULT = 0 = Nonlinear constraint.

I .
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DATA BLOCK I (continued)

FORMAT: 4F10

1 2 3 4 5 6 7 8

BL SCAL 1 EU SCAL 2

F I E L D  CONTENTS

1 BL: Lower bound on the constrained variables.
Value less than -l .OE+l3 is assumed
unbounded.

2 SCAL1: Normalization factor on lower bound.
DEFAULT = Max of ABS(BL) , 0.1.

3 BU: Upper bound on the constrained variables.
Value greater than l .OE÷15 is assumed
unbounded.

4 SCA L Z : N o r m a l i z a t ion fac tor on upper  bound .
DEFAULT = Max of ABS(B U) , 0 . 1 .

REMARK S

1) The normaliza tion factor should usually be defaulted.

I.
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DAT A BLOCK P

D E S C R I P T I O N : COPES da ta ‘END’ card .

FORMAT: 3Al

END CARD
END

F I E L D  CONTENTS

1 The word ‘END ’ in column s 1-3.

REMARKS

1) This card must appear at the end of the COPES data.

2) This ends the COPES input data.
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OPCODE I. Analysis

Data for the cor~ eiser analysis follows the ‘END ’

card in the COPES data deck. If the general design

capability of COPES/CONMIN is not needed , the condenser

— 
- analysis portion of OPCODE1 can be run in a stand-alone

mode by using the following main program :

— C MAIN PROGRAM FOR STAND-ALONE CONDENSER
ANALYSIS

C INPUT SECTION
I CA LC 1
CALL ANAL E ( I CA LC)

C EXECUTION SECTION
ICALC= 2
CALL ANALI: (ICALC)

C OUTPUT SECTION
ICALC-3
CALL ANALI  ( I CA LC)

STOP
END

_ _ _  -1:



DATA BLOCK

DESCRIPTION: Condenser Analysis Title Card

FORMAT: 20A4

TITLE CARD

I
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DATA BLOCK BB

DESCRIPTION: Objective Function Weighting Factor

FORMAT: El2 .S

t
I
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DATA BLOCK: CC

DESCRIPTION: Condenser Tube Input Data

FORMAT : 6F l O , 12

1 2 3 4 5 6 7 8
SDO SDI XW SDD ALGTH ROUGH NPASS

F I E L D  CONTENTS

1 SDO : Tube outside diameter; inch.
SDI: Tube inside diame ter; inch.

3 XW: Tube wall thickness; inch.
4 SDD : Tube pitch to diameter ratio.
S ALGTH : Tube leng th , feet.
6 ROUGH : Tube inside absolu te roughness , foot.
8 NP A SS:  Number  of tube  p a s s e s .

_____
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BLOCK DD

DESCRIPTION: Sea Water Information

FORMA T: SF10.

r V E LC 
3 4 5 6 7 8

F I E L D  CONTE NTS

1 VELC : Sea water velocity in the condenser
tubes , fee t per second .

T i :  Sea wa ter in jec ti on tempera ture , °F.

13” 
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BLOCK EE

DESCRIPTION: Inle t Steam and Heat Load Information

FORMA T: .F 10

1 2 3 4 5 6 8
WNS HFGMS WAS HFGAS PSAT TSAT TRNSHT

F I E L D  CONTENTS

1 WMS : Incoming main stea o rate , po und per hour.
2 HFGMS : Latent heat of condensation for main

s team , BTU per pound.
3 WAS : Incoming aux iliary steam rate , pound

per  hour
4 HFGAS : Latent heat of condensation for

auxiliary steam , BTU per pound .
5 PSAT : Sa tura t ion pr es sure of incoming  s team ,

pounds per square  inch a b s o l u te .
6 TSAT : Saturation temperature of incoming

steam , degrees Fahrenheit.
TRNSHT : Heat load from other sources , ETU

per hour .

RE MA RKS

1) If no value for ~~ ‘MS or HFGAS is read in , these
p a rame ters  w i l l ~-~fau1t to 950 BTU per pound.

2) Ei ther  PSAT or T .A7 is to be sp e c i f i e d .

