APLICACIONZS INDUSTRIALES D LA TRANSFERENCIA

DE CALOR
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La Transferencia de Calor, como varias oiras ramas de la
ingenierfa, ha sido un campo de estudio que se ha ido extendiendo
- 5 . A . . . re
y no puewc ya considcrarse como parte de ningun tipo de ingenieria
en particular,
s . . .
Cronologicamente, se puede decir que esta area de estudio se
. 7~ . . < 7 . .
cred como una parte de la ingenieria quimica, debido a la gran
. . . . : e 7. . . {
importancia que tienen los fenomenos termicos en la ingenieria
de procesos, M&s tarde, al ponerse en uso nuevos tipos de equipo
/
tales coi0o generadores de vapor, sistemas de “refrigeracion y aire
N . 7 .
acondicicnado, motores de corbustion interna, etc,, en los que las
. s . Z . . . . -~
limitaciones térmicas son de gran importancia, la transferencia de
- . . . . . el
calor paso a ser una de las disciplinas principales en la educacidn.
’
del ingenicro mecanico,
Aungue a la fecha, casi todos los especialistas en transferencic
5 ) . ~ . 7 . . 7
de cdlor tienen de una forma u otra relacion con ‘la ingenieria
' Y . .
mecanica; este campo se ha dasarrollaco hasta el punto de abarcar
) N e N . Ve
una gran cantidad de areas de avlicacion, Como ejemplos, ademas
: - . ' P . . 7 o .
de la ingenieria quimica y la ingenieria mecanica, se pueden mencionar
la indusirie nuclear, bioquimica, tecn@logfa de alimentos, ingenierfa
. A . A 4
biomcdica, etc, Como consecuencila, la Transmision de Calor se ha
- i ms . / .
, ,convertido en una disciplina interdepartmental que esta comprendida

. = . /
y fcrua rarte de varios campos de la #ngenieria,
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las corrclaciones de forma nas scneral y hacer uso de modelos para
estudiar fendmenos mis complicados, » ¢

Finalmente, los procesos de transmisién de calor por radiacidn
se estudiai® en general por separado ya que la naturalcza de estos
procesos es totalmente distinta de los procesos de conduccidn y
conveccién, 1n los procesos de radiacidn las dificultades fundanen-
tales, desdec un punto de vista préctica, son causadas por la sensi- -
bilidad del proceso a los condiciones de la superficies radiantes,
cn el caso de radiacidén en el vacio, y las propiedades radiativas
de los medios transparentes y seni-transparentes en caso de radiacidn
en esve tvipo de medios.

In resumen, la transferencia de calor se puede clasificar como
una rara de cestudlio que requiere gran canticdad de trabajo experimental
y se puede decir tambien que uno de los requisitos necesarios para
el especialista en esta arca es la habilidad de simplificar los
prbblemas reales para poder aplicar los conocimientos disponibles
hasta la fecha, o bien poder disehar experimentos que le proporcionen

P
la informacion necesaria con un esfuerzo razonable.

*Zn los Ultimos aﬁbs, gracias a la presencia de compu adoras
digitaics, se ha hecho posiblie utilizar las ecuaciones fundamentales
para obtener soluciones a problemas complicados de mecanica de
fluidos y transmisidn .de calor, Esto tiende a reducir la naturaleza
empfrica de este campo, aunque todavia es necesario usar conceptos
tales como la difusividad de eddy y la distancia caracteristica

de turbulencia,
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En procesos de transmisidn de calor a fluidos, muchas veces
ce preSenta cl caso de canvio'de fasce ya sea evaporacidﬁ de un
17quido, condeusacion o solidificacidn, La nresencia de estos
fenomenos hace nccesario el uso de nuevas técnicas de estudio que
no se cubren en los procesos 'convencionales,"

Los fenouenos de solidificacidn son de gran intoré%, entre otrgs,
para la industria metalﬁrgica, sobrc todo vara la fabricacion de
niezas de fundicisn, y& que una solidificacidn no controlada puede

-

causar huccos en la pieza final, o bie¢rn debido a fenomenos de

. - -~ ] . - - . ' o i <
difusion se pucden causar concentiracionss exceslvas de Jupurgas ' 2D

que finalmentc pucden hacer gue el producto quede defectuoso.
. 7 a .7 '

Los procesos de evaporacion y condensacion prescntan caracici'~
e . e 2 2 . .
isticas de transwuision de calor bastante distintas de los procesos
con una sola fase; lo que hace que tengan una gama adicional de

- a/

canpos de aplicacion,

Por una parte, se encuentran equipos industriales, cuya base

. 7 . .~ .y .
de operacion requiere la evaporacion y condensaclon del fluido
principal, Cono ejemplos se pueden mencionar las plantas termo-
electricas funcionando con el ciclo Rankine, y plantas de c¢:2stila-
./ /cu . - Jo = ) .
cion, Para el analisis y diseno de estos equipos es necesario tener
s - . . s
un buen conocimicnto de las caracteristicas termo-hidraulicas de
los procesos con cambio de fase, Hay gque calcular los coeficientes
. -/ .

de transmision de calor para poder estimar las temperaturas de

. < . . P « 7
operacion y dimensiones de las superficies de cal&@faccion, Hay

’ L) . 3 I > /
tambien que estimar cantidades tales como las caidas de presion en
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las tuberias del equipo y analizar la posibilidad de inestabilidades
y vibraciones causadas por los flujos de dos fases, que pueden
e
‘hacer que los equipos no funcionen adecuada y economicamente,
Por otra parte, es deseable hacer uso de los procesos de
;vaporacién Yy condensaci6n en otro tipo de equipos, debido a los
altos coeficientes de transmision de calor carécterlsticos de estos
procesoses- Entre las aplicaciones prébticas dentro de este campo
estan la refrigeraciéh de componentes electrdnicas y controles de
temperatura,
Finalmente, otra rama que puede considerarse como parte de
los campos especialcs de la transferencia de calor, és\la trans£g§-
Tencia de masa por difusiéh. Al analizar los procesos de transferencia
de masa se encuentra que las ecuaciones fundamentales éue describen
los procesos son idénticas a las de transferencia de calor* y de
hecho muchas de las correlaciones empfricas son témbien idéhtica§
siempre y cuando sc haga Ukso de analog{és apropiadas.,
Entre los campos reccientes de aplicaciéh de este tipo de
procesos estan la ingenierié bioméﬁica/en la que los oXigenadores
de sangre (pulméﬁ artificial) y rinones artificales sén equipos
basicos de transferencia de masa; y la ingenieria birqu{hica en
lo. que los fermentadores para cultivo de levaduras requiere un

7
. - A «
sistena eficiente para transmision de oxigeno.

s . . . < <
*Siempre y cuando los terminos ae generacion d¢ energia por
- 0 - - . - = 3
disipacion viscasa no sean importantes y se desprecien en la
e N i

. - ~ -— . .
ecuacion ac¢ encrgia., In las ecuaciones de transfersncia de masa

/ - .
no hay teruinos eguivalentes,



CAPITULO I

o
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Trincivnios Rasicos ¢o “rarstision de Calor

.
Introduccion

. « 7 ~
La Transuision de Calor es una parte del campo mas gencral de

~

los fend.ionos de transporte., Dstos fendmenos se caracterizan por
nedio ue fenduenos e difusion gue tienden hacia un estado de
equiliorio,

Como procesos ae transworte se pueden mencionar adenas de la
transuision do calor, el flujo dz corriente eléctrica y la trans-

~

\Ierencia ae mas§)en los que el estado de equilibrio son uniformidad
de teuperatura, de potvencial elcctrico y de concentracign respec-
tivaueave.

DPesde un vunto de vista fenomepolggico (macrdscébico) se puede
describir ceste tipo de procesos como el flujo de una propledad
(energia, masa, cantidad de movimiento) causada por una fucrza
motriz o gradiente de potencial, Matenaticamente esto se expresa

. 2 . 7 - . 7
por medio de la ecuacion general de difusion,

R QP -
75: = —-fiir Eg%% -7 <{>

1 - : :
i~ Es alguna propiedad por unidad de volumen

gl/AD Es el flujo por unidad de arca de la misma propiedad

(-\ ™ 0 . - 3 ,
G &5 el coeficiente de difusion
I-
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En cl caso de transmisién de calor estamos interesados en
el flujo de encrg{a. Kl flujo de energia se puede representar como
un flujo de calor (‘1//‘\3 , ¥ la cnergia por unidad de volumen cera PO .
La difusividad tdrumica se representa generalmente por {X . Haciendo

P e \ . . 7
uso de estas deiiniciones en la ecuacion general de difusion se

obtiene:. . (%o
T TR TSy
T
& N Qv
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Definiendo la difusividad teraica X= SO

v suvbstituyendo en la ecuacion anterior:

o~ ——

aso_ % G
s oY

1 m : . 7/
que es la Ley de Fourier para conduccion de calor.
Dec la misma forma, se »ueden generalizar la ecuacion de Newton
. . - . . < e 1
para viscosidad y la ley de difusion de Iicxk para cxpresarlas por

medio dc la.ecuacion geneceral de difusion.

- , 3 3
*Se considero que la densidad del medio c¢s constante,



La siguienic tabla* condensa los resultados de expresar
las tres ccuaciones eupiricas (iourier, liewton y fick) en la forua

/ 3
dge la ecuacion de difusion.

Iroceso Propicdad ) Flujo por Difugsividad

o Transnorce Transferica Unidad de area

asa Cw W /¢¥ D

- . C ol >
Laergia Y ﬂ/& A

antidad de - - )

C "bl.a- ¢ e () ~/

liovimiento

Hay que hacer notar que en la tabla anterior se considerd que
el esfucrzo de friccion es equivalente a un flujo de cantidad
de movimienco por unidad de area, nsto esti de acuerdo con el enfoque
cldsico dGe la mccanica de fluidos con la Unica diferencia de la
convencion de sigpos, lo que no afecta ninguno de los vrincipios
fundancntales,

Adends de la ecuacidn general de difusién, que caracteriza los
fenénenos do transporte, otra ley fundamental es necesaria para
describir los fenomenos fisicos, IEsta ley o hipé%esis es la bien
conocicda ley de Conservacién, En lec@nica de Fluidos estouos acos-
tunbrados a usaf la ley de conservacion de masa para plantrar la
ccuacidn de continuidad; en Termodinamica tenemos IalprimeréVley,
que se »uede considerar como una ley de consefvaciéh de energié;

y finaiiicente en Mecanica estamos familiarizados con la conservacion

de canvidad de movimiento.

~Tomacc 4e Rohsenow y Choi (2).
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De forma gcneral, las leyes de coascrvacion, conbinadas con

. < 3 - - -
la ccuacion de difusion se pueden expresar como .

N 'D N
R T b b
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) Ve, fos
J - (%

t, 3 a/ .
La foria de obtener la ecuacion de conservacion se ilustra

0]

- .” -/ - - -

conuisuacion vara el caso de la ecuacion de cantidad de movimiento,
. . . e . .
Couio ¢jercicio seria convenience obtener la ecuacion general de
. . 1. .
congervacion para los casos de transferencia de masa y calor,
Considerenos el caso de un fluido comprendido entre dos placas

planas, Supongamos que en un tiempo dado una de las placas se
poac con wovi.aicnto con una velocidad \/ o Ll perfil dc velocidades

. e Pl . . 1 :
a un tiempo _ scra como el indicado en la figura,
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Consideremos un elemento de fluido en una posicion ('
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51 flujo neto de cantidad de movimicnto (o la fucrza neta

i R
por unidad de area) estara dada
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Usando ahora el principio de la conservacion de cantidad de
- e
moviniento, el flujo neto hacia el elemento considerado sera igual

al aw.cawo de caniidad de novinidcento del elemento mismo,.
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La ccuacion general de difusion, aplicada a la transfercncia de

canvidad dc viiiento se puede cscribir como:
-~ /(:L \
7 —_ R __C_f__k_\___._-’—-d-——
Ty TTY TN
@l
)

o /)< 2 L0 _ ’\QSU‘Q
E.J (‘,\)' O Lé.r / Q ,,



G

13 - - 7 3
La similaridad entre los fenouenos de itransporte mencionados
: . . ’ 7
hasta ahora sugiere que se pueden aplicar los mismos metodos de

. . ~
lisis a los diferentes vnrocesos, Por otra parte, con la mayoria

IV RN

n

0

de los casos se tienen varios procesos al misno tiempo: Trans-
misidn dc calor y transmision de cantidad de movimicnto simulidneas;
transnisidn de calor y transferencia de masa, y finalmente transferencia
de cantidad de moviuicento y transferencia de masa simulténeas.

Las velocidades de difusidn relativas entire los difercntes
procesos estardn dadas por las magnitudes rclativas de las coeficientes
de difusion respectivas., Siguiendo esta lineca de razonamiento cl
cocicnte dc la viscosidad cineritica entre la difusividad tdruica
nos indicara la velocidad relative-de propagacigh de la. cantidad de
movimiento y energia, que serd un parametro de gran importauncia en

~ - -~
los »rocesos de conveccion,

'~'D’ —~ \:‘1)._. oy C /LL
P K e " . (Mlumero de Prandtl)
"
S b )
-eT Ny = 5C D (Humero de Lewis)
g —_ 3__‘ -~ A P
TD ”;913 (Numero de Schmidt)

7 o
Las siwilitudes y analogias presentadas hasta ahora son validas
en gran cantidad de casos, pero hay que tener cuidado en no extender-
- o 5 . .
las mas alla de sus limites de aplicacion,
- ./ . -/ ./
Por cjemplo, la ecuacion general de difusion dio cono resultado
.7 . .~
la ecuacion de Fourier para conduccion, pero en el proceso se hicicron

varias suyosiciones tales como la de densidad constante, Otros
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factores tales como la presencia de fuerzas gravitacionales,

[#]

disipacidn vi

s
H
Ui

N - . .
c-~sa de energla, reacciones quimicas, etc.,

\

'

introducen terninos en las ecuaciones fundamentales que no ticenen

—

~ .
analo, as €n 0Trus Drocesos.



CAPITULO IT

Conducciéﬁ dc Calor

EL wnroblcua de transferencia dc calof por conduccidn es
posiblcmente de los que nds sc prestan a un tratamiento analftico.
Esto rno quicre decir que sienprc sca posible obtener soluciones
-exactas a los problemas que se presonta%lx)de hechg la mayoria de
los problemes prébtices en conduccidn son bastanl couplicados y
nos tcnemos que conformar con soluciones numeéricas aproxinadas,

Sin ewbargo, la presencia de compucadoras digitales ha puesto al
alcance del ingeniero soluciones que de otra forma habrian requerido
un equipo de especialistas,

Las areaé de aplicaci6h de la transmision de calor por
.conducciodn pueden encontrarse en cualquier tipo de industria. LEs
cierto que en ruchos casos los procesos de conduccidn no tiénen
importancia decisiva en el diseno de equipos, y 1lo unico que se
hace ol rcspeéto son unos calculos sumamente aproximados, Sin
ernbar;o, hay areas especificas en las que unos calculos nds detallados
de los procesos de conduccidn son neccsarios,

Cono ejenplos se pueden mencionar los cambiadores de calor
de sureriicies extendidas} en las qug la conducciéh de calor a través
de las supcrficies sblidas es una de las limitaciones 9 ‘iiseno,

Los rioccsos de conduccion en las varillas de combustiblec de

reactorcs nuclcares tienen que analizarsc para determinar la



tenpcratura maxinma de operacidén del combustible., Finalmente, como
otro ejemplo introductorio sc puvede mencionar. el problema de los
esfuerzos térmicos, que se pueden presentar en piezas sglidas que
oparan a temperaturas no unifornes,

Tl material que se va a presentar a continuacidn no es un
cratamniento completo de la Transferencia .de Calor por Conduccion
ni mucho nenos, ' Se presentaréﬁ las ecuaciones fundamentales y
s5oluciones para algunas casos sencillos de interéé. Mencionareios
tambien los nétodos mas usados en aplicaéiones practicas asi como
algunas soluciones aproximadas que son Utiles rara calculos rgpidos
y estimaciones de las condicioncs de operaci6n de algunos tipos de

equipo.

- . 7, . .~
1l.--cuacion adec Conducci.on

. . I - .
La ecuacidén fundamental de conduccidn es la ley de Fouider

G- - kA %T )

N @)

Si consideralios un elemento de material de dimensiones 2K ,

N o= . - ‘ X
hr, , /A& como un volumen de control, podemos hacer un balance dec

r'd . . s
encrglas de la forma siguiente:
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Vd ™
@nergfa que entra)*“@nergla Generad%- anerg:fa que sal%=

Ud
_— Q\umento de energia almacenada}

(0 dy 28 W (88D (e g™ G =
-2 (10 dybe) @

~
Considerando que QMAK (\_y < Cj; AK
2 —_
2 g cqm— 24z o W bnby b
U Y

. . 7 .
Substituyendo ahora la ecuaciodon de Fourier

_E-A i?» Ax Ag 4)3 2 *— — Lz%> L\xl\% Ng
oX EER 0 3 ESA

L /(ﬂ =aN Ay B Wi Ax Ay Ay =
53 2

= 5{ (00 A Ay Ar @
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Si suvonemos que cl medio cs isotropico (las propicdades

‘ . . . . - . Id
fisicas son independicntes de la direccidn considerada) y ademas,

' PO ~ . e .
quc la conductividad tcérmica es constante, la ecuacion anterior

se reduce a:

DT L 370 ESZ—T: N W _ SCo T <§§)
3 X*® dyr  BET Ja. k. Tt
o k..cn
2 UL _ 1L ol @
NT v & = 7 = ’
paa ol o€

~ -~
"ara poder obtiener uvna solucion a la ecuacion anterior, hay
rd
que cspecificar scis condicionces de frontera y una condicion inicial,
. . . * . 3 - (3 /
La condicion inicial es c¢n general una distribucion de

teuroraturas determinada
r -~ o . N
T R (N R W = {
| .t",. Y
- - -‘L‘
Las condicioncs de frontera pueden ser de varios tipos. Los
mas comu.lzs son los siguicntes:
a., &l cucrpo esta aislado termicanente en una de sus fronteras.
Digamos en = ~C

"‘\Dco.\’u. \—Jf. =C E—T—; =0 @

<

b. La Leumperatura en una c¢e las fronteras es conocida

Thoora e [T,
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¢, Una de las superficies del cuerpo esta en contacto con

un fluido quc tiene un cocficiente de transmision de calor_LL

E(S)ie=-h () @®

En reneral los problenas de transmisidn de calor por conduccidn
se reducen a resolver la ecuacidn diferencial anterior con difcrentes
condiciones de frontera, Las técnicas matenmiticas adecuadas dependen
del problema en particular y de la naturaleza de las condiciones
de frontera. En algunos casos la Transformacidon de Layplace
simplifica el problema, y en otrog)méfodos tales como el de separaci6n
de variables son nds convenientes.

Zn el libro de Carslaw y Jaeggers se presenta*ﬁn gran ntiero
de solucioncs corocidas a problemas especificos.' Se reconienda que
antes de intentar una soluci6h nueva se consulté esta referencia
(a uienos que a la persona le gusten los ejercicios matematicos).

Ln lo quc se refliere a técnicas de soluci6n, la referencia quc se
reconienda es el libro por Arpacci mencionado al final del cap{tulo.

Si aljzuien tiene interés y se dedica a resolver algunos
nroblenas dc conducciEn, rronto se dara cuenta gue aun casos avarente-
nenve sencillos, tales como vproblemas monodinensionales, se vuclven
cormnlicados. En la vida real, la situacidn puede ser mucho peor,

»ucs cn gencral nos eacontreaiios con cuerpos de formas complicadas
que nacen imposible un tratamiento matematico cxacto,

Para estos casos, la alternativa disponible es plantear la

. - . 7 Ry . . . 0
ecuacion ae conduccion en forma de diferencias finitas y resolverlas

ad



por medio de computaadora,
. ~e ~ N .~ ~
Dejando para el final los metodos de solucion numerica,

- - / -
pasemos a analizar algunos casos sencillos de aplicacion practica.

< . . . - 4, -
2o==Analisis de Suverficies Lixtendidas

En nmuchos equipos industriales hay que transferir energia
(calor) a medios cuyas propiedades térmicas dejan algo que desear,
En estos casos la resistencia total a la transmisidn de calor es
causada por un bajo coeficiente de transmision de calor entre una
superficie sdlida y el medio refrigerante (o calefactor).

. Como ejemplo se pueden mencionar los sistemas de calefaccion

a basec de vapor (unos tipos operan no solo por convecci6h, sino
tambien por radiacion). En este caso, el coeficiente de transmisidn
de calor entrec el vapor y el tubo es bastante alto, y la resistencia

a 1-/ .
a través de las paredes del tubo es también despreciable,

™~ ™~ Sin embargo, el coeficicnte d
) ((1 transmisidn de calor entre las
A :
¢ paredes del tubo y el aire es
ATRN¢ . . -
\‘&L bajo y de hecho serfa el valor
e que dominarfa el proceso,
Tz Aﬂ*:*ﬁf—fnL <E> -
pA 120 LT ¥ (iz)
Lo~ q% he AXT K
En general, ATV esta fija (o bien puede variarse dentro de
1imites restringidos). hz podria cambiarse provocando una

. e .
circulacion forzada del aire, pero en general al aumento que puede

*Véase nota en la pagina siguiente,
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lograrse es reducido y ticme limitaciones, La otra alternativa

. . . - /
es aumentar cl area de la superficie de transmision de calor.

/

. . 7o . . . . . .
Si el material solido tuviera una conductividad infinita,
la superficie estarfia a una temperatura uniforme y la cantidad de

calor transferida seria:

Q "E \’l'i_ A\ A_r =

\

. . ./
Sin embargo, este resultado no es realista pues habia que

- 7
‘transmitir el calor a lo larzo de la aleta, 1o que causara una

caicda de temveratura, De manera cualitativa se puede representar

”
La solucion real seria-
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en la figura siguiente’

ek :

4

perimetro

' P
S i\

X

area

D

Si la cantidad - °s pequena, se puede suponer que la

. ~ », 0 . .
temveratura es solo una funcilon dec X . Bajo estas condiciones

la

se

de

ccuacion de conduccioa se pucde plantear de forma sencilla y

vueden obtener solucilones aproiimadas,

N e , . 2 2 I
Sunongamos ademas que la iransuision de calor cn la punta

la aleta es despreciable y onuede considerarse aiclada.

Si consideramos cl volumern de control ) ~, indicado en la

. L2 . . 7 —
figura, la ecuacion de conservacion de energia se puede plantear:

1T 4

QKVLAX\ i .1{ (?
x 1
o

(Znersia que entra)=(Energfa que sale)=(Aumcnto de encrgia

aliacenada)



en operacion continua)

Q9.
C‘L\— Qs ax = -Q;;K/\' A @

Usando la ley de Fourier

_ C.C\/ ’\VL’ - k_C:T- Aﬁ( "I!'b‘

(\“/

(EL aumento de energia
: - Qsc-\ A~ Q\'\ =) @ almacenada_sera cero

Ll calor disipado por conveccidn sera’m;
g - P Ax (T v
\\ J

Como la unica variable independiente es K _ , las derivadas

parciales son derivadas ordinarias.,

| Ak J‘; - h? -y =C @
dzT lJE_ - @
dywt T LA \ TC) R

Definiendo ™M<= 5 y tomando en cuenta gque [ es

una constante se tiene

-

Ayt Ax T

7
y la ccuacion se puede escribir

2
1 ¥
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La solucion general de esta ecuacion es§

O()&\ C‘ KS“\ (V\/‘LA Jr( guax,k,] Q,\,L)b Q

e e e e

f_\}; = Cw ](:Lu C\/th +Lz W CuCALL (,ng C/
Y.
Tevo, x=o %C:‘ = = GO

TElVUk 3{ \ S =5, = C,\t>—E;>
@b = C)\ Gb:)\,] (\,Vl Q @

CQ.'[_,\«\ (V‘/l K}_ o
Ceola (wi LB .

La cantidad dc calor disipada en la aleta puede ahora

. S0 =0y

o Q

calcularse de dos for.aas.

I - S’k WP (T dw @)

Q

- . .
0 bien, de manera mas sencilla, considerando que el calor

’ . - - 3 13 - -~ -
disipado ticne que ser transmitido por conduccion en la bacse de

C}W:' LA (2: Jemle @
Qo= Cu A m Tadh Cmg

Ph As\/?"{m.& (w Q 27

la aleta




. . v 7 e
La ecuacion anterior nos daria una grafica de la forma

siguiente q 4\.
-
/'-

/

P . .
donde claramente sc ve la famosa ley cconomica de los rendimientos

de crecientes.,
p
Para terminar con el case de superficies extendidas mencione.

o s . . .
ﬁremos los conceptos de eficiencia., ©Se define como la relacion

’ . n s
de calor iransferido por la aleta entre el calor que se transmitiria

con un amaverial de conductividad infinita.

o (WPEA Y Tah (k) G
L~ &y WPk

| “uh (wh) \
. - 0
(O ke =

. . . . 7’
ZL ejomplo de superficies extendidas que se presento ahora

‘. . 2 . -/
ilustira la forua de nlantcar las ecuaciones de transmision de

. ¥ -
la foriia dc¢ obtencer una solucion, Cabe

T

rd
calor por conduccion ¥

. ) . " - .~ .
hacer notar que fue posible obiener la solucion debido a las

sinnlificacioncs que se nicicron al plantear el problema,

S5C supuso:

- .f
La temperatura fue funcion de X solamente-.

G
Y. L_a »untia de la aleia esztaba aislada .
oin cotas sunosiciones ¢l arovleaa hvbiera sido

{3as$;m+e mmis cowampﬁtw
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Para gente intcrecsada en el discno de superficies extendidas
se les recomendan las referencias 3, L, y 5, donde se presentan
calcﬁlos de eficicvncias para diferentes tipos de alctas, Sih
embargo, desde un punto de vista préc%ico hay que tener en cucnta
quc un diseno exdtico de suverficies extendidas nos podré dar aletas
muy eficientes, pero lo nds probable es que los costos de

manfifactura resulten prohibitivos,

~ T, s . e L)
3.-—A§todos Numericos Fara Solucion de Problemas de

Transferencia de Calor

¥l ejemplo anterior sirvid rara ilustrar casos en los que es
posible integrar la ecuacion de conduccidn con facilidad relativa,
Una de las limitaciones was frecuentes al resolver problemas de
conduccidén es la forma misma de los cueryos involucrados, In casos
sencillos tales como cilindros, cs suficiente plantear las ecuaciones
en coordecnadas cilindricas o csidricas Yy proceder con la integraci6n.
Sin embargo, si el cuerpo a analizar es el aspa de una turbina
de goz por ejen»nlo, lo mas probablc es que no sca posible endontrar
un sistewa de coordenadas en el gue las condiciones de frontera
se pucdan representar adecuadanente,

Para todos estos casos, lo 1as probable es que no sea posible
encontrar una solucidn exacta; o bien puede que, para encontrarla,
haya que ser un buen eswpecialista en técnicas de solucidn de
ecuaciones diferenciales, De cualquier forma, el método mas usado
en ingenierfia para estos problemas es el método de diferencias

.. v . . . /7’ 7
finitas. Hay tanbien otros medios que se mencionaran mas adelante,



/ 3 - - -
lictodo de¢ Diferencias Finitag

» M 7z .
El principio fundaxnental du est@ metodo consiste en
4 . . 7
‘reemplazar la ecuacion difercncial de conducciodon y las condiciones
de frontera por un sistema dc ecuaciones algebraicas,

. . 7
Aceptemos sin demostracion que

¥ AT _ 2T -

WL I‘L‘_‘ = ‘C‘\ ) 7

A({S*-‘UC’ d i d

‘ Por consiguiente, la ecuacion de Fourier podria aproximarse

como:

’-\ . - . ' / - 3
PYeniendo en cuenta que la aproximacion sera mejor a medida

A
gue /\\} se reduce,
Considerenos ahora un cusrpo rectangular coxo el indicado

en la figura:

AxC
A 2n
'\\_ - } | ) T '
l I \:
. S
b, = R I Dy 3 ncici 5 Q
g j ; f—’?ZI : MJQL an cona¢01gpebl?c'
| i ! l lecs. i frontera estan daduas
~ N - i ! " nor
Y -
o 4 3 t .
1, “ L .
e — S . — - —pn .4
. 5 T=Te X=C o X b

Divi<anios ahora la sunerficie del cuerpo en una red
- a > h] ) / . '
cuadriculada, y considere:acs cus cada vertice de la ired es el centro

2 KN - . . “w o
de u: cleminitd que se puede caracterizar con una temperatura ch .

Por el moumento supongamos que el cuerpo fue de dimensiones tales
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% - 1 hL - '
que F74APQ“‘\ y /QSE}“Y‘donde WMy N son nﬁheros enteros,

‘Obscrvando la figura notamos que hay basicamente dos tipos
de elementos (nodos):

internos y locallizados en la frontera de
la superiicic,
Consideremos el elemento interno (LQ§>

. (L’J‘H)

. ‘ \sg.}b.' |
Q: ' ’

. -« o
..—-—«—--3}, o F

R SR

(’L—«,uj\ 1) (L+5)

%]yw _
< (@~5*>

v

Y
Si uacenos un balance de energifas en el clemcnto(&,}} , para
un caso do opcracion permanentce:

"o ), A
( & e - L MO/ L = _JLk/‘
1[*\ \ 7;\\ { \«w\ '\',.\)-\-{ L“ s e \é) C
IR . / » . » 3
( <L ©¢s la gencracion de encrgia por unidad de superficie)
t
- . é 1 ) 3 . 3
Usande la ecuaclox de Jouricer podemos escribir:
. N ’ ---\\
C [ 2 S B . =
ﬂ P ST O “fb._\)/&\& -
STV AT G
-ll Ly ’

Loy (V) -”Tu\)Q/AK ' @\

“~N
G T - A (_tl,,l - i, B/l/\% @\
Q et = - b Ax (T = T, /AU' @



Suponinedo que A\,(: A(A:AQ y substituyendo estos valores cn
la ecuacidn 3Y se obtiene:

——
a——

. 2
_— ! (L)
lL-‘/J + ‘L/..}"'" = I“"/\j * L.'Lj.'—{ _q IL’J i //2_ M'O

- .
Ista ecuacion es valida para:

24 L &N y
. o sea todos los nodos internos,
24 ) £ wm
Tencmos que escribir ahora las ecuaciones para 1los nodos
situados en las fronteras., Para el caso que estamos analizando,

- / . -
las ccuaciones tomaran la siguicente forma:

[—

—E.j = \(i) [ ’§~ ) —» md

L — o | = 1 = wi+
CTany i =l . -
VL, L o= . T~NOLYD. L & A— A
\ o, = 1 | ;
T e = Ly Pees L= AT O
Lt Wil - 7

Con cstas condiciones cde frontera tenermos ya un sistema de

. : . . 7
(e L)1) ccuaciones simultaneas que podenos resolver por cual-
rd .
guicra de¢ los metodessconvencionales, Como ejemplo, s »pueden
ordenar las ecuaciones en forma de matrices y resolvc. después el

. . . 7 -
sistecuna por inversion,

. -
L1l caso de fronteras de forma arbitraria requiere atencion

especial,

Una de las formas dec tratarlcs

es substituyendo la forina real de
la frontera por.una aproximacion,
de forma que se pueda acomodar en
un sistena cartesgano.
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. . . . ~
Is posible que csta aproximacidén no sea suficiente, y sera
entonces necesario plantear las ecuaciones de otra forma,

Consideremos la sipuiente figura: '

‘T (63+D) /

e S [ ram
B v\&féﬂtf \L\& ‘

fa i 03 . - o - rd -~ "
Si se aplica el »nrincipio de conservacion de energia al elemento

mostrado en la figura obtendrenos:

P2 — 2 2 -
Tt =< T,y
R R (GO N
. |l
2 P l -~ / — (/\ e
e Tiwp - 2(m T )T T =
Ty e m ol S )

”~
Como puede verse, estc caso es algo mas complicado que aquel
‘ [ P .
de fronteras regulares, pero la dificultad es minima si se toma
.2 " ~ .

en cuenta que una solucion exacta scria inpogsible,

£l tratamiento de ironteras irregulares en problemas de
diferencias finitas es un tema que se ha estudiado bastante en

‘ e 7 . - P - .
el area de netodos nunericos., Fara ver netodos anlicables a oiros

N
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tipos de condiciones de frontera, (en el caso anterior se suplso
que las temperaturas en las fror.eras eran conocidas) serd
nccesario referirse a z@un 1ibro sobre métodos numéricos, Una buena
referencia para ndtodos matematicas aplicados a problemas de
ingenieria es el libro de Crandall (&) que tambien ﬁuede usarse
como una fucnte dec referencias para estudios nas avanzados.

Con resnccto a la exactitud de estos métods@ bastard con
decir que la solucidn se aproximara és a la solucidn exacta a
medida que se disnminuye el tamano de los elementos considerados.
Sin cmbargo, al aumentar el nimero dé elementos considerados, el
tiewpo de cowputacidn necesario aumenta en proporcidn. Desgracia-
dancnte no hay criterios establecidos para la seleccidn adecuada
del nimero de elementos, ya que dependor5 de las condiciones de
cada problcema en particular, La sugesti6h es eméezar una solucidn
con un niwero relativamente bajo y comnararla con otra solucion
obtenida con un mayor numero dc elenentos. Si las dos'solucioncs
son cercanas, €s indicacion de que la subdivisidn cs adecuada.

llay que mencionar algunos vnrovlcmas csneciales que gse presentan
al rcsolver problesas de don‘ucciah en estado transitorio. Xl nétodo
para plantear la scuacidn fundamenta} en diferenciac finitas es
el misno que se uso para el caso de operaciéh constarce; pero cn este
caso teneuos libertad para escoger no solo el niaero de elecmentos,
sino tanbien cl intervalo de fiempo gue se va a considerar, Una
scloccidn cquivocada de las magnitudes de estos inte;valos causara
inestabilidades nunéricas en la solucidn.

Considé%é%e un caso sencillo., Una placa de material, que en

o
. . . . . £ .
un Instante deterasinado tiene una dfstribucidn de tcuperaturas



como sec indica en la figura,

I
/ — =

/ 7
;9 b

()

Py

Si dividimos la placa en elementos de espesor A\L s uno de

< .
los elementos tipicos seria:

! J." — "
¢TL \_/,a ‘Lrl
— T

A

g///i%fT ;:===’“;TZL
N
-1

¢

{ ¢

¢

PN

Donde la ley de la conscrvacion de energia gueda:

Al — S— | N0
o r o) T =T T - e
G AN e b
At A A%
S =R P 2
N+ | . - T
) — | N = ) 1-X—TT T Ll v iy
L L QC (ﬁ\)'\) | ©r

~
Analiccios un noco nas detenidancnte la forma en gue

Pd A .
planted la ecuacién anterior,

Para ‘calcular el cambio de t
un intecrvalo ZYt

———

, S¢ supuso que las temperaturas le-4 ¥

V7 . ; " " - 5 . 2 7
podairan considerarse constcantes, D2 acuerdo con csta suposiclion, cl
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méximo’ cambio que podria ocurrir enﬁ_rz serfa hasta alcanzar el
valor indicado por-Ti; )y Yo qué cn osto caso, dchido a la pendiente
constante del ocrfil de temperaturas, se tendr{a el mismo flujo

Ge calor entrando y saliendo del volumen de control. Un valor

menor de |a. cstar

) -/
T2 en violacidon de la segunda ley de Ternio-
./-
dinazica.
. 1 - .
Volvicndo anora q{la ecvacion, observamos que para valores
Ve
YA NI . - T .
de 11AL/§L(¢£) j>45;1:ser1a menor que |e. . Si se procede adelante
N Ny b R r . SN e L
con la solucidn de esta forma, se enconiraria que se presentan
« TR, Iy /~ . /
{establilidadcs nuuericas, y los resultados calculados oscilaran
’ ; . 7 . .
alrededor de la golucion real, con las oscilaciones aumentando

. .7
a medida guc la solucion progrcsa.

Hay demostracicnes formales para establecer los criterios de
estabilidad rara cste tiro dc »roblcmas., Sin embargo, analizando
las ccuaciones resultanies de la forna que se hizo antus, los
criterios de estabhailidad puedcen cstablccerse,

pd . . . . .

Un nétodo de »lantear las ecuaciones de difercncias finitas

que no rresenta problemas de ¢stabilidad es el metodo implicito.
~ . L 2 P~ R . ~ e
Lagsicarrcate el &todo coasicte en nlantear los ecuaclc.aes en funcion

de las texpcraturas a un tic.upo (v} ).

*j‘_nr‘} Tn . E[){j ’—:“OH 'fj——l‘;n” l‘nlﬁ
) “ T e o et T e Tl T
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Bl principio de foruulacion es exactamente el wmismo que se
/ ’ n
aso0 antes.,  Sin embargo, cn este caso solo se conoce IL en cada
/ ' .
ccuacion, y para encontrar los otros valores ( |- ) hay que
. . . - -
rczolver todo el conjunto de ecuvaciones simultaneas. Observese
. . ’ . e
que en el caso anterior, las ccuaciones eran explicitas, y en
< .
cada una dc ellas se conoclan tgdas las variables menos una,

-~

T ] . s £ b 3 N
La deciocidon sobre cual metodo usar queda en manos de la persona
AY

. P R I
que va a resolver cl n»roblema, Bl metodo implicito, definitivamente
3 . /
requiere el uso de una computadora, y aun asi se necesita mas
. - . ~ £ . —_ .
ticmmo de maquina que con el metodo explicito., Por otra parte,
no hay quc preocuparse por establecer los criterios de estabilidad.
. e <~
Con esto ternminamos el canpo de solucion numerica de problemas
. 7 . -~ .
de conduccion, Iay otros mctodos para obtener solucionces nunericas,
b - .
tales cono cl metodo de hontecarlg gue son intersantes y en algunos
L] / . e
casos muy elegantes, Gin embar o, son mas limitados en su camvo
\ . - . . - - .
de anlicaciodon y en general terminan sicndo mas complic: dos,
~ .,
Otros metodos que se usan tara solucion de probleias de
.z -~ < « - .
coaduccioOn son las mctodos graficos y las analozlas electricas,
'l oy . .
Los uetodos graficos nan sido desnlazados por las
-n/ -- 3
couputadoras, y en opinion del autor no vresentan nin, una ventaja
<. s
sobre los metodos nuinericos,
- & -~ . -~ .7 "
Las analogias clcctricas, o metodo de solucion por medio de
/u . ) . - n/
conputadoras analogicas ticnen su campo especial de aplicacion.
. L] 1/- . . . '/
El »nrincinio basico consiste en plantear las ecuacloi.es de conduccion

o
(pesersinente—en—fornag—de—dtferencias~Sinitas) y disenar un

circuito en el que las corricntes y los voltajes obedecen las

niswuas ccuvaciones que los flujos de calor y las temperaturas,



El problema no es tan complicado como parecc, pues en la literatura

sobre métodos anéiogos pueaen en-ontrarsc cantidad de circuitos

ya disefados para reprecsentar diferentes funcionces matcmﬁticos.
funque el diseno y montaj@ del circuito anﬁlogo (que recquicre

conociiiento de las ecvaciones fundamentales) es mas complicado

que rreparar un progsrama de computadora para resolver las ecuaclones

de difercnciak’ finitas, una vez que se ha construido se pueden

realizar cantidad de estudios paranéfricos con un esfuerzo

‘e e e o« .
adicional minino.
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e . : .
L,~-=lctodos Avroximados Usados en Transferencia de

. -
Calor por Conduccion

In algunos casos prébticos no es necesario obtener una
solucidn exacta a un problema de conduccidn y basta con obtener
una idea aproximada de las condiciones de operacian. En todos
estos métodos es necesario hacer suposiciones bastante radicales
con respecto al comportamiento de los sistemas y la exactitud

- - . . B
0 validcz de los resultados depcendera en las suposiciones misnas,
U I’t‘\t\
e

. 7z .
Mencionaremos -£88 de los métodos mds comunes y sencillos.
- Consite en dividir los cuerpos en diferentes secciones,
- ’ . / . .
dentro de los cuales la ecuacion de cax duccion pucde escribirse

. ~ .
en forma algebraica. Ilustremos el método por medio de a%ynos

ejemplos.,
P L - P
i 2\
S ESE
e
> ) |\“ *
) ‘-\—v“j __; L
T 1(-;’"‘\'\ T <
. . — X
Py VAV 7 / s /I

. . . . .
Sc quiere determinar cl flujo de calor que ocurrira debhido

. . N i 7
a la diferencia de teuncraturas (T,-1>). La solucidn oxacta no

parcce sencilla dcbido a las irregularidades internas del cuerpo.

Foderos aproxinar la forma de los huecos por medio de

A

i

[

-~ - - .
On proceuenos & evaluar ci flujo de

-

,
rectanjulcs.



calor por dos formas.

Consideremos primero que el flujo de calor en la direccidn
vertical es despreciable, y por consiguiente el material
comprendido entre los huecos no participa en la conduccidn de
calor,

El flujo de calor puedc entonces calcularse como:

\\“\Z

Ch*&:VEZCL—ZS> ~ -

é%r%eﬁﬁ—

-,

Dondec (E, es el cspesor del material,

Analizando las suposiciones hechas nos damos cuenta que el
flujo de calor calculado sera menor gque el flujo real, ya que
la resistencia a la transmisidn de calor cn las partes donde no
hay huecos sera menor que la que usamos en la solucién. Il valor

(11_2 pucde considerarse entonces como el 1fnite inferior del
problenma,

Con igual facilidad podemos determinar ahora un limite
suzerior, Fara esto, sugonganos quec la conduccidn en la dircccidn -
vertical cs infinita (esto egquivale a suvoner que la temperatura
es unicaucnte funci®n de la posicidh con el scniido horizontal),

ara resolver el proble.a de esta forma podemos agrupar
todas las seccioncs sblidas (sin huecos) en un blogquec y formar

otro dvloiyuc d&e menorcs dimenziones con el material.restante:

N

W
O/\



il

31 flujo de calor pasa por Jos dos blogues y por

consiguiente podemos plantcar las ecuaciones de la siguientc forma.

I Jﬂ( ~*;\v _i_f_(r_._

M-
O — (}Z l' —[\ ‘_- IC&.
<+ \-Z T Kb e N
Lo
Q—P‘—
mire las dos ecuacilones podeuios eliwninar lao
solucion para el valor Q .

“t1-2_

¥ oblbtener la
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f= FRICTION FACTOR

0.02

0015

0.0!
0.009
ooo0s

0.007
0.006

0.005

0.004

0.003

0.002

I 1. B L e Tr IS )
:%“} : %r } Turbulen? e, feet }
}\ Transitional Drawn Tubing 0.000005
T T Commercial Steel 0.00015
Laminar f Asphalt Cast Iron 0.0004
\ | Galvanized lron 0.0005
\ f Cast lron 0.00085
\ { 1 Wood Stave 0.0006-0003
NSER Concrete 0001-0.01
AN i~ i Rivetted Steel 0.003-0.03 0.0!.
\‘ N \‘H\ ; :
{ ST {
- \L\ ‘\ 1] L
\ Y 0.004 -
SIS ! 1
PN '
17” 2\" : . L,'LL " e/D - OO l‘_
7 S e BBkttt
7 R e HHFH-
7-1 00791 ERSNEHHA 000
f=16/Re ~f = =—5%5 OS SRS TLi
(Circular 2ipe On',‘ Z mj)[ A ~
loz ipe On'," 141 ST an 0.0001]
P : b f- 0.046 4: ‘ \‘Lv‘ 1 : 1 1 ii:ij' e
T S RE “(Re) 9-20 BT ™G -
[J 1 ;l Smoo'h w5 OOOCOOl
t et H T T
JUN H TN A JIREAN TN 1
103 104 0% i0® 07 108
Re = vD/v
Fig. 4.1. Friction factor fu1 tiow i arenlar pipes. [ Moody (5)].

sy

NI HAASNYUL GLINHINORD

el

SL 1058 IVANGI I AU GNY UL



Tu.\oer{as CuWo.s <€Qf%>ew'*ime%> He\ico'\c\aa;\gg;_

i— { o (D“ﬂ Ve

Re (D/Du)* S 6
D= CL'SG-WLe'.J(m de lcs. _l'u.Ler(e.

'DH= cl.'\af-mé'km clq,( Ser@;av&'m,

gecckevxes O c.'\rc_u\cd‘es

Rca Qw&o '\'m\w\euﬁ'\’e ﬂaueéom vsaree las wilsicas

g@( MO\Q.% -Q_\A.A(J)-Q.G.AGA .QM"\'U.\0®$

-{:iuso sot:rg VWG P\.a.ca. F(QMQ.

._....%Voo

' 1 <
= - Z '\
l—

Clu= om0 <\}a> Yg

Cp = 0.072 (m s (Té-ha.D



?\offf a Wowes de SLENPOS %UMQY%\AQS o

Fuerza QS@xc.'\c\a Por el Q—\w‘\c\o:

Trickhidn + Foerza hidvedindwmica,

?lu&o

. Y. _
—_p Situaeidn sin

’\O/’_’; wepareion
/O\ e Sepacacis

A
Z

B G

Am& = Ama Pm%ec'%‘o-cla. %LS(Q VA Fl@m
kPQ(PQ‘AC&{QUlM N Qlu,so-



200

L T T ]
001 = EICh
\\ %" Sphere — N
20NN Vo= D —
'g _><§L\ Fiat Plale
Cylinder NN Disk —_ N
CD 2 } ‘\\ — 3
I =5 <
: Eqla-aroir " | ] ' N
0.5 \ \
0.2
0.1 f-=— \
005
002
0102051 2 510 102 i03 104 {05 108
VQ D/v

. Fig. 4.17. Drag cocflicient for rome common shapes |Eisner (17)].



centro de educacuon continua
ocultad ingenieria, unam

e

DIRECTORO DE PROFESORES DEL CURSO APLICACIONES DE LA
TRANSFERENCIA DE CALOR EN PROCESOS IND,

Dr. José Ma. Gonzé&lez Santalé6
General Electric Co. M/C 583
Nuclear Energy Division

175 Curther Ave,

San José, Cal. 95125

Ing. Martiniano Aguilar Rodriguez

- Comisién Federal de Electricidad
entrada por Atoyac 10 Piso
México, D.F,

Ing. Isidro Becerril Salinas

Comisién Federal de E]jectricidad
entrada por Atoyac.-10 Piso .,  awih,
México, D.F, RN

Ing.Juliadn Castellanos Fernéndez -
Instituto Mexicano del Petr6leo -
Jefe del Depto., de Desarrollo de -
Ing., Basica Py
Av. de los 100 Metros # 152 e A

México, D.F, o] .h'iifgﬁrn

.\---‘f.
[N

Ing. Julio Sta. Marfa Esteves R
Jefe de Grupo de Proceso — IR £
Bufete Industrial Disefios P EANTIES

y Proyectos, S.A. Lol
Tolstoi No. 22 T Tiae o
Méxicq, D.F, oA i

ing. Carlos Castillo Cruz oo
Jefe del Depto. de Seguridad.--=-"
de Reactores

Centro Nuclear de Salazar

Inst. Nal. de Energfa Nucelar
Salazar, £do. de Méx.

ing. Anton Baron G. -

Tacuba 5, primer piso. México 1, D.F.
Teléfonos: 521-30-95 y 513.27-95



EL MATERIAL ADJUNTO ES PROPIEDAD EXCLUSIVA DEL
INSTITUTO TECNOLOGICO DE MASSACHUSETTS.
REPRODUCCION PARCIAL O TOTAL DEL MISMO ESTA

ABSOLUTAMENTE PROHIBIDA, SIN LA AUTORIZACIOMN DE:

P. GRIFFITH
DEPT. OF MECHANICAL ENGINEERING

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

CAMBRIDGE, MASS.



OVERALL CALCULATION METHODS FOR TWO PHASE FLOW

Petexr Griffith

List of Symbols

Reg

Ref

Ap

Area of the cross section
Area in

Area out

Wall area

Empirical constant used to
~Diameter

Friction factor

Force in the "x" direction
Mass velocity
Acceleration of gravity
Gravitational constant
Empirical constant used to
Empirical constant used to
Length

Exponent relating friction

Exponent relating friction

correlate

correlate

correlate

factor to

factor to

Reynolds number of gas phase flowing

[®)

fitting pressure drop data

fitting pressure drop data

fitting pressure drop data

Reynolds number, Table III
Reynolds number, Table III

alone in the pipe

Reynolds number of liquid phase flowing alone in the pipe

Pressure

Pressure difference



Pressure

Pressure

Pressure

Pressure

Pressure

Pressure

Pressure

difference due to friction

difference due to gravity

difference due to momentum changes

drop with liquid flowing alone at mixture mass velocity
drop with two phases flowing

drop due to friction in a heated pipe

drop due to gravity in a heated pipe

7

Dimensionless friction multiplier for an unheated pipe

Dimensionless friction multiplier for a heated pipe

Dimensionless gravity multiplier for a unheated pipe

Dimensionless gravity multiplier for a heated pipe

Velocity

Superficial liquid velocity

Superficial gas velocity

Velocity
Specific
Specific

Specific

in the x direction
volume
volume at inlet

volume at discharge

Liquid specific volume

Change in specific going from liquid to vapor

Liquid flow rate

vapor flow rate

Parameter for calculating the pressure drop using Martinelli
method (see Table II)

Quality



Void fraction

Liguid viscosity

Gas phase viscosity

Pressure drop multiplier

Pressure drop multiplier for liquid, see equation (I-29)
Pressure drop multiplier, see equation (I-29)

Density

Liquid density

Gas phase density

Angle measured from horizontal

Wall shear stress



INTRODUCT ION

Two phase flow is only one branch of fluid mechanics. It is treated
separately, however, because the number of dimensionless variables which
is needed to characterize the flow is so large. If one looks, for instance,
at the friction pressure drop for a fully developed sinéle phase flow in
a smooth pipe, the dimensionless wall shear stress, the friction factor,
is a function of a single variable, the Reynolds number. If a comparable
analysis is done for a two phase flow in the same pipe, the dimensionless
pressure gradient becomes a function of six dimensionless groups. These
could be a volume flow ratio , a density ratio, a Reynolds number, a viscosity xatio, a
Froude number and a Webber number, Clearly, the empirical methods which
have proven effective in single phase flows will have to be altered if
they are to apply to two phase flows. It is impossible to handle in a
rigorous way any system which is a function of six independent variables,
For this reason, we have a hierarchy of methods for handling two phase
flow problems starting with the simplest which can only give approximate
answers up to very complex techniques which give precise answers to a
very narrow range of conditions. In these notes three levels of precision
will be touched on. First, the homogeneous model will be described. It
is the least accurate, most general and the easiest to use. It possesses
many attributes characteristic of a real two phase flow, Next, the Thom
method will be described. It is generally more accurate and only a little
more complex in application than the homogeneous method. Finally, the

methods based on particular flow regimes will be described. They apply



to only a narrow range of conditions and must rely on a considerable amount
of empirical information. They do describe the flow quite completely.
Before going into the details of these methods, it is worthwhile to
make some general remarks about the state of the art in the two phase flow
fields, A perfectly stupendous amount of work has been done. Three
reasonably recent literature surveys [1], [2], [3] cover most of this work
and it is recommended that copies of these surveys be secured if any
serious work is to be done in the field. 1In addition to these surveys,
three books on two phase flow have recently been published. The first [4]
is essentié}ly a handbook on two phase flow and heat transfer as applied
to reactor design. The second is a translation of a Russian book which
is very useful when trying to read Russian literature. It provides the
common basis upon which the Russian literature is based. Reference [6]
is a synthesis of what is known about two phase flow and should be
purchased as a reference book by every one of you. References [19] and
[20] are books addressed to special classes of problems which may be

useful for reference or design in certain areas.