I
~ 133
- 

~~~~ UT L ~ - 
- - - - - - - -- — - - - -



DAT.\ BLOCK FF

DESCRIPTION: Tube Material Identi fication

FORMAT: 110

2 3 4 5 6 7 S
I DMA TL

-j

F I E L D  CONTENTS

IDMATL : Mater ial identification from the
following table.

TUBE MATERIAL CODE

A D M I R A L T Y  M ETAL 1
A~ SEN [CAL COPPER 1
AL~J~I I N U M
ALUM I NUM BRASS 2
ALUM INUM BRON:E 2
MuNT: METAL 2

~0-l0 CU-NI 3
0-30 CU-NI 4

COLD ROLLED LOW
CARBON STEEL S
STAINLESS STEELS

TYPE 410/430 6
TYPE 304/316
TYPE 329 8

TITAN I UM 9
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DAT.-\ BL OCK GG

DESCRIPTI ON: STOP Card

FORMA T: 4A l

STOP CARD
LSTOP

F I E L D  CONTENTS

1 The word ‘STOP ’ in columns 1-4 .

REMARK S

1) This card must appear at the end of the analysis data.

2) This ends the analysis data.
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A P P E N D i X  D

SAMPLE OUTPUT FROM OPCODE 1

CCCCCCC CCC CCOO P P P P P P P  ~E E E E E E  SSSSS SS
C C 0 P P £ S
C 0 0 P P E S
C 0 0 P P F P P P P EEEE S~~SSSSS
C o P E S
C 0 0 P E S
CCCCCCC CC00000 P EEEEEEE S~ SSSSS

C C N T R C L  P R C G R A M

F O R
E N G I N E E R I N G  S Y N T H E S I S

T I T L E

CVA / CASE ONE /OEJ=POnER /IIN: PO~ ER WITH CONSTANT cg~~ji
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4

CARC INaGIS OF CONTROL OAT A

CA P O IMA ~.E

11 CV A I CL~~E LM. / C u J ~ P... INL P,.: PCWEP .~1T$ CO.’~ST ANT Qk~~J /

f 4~ 5 15
4 •)
5 )
6 )  18 — 1 . 0
7)  $ T)J~~ 0.0. ,
8~ C.t~~5 1. 25

I T U8E I .0.~ INC~~E5
IC) C .4 C ?
11) S P I T C h / D I A M E T E R  R .T 10
12) 1.1 3 . C
1~~ $ I L E E  LE~ c~1H, ~~ET1’~) 1.~1 5 )  1 S—~ vE . C C I T Y  IN 1 U 8 E S , FPS
1~~1 3.0 S . C
1 7 1  1 1
l e )  2 2
15)  3 6
? 0)  4 4

5 5
~2 )  5
22) $ TLBE WA L L  IH IC* NESS ,  INCHES
2 4 )  7 7
2 5 3  C . 0 2 2  0 .109
UI S Z C N O E N S E R D I A M E T E R ,  F E E T
Z f l  a
2 8 3  1.0  13 .0
2 5 )  1 P I N C H  P Q I M T ,  F
33 )  12 12
3 13  S. C  3 5 . 0
‘ 2) $ ~~~~~~ MP € P A T U R E  R I S E ,  F
~3 )  13 13
34 )  5.0
3 5 )  $ R A T I C  CF TUE ~iCL E AR EA TO T U 8 E  SH EET AREA w I T I - O UT D R I L L E C  H~1L ES
‘ 6 )  16 16
3 T )  C$ 0.36
3 E3 END

•1
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TI T l.Ez
CVA ~ I CASE ONE / O 8J— POWER /M IN :  POWE R W T H  CONSTANT ~RE4/

CC RTF CL F A P A M € T E R S :
C A L C L L A T L C N  CC~~T RCt . . NCALC • 2
NUMBE R OF G L O B A L  O~~~ I G N  V 4 R I A 8 ~ ES ,  N OV a 5
Mj P~~€ R  CF S !~: S i T I v  I~ V V A R  I A 8 L E 3 ,  r~$v a 3
N U M B E R  L~F F L~~C T . !~~ T~. 3 — S P A C E ,  N Z V A R  * 3
I N P U T  It ~F OS ; 4t . T I O N ? R I N T  C O D E ,  I P ~. R L T * 3
SEr~S L T I V I T Y  ~~~~~ C C C E ,  I P S E N S  a 3
T . 0 — S P A C E  P R I ~ , T  C 3 C E ,  I P 2 V I R  • 3
C EEUG F R I N T  CCD E ,  LP O8G • 3