BASIC RELATIONS

Whatever model is used to calculate a two phase flow, continuity on
each phase requires a certain relationship between the gquality, average
phase velocities and the void fraction must be satisfied. The relationship
is particularly useful if one is interested in computing the velocity

ratio of the phases from void fraction data.



If a two phase flow in a pipe is examined, the following continuity

relationships for the phases must be satisfied.

£
]

(1 - a) Ve A pg (I-1)

w_ = aV_Ap (I-2)
g g

In addition, the definition of quality gives the following equation

X = —— - (1-3)

Equations (I-l), (I-2) and (I-3) can be combined to give equation (I-4)

V. p
l-o _ 9 9 X-x -
- (vf) (pf) (=) (1-4)

The pressure drop equation, including all the terms for a two phase
flow will be derived next. The manner of evaluating these terms differs
for the different models,

Let us consider a steady flow in a nuiform diameter pipe with small
enough changes in conditions along it so that we can speak of an average
wall shear stress and an average density. If the x direction momentum

equation, (I-5), is as follows

LF = pVvV~- 4 - I da (1-5)

out in



the substitution for the gravity, shear and pressure forces results in

equation (I-6).

- - - 0§ = 2 2
(Pl P2)A 'rwAw pg AL sin @ j pvx dAa j pvx dA
(o] A A
out in
(I-6)

Solving for the pressure difference and collecting terms on the right we

obtain
- = ‘4—L i %
(P1 P2) D T + pL (go) sin O
+ —i\- 5 p vz dA - 5 p V2 (1I-7)
Aout . Ain :
orxr
AP = APf + APg + APm (I-8)

In equation (I-8) the terms can be expressed as follows

4L
APf = 5 T (1-9)
b = pL -é9- sin © (1--10)



1 2
APm—K pVvV d - p VvV daa (I-11)

out in
In order to determine values for each of these texrms it is necessary to

run some experiments., Let us now turn our attention, briefly, to how

these experiments are run,

PRESSURE DROP AND VOID EXPERIMENTS

Only one kind of experiment can give the friction pressure drop in a
two phase flow. It is necessary to use a horizontal pipé to eliminate
the effects of gravity. The flow must be both fully devgloped and
experience a low enough drop in absolute pressure so that the momentum
changes are negligible. A practical-difficulty which makes experimentation
difficult arises from the fact that the pressure drop is not steady but
fluctuates with a magnitude larger than the average drop. Unless special
care is taken to average the pressure drops properly, erroneous reading
result. Because there are so many ways to go astray in two phase
measurement, there is considerable scatter in the friction pressure drop
data and disagreement {rom experimenter to experimenter,

Very often measurements have to be run in vertical tubes as this
is the geometry of interest. In order to extract the friction component
of the pressure drop, it is necessary to measure the void fraction. This
15 most easily accomplished with quick acting valves which isolate a

section of the test section, A gamma ray attenuation scheme can be used,



too. Both techniques measure the density directly. Momentum pressure
drop measurments will be daseribod in the section on homogeneous flow,
It is clear, however, that unless these terms are small or evaluated

. correctly, the calculated friction pressure drop component for the two

phase flow will be in error,

THE HOMOGENEOUS MODEL

The homogeneous model is the simplest two phase flow model there is,
yet it displays many of the properties of a real two phase flow. For this
reason, it is worthwhile to spend a lot of time on it. We shall begin by
describing the model, then continue by evaluation its constants and range
of validity. Finally, we shall use it as the basis of the recommendations
for calcuiating the éressure in fittings of various kinds,

The premise upon which the homogeneous model is based is that the
real two phase flow can be replaced by a single phase flow with the density

as defined in equation (I-12)

vy = v_ + xvV ' (1-12)
Using this specific volume, it is possible to go ahead and evaluate the
various terms in the pressuré drop equation (I-8).
The friction pressure drop can be evaluated by means of a homogeneous

friction factor. From the definition of the friction factor for fully
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developed flow in a circular pipe,

2
4L L, GV
= — = =) ——— T
e 5 T 4 £(5) 29, (I-13)

The evaluation of the friction factor should be discussed. Having defined -
a fictitious homogeneous fluid for calculation purposes, it is not possible
to go back to your assumptions and see clearly what should be used. For
this reason, it is proposed to choose a constant friction factor, indepen-
dent of quality or mass velocity, on the basis of convenience. We bypass,
in this way, such quegtions as what is the mixture viscosity or what is the
Reynolds number for the mixture. It is felt these questions are diversions,
The friction factor is an empirical quantity for a single phase flow and it
is to be expected that it is an empirical quantity for a two—phgse flow also.
The best friction factor has the right behavior at the limits and gives the
best answer in the region of its validity.

For this reason, it is suggested that a friction factor evaluated as
though saturated liquid were flowing in the system at the mixture mass
velocity be used in equation (I-13)., This gives a smooth approach to the
pure liquid solution but gives rise to a step at the 100% quality—limit.

For a single, constant value of the friction factor, this is probably about
the best that can be done. Let us now compare this calculation technigue
to some data. -

Figure (I-1), Reference [7] is some friction pressure gradient data

for steam and water at different mass velocities as a function of quality.
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at the left and the tube dimensions shown. Reference (7).
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It is clear that the shape of the curves changes as the mass velocity
changos., For the lowest mass velocity, whore the amount of entrainment
is small, there is a pronounced peak in the pressure gradient at a high
guality. When the mass velocity\is large enough to ensure a 1argg amount
of entrainment, (and an almost homogeneous flow) the pressure gradient is
almost linear with quality,.

If we substitute equation (I-12) into (I-13), it is evident that the
friction pressure gradient should be a linear function of quality and the
model is quite good. For lower mass velocities there is an annular film
on the wall and the curves of friction pressure gradient versus quality
drop with increasing quality—at high quality. In a rough way, the step in
the friction factor at 100% quality which exists in this model approximates
this behavior,

Figure (I-2) shows a comparison between theory and experiment for
pressure gradients evaluated for water at several pressures by Owens [8].
Again, the correlation is reasonably good.

The other terms in the pressure drop equation need evaluation also.
The gravity pressure drop can be evaluated directly from the definition of

specific volume,

1
p = :r- (I-14)
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Figure I-2 Predicted versus measured pressure gradient for the homogeneous

theory for water ranging in pressure from 71 through 374 psia
and qualities from 4 to 50 percent. The tube is .118 in
diameter and 30 inches long.

And with this definition for density, the gravity pressure drop becomes

AP = p (< L 1-15
g p(go) (I-15)

Generally, the prediction of the gravity pressure drop from the homogeneous
theory is quite poor. If the gravity pressure drop is vexry large, the
homogeneous model will do a poor job of predicting the pressure drop. A
comparison of this, the homogeneous, no slip model with data is shown on

the velocity ratio curve of the section on the Thom-Martinelli calculation

method.
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The momentum pressure drop can also be evaluated from the homogeneous
model. The equation for evaluating this is

~

APm = — (v2 - vl) . (1-16)

In this case, the predictions are quite good. Reference ([9] reports a
comparison of the separated (Thom-Martinelli) model and the homogeneous
model with some air water data for several pressures near one atmosphere,
Figure (I-3) which is typical of this data shows a comparison between the
homogeneous model and experiment., As can be seen the homogeneous model
does the best job. Before proceeding, let us look more closely into the
experiments reported in Reference ([9].

The momentum flux is measured directly by turning a stream through a
known angle, in this case, 90°, The.difference between the inlet and outlet
momentum multiplier is what one multiplies the mass velocity squared by in
order to obtain the momentum pressure drop. The reason the homogeneous
model does a good job is not that it really describes the flow but rather
that it has compensating errors.

It is shown ig Reference [9] that the velocity of the liquid phase is
appreciably lower than that of the gas phase., At the same time, however,
the flow is quite unsteady. Because of this unsteadiness, because the average
momentum flux of the liquid depends on the velocity squared, the average
force experienced by the turning tee is increased by waves. The waves are
always present in a two phase flow and can have a very dramatic effect on

the momentum flux. Thus, what we have in the real flow is slip tending
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to decrease the momentum flux from that of the homogeneous model and
unsteadiness tending to raise it, The sum of the two effects just

cancels out.

HEATED PIPES - HOMOGENEQUS METHOD

There 1s no reason why one cannot integrate the local contributions of
the friction, gravity and momentum pressure drops and obtain a pressure
profile for a heated pipe. In practice this becomes very clumsy because
the algebraic expressions are so inconvenient in form. For this reason,
it 1s suggested that dividing the heated pipe up into a number of short
sections and using average values for velocity and density in each usually
turns out to be easier, This method also has the merit of allowing one to
eliminate the unimportant terms in the equation and trace the drop in

static pressure so that appropriate values of the specific volume and

enthalpy can be used.

FITTINGS

All piping systems contain fittings and for many, the major part of the
pressure drop occurs in them, For this reason, it is important to have
some way of calculating their pressure drop. Most of the material contained
in this section is culled from Reference [10]. Data from ;ther sources 1s

included, however, Let us start by describing how two phase pressure drop
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in fittings is determined, then alter the homogeneous theory to correlate
the data and finally present a tabulation of recommendations for use in
design.

Typically, two phase pressure drop data for fittings is measured in
a test setup in which a long approach pipe and a long departure pipe are
attached onto the fitting in question. They are both instrumented with a
large number of manometers. The manometer readings are extrapolated
back to the fitting in question and the resulting step in pressure is the
pressure drop ascribed to the fitting, This is the pressure drop which is
correlated. In order to insure that the flow in both the approach and
departure pipe has become fully developed, it is necessary to have enough
taps to see that there is a straight line pressure distribution. Figure
(I-4) illustrates this while Fiqgure (I-5) shows some actual pressure lenéth
data. (Reference {11]).

One of the most striking things about the data of Figure (I-5) is the
fact that the lengths that it takes to fully develop the flow are much
longer for a two phase flow than a single phase flow. As a result of this
fact, much of the two phase pressure drop data which appears in the litera-
ture is flawed. There was simply not enough approach and departure length
provided.

For high pressure two phase pressure drop data, it is customary to
preceed the test section such as illustrated in Figqure (I-5) by a preheater.
The liquid flow rate is set and the preheater turned o; to give the desired
quality. With this setup it is very easy to form the ratio of pressure

drops in the fitting to those that would exist at the same mass velocity
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Figure I-4 Pressure drop due to a fitting defined experimentally.
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Figure I-5 Pressure dron as a function of length for air and water
flowing in an expansion from .25x2" to .5x2" horizontal.

The long developing length for the two phase flow is the
significant feature. Reference 11.

and zero quality. This is the basis of the correlation scheme proposed
below.

If we turn now to the pressure drop occurring in a fitting with two
phases flowing it is possible to use the homogeneous model to formulate a
model for correlating two phase pressure drop data for fittings. For a

single phase flowing through a fitting, the pressure drop is given by

equation (I=17).
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AP = 1 £ (I-17)
o

For two phases, the comparable homogeneous model equation is

2
K.G" (v, + xv_)
Ap = -2 £ fg_ (1-18)
tp 2go

The ratio of these can be formed and will_have the ratio of coefficients out
front. This is not a convenient location as the zero quality asymptote is
incorrect. For this reason, coefficient is redefined and put inside the

brackets. The result is equation (I-19).

-2 f9 -
N (L +Cx Vf), (1-19)

If the homogeneous model were perfect, C would be one. It turns out,
experimentally, that it can be either greater or less than one. Table I
gives a listing of C for various fitting$. The quality range over which
these coefficients apply is limited because at a quality.of 100%, the

form of equation (I-19) must be incorrect. In the absence of any data,

it is suggested that a "C" of one be used or perhaps a simple interpolation
and extrapolation scheme constructed. A_comparison of thisrscheme with a

sample of data is shown in Figure (I-6). Table I shows the recommendations.
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TABLE 1

Reference Fitting Pressure Range Quality Range [
10,11 Bend-Short P/Pc .15 0 to 10% 1.5
10 Bend-Short P/Pc .1 0 to 50% 4.0

10 Long P/Pc .1 0 to 50% 2,2

10 Tee (Serving P/Pc ol 0 to 50% 1.6

as L)
@

10 Gate Valve P/Pc ol 0 to 50% 1.5
10,14,15 Contractions .015 P/Pc 1 0 to 50% 1.0
10,11 Expansions .15 P/Pc 1 0 to 50% 1.1

METHOD OF THOM

Thom's calculation method Reference [16] represents an improvement
over the homogeneous method, in two respects. First the velocities of
the two phases are allowed to differ, with the ratio of the velocities
being a function of pressure alone. Second, the friction factor is allowed
to become a function of quality. Both the velocity ratio variation and
the friction factor variation are determined from data taken on heateé
and adiabatic system water systems in pipes between 0.2" and 2" in diameter,
at pressure between 250 and 2300 psia and orientated both horizontally and
orientated both horizontally and vertically. The mass velocity is above

0.5 x 106 lb/ftz. In this section the method of computing the pressure
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drop for unheated pipes will be given first. Then the method for computing
uniformly heated pipes will be given, The basic equation for evaluating

the pressure drop still is equation (I-8).

ADIABATIC PIPES

The friction pressure drop is evaluated by computing that which would
occur if saturated liquid were flowing alone at the mixture mass velocity
and multiplying by a dimensionless multiplier., This is shown in the

equation (I-20) below. The multiplier r ‘is given as a function of

£
pressure and quality on Figure (I-7).

2
L. S Vg
AP = 4f (D) () 1, (1-20)

The friction factor in equation (I-20) is evaluated from the well“known
Moody curve for instance,

In order to evaluate the gravity pressure drop it is necessary to know
the void fraction., The velocity ratio is given on Figure (I-8). Equation
(I-4) relates the velocity ratio to the void. The void in turn is used in

equation (I-2l1) to determine the gravity pressure drop.- The equation is:

= ) - _9_ Y -
APg [pf(l o) + pg(a)} L %, sin 6 (I-21)

Figure (I-9) shows the void fraction calculated from equation (I-4) and the

curve of Figure (I-7) for several different pressures.



100

70
60
50

40

20

fy
00

W s Oud

Water | SRS TN
200 300 500 700 [fele’s) 2,000 3,000
Operating pressure, psio

&

Figure I1-7 Friction mult
iplier to use in E _
Reference 16. n Equation (1-20).

\

X
\
AW
\250 PSI0 1+

~

e
3
4
&

N
b 3,000 psia

\
F__‘

O Atmospheric

20 40 60 100 200 400600 1,000 2000

Specific volume rotio vg /v,

* »-§ 2,100 psia
sF
\ 1,250 psia
__¥L600 psIg

N
E\N

P _ :
igure 1-8 Velocity ratio to use in Equation (I-4) to
determine the void. Reference 16.



- 25 -

10

09

08

(o]
e 3

Void fraction a
[o]
o

04
03
Q2
Ol
| [ ] 1. ] ] J | ] -
0] Q. 0.2 03 04 05 0.6 o7 0.8 09 1.0
Quality x
Figure I-Y

Void fraction as a function of aquality and pressure,
Reference 16.



- 26 -

The acceleration pressure drop is still evaluated using equation (I-16).

For unheated pipes it is normally small.

HEATED PIPES

For uniformly heated pipes, starting with saturated liquid at the
entrance, the friction contribution to the pressure drop has been
integrated and is presented in terms of a multiplier. The multiplier is
a function of gravity and pressure for wa;er. It is obtained from

Figure (I-10) and is used in equation (I-22),

h 5 29 T (I-22)

The friction factor is evaluated from the Moody Grapﬂ Section VII assuming
saturated water is flowing at the mixture mass velocity.

The gravity contribution is evaluated assuming saturated water is
flowing at the mixture mass velocity and using the multiplier obtained from

Figure (I-1l1l) in equation (I-23):

AP = g (739;) L sin 6 o (1-23)

The angle O is measured from the horizontal. The gravity pressure drop is
positive for up flow and negative for down flow. Figure (I-12) shows a

comparison of the Thom calculation technique with some data.
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THE MARTINELLI CALCULATION TECHNIQUE FOR LOW PRESSURE ADIABATIC PIPES

The Martinelli two phase pressure drop calculation procedure has been
supplanted at high pressure by that of Thom., At pressures close to one
atmosphere pressure for a very wide variety of liqu;ds, the Martinelli
procedure [18] is still the best. The bulk of th: data behind it were
taken in horizontal pipes betweén 0.06 and 1.0 inches in diameter at about
one atmosphere pressure using air and a wide variety of liquids. The basic
pressure drop equation is still equation (I-8),

The pressure drop is determined by firs: calculating the pressure drop
for either the liquid flowing alone, or the gas flowing alone in the pipe

at its mass velocity. That is -

G2 v
- L, f £ -
APfa = 4f (D) 29 (I-24)
o.
L G2 v
APga = 4f (30 -gazi (I-25)

The two phase friction pressure drop is then determineé by multiplying

either the liquid only pressure drop, or the gas only pressure drop, by
the appropriate multiplier ¢i or ¢3. This multiplier is given in Figure
(I-13) as-a function of the variable X. The following procedure is used

to determmine the variable X,
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Determine the Reynolds numbers for the gas flowing alone in the pipe,

each at its own mass velocity. These Reynolds numbers are defined as

Gf D

NRef = -—u——' (1-26)
£
G D

Go to Table II and determine which of the four combinations of viscous or
turbulent flow for each phase exists for your problem. Go then to Table III

and determine the coefficients for substituting into equation (I-28)

— m 2
N C. w p
x2 = Reg £ £ g (1-28)
N C. W, P
Ref g g

Finally, go to Figure (I-13) and determine the multiplier., For example, if

one uses the liquid as the basis for the pressure drop calculation, and

both NRef and NReg are turbulent, the friction pressure drop will be
aP, = AP 9.2 1-29)
£ fa “ftt ° (

For the other three possibilities of vt, tv or vv one simply uses the

appropriate multiplier in an equation similar to equation (I-29). 1In
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TABLE II
Flow Mechanism Symbol NRef is
Liquad Gas
Turbulent - Turbulent t~-t > 2000
Viscous - Turbulent v=-t < 1000
Turbulent - Viscous t-v > 2000
Viscous - Viscous V-V < 1000
TABLE IIT
t~t v=-t
0.2 1
0.2 0.2
0.046 lo
0.046 0.046

0.2

l.o

0.046

16

Reg is

> 2000

> 2000

< 1000

< 1000

v=v

1.0

16

16



general, it is best to base the pressure drop calculation in phase which
has the largast pressure drop when flowing alone in the pipe.
The gravity contribution is evaluated from equation (I-30) below and

' Figure (I-1l3).

= ¢ - _g— 1 -
Pg 1}m)f§ + (1 (1)5%\] 3. L sin (1~-30)

For determining the momentum pressure drop it is recommended again
that equation (I-16) be used.

When one is using the Martinelli method for heated pipes it is necessary
to integrate the local values of pressure gradient over the length of the
test section in order to get pressure difference across it. The pipes

should be broken up into short sections and the pressure drop components

summed up for each.
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L3 BOILING

by

Warren M. Rohsenow

The process of evaporation associated with vapor bubbles in a liquid
is called boiling. Here attention will be focussed on boiling at solid

heated surfaces of interest in engineering applicatioms.
ZWhen a pool of liquid at saturation temperature is heated by an

sat)
usually appear as shown in Fig. 1, lower solid curve. As AT increases,

electrically heated wire or flat plate, data for q/A vs. (Tw-T

the initial natural circulation repime, AB, changes to the nucleate boi-
ing regime. The appearance of tlhe first bubble at B requires a signifi-

cant finite superheat.

As AT or heat flux is increased, more and more nucleation sites become
active producers of bubbles, A peak nucleate boiling heat flux (called cri-
tical heat flux, CHF) is reached when bubbles stream forth from so many
nucleation sites that the liquid is unable to flow to the heat surface.

With electric heating (q/A the independent variable) the operating condi-
tion at point C of Fig. 1, changes rapidly to point E' which {s at a very
much higher temperature. 1If point L' is above the melting point of the
solid surface, a "burnout" occurs. If it is below, then operation can be
maintained along the curve ED whican is called the "film bLoiling'" regime,
Lecause a layer of vapor continually blankets the surface, and liquid does

not contact the surface.

If the heat flux is reduced below point D at the minimum‘point on the
curve, the operating condition reverts to nucleate boiling at point F. Then
pover again must be increased to point C before the process can revert to
film boiling.

To operate in the tramsition region, C-D, between nucleate and film
boiling, the surface temperature should be the independent variable, accom-
plished by a condensing vapor, etc. In this region the process may be
alternating between nucleate and film boiling, with the liquid touching
the surface intermittently. ’
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The dashed line shown for pool boiling of a subcooler liquid lies near
the curve for saturated liquids; it may lie either to the left or right de-
pending on different natural convection effects resulting from different

surface geometries.

Experimental data for forced convection - inside of ducts or across
wires and plates - when plotted on the same coordinates, appears as shown in

Fig. 1. If the liquid temperature T, 1s subcooled, the heat flux is repre-

b
sented by

(q/A)before boiling =h [(Tw_Ts) + (Ts-Tb)] ) (1)
At high heat flux, the forced convection curves for a particular pressure
and at various subcoolings and velocities appear to merge on log-log plots
into a single curve called the '"fully-developed boiling curve'. For some
systems this fully-developed region lies approximately on an extension of

the pool boiling line for the same surface,

The literature on bolling heat transfer is now quite voluminous. For
references in addition to those discussed here tiie reader is referred to

the quite complete collection of annotated bibliography assembled by Gouse(1l),

Nucleation

In carefully cleaned test systems, heating of pure liquids can produce
high superheat at temperatures up to a limit of stability where homogeneous
nucleation, vapor formation, takes place, For the case of heat transfer
assoclated with boilling at solid heating surfaces, observed wall tempera-
tures are very much lower than these. Further observations of nucleate
boiling show bubble streams emerging at single spots on the surface. Micro-
scoplic observation of these spots (1) revealed a scratch or a cavity where g
bubbie formed. Earlier, Corty and Foustigi, B.ankoff(z"sa and others developed
the postulate that bubbles at a hcating surface emerge from cavities in

\\\\which a gas or vapor phase pre-exists, Fig. 2. As heat is added, more vapor
{oruws in the cavity, Fig. 2a, and-a bubble emerges and departs, Fig. 2b,

N\
ver which liquid closes in over the cavity trapping vapor which 1is the
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source of the next bubble, Surveys of nucleation phenomena are found in

Refs. 4 and 5.

To put these notions on a quantitative basis, consider the equilibrium
and growth of a spherical bubble in a large body of liquid. The following
equilibrium conditions apply; equal and uniform temperatures in both phases

equal chemical potential (u = h - TS) in both phases, and
2 .
P _pz,,_q (2)

With these the equilibrium conditions may be shown graphically in Fig. 3
where states b', b" and c¢', ¢" are corresponding vapor and liquid states
for two different radii. The production of a Fig. 3 is rather tedious.

A simplified procedure evolves from the observation that the locus of
vapor states ,is very close to the saturation line, If it is assumed that
the vapor temperature is the plane-surface saturation temperature corres-

ponding to the pressure of the vapors, P, 3 much simpler anmalysis follows.

Calculate the AT corresponding to P, = Py given by Eq. (1), integrating

the Clausgius-CIapeyron relation

. Tv
ar _ __f3 @3) -
dp hfg

along the p-T saturation curve.

The following are results of such an integration for various assumptions:

a) If hfg/vfg T is constant and T T

sat
: 20 Vfg
Tv © Tsat(l + r hfg) (4a)

b) 1If hfg/vfg is constant

L] ’ v
\ n &q' .__f_g.
?v Teat exp(r fg) (4b)



c) If Veg = vg = R, T/p .
T .
¥ Tsath 20
1l - 5 a (1 + = )
fg Pgat

d) Same as (c) with 20/p2r << 1

TSat
= . {
Ty T R (4d)
1 sat v 20
hfg ¥ Pgat

Other alternatives are as follows:
e) With Eq. (1) use an empirical fit of data for the saturation curve
—
aé logl0 p(psia) A #F B/T(°R)
1 1

ith Eq. (1) this may be solved by trial and error, or with assumption

\c) above
T .2 : T
. _sat” _._2_0__\) sat 20\
AT = 5= log) (l+rp [l+f3 10810 (l+’-'p A(S)
sat sat
§.9¢5 37E0.81 §:. 592 2668, 17

for steam A = 6,96, B = -3893 at 14.7 psia; A = 660, B = 2644 at 1000 psia,

£f) With Eq. (1) use tabular values from properties tables for the

so turation curve. .

A comparison of results of the above calculation methods is given in

the following table for r = 0.0005 inches and water at 14.7 and 1000 psia:

Method ¢ b = 14.7 psia p = 1000 psia
Tsat = 212 F Tsat = 544.61 F
Eq. 4a T, = 216;60F b0 _ T, 54480 F
Eq. 4b 216 '6{ 63 544.(@
Eq. 4c 2165 ,So 544 ,$8
Eq. 4d 216.}7§ 7) 544,83
Eq. 5 216.5/ .39 544,65

[
(£) tables . - 2165 L4y 544,66



The above equations represent an approximate expression for ;he superheat
required for equilibrium of a bubble of radius r. Nuclel éf radius greater
than r from Eq. 5 should become bubbles and érow; those of smaller radius
sh;uld'collapse.

Some.experiments have shown that at a heated surfacg in water at at-
mospheric pressure, boiling begins at around 30°F above sa;uration temper-
ature. For this condition Eq. 5 predicts an equilibrium bubble radius of
10;4 in. This is about 10,000 times larger than the maximum cavit& size
expected from molecular fluctuations (l4). Volmer (2) estimated a cavity
. formation rate of size 10-4 in. to be approximately one per cubic inch per
hour. TFrom this, we readily conclude that free vapor nuclei arising from-
molecular fluctuations are not im%ortant as nucleation cavities. On the
other hand, gas nuclei will be very significant as nucleation cavities.

If inert gas molecules are present in the liquid and, hence, in the

bubble, Eqs. 1 and 5 are modified as follows:

- < 20
Py"" P =1 " Pg . (6)
R T2
v 2g
T-T,, 5 hfg - pg) ~ - (7

which shows that the superheat required for a given size bubblé to grow is

decrcased by the presence of the gas partial pressure, pg.
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The preceding calculation procedure relates to nucleation at a cavity
in the heating surface in the following way. 6riffith(5)»(7) showed that
the radius of cuxrvature of a vapor interface for positions inside and out-
side of the cavity, Fig.2a, may be plotted as in Fig.4 as 1l/r vs. vapor
" volume. Ia Eqs. (&) a{§) (7) the superheat required to cause a bubble to grow
is determined by 1/r. The maximum point in the 1/r curve, Fig.4, then de-
termines the minimum superheat required for a bubble to grow at this cavity.
The significant feature of Fig.4 is that while the shape of the curve de-
pends on cavity geometry and contact anglc 8, the magnitude of r at the
maximum poilnt of the curve 1s equal to the radius of the cavity for any
B < 90°. Hence the cavity radius should determine the required superheat

for nucleation for liquids which wet the surface.

Equation (8) has been verified experimentally by Griffith and Wallis(7)

for single cavities in a uniform temperature system.

It is possible for a cavity to continue to contain vapor even when

the surface is highly subcooled., If the contact angle is such that the



- WIR~-A-5Ct-

curvature is as shown in Fig.2d, the vapor pressure may be very much less
than the liquid pressure as the radius decreases down into the cavity. Here
Eq.<2) has a minus sign, and vapor will be present at temperatures very much
less than the normal saturation temperature of the liquid. Hence this cavity
is immediately ready to produce bubbles on its next heating. In a similar
way, re-entrant cavities, such as the one shown in Fig.2e, may also withstand
high subcooling without collapsing the cavity. The cavity in Fig.2c would -
immediately £111 with liquid upon cooling.

Incipient Boiling in Forced Convection

-

Consider a liquid flowing in a tube. As the heat flux or wall tempera-

is railsed, boiling or nucleation 5egins at a particular value of the

rt
c
r{
o

£
3
[
(=]

temperature, We wish to investigate this condition.

The foilowing procedure was developed by Bergles(s) based on a sugges-
tioa of Hsu and Graham(®), 1In this flow inside the tube the expression for
heat flux is (

q. i} S ) ¢ :
7 = h(T, Tliq) kl(ay (8)
y=0
Bere h is the heat transfer coefficient which is a function of the geometry,

the £fluild properties and the flow rate; k is the liquid thermal conductivity.

For a given liquid temperature, both the icmperature gradient (3T/3y)y=0

and the wall temperature Tw increase as tlie heat flux increases. A series
of curves representing the temperature distribution very = 'sr the heated
wail is shown for Increasing heat flux in Fig.5. Also shown in Fig. 5 is

a curve labeled Tg*, which i1s a plot of Eq. (4) with the radius of the cavity
plotted as the distance from the heated surface. A possible theory:
Nucleation takes place when the temperature curve in the liquid is tangent
to the curve representing Eq. (4). The implication is that the surface con-
tains cavities of various sizes (I'ig.l0) and when the temperature at the
outer surface of the bubble reaches the critical value given by Eq.(4),

the Lubble grows at the gavity whose radius is represeﬂted by the distance

between the wall and the point of intersection.
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At the point of tangency, the radius of the first cavity to nucleate,

solve Eqs. (4a) and (8) simultaneously, is

\/-20 Twv k
r a || —f8_
nucl hfg (q/4)

and the neat flux at incipient boilling is predicted by this postulate to be

h, k 2
ﬂ) -.._fg__('r_'r )
A §0Tv w sat
incip fg

For heat {luxes greater than this incipieunt cemditioa, the radii which are
active are oa either side of the magnitude given by the above equation,

*
intersections of the upper dashed line and the T3 curve of Fig. 5.

an commercially prepared surfaces a wiae iange oi cavity sizes can be

expected., Incipient boiling, then, should be independent of surface condition
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for most ccm.crcially sfinished surfaces. iue pivsent aielysis should, there-
fore, ba valid in most practical applications. It is noted, however, that
the position and slope of the remainder of the boiling curve should be depen-

dent on the size range of active nuclei.

Equations (#) and (8) could be differentiated to determine the condi-
tions at the point of tangency. However, this procedure does not lead to an
explicit formulation for the incipient heat flux, (q/A)i. Consequently, a
graphical solution was found much more convenient, The results for (q/A)i
were caiculated for water over a pressure range of 15 to 2000 le/in2 abs
and can be expressed quite accurately as follows:

0,0234
(q/A); = 15.60p1'155('fw - TS)2.30/p 5

where (/A is in Btu/hr ft2, p is in le/in2 abs, and the temperatures are
in deg 7. Equation (9) is shown plotted for water im Fig.6. Similar ex-

pressions may be calculated for other fluids.

It should be noted that although velocity does not appear in Eq.(9)

the equation is valid for all fluid velocities.

45 heat flux is increased above the condition for incipience, the
upper dotted line, a range of cavity sizes as shown, become nucleated.
A woid of caution is in_order here. The preceding calculation procedure
presuaes that cavities exist at sizes out to the point of tangency. At low
heat Jiuxes, as in natural convection, the slope of the temperature distri-~
butioca, Eq.(8), may be so small that the point of tangency occurs at cavity
slzes larger than those present. Then the heat flux and wall superheat must
be r..sed until the two curves intersect at the largest available active
cavily. Hence for low heat flux cases as in natural conveption, the proce-

dure usually predicts superheats and (q/A) lower than the observed magnitude.

The intersection of the two curves of Fig. 5, Eqs. (4a) and (8),

4: the maximum available cavity, Y ax® gives

k 20 Tv,_k T
—_ I8

(& - -1 ) - £
N 2
A)incip T ax v sat

fgrmax
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i a tivities, this
\ith xiquid metals, which have very high thermal conductivi ies,
n, curves
same situation exists even in forced convection. For comparison,

fum are shown in Fig.7 for incipient boiling condi~

th water and sod
for bo a 10)

tions. Very mubh greater superhcats are required in the liquid metals ¢

A number of otherAsuggestions have been made for predicting the inci-
picnt boiling condition. Most of them reduce to the scheme shown in Fig.5-
except the Tz is plotted vs. y/n with Tg* plotted vs. r. In the above n is
taken as unity. In these other proposals the suggested magnitudes of n
range from 0.67 to 2. Brown and Bergles(zé) tried these suggestions with

experimental data for various fluids and found n to range between 1 and 3.

The above procedure then appears to provide an estimate of the lower
AT and (q/A)i at incipience. Actual AT and (q/l\):.L may be greater than
these predicted magnitudes. These higher wall superheats may be required
. to provide-sufficient bubble growth acceleration to remove it from the wall
Also'thermocapillaricy as described later may provide convection currents

not accounted for in the above model.

dnother study of nuclieation {10a) attemptéd to account for flow patte}
around the bubble surface protruding from the cavity, in forced conveciton.
Tom comparison with only a small amount of data this study led to the

following prediction for wall superheat in forced convection.

0.4 .
Gy =T = ns ()Y S (____J;
incip plvz hfg /

Yore study of this with comparison with a wider variety of data is needed



The thermal conduct;vity of liquid metals is so large that the
temperature gradient in the liquid ia the vicinity of the bubble
at a8 cavity is e;sentially gero. Then the first.;avity to nucleate’
should be at L if it is not inactive (filled with liquid). Then
incipient boiling superheat should be predicted by Eq. (4-a) with
TR
Chen (10b) investigated the postulate that cavities could be
deactivated to a predictable size by preconditioning by raising the
pressure aund temperature to specified levels of subcooling. This
would establlsht a '"negative" radius of the cavity from Eq. (4a)

on the assumption the oxidation im the cavity would prevent further

collcpse to smaller radii., On subsequent reduction of pressure and

WHMR~6e

increasiry the degree of superheat, the radius, now taken as positive

in Eq. (4a), should predict the superheat required for nucleation
at the suviace. The same formalism was re-explained (10c¢) in terms
of re-entrant cavities, Fig. 2e, which eciiminates the necessity

of roquiring oxidation to aid the proeess. Most test results fall
below the predictions of this theory; however Singer and Holtz (10d)
showed that this discrepency was probabiy due to the presence of
non-condensible gas. Their data showed that after .extended periods
of boilliaz to drive gas off the surface the measured superheats
agreed well with the theory. Also surface finish had n; effect on

the resuits.
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Possible Mecnanismsof Heat Transfer in loiiing

As heat flux to a saturated liquid is increased beyond the incipient
boiliag point, the number of spots on the surface from which bubble columns
rise increases. Photographs of Hsu and Graham suggest that between bubbles
in pool boiling a thermal layer builds up and each bubble carries away with
it the iiquid in a region 2Db’ thus pumping away the liquid superheat. 1In
the region between the bubbles at che lower heat fluxes the heat transfer
may be of the order of that associated with natural convection. Calcula-
tions bascd on this hypothesis were verified at low heat fluxes by Han and

Griffitnlil),

As heat flux .is increased the nucleation site density increases and
the columns with discrete bubbles changé\to columns of continuous vapor
[Moissis and Berenson(lz)]. The zones between these vapor columns beconme
"return passages' bringing liquid Lo the heating surface where it is con-
verted to vapor in the columns. As heat flux is dincreased further this
situation becomes unstable and the heating surface becomes starved for

iiquid causing the transition to [ilm boiling, point C of Fig. 1.

A typical history of the temperature at a cavity under a bublle is
shown in Fig. 7a. At point A the bubble begins to grow on the surface.

The major portion & the bubble grows in an essentially non-viscous way,

except near the wall where viscosity predominates. lieasurements of Cooper
and Lloyd(ls) on toluene suggest that a thin liquid layer is left on the
surface undcr the bubble, Fig. 7b. It 1s presumed that viscous force re-
tards the motion of the liquid next to the wall as the bubble grows, thus
leaving behind a liquid layer. at point B this layer has evaporatcd and
the dry surface rises in temperature. At point C the bubble has departed
and c?lde: 1iquid covers the surface reducing its temperature to D. Then
the surface continues to rise in temperature to point A when a new bubbie
forms. Calculations of heat flux from the surface suggest that major con-
tzibutions to the heat flux occur while the thin 1iquid4film evaporates
under the bubble, AB, and when the colder liquid rushes iato contact with

the susface, CDA,
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Cooper (13a) chowed that thic microlayor 1o cigaificant oaly

; a fiuidc cuch aa walcer,
ot low prossurd. At Proosures &wovae 1 atn fdor faui

o~ By T
h bono and CrYOogaRs ¢ne bubblo growth i thormally comtroliled
wydrocar a

¥ e ti
(aot dyccmically controllod); thea the nicroloyer dogs not greatly

ot & a3 NGa zanGiGT .
influcace tho growta zad tag haot (Tanbe

Measurements (1l4) of temperacure ad a o.vicy ia pool boliing of 50Gduwm
suygest chat for liquid metals the B~C portion of the curve is essentially
non-existant and CD nearly coincides with AB. Ilere the primary mechanism
oi .eat transfer is to the liquid which flows in behind a departing bubble.
Because of the high thermal conductivity of the liquid metal the rate of
rise of surface temperature is much slower and bubble frequencies are an

order of magnitude less than in non-metals.

Boiling from a heated surface in highly subcocled liquids may be
accompanied by a different effect which predominates. Cumo{15) has ob-
served photographically lomng "jets'" of hot liquid streaming forth in fromt
of bubbles forming at surfaces in subcooled liquid. From heat transfer
measurements and photographs in highly subcooled liquids Brown(10) suggests
that because of evaporation at the hot side and condensation at the cold
side of the bubble, a small temperature difference exists around the bubble.
Thzs zesults in a dightly lower surface tension at the outer edge of the
bubble producing significant flow of the ianterface which induces large flows
of the surrounding liquid to form the observed jets. Here the bubble appears
to iaducc large convection currents which are heated by the hot surface.
This process has been called thermocapillarity (10). It should have its
most Influence in boiling of subcooled liquids in forced convection, but is

o Goubt present in some degree at all times.

Thermocapillarity may tend to remove rapidly the thin layer of liquid



RNV o 3“7‘\

WMR-~A-G e

under a bubble in Fig.8b, reducing the time between points A and B, Fig.8a.
Also the convection induced by thermocapillarity may require wall superheats

higher than those predicted by Fig.6, as observed in some test data.

Probably all of the preceding mechanisms occur simultaneously and
participate to varying degrees of importance in the heat transfer process
under the various conditions. The boundaries where one or the other of

the mechanisms predominate are not now well established.

Bubble Pazameters

For liquids which wet the heating surface the size of bubbles at
departure from the heating surface has been studied by a number of people.

Fritz(16) and Wark(17J equated boundary and surface tension to determine

tue following expression for departure diameter:
- 1/2

D, =C, 8 2 8 (10)
b d g (py=0,)

wheze Cd was found experimentally to be 0,0148 for HZO and H2 bubbles.

Millc ot ol (i%¢c) and Griffith and Lica (19¢) otuwdicd bubble

b czclytlecily cnd oapericsmtally. Tholdr vooulto ohow clezrly

[ &)
bt
T
o

thuc all bubbles otsrt out their groveh dymamicslly ccanvollad and
iL .oter stagos become thoerwally comtwollcd, vapazicacion baing
govisasd by hoat cozductionm. Mikic (19c) chows ot for a bubbla

Towi &t W s T > 3 T
£ ng ot a wall ag v T at ioto a liquid at %y < ng

e} 4
an’ * e 9( < )1/2 Yz + 32
S - . - (&) (11
ae* e + t: )

v
Wakla
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Here for the bubble growing at the wall b = %/7. Mikic (190) shows

that ths valeing time botwooz bubbles cuy be spproximatad by
2

8oy (Tw - Tb)Rc
t -d

o Tk - W
g\ T, -1, (14 (20 %/uc B0yl

vhera 1 is the radius of tho cavity. MNikic (19¢) intogratced Eq. (11)
for v.u.cud magaitudos of the parcmators ncgloeting Rc‘ walch i thae
bubble wadius at ¢ = O, compared with R throughout the grewth;
the ro.alts are showa graphleally inm Tis, Ga.

. + + +
Jor thae dymamically comtrolled growth ¢ << 1 aud tw > ¢,

Eq. (11) intcgrates to tho following result
R &t : {(1la)

For tho themmelly controlled region et >> 1, Bq. (11) aud the
curves of Pig. 8a aro approxzimated by

-

1/2

1/2 1/2
§+ o t+ -9 {ft+ 4+ t:) - t+

w

For a bubble growiag iz anm initlially uniformly guperhsated
liguid (t: + @) from an Iaigial radius greater them the critical

Taul.s givea by Eg. (42), 2q. (i1) iatagrates to
+1) -t - i] ' (2)

walda 1s vaelid for both rogimes of growth, Here b =2/3 in A

WMR-A-9 is
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For the dyssmically comtrolled region £+ << 1, Eq. (12) bocozmes
R = ¢t (123)
which 1s the Rayleigh solution, and is identicel to Eq. (1la).
- +
For the tharmally comtrolled region t >> 1, Eq. (12) becouss
R = V/t+ (i2v)
which is the recult obtalued by Plesset end Zwick (1%9a) sud Seriven (18).
Griffith end Liem (194) performed definitive oxperimeats for
bubbie growth in superheated water over a pressure range ¢f 0.18 to
5.5 psia, superheats in the raonge 15 to 28 7, and 56 < Ja <€ 2690,

For proscuros laose thea around 0.4 poia the durctiom of the bubbie
roueh poriod remcimed in tho dynamically controlled wojioa, E+ = €+
aud Jor proesuxcs above aercund 5 pois the dymanically comirolled
rozion cristed for omly o chovt tidme and practically =sll of the
growth was goverzcd by hoeat conduction. Beotweon Chosa pwocourceo
the carly stege of growth was dynamically controlled ecra t¢thse lator
stosa thermolly comtrolled. The mid-vange of this zogiom exlato
whaa t+”=¢l. Tha results agresd witﬁ the prodiction of Eq.\(lZ).
Applying Eq. (12) to bubble growth in sodium (194) eugécsza
that for cuparheate around 30 ¥ the tharmally comtroilod vTogisa
govozus for pressuras wiove around 1.7 atw and thoe dyrmamicaelly
cousrolled roglon govarne tha prassurcs iéss than aronn&‘0.3 atm..
Experimansal date for growth in noa~uniform temperatura fiolds
fou vaich wgitiaz time tw i rocordad ig limited but dows ogwEes {(L0Q)
with the prediction ol Eq. (ila). Data for bubdble svcwth on heataed
svriceces ot reduced pressuras do oxist (20) but without obscrvad
moyaltudes of t . These data foll balow the prediction of Eq. (12),
suggasting that Eq. (11) and Fig. 8a should apply and that the affect

o. waiting time om the data is siguificant.
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The preceding solutions and rosulte are for lover preesureé
wvhore Py << Py - At higher proggurca whera bubblo érowth is thermally
controlled Serivaa showad tha effact of goinéﬁhighar prossurss
(significant magnitudes of pv/pg) is givan by the curves of Fig.‘Bb
vhera

R wcet | (12c)

Bubblae departure diamate:m as given by Eq. (10) do mot agree
well with data. Cole and Rohoenow {(20a) corzeiated the departure
dismatars Db for various fluids 25 shown im Fig. Oc. The straight

1ingc porticn of tha two cuzves where p/p < 0.2 is given by the

erit

following aquations

1/2
waters )

5784 -

(1.5 x 1079 ")

1/2 (13)

- w
othor flulds: Eo (6.65 x 1674 (3ay3/4

2
g(pz -pV)Db
g, 9

where Bo &

pﬂ ¢ Tsat

Py hfg

[
AR 3
[1:}

The prediction of dubble frequency for grewth at a heating surfaca
ig not waell c¢stablishad. Barly Jskob ard Links suggost £ D, =~ 920 £e¢/he
for hydrogca aad wator bubbloa. Later Zuber end Pocblen acad Garber (21)

obsivvad 13/4

t. ) o 5.8(pg - pv)
£, 1.1a(tc TE x oy

Cole (20b) shcwad from data thot 1.18 (tc/(tc + tw)) rangsd betwoan

0.15 - 1.4 raising ocorious doudbt ragarding the validity of the above

equatioa.
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Later Ivey (20c) showed that the froquency-diameter ralatiom

depandod on the rogima of bubble growth.

Dynaaically controlled DB £° = constaat

/2

Thérmally controllad D, £42 @ constant

In the intarmediate regzion tho cipoment on £ chamges fxom 2 to 1/2.
Mikic'c analysis (19e¢) for tho thermally comtrzolled rogime
loads to

-
o, /2 e \)1/2 e, 1/2
— "\T v * "r':rr) -1
2 Ja /ia ¢ W ¢ W

where tc cad t, ero bubble contoct time and waiting tima betwean
bubdlos, and (cc + tw) e 1/§. Over the range 0.2 < (td4%° + ch < 0.8.
This bacouze
/2 3 )
b, £7° = £ /ua, Js + 10% (14a)

in the dynamicelly coatrolled regime, Cola (20d4) suggested

glp, =~ p_)
p, ¢ =3 A~ (14b)
cbrag Py :
reduces
whiica for steom at 1 atm and thag 7~1 and pv << p&Ato
p £2 = 1,323 | (140)

»

IuCoswation on £ ve Db io wot well documanted. The abova relations

8hiwuld ba considaered to bo approxiaste.
Eifccts of forcad coavactica on Db and { szc wot well eastablished.
Kow:..uteos et al (20a) chowed Db to docrsase noarly limearly with

-iscrcace ia veloclity. No ganeral praediction mathod ia availadle.
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As a/A increases the number of active nucleating cavities increase.
Staniszewﬁkigzz) obsefvgd '

—:3\- ~v ot (15)

wﬂérémmfw 1 at low q/A and decreases to around 1/2 at high q/A.

Factor Affecting Pool Boiling Data °

In the following there is presented the results of experimental ob-
gervations showing the effect on pool bolling data, Fig. 1, of changing -
the magnitude of various properties and conditions. Except as noted, all

data discussed are for liquids which wet the heating surface.

Pressure and temperature difference have a marked effect on all re-
gimes of bolling, Fig. 9 shows representative data. Imagine a cavity size
distribution, number of cavities of a particular size range versus diameter

of cavity, represeanted by the curve sketched ian Fig. 10, The first cavity,
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to be activated has an approximate diameter as calculated for the pointzof
tangency in Fig. 5. Then, in accordance with Eq.{15), as q/A is 1ncrea§ed,
n must increase and more cavities must become activated at diameters spread
on either side of Dcric (Fig.10). 4As shown in Figp.5, this'requires greaga:

wall superheat.

. The slope of the q/A va. AT curve expresses the change in AT necessary
to increase the number of activated points sufficiently to accommodate the:
new heat flux. Although the slope is predominantly in the neighborhood of
3, observations are available with resulting slopes as low as unity for
contaminated surfaces and as high as approximately 25 for clean, polished
surfaces. The actual slope depends upon the uniformity or distribution

of the size and shape of the nucleating cavities, Fig. 10.

Griffith and_ﬁallis(T) obtained data for a number of active nuclea-
tion sites vs. wall superheat and calculated the padius corregponding to
this wall superheat from Eq.(5). For boiling water, methanol and ethanol
on the same surface a single curve resulted for number of active nuclea-
tion sites vs. this radius, suggesting the existence of a characteristic

cavity size distribution, Fig.l0, for that surface.

tffect of Pressure

e = =

Pool boiling heat flux data plotted vs. wall superheat result in
curves as shown in Fig. 9. At higher pressures the data lies at lower
superheat magnitudes. Of significance in expiaining this shift to lower
wall superheat 1s that the fact that for all fluids, Eq.{4) predicts

lower ATS required to activate piven size cavities as pressure is

h
increased. Figure 1l presents results for pool boiling of sodium showing

the shift to lower 6T, with pressure.

Figure 9 alse shows typical results for the effect of pressure on the
critical (or peak) heat flux in pool boiling. This (q/A)crit

goes through a maximum at a pressure well below the critical pressure,

typically
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Surface Coatings or Deposits

In addition to the effect described above in connection with aging
there obviously will exist a temperature drop associated with conduction
across the coating or deposit. Since coatings may be very thin and their
properties not known, this additional temperature difference is usually
included in the AT when plotting boiling data. Including this constant,
conduction resistance causes q/A vs. AT curves to be farther to the ripht
and at lower slopes than those for clean surfaces. Curves for éurfaces

with varilous coatings are spread apart even farther than those of Fig. 12.

Various investigators(25,27,28,29)have reported data for the effect
of suriace deposits on critical heat flux. Though there is some disagree-
ment, the following conclusions are suggested., Coated surfaces - mechani-

cally or by oxidation ~ may have higher (q/A) for small: diameter cy~-

crit
linders, by as much as a factor of 2 to 3; this increasc .seems to decrease
as diameter increases, disappearing at diameter larger than 1/2 inch. No

appreciable effect is noticed for flat plates.