CA1. C U LATI C N C C NT R O L ,  N C A LC
VALU E M E A N I U G

1 S I N G L E  A M A L Y S I S
2 0 P T L ~:!~~A t t L N
3 ~E~ S ITI v IT’r
4 T a C V A R L A 6 L E  F L N C T I O N  SPACE

GLC Ba L V A R I A e L E  r~U M E t R  C F 03 . J EC T I V E  • 18
N U L T I P L I E R  ( r 4 E G A T I ’ ~F I P % O I C A T ~~S M L h ~ M I Z A T L 0 N I  a — O . I 3 0 0 E  01
COP .PIN PARAMET ERS (IF Z E R O , C O NM IN D E F A U L T  W I L L  O V E a — R I D E )

I P R 1 N T  u M A X  I C NC !R NSCA L I T R M  LIN O8 J  N A C N X I  N FD G
1 40 0 5 0 0 13 0

FOCH FDCHM CT C T M I P .
0.0 0 .0  0.0 0.0
CT). C T L M I N  ‘THETA PH!
0.3 0 .C  0.0 0.0
O E L F U N  D A E F U N
0.0 0 . C
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ROW N*. R A O t L S  (IIs.J ~R. CF TIJ8CS

1 C ..J3 37.70
43.14

3 7.73 48.58
4 8 .60  54.32
5 c. -~~ 59 . 43
6 10.33 64 .41 .
7 1 1 . 2 3  7 3 . 3 5
8 1 2 .0 6  7 5 . 7 9
S 12.~~3

I C 1 2 . 1 9  8 3 . 6 7
U 14 . 6 6  5 2 . 1 1
12 1 5 . 3 3  5 7 . 3 5
1.3 I c . . 3 5
14 1i.2o 1GS.44
15 Ld.12 11.3.~~6it 1~~.99  1 1 9 . 3 2
11 ~ 5 . 3a 126. 76
18 ~ 0. 7 2  13~~.20
15 2 1 . 5 9  1~~~. 6 4
20 2 2 . 4 5  1 4 1 . 0 8
2 1 2 3 . 3 2  L~. 6 .5 2
2? 24 .14  151.47
23 2’ .) S  1 5 7 . 4 1• 24 ~~~~~~ 16 2 . 8 5
25 Z t . 7 8

2 7 . 0 5  1 . 7 3 . 7 3
17 2 2 . 5 2  17 ~~. 1 7
2 8 Z c . ~~E 1~~4 . 6 1
29 3 C .~~5
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33 33.71 211.82 -
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35 3 5 . ~~. 2 2 2 . 70

2 2 3 . 1 4
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32 .51 244.47
40 3 5 . 7 7  2 4 4 . 5 1
41 4C.34 2 5 5 . 3 5
42 4 1.31 2 6 0 . 7 9
53 4 2 . 3 7  2 6 6 . 2 3
44 5.3.2 4 1 1 3 . 5 8

TIlE OUTER ROW PiAS A PITC H OF 2 .35  INCHES.
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SU N C L E  G E O M E T R ’v I N F C P M A T I C N
— —— — - —  

ACS. Nfl. f l A D I U S  ( I t ~.)  NR. OF TU BES

1 ~i.03 31.65- 7..) 3
4 4.~~10. 13
7 1 .L5 - 14. 2’,
8 13 .22  65 .74

1 4 .2 5  15.18
10 1 5 .28  80 .6 2
11 14 . 3 2
12 1 1 . 3 513 18.18
14 t S . . L  i . .2 .  ~~15 ~~~~~~~~~~
16 Z1.i7  113 .27
17 22.~~1 1 i 8 .~~1
18 2 i .~~4 1 2 4 . 1 5
15 2 4 . 5 7  125 .59

- 2C 2 5 . 60
2 6 . o 3  140.47

145.51
23 2 8.70 121.35
24 ~c . 7 3

5 3~~. 76  162.24
6 ,1.ZS lol.68
7 3 2 .8 ~ 1 7 3 . 1 2
8 4 3 . l ~5
S j 4 . 3 5

.30 35.~~22 1 3 6 . ’.~ 194.83
32 3 1.58  2 0 I 0 .3 3
33 3 9 .3 1  2~~3 . 7 7
34 4 0 . 0 4  2 2 1 . 2 1
35 4 1 .~~8 2 1 C I .~~~~3‘ 8 4 2 . 1 1  2 2 2 . 0 9

2 L 7 . 5 3
38 44.17 2 3 2 . 5 7

- i,~~.20  ~38.4 1
40 48. 2~41 4 1 . 28
4 2 4 8 . 3 0  254 . 74

4 c .~~44 5 0 . 3 o
45 5 S . . 5
46 - 52..2 ~76.5047 5 3 . 4 5
48 54 .4 5
49 5 5 . 52
‘C 5 4 . 55 ~9d .27

5 1 . 5 6  ,33~ .71
52 5 8 . 5 1  305 .13

ThE O%.TER RCh HAS A PITC H OF 1.19 INCHES .
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