For clean surfaces not prone to severe oxidation, such as chromel,
silver, stainless steel, nickel etc., data for (q/A)crit scatter with a
band of about + 20% for a given wire as well as for different materials{28),

Effect of Gases

Noncondensable gases dissolved in the water tend to come out of solu-
tion _at the hot surface. In general they tend to move the q/A vs. AT curve
to the left and to reduce the magnitude of (q/A)crit'

Figure 15 shows the results when fresh liquid contalning the gas i1s
continually brought to the heating surface by forced convection., Gas bubbles
may appear at temperatures well below the normal boiling point and additional
convection, probably induced by thermocapillarity, may prodﬁce the higher

heat fluxes as showm,

Figure 16 shows results for pool boiling. It is assumed that sand-
blasting the surface caused air to be present in the nucleation cavities.
As time poes on after heating is atarted, the boiling curve moves to the

right to higher AT as the gas is pumped out of the cavities by the bubbles.
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Another phenomenon which appears to be assoclated with the presence of
gas in the nucleating cavities is a kind of unstable boiling or bumping,
thus far observed only in boiling of liquid metals(32,33), At moderate
heat fluxes in nucleate boiling of sodium a thermocouple in the heating
surface near the liduid—solid interface is observed to behave as shown in
Fig. 17. The process seems to change back and forth between nucleate
boiling and natural convection as active cavities become deactivated and'
reactivated., After a time during which gas was belng removed from the
cavity and the liquid, this oscillation ceases and steady natural convec-
tion tases place, In the absence of gas the performance follows the
naturui convection curve until the cavity is nucleated [Eq.(4)] and
nucleate boiling occurs above this heat flux and the average AT is much
lower, Fig. 18, though tihe surface temperature varies considerably under

eacli suoble in liquid metals.

Tuis minimum heat flux for nucleate boiling in the absence of gas
is aizo the maximum heat flux for which the unstable boiling will occur

when zas is present, This limit is predicted by Shai(33),

The eifect of non-condensable gases on the critical heat flux in
pool bolling appears to be most significant at high subeooling, Fig.21,

and not very significant at temperatures near the normal boiling point.

Hysteresds

The overshooting of the wall temperature on increase of q/A in
naturai couvection and significant drop in AT when baling begins is known
as a uypteresls effect. This overshooting 1s more pronounced with liquid
metils, particularly alkali metals which wet practically all solid surfaces
extrewely well. This tends to deactivate cavities as discussed In connec-

tion with Fig,2Zc.

tith liquid non-metals this overshooting occurs less frequently since
cavitics such as those of Fig. 2d are usually present and remain active
cavit.es even after a system is cooled down. In non-metals if ome of the

Covit.ed become deactivated, the hysteresis overshoot of Fig. 18 can occur
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[Corty(z)]; however, on reducing the heat flux in the nucleate boiling
region the data follows smoothly down the boiling curve to natural convec-

tion,.

Size and Orientation of Heatinp Surface

There appears to be very little effect of size of wire or of orien-
tation of the (q/A) vs. AT curve in the nucleate boiling region. This
geometxry effect, however, is pronounced iu the non-boiling natural convec-
tion region which is the left asymptote of the curve and 1is predicted by
the normal single-phase natural convection data. Also in the film boiling
regime geowmetry influences the data, curves for smaller wire diameter Jdying

to the left.

The critical heat flux (CHF) appears to be influenced more pronouncedly
by gcometry. There may be as much as a 25% variation in CHF in flat plate
data - CHF for vertical heaters less than for horizontal(3%,35), The dif-.
ference may be more for larger heater sizes. Critical heat flux appears
to iacreasc with wire size (28, 35, 36, 36a) from 0.01" up to 0.05 to 0.1
inches and level off beyond that size. For sizes below 0.01" down to 0.003"
the magnitude of CHF levels off again (36a). In the range where CHF changes
with D, the bubble size%:ST the order of the wire diameter. Houchin and
Lienhard(36b) measured reduced critical heat flux magnitudes for thin ribbon
heaters, thickness down to as low as 0.00035". Data for various thicknesses
of aiuminum, nickel, silver, tantalum and stainless steel was correlated with
pcéd product where § is the ribbon thickness with onc side insulated. Data
for water with D.C. Leating decreased from (q/A)crit = 330,000 down to
200,000 Btu/hr £t?, when pcé decreased from 0.06 to 0.0015 Btu/ft2F. They
also found a more pronounced decrease with A,C. heating. For pcé > 0,06,
both A.C. and D.C. gave the same (q/A)crit = 330,000, independent of pcé.

Agitation

The effect of agitation such as with a propeller is quite similar to
the velocity effect shown in Fig. 1. Curves for greater rpm are higher up
on the graph. This effect was studied early(37) and more recently (38).
Also the critical heat flux increases with increasing rpm. No attempt to
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correlate this information is made, since tlhie effect is greatly influenced
by shape, size anu position of the agitation.

Subcooling

The efrfect of subcooling on the posiiion of the boiling curve appears
to depend on the geometry for convection., Figure 19 shows data for water
(39) boiling on an 0.0645 in-diam stainless steel tube. Here the boiling
curves lle {father to the right as subcooling i; increased. The left asymp-
totes are for natural convection and should have higher q/A for greater

subcoel at equal (T -T).
W 5

In contradictlon with this are results (40) for a hroizontal flat
nichrcme heater, 4.25 in square 0,0165 in thick, shown in Fig. 20.

Here the boulling curves lie farther to the left as subceoling increases.

Tue difierences between the results of Figs. 19 and 20 may be due to
dilficrent coavection geometries or they may be due to different nucleating

condicions of the surface., -

Critical heat flux increases markedly as subcooling increases as

shown in Fig. 21, Additional data are also available (42, 43, 44).

Nor-wet Surfaces

‘nen tie liquid does not wet tlie heating surface, very large vapor
bubblivs foirm and cover much larger portions of the heating surface (45,46).
The nel result is verf greatly increased magnitudes of (T; - Ts) required
to trunsfer a given q/A. The critical heat is also veyxxyymuch reduced by

factovs of 10 to 20,

At the NASA laboratories, a ribbon heater immersed in a beaker of water

was photographed during free-fall conditions, and the results werc reported
by Sicgel and Usiskin(“a). In each case the heat fluxes were in the nucleate

toiling range under a normal gravity field. In the free-fall condition with
the lower heat fluxes bubbles grew while remaining attached to the ribbon.
At the higher heat fluxes a very large vapor volume formed around the ribbon.

This suggests that nucleate boiling is essentially nonexistent under zero-g
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As expected surface finish can shift the position of the boiling curve
markedly, probably because changing surface finish changes the cavity-size
distribution curve, Fig,l0. The initial controlled experiments studying
this effect wcz2 performed by Corty(z). Figures 12 and 13 are typical of
results for non-metals and metals. The data for the rougher surfaces lie
to the left at lower wall superheat, presumably because active cavity sizes

are smaller on the smoother surfaces.

The data in Fig. 14 showv an intercsting effect of direction of surface
finishing (or scratch) orientation on boiling. Here axial and circumferen-
tial finishing of a horizontal tube produce quite different results at low
heat fluxes. At low heat flux the liquid-vapor interface of bubbles moviang
circumferentially on the surface tend to fill the scratch or cavities with
liquid, decactivating them. With axial scratches vapor tends to be trapped
in the cavities, thus keeping them active. For this reason the horizoatal
scratches require lower superheat to produce tue same heat flux. At higher
heat fluxes this effect disappears because the bubbles tend to move
perpendicularly away from the surface. Then the roughness effect of Figs.

12 and 13 predominates,

Of significance is the observation firom Fig. 12 that surface finish
does not influence the position of the data in film boiling, nor does it

affect the position of the minimum heat fiux in film boiling.

The infiuence of surface finish on the critical heat fiux is shown

for very

in Fig. 12 to be rather small - about 20% reduction in -(q/A)crit

smooth suriaces.,

Aging

Experience teaches that aged surfaces have higher required AT for a
given q/A._ On metallic surfaces a scale or deposit may form from the
boiling liquid or a film may form from oxiation or other chemical reactionm.
In either case the vapor-trapping cavity may shrink, necessitating higher

supexhieat for activation.
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conditions.

Subsequently, Siegel and Usiskin added a small amount of friction to
the free-fall system raising g to approximately 0.09. They reported ver-
bally that under these conditions nuclcate boiling appeared to continue
throughout the fall. This indicates that only a small g field is needed

to maintain nucleate boiling.

Merte and Clark(%9) report the results of tests on a heated surface
at the bottom of a pool. The system was placed in a centrifuge and rota-
ted so that the resultant acceleration field was normal to the surface.
Their boiling tests covered a range of 1 to 21 g with the results replotted
as shown in Tig. 22, There seems to be very little effect on tire position
of the q/A vs. Tw - Tsat curves at the higher heat fluxes. The displacement
of the curves at the lower heat fluxes is probably due to the effect of
superimposed natural convection effects. ) .

Temperature gifferences (Tw - Tsat) associated with nucleate boiling
are small (1 to 100 F). In many appiications this resistance is not of
primary importance; hence an order of magunitude for this temperature dif-
ference is of int%rest. Tigure 23 shows a composite of nucleate boiling
data for various organic fluids and surfaces (50). Required superheat for
boiling liquid metals is somewhat higiuer, TFigs. 17, 18, The .conditions
for the 276 data points of Fig. 23 are combinations of the following:

1. Liquids Acetone, benzene, i-butanol, n-butanol, carbon disulfide,
carbon tetrachloride, diethyl ether, diphenyl, ethanol,

ethyl acetate, Freon-12 Freon—ll3R, heptane, n-hexane,

R)
, methanol, methyl cdioroform, n-pentane, i-propanol, styrene,

m-terphenyl, o—terphenyl, toluene.

]
2, Suorfaces Brass, chromium plate, copper, gold, %Fonel, nickel, nickel

oo

plate, platinum, stainless steel, vitreous enamel, zinc (crystal).

uzface Treatment None; No. 36, 60, 120(lapped), 150, 200 and 320

(2]

3.

|

grit polishes; mirror finisgh; acid and steel-wool cleaned;-

annealed and unannealed; fresh and aged.
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4. Geometry 0.005 - 1.5" diameter cylinders (horizontal and vertical);
3/4 - 3 3/4" diameter disks (vertical, horizontal, facing up);
3/4 x°3/4" and 3/4 x 4" plates (vertical, horizontal, facing

up and facing down).

Correlation of Pool Boiling Heat Trausfer Data

Attempts have been made by various people to arrelate pool boiling heat
transfer data. The logic leading to the various forms of the correlations
will be omitted here and the suggested equations presented along with com-
ments of their applicability.

Referring to Figs. 12 and 13, one must inescapably conclude that any
correlation equation which embodies only properties of the fluid (liquid or
vapor) cannot be a 'universal' correlation for all fluids or, for that matter,
for any particular fluid. As a minimum the coefficient (and possibly even
thie exponents) must change in magnitude as the character of the solid surface
changes, since the dota for, say, Fig. 12 is all for the same fluid conditions-
~ only the solid surface condition has changed. This pgint cannot be over em-
phasized. This has lead to a great deal of confusion among boiling heat
transicr researchers and users. At the present moment there is no satisfactory
way to include quantitatively the effect of the solid surface in any correla-
tion cquatlon; in spite of this, some researchers present correlation equa-
tions with a fixed magnitude for the coefficient. The best that can be
accompiished 1s to correlate the effect of pressure for a given fluid and
solid surface.

liany of the proposed correlations were developed by analyzing a simpli-
fied wmcdel of boiling leading to some dimensionless groups of quantities.
Various forms of Bubble Nusselt Numbers, Bubble Reynolds Numbers and Prandtl
Number appear in these cquations. One of the early correlations (Rohsenow3l)

empluyed such groups with the characteristic dimension D given by Eq.(10).

The cquation proposed is 1«
s
AT 1)) [ %7 d) 26
« - 1
hfg Slnulhfg L?(pl Py <2

where Csf should be a function of the particular fluid heating .surface combina-
tion. From Figs.24a or 24b the exponent r = 0.33. A cross plot of chT/hfg
Ve, Ny for constant values of the ordinate shows s = 1.0 for water, but s = 1,7

&

for ail other fluids. The final correlation is sliown in Fig. 24c which
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results in Csf = 0,013 with a spread of approximately + 20%. This process

was repeated for other data with the results as shown in Tavble I.

Table I, Correlation Eq. (16) with r = 0.33

s v ATE rs S = % Bivr e ee® o w e Sm ——e

Surface-Fluid Combination’ Cor ' s
Water-nickel [52] 0.006 1.0
Water-platinum [53] 0.013 = 1.0
Water-copper [53] 0.013 1.0
Water-brass [54] 0.006 1.0
CCl,-copper [55] 0.013 1.7 )
Benzene-chromium [56] 0,010 1.7
n-pentane-chromium [56] ) 0.015 1.7
Ethyl alcohol-chromium [56] - 0.0027 1.7
Isopropyl alcohol-copper [55] ' 0.0025 1.7
25% h2u03—copper [55] 0.0054 1.7
50% K,C04-copper [55] 0.0027 1.7
n-butyl alcohol-copper [55] 0.0030 1.7

e G G AP E s v e S Ele B m B s s S A NG A-n e G ER S D G - T e & S O o A - e S < e—ae A e

*
Numbers in brackets refer to source of data.

It should be emphasized that accurate values of fluid properties are
essential to obtain a correlation or in using Eq. (16). Also the heating
surface should be clean. The presence of a contamination or deposit of
the heating surface can shift the relative position and slopc of tie curve
thus changing r and s in addition to C Y It should also Be noted that
Eq. (16) includes a 31/5 term which came from the expression for D in
Eq. (10). As noted in Fig. 22, there appears to be no effect of g on the
position of the boiling cuxve; therefore Eq: (16) should be used with

l -
sl = lg, .
Later TForster-Zuber(57) used similar dimensionless groups, but with

RR ol Zq. (43) as the velocity times characteristic dimension in the Reynolds

numbes ane «0/4p as the characteristic dimension in the Nusselt number.

\
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Forster-Greif(ﬁe) modified the Forster-Zuber equation by not lineari-
zing the Ap vs. AT relationship and suggested the following équation:

1 2\ 5/8
a -1- L ZT 1
A 20 2 .O_I.-‘. 4'5 c E.I: ch('n'a._)- sat Ap Pr_3- @a”n
hfg Py atAp Ap 21 u (h p )2 788
Q. o0
where C2 was suggested to b%‘from data for water at 1 and 50 atm, n-butyl

alcohol at 50 psia, analine at 35 psia, and mercury for 1 and 3 atm, Eq.(17)

in the following form appfoximaﬁes the data:
1 —

) )-2- 4 s5/g /

a.co T cT_.(a p ' 1/3 L

L.k LS S__t LY e " (ap)2 y . --(18)

A sf h cl. (hf va)z u 2 -
fgpv 2 &

For this limited amount of data K of was suggested to be 43 x 10-6

Recently this equation was compared with gheprdata.. For ethanol—chromium
data of Cichelli-Bonilla'56) it was found that st‘should be 82 x 10 -6
and for water-platinum data. of Addoms(53) | Ks = 142 x 107°.

the coefficient does indeed change in magnitude for various surface-fluid

Obviously

combinations. Equation (18) needs more extensive comparison with data.

Equation (18) is identical to the earlier Forster-Zuber equation,
except tHat Ap and AT are related by Eq. (6). Also -Eq.(18) yields a
varying exponent of q/A vs. AT, increasing with AT in the range from 2
to 4. In many cases the curve cuts across natural boiling data at a

lower slope.

Other correlations have been suggested by Gilmour(59) McNeilly(SO)
and Levy(sl). The Gilmour correlation contains a size effect not verlfied
by experiment. The Levy procedure is dimensional and employs an empirical
curve around which data scatter by a factor of five or more, which is
about the same variation observed in CSf of Table I. (Readers of the
Levy paper as originally published should note-the ordimate of its Fig. 4
should read multiplied by 10-5 instead of 10_6).

Various Russian workers have suggested correlation equations in the

following form (61a):
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It should be emphasized again that the coefficient A’ in Eq. (19)

is not a constant, but varies with the surface fluid combination.

Equation (16) has correlated the pressure effect for a variety of
pool boiling data. The state of our knowledge 1s such that the coefficient
Csf must be determined from limited data for each fluid-surface combination

This, of course, is true for any of the other pool-boiling correlations.

It should also be emphasized that the actual metal of‘thelsurface is
perhaps less important than the surface character as represented by the
cavity-size distribution of Fig. 10, which is unknown for'practically all

of the surfaces tested.
1

tdkic {G3b) hwo acecagtcd to chew how tho chvisy-siue dictwibstion

for ary curfosc imflucaces (w2 positica of tha q/i ve AT boildap
curve da pool boiling. Starting with ths doseription of ths beiling

process oo outlimed om py. 7 ond asauxiang thot the munhor of cavicics

of wadiluo groator thaa v 1o axpressible by
n
rS
o= ﬂl(:—) (20a)
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As heat flux is increased in nucleate boiling, more nucleation sites
become active. Equations for Eorrelating the critical flux data emerge
from models which suggest (a) as nucleation sites increase, a critical
"bubble packing" is reached to produce vapor blanketting(65), (b) as
" nucleation sites increase, the liquid flow to the heating surface is
restricted sufficiently to produce vapor blanketting (62) and (c) as
heat flux and number of nucleation sifes increase, bubbles in a column
overtake each other producing a vapor column in which there are liquid
droplets which fall back to the surface if horizontal. When the vapor
velocity is sufficient to carry tliese liquid droplets awvay from the sur-
face, vapor blanketting occurs (6la). Regardless of the model used, all

/o

cerit’ v
h:g’ an average vapor velocity normal to the surface and some function
A

correlations tius far proposed contain the relation between (q/A)

of, or measure of, pressure level. The following are some correlatiomns

which nave been proposed for liquid non-metals.

Zuber (62) (modified):

/4 1/2
Qe o | 02T 2E % s
p, b = .2 p, ¥ o, 21)
v fg- v 2 v :

vere 0.8 agrees better with the data than 0.13 as originally suggested

by duber,
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Kutatcladze (63):

1/4
@/ 4, [oto,-p,) & 8, | 22)
— % = 0.16 =3 J
Pv fg L v
Chang and Snyder (64):
1/u 1/2
(QIA) L ie (c(pg-pv} 8 8, Py TP, - 23)
'—.-—-i:; —= 00145 -_— p .2_. p
Py fg [_ v L
Rohsenow and Grifficth (65):
(q/A) . 1/u p - p ]0.6
———SEL . 43 <—g—> e T (24)
Py fg 8o Py

waich is dimensional but agrees well with most data.

Tue quantities in the right hand side of Egs. (21, 22, 23) are essentially
the same except very close to the critical pressure. The Zuber equation with

0.18 Instead of 0.13 is recomnmended.

Lienhard and Shrock(®3) and Lienhard and Watantbe{67) extended the
Zuber cype equation by applying the Law of Corresponding States, reiating
various pavameters to conditions at the critical pressure and temperature.

The sug;ested correlation is of the following form:

LY

(q/A)crit

e — s - 3 - "N D_

p 8 p \3/4 fED) 5 <pc> 3
-~ ...c . < ‘

(go) PP, (3RT,C)

where fl is a function of geometry alone and f2 is a function of reduced

pressusc alone. Here

glo, - p.) \1/2
R' = L —--"-7—"~) (26

whete o 1s a characteristic length like diameter for wires.
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For liquid metals Noyes aid Euxie(GS) surnest
J./ ,
alp 2 D )57'(\ 4 27)
((“/A)C = 0.10 pvnf i "p‘v’z ""‘"‘l + Ko

waere K., = 400,600 for sodium (0.2 to 22 psia)data. Here the first group

by A

of quantities 1s the Kutateladze Eq.(22) and the KNL is a constant which
pericps has differeat magnitudes for each fluid. Potassium (0.15 to 22 psia)
data of Balzheiser and Colver(eg) is corrclated by Eq.(27) with KNL = 300,000.

In terms of pressure in psia, these equations become:

e, - - G.457 5
Sodium: (q/A)m:it (4.0 +1.75 p ) x 10

(28)

0.444 5

Potascium: (q/A) = (3.0 +1.00 p ) X 10

crit

he above equations apply to saturated liquid. For subcooled liquids
Zuber{70) modified Eq. (21) as foilows:

-1/8 . /4

crit sub 5.3 _____{.a(pz—pv)g 8o g(pi-pv)
== = 1+- 1:1 /ﬁ.’picl | T
crit sat Vlgg  *

(q/A)
[NZS)

5 (T__ =T~ f/)
Ov gO g sat M\&

d J

(29)

which was tested and agreed with data for water and ethyl alcohol at pres-—

sures vclow 142 psia. 1Ivey and Horris (42) suggest a simpler relation

1/u
(/47 crac sub g L 0.1 Py ¢ o (T Tae ) (30)
= ——— . - TAS
(q/ )crit sat e hfg °z/ L7 sat 1&€%

which was tested against and agreed with data for water, ethyl alcohol,

ammonia, C CQL, and ilso-octane over a pressure range of 4.5 to 500 psia.

In eqs. (21) through ‘27) the (q/A)crit is predicted to vary with
gl/“. Tost data for wires in water in a drop tower (48) fall on or above

a curve of (q/A)C:.: noglly g the range 0.02 < (g/g ) < 1. The data points
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above the curve may be due to a transient condition resulting from the short
rop time.. Adams(71) using cylindrical graphite lieaters in a centrifugal .
0,15
field found (q/A)crit nog for 1 < g < 10 and (q/A)crit
10 < g < 100. Bessant and Jones(72) found the exponent to drop from 0.27.

n 50425 for

to 0.14 as pressure increased from 14.7 to 300 psia.

In the equatiouns (q/A)Crit " 01/“ limited data of Adams(71) shows for

vertical heating surfaces (2 to 4 ims. high) (q/A)crit ~og.

None of the correlation equations include an effect of the condition
of the solid surface. Berenson(25> and Ivey and Norris{28) obtain less
than a 207 variation in (q/A)crit for a wide variety of clean surface
materials and surface finishes. Oxidized or coated surfaces whih tend to

increase wettability, tend to have higher magnitudes of <q/A)crit’ (28),(73).

Cryogenic Flulds, Pool Boiling

Cryogenic fluids - liquid oxygen, nitrogen, hydrogen, helium, etc., -
in pool boiling behave like non-cryogenic fluids. The position of the q"
vs. (1 -T ) curve depends strongly on the nature of the solid surface.
A survey of such data is presented by Zuber and Fried(7%), Richards et a1(7s)
ané Clark(76), Figure 25 shows a composite plot of a wide variety of
pool boiliag and also film bodiling data for oxygen. Brentani and smith(77)
atiempted to correlate all of this data with a modified equation of
Kucatciadze

1.5

1.282 1.7
Kopp®e P

’ [
" = 4.87 x 10711 |.R% o LW LI (31)

heafy g0.906 20 .626

wihich represents the solid line through the central portion of the data.
Quite obviously the coefficient of the equation must vary by a factor of
*10 or so to accommodate all of the data. Similar composite data for nitro-

gen, hydrogen and helium (77).

Data for critical hegt flux of the various cryogems are shown to be
) 9ad
correlated (77), (78),(79%‘rather well by Eqs.(21, 22 and 24) except at
pressuzes approaching the critical pressure where the data falls signifi-

' cantly below the predictions,
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Fore.. Comvaction '
‘1

Jorced convecti?n here refers to flow inside of tubes, aﬁnuli, parallel
plates, outside of rod bundles, cte. The flow is a two-phase flow of liquid
and its vapor. Adiab&;ic flow occurs in a varilety of fleow regimes, but
two-phase flow with heat addition usually occurs as shown in Fig. 26 which
represents liquid enter*Subcooled where boiling takes place at the wall,
called local boiling. At some place along the tube the liquid reaches the
saturation point. DBeyond this point the process is called bulk boiling.

At low quality (below 5-8%) and in the subcooled region, the flow is bubbly
flow. At higher qualities thie flow becomes annular with a thin liquid

layer on the wall and a vapor core, which may or may not contain significant
- amouvats of liquid droplets, in the center. In the annular flow regime there
may or may not be nucleate boiling. If the liquid film on the wall is thin
enough, heat 1is transferred by conduction through the liquid and vaporizaéion
occurs at the liquid vapor interface. Under\these conditions tue wall tem-
perature is below that required’ for nucleation or activation of the cavities.
At nigher heat fluxes nucleation will take place under these thin liquid
layers at the wall. A more detalled study of flow patterns isgiven by
Tippets(so). The simplified description above is adequate for classifying

heat transfer data.

At some point down the channel tle heaé%&all may become dry. Beyond
this point wall temperature usually rises significantly for a particular
heat flux, Thils is the critical condition. The cause of the dryout may
be intensive nucleation if in the nucleation regimeaor tearing off of tlie
liquid film by high velocity of the vapor which increases progressively

down. the channel.

We separate our discussion of forced convection boiling into the low
quality and subcooled regions (essentially bubbly flow) and the high
quality regions (essentially annular flow). The region beyond the critical
condition 1s a mist-flow, dry-wall regime and is handled separétely. This
may be called film-boiling in forced convection,



WMR-A-27

Low Quality and Sub-Cooled Forced Convection

Daté in this %egime typically follow a pattern as shown in the upper\
iefi corne;'bf Figifi. No boiling occurs to the left of the incipient
boiling line, determ;ned as discussed in convection with"Figs. 5 and 6.
This curve 1s appliégple for any velocity and subcooling. Beyond this
line nucleate boiling occurs and the curves, regardless of velocity or
subcooling, appear to merge into a fully-developed boiling curve, the
location of which 1s quite insensitive to the magnitude of either velocity
or subcooling. Evidence of this is seen iﬁ Fig. 27 where data for various
velocities and subcooling converge at high heat flux to a single fully

developed boiling curve.

Shown on the same graph, Fig. 27, is data for pool boiling taken on
tﬁe same surface obtained by cutting open’'one of the tubes axially and boi-
ling on the inner surface (half of the tube), the outer _surface being
insulated. Note that the lower end of the pool boiling data appears to

ie on an extension downward of the fully~-developed boiling curve drawn
with a 3 to 1 slope. In this case for pool boiling on the inmer curved
half tube it is suspected that induced convection effects caused the
- pool boiling data at the higher heat flux to have a slope greater than
3 to 1 and lie above the: dashed curve. There is insufficient evidence to
conclude that the pool boiling data will always lie on an extension of

the fully-developed boiling curve.

The above observations lead to the following two suggestions for
drawing the forced convection boiling curve for a particular velocity and
subcooling. On a graph of q" vs. (Tw—TS), Fig. 28, draw the forced con-
vection non-boiling curve, q"FC for a particular velocity and subcooling,
Eq.(1). Then from procedure of Fig. 5, or for water, Fig. 6 or Eq.(9),
locate the point of incipient boiling. Then draw the fully developed
boiling curve, q"B, if known, at a slope of 3. This may be approximated
by the pool boiling curve, if known, for the same surface. Locate the
magnitude Apg immediagely below the incipient boiling point. Revising a
suggestion of Kutateladze(81>, Bergles and Rohsenow(39) suggest the fol-

lowing interpolation equation: 1/2
r 11 2
" . " Uns
ol R N @2
SFc B
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winlcii is a curve asynptotic to the ¢’ curve at tHe incxplent b0111ng point

FC
and asymptotic to the at hi h heat; flux. An alternauive sugprestion (39)
q" B g
is a simple addit*ve or superposition equatlon having the same asynptotes
1 // 1
(I T BURT) "_ " ' . B

Q" = Qg * a4l ~ Qg (33)

Either equation follows the data reasonably well.

The data in Fig. 14 show the strong effect of roughness and scratch
orientation of when filling the system on the position of the bolling curve
in pool boiling. Tests were performcd on these same surfaces for forced
convection 1n an annulus avound the tube. In this case, Fig. 29, (Brown(ZG))
the data show very little effect of surface finish in forced convection,
Tuls may result from the fact that the position of the incipient boiling
point as predicted by the procedure of TFig. 5 is independent of surface
finish so long as cavities exist of the size represented by the point of
vangency in Fig. 5. This fact may be the explanation for why surface
finish has less influence in ofrced convection boiling. Nevertlhieless the
actual shape of the cavity-size distribution curve, Fig. 10, for a parti-
cular surface probably does influence the position of the fully-developed

boiliag curve in forced convection.

Based on the assumptilon that surface characteristics do not influence
significantly the position of the fully-developed boiling curve ia forced
convection, the following two equations have been proposed for subcooled

and low-quality forced convection of water:

Iy
- 82), ¢ -7 o090 __ [9°
Jens-Lottes $ T, - T, p/900 156 (34)
1/4 .
Weatherhead (83) ; T, - T, = (90 - 0.127 ¥ )<105) (38pcL)

....l . e eeals

where T, i in °F aad p i psia. Both cquationa are shewn ia | Fig. 30

aloag with soma data (84). More receatly Them ot 2l (83z) suggosted

Them (83a): 'r“7 - '1'g o N /1260 106 | (35)

w.ich e392ars ¢o0 bo Ia bottcr agreameant with datc, Fig. 29, even

- 9~ P - ~
at 10U IsLIURGS.
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Righ-Quality, Fereed Gomvection

Farther along a flow passage, Fig. 26, at qualities above 5 to 10Z the
flow regime becomes annular. As more vapor is generated along the tube the
vapor velocity progressively increascs down the tube, thus increasing the
heat transfer coefficient. This effect is shown in Fig. 31 for R-22 ref-
rigerant., The effect 13 more pronounced at the higher mass flow rates.

At high flow rates, high qualities and lower heat flux, the liquid layer
on the wall may be thin enough to keep the wall‘tempsrature below the nu-
clcation temperature, Then no actual bolling takes place. lleat 1s
transferred by conduction across the liquid layer and evaporation takes
place at the liquid vapor Iinterface (86). Evidence of supressed nucleation

is shown in Fig. 32 by Bemnnett et a1(87), The data to the left are at low

_quallty and are in the nucleation regime. The right hand portion of the

data for higher quality are in the no-nucleation regime and appear to be

correlatable by the Lockhart-Martinelll two-phase flow parameteq,}{tt.

—

Vericus {uvostizotoro bave suggested o vavioty of corwclatioa
ceuntions whick ara jathored tegether 4o Toblc 1. Gomo cgwatiloas
voics Cha cotwal b da Cho two-phoco wogioz ¢©o th o hlP with eozrsction
a2ters P Lo aceount £uv nuclcaticn. The Chen cquatics Xs voccmacaded
for tae lewor quality wogfon-and Domglav und Addoms fov ghe nignoy

Qualily zozioma,
4s in the case of pool b0111n° a klnd of hysteresis has been observed
in forced convection boiling. Fipure 35 shows some data obtained at CISE
(10) for the mist-annular flow regime. On increasing the heat flux, the

wall temperature follows the curve a-b interpreted as a non-boiling curve.

+4At point b the wall temperature dropped to point c¢. Forther heating went

to point d and subsequent successive recuction in heat flux caused the
deta to follow down curve d-c-e, interpreted as a curve representing the
sresence of nucleation or boiling. A possible interpretation is that

nucleation is delayed along the path a-b because cavities have become



Author

|
i

Guerrieri and Talty($2)Collier, Lacey and Pulliné(&ﬂ Wright (§4)

Fluid ) hethanéjméy:lohexane, _" B waler — water
Direction of flow Penzene, pentane, heptanz, up down
: i up (nat. circ.) { .
'Cnannel geometry i h _— ennulay circular :

. : circuLse . ! . !
Diameter, D (in) i 0.75, 1.0 10.625/0.866, 0.375/0.551 0.719, 0.472 :
Length, L (fr) i 6.0, 6.5 [ 4.0, 2.42 5.67, &.69
Pressure level, p (psig) ' atmospheric !. 15.5 - 80 15.8 - 68.2
Mass flux, G/10° (lb/hr fr2):  around 3.5 0.987 - 7.94 .- 3.96 - 25.2
Beat flux, q"  (Btu/hr ft“) 2170 - 17,400 31700 - 252,000 13,800 - 88,000 i
Quality raage, x 0 - 0.116 0 - 0.659 0 -0.19

Recommended correlation

The correl.rions apply to “convective "

h l\n
= Al F
A

regime only,in general. The correc-—:

tion coefficient F is intended to take into account the nudleaticn effects.

A= 3.4

n = 0.45 A= 2,065~ 3.772 A= 2,721 n=0.581
n = 0.491 - 0.749
for Xee© 0.3 Recommend : A = 2,167
n=0.699 |
r, -5/9 No recommendation for F
F =0.187 ()
Ty from AT?;% lﬁig 1n(1+—2-g=-) . (dp/d!?,)TPF calculated from Lockhart-
. 3 TpP Martinelll (friction only)
w, [%s, (b /£e?]
§ = 10— thickness of lam. film adj. the wall
N ‘ e
Properties evaluated at: cat Tf = Tsat t~9.33 ATsat Tsat
No of data points/runs 192 / 96 1542 / 153 1272 /] 106
Error in correlating data | 88 % within * 20 7% 26.9 % (std deviationm) | 15.7 % (average)
E . No, l 36 a JC b Jec

(s27912g) SuoTIETE110) UOTITAOUBAT UOTIOAU0)-PadI0f ‘A3TTEnd MBTH Hms

Y.
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‘Author ! Dengler and Addoms (§§) i Chen (97) ,
Fluid ; water Tatery, methaiiol, CyClOHGXdHE PEIITANE; i
I !
Directlon of flow ! up | heptane, benzene
! , up and down
Channel geometry i circular i .
N ) ' » circular and annular
Diameter, D  (in) ; 1.0 y large range
Length, L (ft) i 20 ' large range
L -
Pressure level, p (psia) ; 7.5 - 40 8 - 505
Mass flux, G/lO (1b/hr ftg)i 0,44 - 10 large range
Heat flux, q" (Btu/hr ft°) 2100 - 21,800 2000 - 760,000
Quality range, x 0 - 0.70 0 -0.71
h = + h = ! .I
_h 3.5 E"; )0.5 hmic mac
' |[Recommended corx iation b o o0 X i
te 0.79,0,45,0,49 go,zs ;
for cosvective region only: 0‘25<Xtt<70 = 0.00122 f 2 - _—, |
To take into account nucleation ‘ AR Hp* 28 h%gz pv. !
multiply by F :
- nl Jo.r
= O.67{(AT-AT1){\6T)Sat U]T ] .(AT)°°2tAp)°'7SS + th F
- - w
if F >1, = 1 otherwise R AT h, diff. in sat. vap.
— 0.3 — with ¢ Ap = Er—-*g—- press. corr. to |
ATi = 10 (V) [V] = ;t/slec sat Vfg AT = T .T sat /
V= Gv/3600 = Gv,/3600(1-0) g,~32.2(3600)* , S and F given in . _
o from measurements or Lock-Martinell® (Fig. i
Properties evaluated at : Tsat TSat
No of ?ata POthS( runs 150 data of many investigators
Error in correlating data 85 % within * 20 7 for convective regigon 85 % within + 15.1 %

E.qNos.

37

38
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{ Author ! Schrock and Grossman(qo Wright (§%) '
i L o - '
éFlu{d 1 water water ;
1Direction of flow : up dowmn i
. Channel grometiy i circular circular f
‘Dismeter, D (in) T 0.1162 - 0.4317 — - - 0,719, 0572 ;
.Length, L (ft) | 1.3 - 3.3 5.67, 4.69 ;
H —4 -
tPressure level, p (psia) | 42 - 505 15.8 - 68.2 !
! 1 O
Mass flux, G/10° (Ib/hr £t2);  1.76 - 32.8 , 3.96 - 25.2
{Heat flux, ¢"  (Btu/hr ft”), 60,000 - 1,450,000 i 13,800 - 88,000
1Quality range, x ; 0 - 0.57 ! 0 - 0.19
| - ; i
s | / |

ande o~ 273 1

Recommanded correlation | h_ Cl Bo -+ Czcqu h = 4.192(R3LP)o.qss q.o,zsg
| i bro tt )
i ! «0.379 p 0. b
' . L
i £ ) = 7400 C, = 6690
- - Wright presents a total of

! €y = 111 €y = 2.3 12 different correlations
| I . which all fit his data.
! for 0<x<0.50 Use h o instead of b (See also page 1) '

Correlation presented
also in graphical form

.

iProperties evaluated at : Tsat »?sat
. |{No of data points / runs ~900/~v180 | 127277106
Error in correlating data 35 % : 14.9 % (average) 10.8 % (average)
Ee. No. : 39 40 \ 1




!Authb: ‘] Pierre (9) iAltman,Norris and Staub(wc) " Sachs and Long
IFluid F-12,F-22 (F-11,CH,CL)* F-22 F-11-
D?rec;ion of flew horizontal horizontal ' up
;Cnanqel geonetlry circular circular annular j
jDiaweter, D (in) 0.471 - 0.708 0.343 0.5/0.97 i
Length, L (fc) 11.7 - 27 8 1.0
Pressure level, p (psia) atmospheric atmospheric ) atmospheric
Yass flux, G/10° (Ib/hr f£t5) . 0.585 - 4.63 0.16 - 0.8
Heat flux, q" (Btu/hr {t7) . o 5000 - 23,000
Quality range, x 0.9 or 11° F sus. 0.198 -~ 25°F sup. _
2 3 Ax Ng 0ef)V 0.8 130" %]
Nu = C|(Re ) (—T—g) Nu = 0.020Re  Pr (——]
Recommended correlation . v Dy
{
for x, =0 - 0.56 for x_ £ 0.8 !
in : out !
= - 2 - L1010 _ . . i
X ut 0.08 - 1.0 ReLoKf 2.5x10 where : th? Nu is calculaFew
1012 using the hydr. di-—.
2 9 1.5x10 & y
. Refy Ko = 10° = 0.7x10'2 ’ D >D
. i " C = 0.0225, v = 3/8 2 1
€ - 0.0009, v=0-> or 7 < 0.9 1 Yy 4 0y
) for x, < 0.5 T x> 009 Re = i
Xout = 1.0 - 11°F sup. GpO+8 0.4 The actual veloci%y of the
Nu = 0.,021(—) Pr | wvapor phase,Vv, and the hydr.
t : Rei K, = 10° - 0.7x10*2 V uv V1] diam. of the vepor core, d_,
. 0 °f . . v
: are obtained from void
C=0.0082, v =20.4 fraction measurements.
Valld for average h Valid locally (Replade
; along the tube - |Ax/L by dx/dL)
Properties evaluated at : Tsat T . Tsat
. : ea .-
No of data points/ruas ) 27
Error in correlating data -10% to +20% (—20%+352?*
-Ea, No. 4.2 4-3 44

% using drze of othar investigators
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4o
General Definitions and Symbols Fe¢ TavLe !
Subscripts
2 liquid
v vapor
L0 all liquld flowing din tue
LP only liquid phase flowing in tube
b bulk
sat saturation
i at point of suppression of nucleation (or at incipience of nucleation)

T = 'l‘w - ’l‘b » where Tb = Tsat

AT, = (T - T.)

i W p’d
o Void fraction
" [l
Bo = }TSLC—; Boilirg number
%
CO ul .
Pr,= = Liquid Prandtl nmber
ya kg
GD G (1-x)D
Re & —— Re =
.0 Yy 1P Wy
Nu = hD Nusselt nwber
Ky
J & h
K. = i
z AL
k 0.8 4.4
. X (G D ‘
Brp w0, 023 @—Lﬂfl-i° ® prpet
2.
o (X N0,9 rj’ 0,5 (E_\_f}o,x
X =’/

Reynolds nwmbers

Heat trans fer coefficient

Heat transfer coefficient

Hartineili paraneter
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Critical Heat Flux in Forced Convection

OQur ability to predict and describe the condithns at the critical
heat flux is faxr infq;ior fox boiling with forced convection’ thay for pool
boiling. DMost test data are taken with uniformly heated test sections for
flow inside round tubes, rectangular channels and annuli; and some data
are taken for flow along rod bundles. Some data are available for non-

unifora heating - cosine distribution and discontinuous distributions.

Typical of test results in the vicinity of burnout is the curve showm
in Fig. 36 with four regions identified (102). “Beyond a critical heat
flux, the surface temperature begins to rise sharply and to oscillate sig-
nificantly (Region III) until the wall is completely dry and film boiling
is established (Region IV). The detailed descrlptlon of what occurs along -
this curve is intlmately associated with the two-phase flow regime that
exists, the vapor quality and the ‘total flow rate in a particular geometry. N
Regardless of the detailed de;cription, the critical condition is associated
with a sharp reduction in ability to transfer heat from the surface, for
example, a reduced heat flux at a given temperature difference or an in-

creasged ﬁemperature difference at the same heat flux,

Imagine the curve of Fig. 36 to rqpresenf the test results taken at
constant inlet enthalpy, constant flow rate and uniform heat flux in a
channel of uniform cross section. Region I will usﬁally be a region of no
boiling, that is, ordinary single-phase forced convection. We focus atten-
tion on the exit condition. The description of Regions Il and III depends

largely on the flow rate.

4t low flow rate it is possible for vapor to form at stray nucleation

sites and, because the heat flux would be low, to establish annular flow

where cvaporation can continue at the liquid-vapor interface by pure conduc-
tion through the annular liquid film without nucleate boiling. In any case,
Region II 1is characterized by an increased %eat-transfer coefficient (decrease .
in slope of the curve) because of the increased velocity caused by the presence
of the vapor. As the quality increases down the channel, the vapor velocity
may become large enough to “tear" the liquid off the wall, resulting in the

temperature oscillation associated with Region III. At sufficiently high -
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heat flux, the wall would be dry, and a fog flow would exist in the core,

resulting in Region IV that might be called film boiling.

At higher flow rates, the condition in Region II is identified as .
nucleate boiling. If the flow rate is sufficiently high, ihe critical
heat flux can occur at very low exit-vapor quality, in which case the mechan-
ism in Regobn III is similar to that associated with pool-boiling burnout.
llere, in‘Region IV, the core may be primarily liquid in bubbly flow with a

vapor film separating the liquid from the wall.

These two cases perhaps représent extremes of all possible flowing
conditions at the critical heat flux that_might occur in nuclear reactors.
In the low-flow case, it is possible that no nucleate boiling ever really
existed, and the critical heat flux was in fact not a departure from nu-
cleate boiling. 'Also, the heaﬁ fluxes under these flow conditions would
be low enough to result in a wall temperature in Region IV that would be
well below the melting point of the wall; hence, no physical burnout would
result. At the other extreme, high flow rate, the critical heat flux would
represent a condition just below a departure from nucleate boiling. Also,
the heat flux would be rather high, causing the wall temperature in Region
IV to be well above the melting point of the wall: hence, physical burnout

would result,

In the light of the above discussion, terms such as '"burnout'", 'depar-
ture from nucleate boiling'", "maximum heat flux" and so forth should be dis-
carded in favor of the more noncommittal "critical heat f£iux" defined as '
the heat flux just below the point, on a curve such as that of Fig. 36,

where the w7all temperature begins to rise sharply.

In the preceding discussion we identify the point that we would like

to call the “eritical heat flux point'". Detecting and measuring the corres-
ponding critical heat flux (q/A)crit is quite another matter. Some detectors
respond to amplitude of temperature oscillation of a temperature-~mcasuring
device usually placed on the outside surface of the test section and close

to the exit; others respond to rate of risé of such a temperature indicator:
still others respond to rate of rise of the ratio of the voltage drop over
the last quarter of the electrically heated test section to the voltage drop

over the entire test section. Clearly, each of these detectors, set to be

s 4g
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tripped at various magnitudes of temperature oscillation or various magni-
tudes of rate of vise of temperature or voltage ratio, can indicate widely
differing magnitudes of (q/A)crit for a particular test condition. The

possible variation is mot known, but a + 10% variation is not unreasonable

to expect.

The magnitude of (q/A) seems to be seriously affected by the system

crit
dynamics of the entire test loop. It was demonstrated early in the testing
programs (103) that even with subcooled liquids introduced at the inlet it

is necessary to place a well-tiirottled valve just ahead of the test section

in order to obtain reproducible results for (q/A) More recently (107),

crit’

the quantitative reduction of (q/A) due ;p insufficient inlet throttling

crit
was measured in a particular system. In the' late 1950's, data appeared for
tes: sections with inlet conditions im the quality regime (104,105,106,107)
by mixing liquid and vapor streams. A4lso, compressible volumes (108) were
intentionally intpgduced at the test-section inlet. In both these latter
cases, system dynamics or instabilities were found to influence significantly

- L
the magnitude of measured {(q;&) ..
crit

The heat transfer mechanism associated with the (q/A)cr' is intimately

it
related to the kiad of two-phase flow regime existing at its occurrence.

41l of these complicating effects have made it virtually impossible to
describe adequately the conditions existing when (q/A)cr occurs and to ob-

it -

tain adequate correlations of the data for (q/A)crit' Some correlation equa-
tions have been suggested for particular fluids (primarily water), specific

geometries and for limited ranges of operating conditions.

Influence of System Iastabilities on (q/A)C .

A R BBt e tE W ML B e W P . e AR @ Wem W W WS amm— @ et s cMem—m~= W W

The data shown in Fig. 37 were taken (108) on a once-through flow sys-
tem with an expander vessel tecd to the flow path just ahead of the test
section. The upper curve is obtained when the e:s-ander vessel is filleu
with well-subcooled water}or is not in the system. In tuis case, the flow
is quite stable. The lower curve is obtained when the expander vessel is
either with a non-condensible gas, saturated vapor, or the test liquid at
saturation tempeiature. In these cases, flow oscillates rather violiently,

presunmably due to the compressible volume in the expander.
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Another operating condition that produces similar results and instabili-
ties is with the inlet to the test sectiom in the vapor quality regime. The
research groups at larwell (Englond) and CISE (Italy) have operated test sys—
tems with inlet quality by mixing liquid and vapor streams ahead of the test

section.

In this test system, the data for (q/A)cr' are influenced greatly by

it
the system oscillations and are not representative of the stable forced-con-
vection-boiling processes. To show this, the CISE group ran tests at similar
operating conditions but attempted to rcduce or eliminate the system oscil-
lations by placing orifices just ahead of the test section. Tigure 338 shows
these results. Curve A is cbtained when there were no orifices between the
test-section inlet and the poinf of mixing the liquid and vapor streams.
Curve B is obtained when the two orifices are placed in series upstream of

the heated sggtion. The (q/A) in the dip region was increased probably

because of the damping of the :;ztem oscillations. When five orifices were.
placed just ahead of the test section, the damping of the system oscillatioms,
particularly as they influenced the flow in the test section, must have been
nearly complete, because the resulting curve A is characteristic of data ob-

tained when a system is in stable operation.

We conclude here that data for (q/A) taken in a system that is ex-

crit
periencing unstable flow is significantly lower than that which would be ob-
served 1f a stable flow condition existed. The amount of the reduction in

(q1A>crit

.the test-section boiling process that can be correlated or interpreted are

will vary from system to system. The only data representative of
data taken in stable operation.

Variables affecting Critical Heat Flux

- 4 e

An energy balance for a particular fluid (properties) at a pressure (p)

and mass velocity (G) in a duct (L,De) with an inlet enthalpy (hi) is

L
4 .
he - hi e q" dz P (45)
o

s,
he = Py =G p, ¢ (46)
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Experiments to determine ¢" for a particular fluid may be performed

crit
by setting the magnitudes of the following independent variables:

L, D, G, hy, p. Then the power to'test section is raised until the ecritical
condition 1s rcached. At this conafﬁ#on the exit enthalpy may be considercd

to be h Then in functional form ‘ f

e,crit’

Be opq¢ = £5(G hy,L, Dey D) SN CY))

or for uniform heat flux

Q" e = £5(6, hy,L, De, P) (48)

These two formulatlons assume the existence of thc energy balance, Eq.(46)

which may be used to replace any one of the variables in Eqs. (47) or (48).

For example, hj may be replaced by he using Eq.(46); then

. q"crit @ f3(G, he,L, De, p) (49)

The tests for q" could have been run taking h, instead of hj as an inde-

rit
pendent variable; then there would have been an hi,crit corresponding to

q

crit’
Cther quantities, related to those above, may be useful in correlating
data:
A" = - 1
aa, hsat hi’ inlet subcooling enthalpy

L , saturation length measured downstream from the position where
the heat added would bring the fluid to the saturated liquid _

gate at equilibrium
exit quality (related to hg)

Xj, inlet quality (related to hi); note X; and X, may both be negative

if subcooled
¥, total power added to heated sectiom,
power added over length Lg

wcrit’ power added to location where critical condition occurs

+

gy Power added from point where liquid is saturated to point
2, -

wihere critical condition occurs. !
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Data obtained when flow oscillations exist is greatly influenced by the
nature of the entire flow system. In oxder to exclud e that data, Figs.37,38,
only the data taken with subcooled inlet or very hLigh quality inlet should be
considered as providing stable, reproducible data independent of a particular
flow circuit, This puts severe limitations on any test system in attempting

to cover the entire range of variables desired.

A common way to present critical heat flux data for uniform q"cric

is shown in Fig.39 as q"cr VS. he(or Xe) with lines of comstant G for L,

it
De and p constant.

Tong(log) pointed out, that because two relations - the critical condi-
tion relations and the energy balance - must be satisfied, the magnitude of
q”C“** cannot vary with one variable alone. In Fig.39 hi varies along each

of the curves. Alternatively, then it is possible to plot the same data

against Li 2s in Fig. 40. Note the maximum-xe in Fig. 39 corresponding to

saturated liquid at inlet. In order to obtain data beyond these points longer

test Lecilons must oe used. ‘ .
Tong(1°9a) further shows the difficulty of showing treads in q"crit
because at least two variables always change simultaneously. TFigures 41

and 42 show lines of constant tube diameter as parameters. One plot shows

larger g for larger D, the other shows smaller q"cri for larger D.

crit t
The dashed line for L = 60" in Fig.42 is the same data on Fig.4l at G = 108
1b/hr ft2. Similarly Tong shows the different way q“crit varies with pressure

when he is held constant,¥Fig.43, and wnen hi is held constaant, Tig. 44.

The preceding data was for water. Figure 45 shows data for R-12

refrigerant plotted as in Fig. 39 for water.

In the subcooled boiling (115) region - Tigs.46 and 47 show the effect
of diameter and length on q”C“it in small diameter tubes. In Fig. 46 the
rs
cata fall asymptotically to a coastant value for D > 0.25 in.

Critical lleat Flux Coxrelations for Uniform g"

Vo forced-convection cdtical heat flux correlation has been evolved
that applies universally to data for all fluids and all geomctries. his
discussion will first direct its attention toward correlations for a par-

ticular fluid and a particular flow aoss-section shape and uniform heat
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flux distribution.

The correlations suggested prior to 1958 are summarized by De Bertoli
et a1(116) ang Tong(logb). Some are purely empirical, others attempt to
include some fluid properties by resorting to a description of a postulatéd
mechanism and a limited dimensional analysis. Most of these earlier corre-
lations are limited to rather small ranges of variables, and some even show
the wrong influence of flow rate at higher qualities. lere the discussion

is limited to the more receatly proposed correlatiomns.

It should again be emphasized that much of the available data may
have been taken with flow oscillctions in the system, particularly that
taken with inlet quality greater than zero, as shown in Tig. 37 and Fig. 38.
Thase data should not be included in an attempt to correlate successfully

neat flux data,

Tong<109€) reviews the various idealized physical models employed by
various people;in attempting to arrive at a logical correlation equation.
In the subcooled region these models focus on the forces acting on a bubble
at the wall and on a superheat layer near the wali. In the mist-annular
fiow regime (quality greater tuan 5 to 10%) the critical condition is visua-
lized to cccur when the liquid film dries out or disappears from the wall.
This occurs when the rate ol evaporatién plus the entrainment exceeds the
rate of dcposition of liquid droplets from the core. Obviously these
processes are greatly influenced by the vapor velocity and take place either
with or without actual.nucleation at the wall. If nucleation {(nucleate
boiling) is taking place in the liquid layer, the resulting disruption of
the surface of the layer will cause the wall to become dry of liquid at

o vapor velocity lower tham that required when nucleation ‘is suppressed.

Tong(logd) presents and reviews many of the proposed correlations, which
have been developed primarily for water as the fluid. Only a few will be

presented here.

Correlation of q"crit’ Subcooled Torced Convection

- .p s Bt By G Giemim M S G e B G . e iy -

For subcooled liquid Gamb111€117) developed an additive correlation

cric =4 b,crit tq c,crit (50)

q
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where : 1
; . /y -
g S SR
g glp, - p) P c
1 2 v J'A sub !
q = 0,145 h_ p °-—-2 , 1 +/———> (51)
b,erit £gPv oy , Py 25 hfg/
1] = -
1 c,crit hc (Tw,crit Tliq) (52
and Tw crit is evaluated from Bernath;s(lla) relation
= _ e _\_ _V__ a9 \
Tu,erig = 102 fnp 97QHQ5> 7.02 T3 (33)

where p is absolute pressure in psia, and V is flow velocty in ft/sec
assuming all liquids fiow. The magnitude of h. in Eq.(52) is the heat

transfer coefficient assuming all liquids flow in the' channel.

When compared with low pfessure, small tube data for water (Dergles(lls))

Eq. (50 predicted results too low.

snother empirical correlation for the subcooled reglon for water ounly

was Jd.velopad at Westinghouse APD, Tong(IZI)

" = (0.23 x 105 + 0.094 G) (3 + 6.01 AT

q crit sub>

0.0093 L/3¢,

x (0.435 + 1.23. e (1.7 - 1.4 ) (54)

3
1 - /4
P /3 h - a, -l
where a = 0.532 (5—9"—) ~sat 2 i

(Y .
v 13 J

Eq.(54) correlates 95% of the water data to + 20% for the following ranges
of variables:

tube, rectangular channels, rod bundles. (not annulus)

uniform heat flux

G= 0.2 x 10% to 8 x 100 1b/hr £t2

p = 800 to 2750 psia

L/Dg = 21 to 365

hy > 300 Bu/1b

AT = Q.to 228F
sub

Do = 0.1 to 0.54 inm,

-_— - . r.
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Correlation of q"cr't’ Quality Regions

——— e - am—— - -

Hacbeth Correlation
An attempt has been made to corrclate the data for one particular

fluid, water, using only these independent and dependent variables of [Lgs.

(&46) to (49) for specific geometries (nacbeth(lzg)).

In order to corrxelate conveniently the data with Eqs. (46) te (49), it
im necessary to seek simplification of the functional relation. DBy careful
examination of the world's data, excluding all data points taken with inlet
conditions in the quality range that are suspected of being associated with
flow instabilities, Macbeth found the (q/A)crit to be related linearly with
Ahy. The equation was further sinplified by employing the local-conditionm
hypothesis that (q/A)_crit depends only on the conditions at the exit in a
uniformly acated test section as it approaches the critical condition from
the nuclicate boiling or the wetted-wall condition. Then Eq. (49) should

not include L; tuerefore
(q/A) .4, = £,(G,h_,D,p) (55)

Using data irom carefully planned experiments at Winfrith, Barnet;(lzo)

shows these equations may be written in the following form:

A+ 1/4 CD(G x’lo'G)Ahi

@R g =~ YR T
or : (56)
= A - -6 . _
(q/A)Crit A -1/4 CD(G x 10 )hfgxe

where A and C are functions of D, G and p.

Macbeth(119 ) applied thesc equations to practically all available data
for uniformly heated round tubes and rectangular channels, using only data
for which the inlet condition was subcooled, and no flow oscillations were
reported. The coefficlents A and C were determined empirically. Macbeth
found he could present the results more simply by dividing the representative

equations into two zones - uigh and low flow regioms, as defined by Fig. 48.
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In the low-flow regime for uniformly heated round tubes,the critical

heat flux 1s given by

(a/A) 4, x 1076 = 0.00633h,, p-0-1(c x 10-6)0-51(1 - x) (s7)

In the low-flow regime for uniformly heated narrow channels of widtih. 1 in.,

the critical heat flux is given by
_6 3 1073 -6 ‘0.1 - 1 '
(q/A)crit x 10 0.264hf88 (G x 10 ®) (1 - xa) ‘ (58)

wvhere S is the internal spacing between the flat heating surfaces in a
rectangular channel. -

In the high-flow regime, (q/A)cr4t is given by Eq. (56) with A and C
given by

A=y D1 x 10-6)72 (59)
C= ySDy“(G x 1076)Ys

where optimized y values are given in Table 3 for various pressures for water.

For rectangular channels, replace-1/4 by 0.555 and D by S in Eq. (55).

The optimized values are given in Table 4.

In the range of reactor desipgn, these equations appear to predict the
(q/A)cr ¢ to well wicthin 10%Z xms error; however, they should not be used
beyond the range orf the magnitudes of D,C,L and p for which data exist.

Also, Ahi must be greater than zero. These equations are not applicable to

tube bundIQ§ and annuli.

Table 3. Ontimized y Values and Rms Errors for High-Velocity Regime
Burnout Data for Round Tubes (Eq.(59))

€ Gum - M G W B G T e P GER IR CET G S . G MY G Ber aE @ B Re & S ¢ A T Ga e e 4G M W S ew @ - e —em @ o . —

X Rms No. of Test

Yo 71 Y2 Y3 Y4 s Error (%) Data Points
1.12 -0.211 -0.324 0.0010 -1.4 -1.05 13.8 88
1.77 -0,553 -0.260 0.0166 -1.4 -0.937 4.7 237
1.57 ~0.5066 -0.329 0.0127 -1.4 -0.737 5.7 170
1.06 -0.487 -G.179 0.0085 -1.4 -0.555 7.4 405
0.72C -0.527 0.024 0.0121 -1.4 -0.096 3.4 133
Q.62 -G.268 G.192 0.0093 ~1.4 -0.343 9.0 362
0.0.24 =1.45 0.489 0.0097 -1.4 -0.529 4.7 37

- - STt e e memin e S e e e oS Gr s P e 08 W W e h— o - o~
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Table 4, Optimized y Values and Rms Errors for lligh-Velocity Regime
Burnout Data for Rectangular Channels (Eq.(59)).

G e Bt e ————— e A = S aah e S B @ e Ga s 4l s - > - -

——— .t ¢ e e - — o

*

Pressures Rms Yo. of Test
{psia) Yo Y1 Y2 Y3 Yy s Error (%) Data Points
600 23.4 -0.472 -3.29 0.123 -1.4 -3.93 6.1 22
8§00 0.445 -1.01 -0.384 0.0096 -1.4 -0.0067 12.9 23

12G0 1.88 -0.081 -0.526 0.0035 -1.4 -1.29 4.9 42

20300 0.546 -0,315 -0.056 0.0027 -1l.4 -0.725 9.4 359

s - rmm————— . —

—— ww ar. . - . e e - S s meE W e ¥ w et .t 8 - —— = b = v———

%1 psia = 0.07031 kg/cm?® = 0.06805 atm.

For uniform heat flux the group at CISE(107) guggest the following form
of equation
Gh

" - (a - L fm : I
' Verit (a - %) 43 . (60)

l- p/pcr
3= Ti(c/mee)s »a<t
(61)
ip Ot
b = 62(:§£-— 1} D9-%(c/10%)

Ranges of variables for which 847 of the data is predicted to + 15% are:

D > 0.28"
p = 640 to 2130 ps.a
G/108 = 0,74 (1 - p/pa)3 to 2.95
Xy = - (af8) (L/D) to 0.5a.
Note that Egs. (60) and (56) uave tlhe same form but the coefficicnts are

slightly different.

Tong(121) also presents an empir.cal correlation for the region wlen

exit quality is greater than zero.

1.56
L e ~17D “16
hcrit hi 0.529Ahi + (0.825 + 2.3 e ) hfg e |
0 (62)
. -0.0048L/D v
- 0,41 nfg e e - 1.l2hfg Bn-+ O.548hfg

2
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where D¢ is im Inches, h im Btu/lb and 6 in 1b/hr fr2.

Tor 95% of the data a + 25%, the following are the limits of variables
considered:

Tubes, recctangular channels, rod bundles (not annuli)

G = 0.4 x 10% to 2.5 x 106 1b/hr ft?

p = 800 to 2250 psia

L = 9 to 76 inches

D, = 0.1 to 0.54 iaches
L, = 400 Btu/ib to sac.
q"cri‘ = 0.1 x 20% to 1.8 x 109 Btu/hr ft2

¥ = 0 to 90 %

Quite a number of otuer correlation ecuations have been proposed. A

hese 1: presented by Tong(logd). The ones selected for

rt

survey of many of
presentacion here appear to agree with data over a wider ramge of variables.
Nevertheless all of these correlations have sliortcominpgs. Where possible it
is best .o use actual data for a system operating close to the desired con-

ditions. Collections of such data are found in references (109d) and (121)

through (124).

A Limiting Vapor Velocity

In he higher quality regions the simultaneous effects of evaporation,
droplet deposition and entrainment suggest a critical magnitude of vapor
- . al h K : ] 'M
flow. Some of the British data (125) suggest a critical Gv,criﬁ" 0.45 x 106
1b/hr re? to + 30% for G = 1 to 3 x 105 and p = 200 to 1400 psia.

. s
lozhazovi126) sugpests the followins dimensionless relation for this critical

lcd

flow velocity:

Svaeriz 5 = 115 GliﬁI/“ (63)

8y T pv i-x
The actual process of liquid film dryout is undoubtedly much more complicated
than these two simple relations suggest and is surely significantly influenced

by w.lcher or not nucleation is taking place at the wall.
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Lffect of Non-Uniform Heat Flux

The effect of non-uniform axial hcat flux distribution on the critical
conadition is of interest in nuclear re;ctor and combustion chamber cooling
jacket design. Tong(109d) surveys the various test data. liore recently
Todreas(127> obtained data for a variety of flux distributions including

discontinuous spikes for water at lower pressures in aluninum tubes. Tirure
49 shows the location of the critical condition (actual tube rupture) for ‘
various flux shapes. llere M 1s the ratio of maximum--to-mimimum heat flux

alonpg the tube.

With uniform heat £lux the critical condition occurs at the outlet end

of the tube, but with non-uniform flux it sometimes occurs upsiream f{rom the

outlet. .

For uniform heut flux since tlie critical conditlon occurs at the tube
exit and since the energy balance Eq.(46) is a simple relation, an adequate
correlation can be obtained in any of the forms of cquations (47), (48) or
(49), or for that matter in terms of total power, W, added instead of q".
These formulations are essentially all cquivélent for uniform flux distri-

bution. his 1s no: so for non-uniform flux distribution.

Earlier Tong(lzlylogd) suggested that non-uniform flux critical condi-

tion in the quality regime could also be predicted by Eq. (62) where hcr‘t

- hi is a measuve of the integrated power added.

The group at CISE (107) showed that both uniform and non-uniform heat

flux critical data may be correlated by uge of boiling length, L from

s!
where the liquid is calculated to be saturated to the dryout location and
the total or integrated power W, added over the boiling lengta Lg. The

correlation equation is written as follows:

W
S a
w I " T +0b D/L_ (64)

3

wnere a and b arc given by Eq.{(61) for water, w is flow rate, lb/Lr and

2, at a reducaed pressure of 0,27, Eq.(64)

[

W =W Xorit hfg' For Refrigerant-

s
correiated tiie duta with the 82 im Eq.{6.) for b replaccd by 1i8.

»

Jollowing the completely empirical approach of Macbeth, Kirby(lze)
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correlated availablc data for non-uniform heat flux as follows:

w here q" varies with length and q"

tudes at the critical location.

q = A

crit

stants expressed as

A= Yl

B = Y4

- B Xcric

cr2p¥s

GY SDYG

crit
The data determined magnitudes of the con-

and Xcric

(65)

are the appropriate magni-

where the magnitudes of Yn are given in Table 5.

Table 5 Optimized Constants

— e - -

B

560

ot - - -

2.411
-0.271
0.0%
3.511
0.345
0.0%

- - e e v

34

R A

3.066

g ——— e e

o ———

1000 1250
0.7468 0.988
-0.1285 | -0.191
~0.544 0.0%
1.344 2.918
0.526 0.287
-0.2278 0.0
269 22
5.73 3.37

The agreement with data is rather good.

covered:

¢ weree o e ala .

1500

— - e et wrw -

0.7423

-0.1057

-0.2335
2.384
0.6910
0.0903

*
No diameter variation

. rmen o o e nm—. .

79

- - ——_— -

4.82

TR

@ e e S e -

98

3.42

e

Overall Rms Deviation = 5.30%

D = 0.37 to 1.1l inches
L = 39 to 192 iaches
G = 0.25 to 7.01 x 106 1b/hr ft2

(66)

2000

. e i s e

80

'5.95

6.18
0.231
2.907
50.8
0.827
4.228

P T e o |

69

. et e e e p——

6.60

—— -

The following ranges of variables were
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Figure 50 shows a plot of heat flux variation along a tube and also a
plot of incipient heat flux q"i as calculated from, say, Eq.(8) and Fig. S
0f course, this incipient heat flux would occur at a wall temperature diffe-
rent from that actually existing at any position, cxcept where ¢ = q"i at
any point. The lower curve is a plot of the ratio of q"/q"i vs. position
along the tube. This can be placed anywhere on the q'" = q"i vs. h plot merely
by changing the level of heat flux and the magnitude of the inlet enthalpy.
This lower curve of Tig. 50is an opcrating curve wiose sihape and position

depends upon the actual flux distribution.

Todreas(127) found that the data at the actual burnout or tube rupture
location for wvarious flux shapes, iacluding those with sharp spikes would all

fall within a narrow band on a q" /q“i vs. u__._ at burnout as shown in

crit crit

Fig. 51. For q" /q"i below a magnitude around 1, no nuclecation occurs

crit
and the burnout data appeared to fall on a nearly vertical line which for a
given G is a particular value of Gv or vapor quality, lending support to the
suggestion that there may be a critical Gv at which the liquid layer om ‘the

wall dries out. At higher magnitudes of q" /q". 5 nucleation occurs and

crit
the burnout takes place at a lower u or X or Gv’ auggesting that the presence
of nuclecation disrupts the liquid film and the wall dries out at a lower

magnitude of Gv'

This same type of plot tends to show how buirnout sometimes occurs at
the tube exit and sometimes upstrcam. Since the operating curve can be placed
anywhere on this plot there is shown in Fig.5] two operating curves, a and b,
for 6 = 1 x 10%,  For curve a the critical local Gy (oxr h) is reached at
an upstream position, nucleation being present. For curve b the critical Gy
(or h) 1s reached at the end of the tube; here nucleation was suppressed.
This same rcasoning shows why tubeswitli heat flux spikes sdmetimes burnout

upstream and sometimes at the exit,

he seme phenomena was shown for flux distributions with spikes (129)

for water data at high pressures.

Effect of Unheated Walls of h

P @ W P v wmaLeme G e .- S — — . @ comd wo

exir

For flow in an annulus with one wall unheated, or flow along clusters of

rod bundles in an unheated container wall, the curve of q"crit vs. b as in

&
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Filg. 39 is shifted to lower he or quality. This is understandable, since
the unheated wall contributes no vapor generation, hence, for a particular local

critical condition at the heated wall the averaged vapor geameration (or h )

©

is less by an amount which depends on the ratio of the heated perimeter P

s

to the total flow perimeter P. In fact Decker et a1(130) found that criti-
cal heat flux data for various numbers of rod bundles and annulus sizes

followcd a definite linear pattern, Fig. 52, when the exit critical enthalpy

is plo:ted vs. PH/P. In Fig. 52 the ordinate is the ratio of the quality

at the critical condition in the particular.geometry to that in a round

tube with the emtire perimeter heated.

Liquid Metals .

Critical heat flux data for liquid metals is very limited in quantity.
Noyes and Lurie(88) present data for sodium in an annulus covering the range
from around 70 F subcooled to around 15% cxit quality. The resulting curves
look very much like the lower curve of Fig. 37 suggesting the presence of
severe instability. The lower curve in Fig. 37 resulted from a compressible
volume at the inlct of the test section. Tiie Noyes and Lurie system had a
short heated length with a éompressible volume in the condenser located very
close to the exit., Non-condensible gases were allowed to collect in tliis

condeaser. It is quite likely that this compressivle voluwe caused premature

burnout as in Tig. 37,

Miscellaneous Lffeccts

Frr flow of subcooled water in vertical annuli, Durant and Mirshak(13l)

report increases in q" by as much as 100%. For water in annuli in the

crit

high-quality, annular flow regime, Jansen(!32) reports decreases in qqcrit

of as much as 507 for sand blasted (300 microinclh) surfaces. On the otler

<. Y o .
hand, Houssez (10%e) reports a 207 increase in q' when roughness was

crit
incrcased from 20 to 200 microinches.

In contrast to results for pool boiling, the effect of dissolved gas

in Iflow boiling q"c has becen found to be insignificant (109f).

rit
/3 a means of delaying the fijm dryout twisted ribbons in tubes and

vortex flow at the inlet have produced increases in q" (133 and 134).

crit,

6%



Film Boiling

Film boiling as a cooling process has not had wide commercial applica-
tions because of the accompanying high surface temperatures: it may find
use in the future as better materials become available. It is, however,

often encountered in chemical process equipment and in cryogenic systems.

In film boiling, vapor is generated at the liquid-vapor interface by
conduction and radiation from the heating surface through the vapor film,
Using the hydrodynamic instability of the liquid-vapor boundary, Zuber (135)
arrived at the following equation representing the minimum heat flux for

film boilding:
( '>—‘1/2|‘ e
glp,-p g0
RV . lo
(q/A)mi = 0.09 f fe + 0,

’ﬁ.(p,l ~p )J

where Pys is the vapor density at averapge film temperature and the other

(67)

properties are evaluated at saturation tenperature. The coefficient 0.09
was determined empirically by Berenson(138) from data such as those shown
in Tig. 12. It is significant that the data for any surface finish con-
verge on tuls point, Fig. 12, and in the film boiling region are indepen—
dent of surface finish., 1In the transitiom boiling region the data are
Influenced by the same factors that infliuence nucleate boiling data, sug-

gesting that the film does occasionally touch the heating surface.

Extending Zuber's analysis, Berenson arrives at tihe following expres-

sion for AT at the minimum heat flux poiat:

1 1
ehe, [ 80y =p )] LTRSS LTS /3
or = 0.2y EER ) B ) Se T M (68)
min kg Lpl + o, g(p~p 0 ) 2o (0 =0)

he stable film regime was studied experimentally and analytically by
Bromlcy<137»138) for horizoatal tubes and vertical plates. DBy balancing
tiue buoyant and frictiomal forces on the wapor flowing in the film on the
outside of a horizoatal tube, Bromley arrived at the following equation

representing the h, associated with conduction alone:

63
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’r- . "-[l/q )
Xp (p. - o ).,\“. + 0.4c 'AT);
. v -
L = 0.62 l- LA A _&_.I_), pial Lj"',: “‘*\"P“" -~ l (69)
- ! o'v ‘v T tsac’ ‘
by -

Radiation contributes, to the heat transfer and increases the vapor £ilm

thickness, reducing the effective contrlbutlon of tie ‘conduction. ~The total

lhieat transfer coefficxent is given by
W %

‘c '
h = hc(}]) + b (70)

where h_ is calculated for radiation between two parailel planes.
A

For forced convection flow of tie liquid across the tube, Bromley<138)

suggests the following equation when Ve > ZVgDJ :

hc = 2,7 --...v..y..-..f.u.-_.-.....p.v___ (71)

and
(72)

Film boiling on a horizontal surface was analyzed by Derenson(136)
and compared with data for pentane (Fig.l1l2), CCla, benzene, and ethyl alco-

hol. The following equation results:

3
{-vfp f(pq ey, )g(h + 0. Lc AL)
h = 0.425 e v T (73)
N/ goo
RS Wi
£ 8(92 Pyl

]

- e—— -

Note this is identical in form with Eq.(69) with D replaced by /%oo/g(p -p )

which is proportional to bubble diameter, Eq.(10).

S
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Duce forx filmﬁboiling of cryogenic horizontal cylinders was correlated

(77) by tke Breen & Westwarer(129) cquation: | -

/ o f' 1/“

) 3
o0y s>/8 / kf,hgg o, /y
(g/: u,‘ond = {-4.94 %§T7E-'+ 0.115 17, [ " (TW-TB)
L— o D{p =p ) j A
v
[h, + 0.340c__ (T ~T )]?
h:b o L8 hApv w_s 74)

ig -
The :.iuimun heat flux in film boiling on horizontal cylimders is coirvelated

(77) Uy thz Lieahard and WOng<‘“°) equation:

1/2
25(p,-p,, )
i, o 0.114 [-p L - 4o
<cond L. L~ Py D (Dg - pv)
r T3/
[ . + 53 (75)
o
o
ceiction for R is us 7 " .
Redlcotion for T < 425°R is usually < 5% of q total
Jor queaching of spheres Frederking and Clark(141);
— . 1
B woasra /3 (76)

k

Fov .. > 5 x 107 where

whaote a Lo local acceleration, equal to g for a stationary syuare on earth.
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In flowing forced convection systems heat transfer beyond the point
where the liquid film dries out is essentially a film boiling process.
llere the vapor flows down the tube carrying along liquid droplets. The
process is described by Quiéh(l“Z) in Fig. 53. In the reglon of the dry-out
the liquid film oscillates ﬁack—and—forth with accompanying temperature fluc-
tuations -~ the transition région. In tlic next region the hcaﬁ flux and wall
temperatures are stcady and, the ratio of q"/(Tw—Tsat) may go through a
minimum depending on the flow rate.

The process of filwm bolling was studied in more detail by Laverty<1“3)

and Forslund<1““) for nitrogen. Typical mcasurements of wall temperature
are shown in Fig. 54 for various ilieat fluxes. The curves mecrge asympioti-
cally to the wall temperatures predicted for 100% vapor flow far downstream
well beyond the point where enough heat has been added to evaporate all of
the vapor. Clearly the vapor must have been superhieated with liquid drop-
lets entrained. The solid line asymptotes are the predicted wall tempera-
tures for 100% vapor flow and the arrows show the location where the quality
(Xﬁ) would have been 100% had there been no superheating of the vapor.
These curves plus visual observations show that liquid droplets exist far
dowvastreawm of the Xé = 1,00 point; hence significant vapor superieat was
preseat.

Since vapor is generated along tlie tube the vapor flow accelerates and
drags the liquid droplets along. Forslund(l““) predicts wall temperatures
and heat f{luxes along the tube by calculating the heat transfer from the
wall to the vapor and then from the vapor to tune droplets. In the accelera-
ting vapor stream, the droplets are taken to break up at a aitical Weber
Numbers(vv - Vg,)2 Py D/o = 7.5, which determines local droplet diameters
with drag coefficients on spheres. The prediction process involves-a step-
wise calculation of all conditions down the tube. Calculated wall tempera-
tures, droplet diameters and vapor superheat agree well with observations.
Since the calculation procedure is somewhat complicated it is not repro-

duced here.

Knowledge of lieat transfer in this beyond-dryout region is limited. -____
vata over limited ranges of variables have been correlated by simple dimen-

sionless equations, but no universally applicable prediction scheme has
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Cvedved othaer than the calcul.fic. procedure by Forslung (244,

sdusclonal Gatg wne emplolical covveiacsons appidecble over liamited vanges

a? dat. are summarized by Tonn(mf’é) and Silvastri(is),

benex Swrveys, of Bollimg sdeat Transferx -

v

. ~ua reader is referred to the following other surveys of Loiling iieat
Trunsier by Gousce(l ), Rohsenow (147) Tong(109), siivestri€3%5) Leppert and
Pitts(146) | wWoutwater(146), D.V,ver(l‘ig) .



SONMERCLATURE

avea of hLuesciug surface
suri{acec aveca of a bubble
thermal diffusivity, k/pcp

cocfficiént of Lq.(16) which depends on tue nature of the
heating-surface-£fluid combination '

specific heat of saturated liquid, Btu/lbm °F

. tube diameter

diameter of the bubble as it leaves the heating surfac , (t
equivalent diameter = 4(flow area)/perimcter

frequency of bubble formation, 1/hy

mass velocity in a chlannel ox tube, 1d /hr ft?

mass velocity of bubbles at tleir departure from the
heating surface, 1b /hr fe2 .

acceleration of gravity
conversion factor, 4.17 x 108 lbm ft/hr? lbf

,enthalpy, Btu/lb

lateat heat of evaporation, Btu/lbm
(q/A) /AT, film coefficient of heat transfer, Btu/hr [weer

"778 ft 1b/Btu

Jakob Number, p (T ~T )/p h

sat fa

+ thermal conductivity of sturated liquid, Btu/ar £t °F

length

molecular weight

Nussclt number = hd/k

bubble Nusselt number, defined by Egs.

 number of points of o*1gxn of bubble columns pur £ft? of

heaLlng surfacc
Prand~1 number = lu /k
crlcical pressure ‘
pressure on liquid side of 'interface of radius r

pressure on vapor side of interface of radius r

* heat transfer rate per unit heating surface.area, Dtughr £t?

Lieat transfer rate to bubble per unit heating surfaCe while
bubble remains attached to the surface, Btu/ar ft?

gas content; also bubble radius

bubble Reynolds number, defined by Egs,

e
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Nomenclature
T radial distance
L]
Tb'Tliq'Tz temperature of liquid, °F l
Tw temperature of heating surface, °F
L]
Tsat'Ta saturation temperature, °F
t time
v volume £t3/1b
W,w flow rate, 1lb/hr
X e two phase flow parameter, defined in Eq. (36)
z depth
8 bubble contact angle, defined in Fig.2
AT
subcool Taat-Tliq
a thermal diffusivity, ftZ/hr
" viscosity of saturated liquid, lbm/ft hr
) density of saturated liquid, lbm/ft3
v density of saturated vapor, lbm/ft:3
9,9, surface tension of liquid-vapor interface, lbf/ft
9.1 surface tension of solid-liquid interface, lbf/ft
%a surface tension of vapor-solid interface, lbf/fc
v .kinematic viscosity, u/p
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mransferencia de calor por paso en el elemento diferencial:

Paso 1 Wt Cpgy dtt = UTA(Te-ty)dx —- -——=(1)
PAso 2 =Wt Cpypydtyr = UppA(Te-typ)dx (2)
Paso 3 Wt Cpypppdtppre UptrA(Te~tyyy)dx ‘ (3)
Paso N-T Wt Cogy_y8ty.y= UyaTA(Te-ty_y)dx (4)
PAso ¥ =Wt Cogy dty = Uy A(Te-ty)dx (5)

La caniacidad calor{fica puede considerarse una funcién lineal
de la temveraturat

Cpti = a4 b t3 (6)

Tl cocficiente total de transferencia de calor 1711 represen-
ta la inversa de la suma de las resistencias individuales a 1la
transferencia wue presentan los fluidos por dentro de los tu =
bos y por la envolvente y puede exnresarse en términos de los-
coeficientes individuales de pelicula: i

hi ho

U; =
Y7 hi+ho (7)

Substituyendo ecuaciones (6) y (7) en ecuaciones (1) a (5) :

d A 1 hiy ho

Ry LT (ge-t) (8)
éx Yt a + bty hitg+hoy

Gigyp A 1 hiyyihotr -

— = (Te-tr7) (9)

ax Wt a+bt1r higy+hory

dtN_T A 1 hiN__I hoN—I

= Tew~t 10
ax Ht a + th-—T hiN_I+hON_I ( & N—I) ( )
aty _ -A__ 1 hiy hoy (Te—tN) (11)

dx Ut a + th hiN+hoN
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Balance de Crlor en el Elemento Diferencial del Cambiador:

Calor cedido por el fluido por la envolvente = Calor ganado por
el fluido por los tubos.

Qg = =Q ——(12)

K ° tx@ Atl tn b&tn —Em 1 Ltﬂ

Ny = wt[ (a+bty)dty =\ (a+btyp)dtyy + | (a+btyyp)dtery +

4 tg tm
tuer vty bav dku
+ eesmeses +\ (atbty_y)dty_y =) (a+bty)dty} -—-—=——(13)
tux ty
Teslle
Qe = We (4+BT,)aT, ~ (14)
—- Te ,

¥l conjunto de ecuaciones diferenciales (8) a (11),(13) y (14)
constituven el modelo nmatemdtico representativo de un elemento -
diferencial de un cambiador de calor, y el modelo corresponcien-
te al cambiador integral :uedarid determinado por la integracibn
de las ecuaciones diferenciales mencionadas. ’

Para la integracibn de estas ecuaciones se introducen una se-
rie de simplificaciones al modelo 'jue permiten su resolucién me-
6iinte procedimientos analiticos y las ecuaciones integradas ten
drin aplicacién en ajuellos euuipos donde las simplificaciones -
efectuadas en el modelo matemdtico tengan justificacibén en el mo
delo fisico correspondiente. '

A continuacién se presentan algunas de las ecuaciones integra
das, derivadas del modelo diferencial presentado, indicando las-
simplificaciones ue se introdujeron para su dérivacién:

2) Un cambiador de calor con un sblo paso por los tubos, con-
siderando .ue las capacidades calorificas de los dos fluidos y -
el coeficiente total de transferencia (U) son constantes indepen
dientes de la temperatura: '

(Te]_ - Tt?)"(Te? - Ttl)
(Tel - T'tz)

Q = UTA (15)

Ln

b) Un cambiador de calor con un solo paso por los tubos, con-
siderando .jue las capacidades calorificas de ambos fluidos son -
constantes indenendientes de la temperatura y que el coeficiente
total de transferencia es una funcién lineal de la femperatura -
del fluido por dentro de la envolvente:

U187 - T-ATY
R A ;HN:) (16)
Ln'____;i_

(17,47 )
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¢) Tin cambiacor con dos »asos por los tubos, consgiderando .ue
lac capaciocades calorificas de ambos fluidos y el coeficiente to
tal de transferencia de calor (V) son constantes independientes-—
de 1la temneratura:

L To =&T]
Q=UA ——— R, (17)
' In L5712 '

LT

,'R? + 1 In 1-3
1-R S
2 = S(R+1= {R? +1)

2 — S(R+l+ 4R2 +1)

Py =

(18)

(R-1)Ln

d) N cambiadores en serie con dos pasos cada uno por los tu-
bos, considerando jue las cavacidades calorificas de ambos flui
dos y el coeficiente 1otal de transferencia (U) son constantes-
independientes de la temneraturas”

&Tb - ATy '
Q=UA4 , Ft (19)
, ATs
Ln

ATy
Tl factor Py se presenta para su cdlculo como una serie de-
grificas de P4 contra S a diferentes pardmetros de R

Te; = Te,

RE — (20)
Tto = Tt1

s = —2 (21)

(.0 L= e

09 o
0.5 = n
»
e/ 3
jo
0.‘4' -
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La estimacibén del factor Fi mediante el uso de estas grificas
nresenta interés pridctico para cdlculos de escritorio, sin embar
50 para un cilculo estricto con computadoras resulta preferible-
utilizar las exnresiones analiticas correspondientes:

Siendo n el nlmero de cambiacores en serie y Ry S funciones-
de las tcmperaturas de entrada y salida de los Tluidos por los -

tubos y la envolvente, definidas por las ecuaciones (20) y (21),
se tiene:

Para R=1
S

X = -
n-nsg+ S ] (?2)

A
R

- - - - ---123)
L -f-i-&+,w+ﬂ
ni = -
PR (T

-

Para R £ 1 . i

x_, __-_-—. _—-’-.—r‘-'-(ZQ)

- Ln

rom __‘f__:f_.§

- x
R-\ \-® -
F - —-——'.‘\ -----.(25)
t —
L“ - ey

L oo - R YR
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¢) Resolucién estiricta del modelo matemdtico sin introducir
nin una simplificacidn:

como e dijo anteriormente, el conjunto de ecuaciones dife-
renciales (8) a (11) representan el comportamiento de un éle -
mento diferencial de un cnmbiador de calor. Cuando se tengan M
cwnbtindores con N pnasos por los tubos, se tendrfa un conjunto-
de NxVW ecuaciones diferencinles, ésto es, una ecuacibén por ca-
da nnso de cnda cambiador, .ue expresa la variacibén de la tem-
peratura correspondiente con respecto a la longitud del cambii
dor. '

Para la resolucién de un sistema como éste, resulta necesa-
rio recurrir a un método numérico de integracibn, de los cua -
les puede elegir el método de Runge-Kutta:

Para n ecuiciones diferencianles:

dyi
dx

= Fi(x7Yi) y i=1,n ) (?6)

D2do un incremento finito ( &8x) a la variable independien -
te, (x), los incrementos correspondientes (Ay;) de las varia -
bles dependientes (yi), involucra el cdlculo de cuatro grupo -
de constantes:

Primer Grupo:

K(i,1) = &x Pi(x,yi) , i=1l,n (»7)
Segundo Grupo:

K(i,?) = ax Fi(x+ax/2 , yi+K(i,1)/2) , i=1,n (8)
Tercer Grupo: .

kK(i,3) = a&ax Pj(x+ax/2 , yi+K(i,2)/2) , i=1,n (29)
Cuarto Grupo: s :

K(i,4) = &x Fi{x+ax , y;+k(i,3)) , i=1,n (30)

na vez calculados los cuatro grupos de constantes,los in -
crenentos corresnondientes Ay4{ pueden obtenerse:

vi = /6 (K(1,1)+2K(i,2)+2K(i,3)+K(i,4)), i=lyn  —mmm———e (31)

n las ecuaciones diferenciales (8) a (11) y en peneral en-
lac WxM ecuaciones yue se tendr{an paro M cambiadores, estd in
volucrada la temceratura de la envolvente Ty, pudiéndose esta-
blecer una relacién entre &sta y las temperaturas tT, tTyT, ese
tNy mediante un balance de calor desde el exiremo iz.uierdo del

camtiador (™ig 1) y cualiuier nunto intermedio a una distancia N
Xe
*1 tn tn.i
A= wti (asbtr)daty = | (asdtrr)atry & oeeee + | (Aebty_yp)dty_y
2 s
to tu ‘e s
=\ (asvty)aty " (37)

tu,
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(?: wq',g(tr—t-‘-o){aib/?(tT-tId)}x - (tTT‘tTTo)ianb/?(tTT"'tTTO)} + eee
+ (tN—T"tN—To)Ea"'b/?( tN-T"'tN-To)} - (tN"tNo)ia"'b/?(tN"'tNo)}E ——=(33)

La: exvresién (33) reoresenta el calor ganado por el fluido por
dentro de tubos en el tramo de cambiador correspondiente a x = 0
al x = x y debe ser igual al calor cedido por el fluido dentro-
de la envolvente en el mismo tramo:

Te :
0= =W, 3'&( A+BT_)dT, - (34)
0= —lg [A(Te—Te1)+B/?(T§ - Til)] (35)

De donde se nuede desneijar:

, 1 -
T o= -a/B 2 \[fﬁ/n)g + 2/B(ATe,+B/212, ~Q/¥e) (36)

7l signo del radical serid positivo cunando la variacién de la capa-
cidad calor{fica sea directa con respecto a la temperatura (B> O) v
negativo cuando la variacién sea inversa (B< 0).

Para poder resolver el sistema de ecuaciones diferenciales por mé-
todos numéricos,es netesaygconocer los valores inicinles de las varia -
bles derendientes (a x=0) ya .ue a partir de éstos, se calculan los -
incremcntos corresnondientes a un incremento de x. Para el caso del -
sistemn de ecurcionec annlizado, es necesario partir de valores para:
tTo’ tTTo g see tNo de los cusles s6lo tto es conocido ya .ue corres—
nonde a la tempveratura de entrada del fluido vor los tubos.

Ia naturaleza del nroblema, implica pues la nécesidad del emnleo -
de un método iterativo vara su resoluciébn,

Analizando la Pigura 1 tenemos yue: Para x=0 t4 = t541 donde 1 -
es nlmero nar, y para x=L t3 = ti,] donde i es niimero non. Fl método
iterativo puede consistir pues en los siguientes pasos:

a)Suponer valores iniciales .tue cumplan con las condiciones vara -

x=0

b)Resolver las ecuaciones diferencizles hasta x=L

c)Checar .ue se cumplan las condiciones para x=L

d)Si las condiciones checan el cflculo se da por terminado y en -

caso contrario se vuelven a2 suponer valores iniciales y se revi-
te el cdlculo,

Fl procedimiento _ue se sifue n4ara resunoner loz valores iniciales
de las variables indenendientes es el =iguiente: -

L) Se crlcula la sumr de crloTes transmitidos en c2da rar de pasos
1-23 3=43¢eN=1=N v en gerc1 i-i+l

B) Se determinan los nuevos valores iniciales de temperaturas, ha-
ciendo un balance de calor de los nuntos 1 a 23 3ad; ... N-1 a N des-
pejnndo las temperaturas de los puntos pares en funcién de la de los-

nuntos nones y el calor calculado en (A) y se igualan las temperatu -
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10 nones (i+l) a las vares (i) de acuerdo a las condiciones re.ue-
ridas x =0.
Tste procedimiento wueda mAs claro mediante una figura yue mues=

tre los perfiles de temperatura obtenidos cuando las suposiciones -

a

. iniciales no son las correctas:

Teo - -
tmo T e e — T T Te &
T T --~«-_‘; Eymr™
IR ——_
tﬂ,’ o, T S _t—_:‘—_:__ — %
- R
T . &
tm,:’tgo — T ) P Wy
— Lawg
} -//._._
twtmol/ﬂ &"1’15
! 7
lx ’—_‘______'_________._._-—-——-—"“_——_—-_——‘— tl;
R L -
o X

Después-de haber calculado un verfil de temperaturas correspondiente

al del diagrama, los nuevos valores iniciales de temperaturas para la -

iteracién siguiente se calcularfan siguiendo la siguiente secuencia:

A)

)

(@]

Ly

tnlacular calor transferido en los pasos T y T1 por balance entre
las temperaturas (t1, a tye) ¥ (tTTf a t71,)
Calcular nueva temperatura tyy, por balance de calor entre las tem -

pératuras (tTo a tTTo) usando el calor calculado en A)

Calcular calor trunsferido en los pasos TTT y TV por balance entre -
las temperaturas (tTTTb a tTTTf) y (tTvo a tTVf)' '

Calcular nueva temperatura tTVo por balance de calor entre las tempe
raturas (tyr7, 2 tTVO) usando tryy, ieual al nuevo valor de tyy, -
calculado en B) y con el calor calcu.ado en ()

Calcular calor transferido en los pasos V y VI por balance entre las
temneraturas (tVo a tvf) y (tVTf a tVIo)

Calcular nueva temneratura tyT, por bilance ac calor entre las tempe
raturas (tvo a tVTo) usando ty, igual al valor calculado para tTV o
en D) v el cilor cnlculado en T)

nalcular cilor transferido en los nasos VIT y VITT por badlance de ca

L]
lor entre YWns temperaturas { tyTye A tVITf) ¥ (tVITIf a tVTTIo)

Calcular nueva temperatura

peraturas (tVTIo a tVTTTo)
cilet:l2do en F) y el calor

tVITIT, Por balance de calor entre las tem
usando tVTTo igual al nuevo valor de tyy,
calculado en G)



- 10 -

—
~—

Teunlar temperaturas (t77T, = tTTo) 5 (tvo = tTvp) 3 (tvrirg = tvrg)
J) Resolver nuevamente el sistema de ecuaciones diferenciales con los
nuevos valores iniciales calculados para las temperaturas de cada-
uno de los pasos y volver a obtener el perfil de temperaturas.

v

CONPTCTENTES INDTVIDUALLS DI TRANSFERENCTA DE CALOR
Tn un cambiador de calor ocurre una transferencia de calor de un -

{i2ico caliente a otro frio yue se ponen en contacto através de¢ una -
surerficie metdlica y :ue en el caso de un cambiador de haz de tubos
¥ envolvente corresponde a la superficie de los tubos. La transferen—
cin de calor.es provocada por la diferencia de temperaturas entre los
dos fluidos presentandose una serie de resistencias a dicha transfe: -
rencia constituidas por:

A) Resistencia a la transferencia-de calor por conduccién en la pared
metdlica, la cuzl viene dada en funcidn de las dimensiones del tu-
bo y de la conductividad térmica del material del ~ue estid cons- -
truido:

Rm = D7 Do

L s
o (37)

B) Resistencia arla transferencia de calor por conveccibén presentada-
por el fluido por dentro de los tubos y que corresponde a la inver
sa del coeficiente inaividual<de transferencia: hi

C) Resistencia a la transferencia de calor por conveccién nresentada-—
cor el fluido por la envolvente y jue corresponde a la inversa del
coeficiente individual de pelfcula h,

D) Resistencia a la transferencia de calor presentada por laé incrus -
taciones sue se forman poco a poco sobre la superficie metdlica tan
to ¢n la pared externa como la interna. Tstas resistencias tienen -~
el valor de cero cuando el cambiador estd limpio existiendo valores
recomendados para las mismas para diferentes tipos de fluidos, valo
res .ue corresponden a la resistencia estimada por incrustacién des
pués de un periodo de operacibén del cambiador de 6 meses: Rd; y Rd,

La resistencia total a la transferencia vendri dada por la suma de
las recsistencias indivicuales y corresnonde a la inversa del coefi
ciente +otal de transfTerencia de calor:

1 1 1 Dy Do

Rt = = + + Ln— + Rdj + Rdo- -(38
YT b &k D ' ° )

ra calcular los coeficientes individuales de pelfcula hi ¥y hy se
di~none de correlaciones semiempiricas determinndas exnerimentalmente
tas correlaciones estdn dadas en su gran mayorfa como ecuaciones
e estiblecen la relacibén de aiversos grupos adimensionales:
NSeero de Wusselt: .
Nu = hd “
k

v P ' -
A

NG, ero de Reynolds:
Re =
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Nimnero de Pranatl: w

Cp M
X

Pr = fe- e e
y la formr mis comin de la ecuacibén jue establece la relacibén entre es-—
tos gruros adirensionales es:

Nu = a Re® pr®

’ .

conde l:e constontes a b y ¢ son determinadas experimentalmente.

coeficientes Tndividuales vor dentro de Tuhos:

Fxiaten varias correlaciones para los coeficientes de pelfcula pnr -
dentro de tubos, renortadas en la literatura, las cuales se pueden divi
dir en ires gruros atenciendo al régimen de flujo:

8) Régimen Laminar (Re<€ 2100)

Tcuncidn de Sieder y Tate:

Nu = 2.0? Gz'3333 (39) )
Feouacifn de Drews |

Moo« 1,75 627 (40)
Ticvacidn de Colburn: -

Nu = 1,65 GZ.3333 (1 3333

+ 0.156r)° ——— (41)

rd
wcuacibn de PButhod:

?, .11
Mu = 1.06 (Re Gr Pr’) 3 (40)
Tcuacibn Fusank: i
. « 333
‘ Nu = 1.75§§GZ+O.A)(D/L Ar Pr) 75} 3333 (£3)
Teuneidn de ¥ern—-Otihnor:
Wu = 2,09 Gz" o5 Y (44)
Fcuwcibn de Oliver: ) o 79 .3333
N¥u = 1.75 icz+.ooo56(crpr L/D)" } feoC2- (45)
Donde: .
Gz = ¥o de Craetz = — - (46)
kL
Q = Weeotor de corrgrggﬁn por conduccién natural =
043_, \ ‘
= 2.95(1+.01 ar )/in(Re) (47)

"= Gnsto en masn del fluido vor los tubos lb/h -

o= nnlor esnecffico del fluido por los tubos Btu/h @

k = Conductividad térmica del fluido por dentro de los tubos Ftr/h A -
I, = Longitud de los tubos ft

3 2
D" ¢ egp Ota
Gr =
g 8 >
g = aceleracién de la gravedad 4.18 10 ft/h
3 = factor de expansibén volumétrica del fluido 1/°F
&he = diferencia oe temneraturas entre el fluico y 1a nared del tubo °F

¢ = dendidnd del fluido 1b/ft3
f1 = viscesidad del fluido 1b/, ft h
) = «ifwetrc interno de tubos ft
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2} R&5imen Turtulento (Re $10000)

Teous i dn de Sicoer v Tate:

.8 .
Mu = 0.027 Re Pr 3333 - (48)
Tcuacidn de Van Glann:
e 6.8 1 8 .m -
= gt T o .( M agmen ) SR P e ems e e e e 0 e e e i i
Nu T 0.023 (1 A)aﬁc Pr (49)
donde: )
A =14+ 19 Pr 4+ 100 Pro , (50)
.04 1 .1
m = Q.41 Re ( m‘- ) (51)
Teuacibn de Weismanne
.8
Nu = 0,023 Re’ Pr (59)
donde: -
-0.07 .
m=1-1.22 Re T (53)
) pésimen Transicional (2100< Re< 10000)
feuzcién de Norris:
Nu = 0.C067 Re Pr = (54)
Tecuacidn de KFuznetson y Leonenke:
0.8 0.4
Nu = 6.021 Re Pr f(Re) F(Re) Cr (55)
Donde:
Re - 1800
f R = lol 6
(re) = 1.1q 2e=3800 (56)
?(Re) = ~0.167 Ln(f(Re)/2.3) (57)
Tcuacién de Hausens
6666 . 6666

Nu = 0.116 + (Re - 125) pr3333 .1, (p/L)"  =-(58)

ticurcidn cde Metais:

. . )e .36
ma = 4.69 e’ 2T pe?" 7 70T (/1) (59)

Correlacidn Grifice de Kern:
Tista correlacién corresvonde 2 una grifics de un factor
Jh ¢hdo 2 diferentes valores de Re y con diferentes nardmetros de (1/D)

<

Fetermin=do este valor de las grdficas, se tiene la siguiente relacién:

g -
0.3333 ( f} )0.14 (60)

72

Hu = Jh Pr
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‘Goeficientes Tndivicuales de Pelfcula por la Fnvolvente.

4) Mé&todo de Kern
Kcrn prosentn unt correlacién griafica de va factor Jh en funcidn del
nimero ce Revnoldss

De G ‘
Re = ;l . (61)

honde:

4 (Pt =W 107 /2)

= Vidmet yuivalente = - 69
De jiametro e ;uivn 191“ Do ( )
Pt = Distinciz entre centros de tubos in
To = Didmetro externo de tubos in

G = Vasa velonidad = WS/AS lb/h £4°
Ws = ®lujo del fluido nor la envolvente 1b/h

As = Atea de Tlnio = TS C B/144 Pt ft°
I8 = Tidmetro interno de la envolvente in
¢ = (Ol2ro ert: {ubos = Pt-Do in
B = Tistanciz? entre marparas in

In~ vez calcul:do el factor Jh el coeficiente 3e nelfculs se cal-
cula de ncuerdo a 1n ecuvacibn:

0.3233 (,5_4 0.14

Nu = Jh Pr ye ' (63)
[

R) ¥7i-do de Dnnohue
I~v.ohue vrouone una correlacién entre los nluneros adimensionales
de Nuss~l*, Reynoldas y Brandtl:

4 . .
Yo = Ouoo Rl pp0e3333 (ﬁ; )O 1
[~~]

(64)

Neade el nimero de Reynolds estd definido en huse 2 una masa ve -
locicsd media gecométrica entre las masas velocidades transversal y lon-.
gitudinagl:

Cm Do 65)
p(—’ = 3
y _ (65)
reo= Jot 0
(‘1 = Masa velocidzd transversal = Ws/At 1'./h £12

Al = Aren de flujo tranversal £t7 = (Ds = E)*/144
< = Difmetro interno de la envcivente in
= T staneia entre mamnaras Tn

= Trnucio ocupado nor los tuhos en un difmetro de la envol-
vente in = Nt Do

To = Nidmetro externo de tubos in

Nt aero de tubor on un didwetro de la enminlvente=

1t

= ;432—— + 1
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Dt = Distzreia entre &entros de tubos 1in
r = glaro enlre tubos in
Gl = Moaa velocidad longitudinal lb/h £12 = WS/AI
21 = Area de Tluio en la ventana de las mamparas ft?
fcorte 4(De” - NttDo?) |

B 144 , ,
Mi4= Minero de tubos totales en el haz. !
4 norte = Relacién del Area de la ventana al 4rea total de la

M2MDara.

o) vétodo de Tinker

™) méiodo de Tinker es uno de los métodos mds rigurosos reroriados
on

1 Ja literatura, yn que aneliza los diferentes tipos de corrientes rue
we g eneran en la envolvente de un cambiador de caler y toma en conside -
»10ién _ue lz transferencia de calor depnende bdsicamente del flujo efec—
tivo a2 1ir=vés del haz de tubos y no del flujg total por la envolvente.

¥n ¢l andlisis oresentado por Tinker, se proponen la existencia de
_ri - corrientes fundamentales en la envolvente:

L vna corriente trensversal B a través del haz de tubos.

2 T

» flujo A por el espacio litre entre los tubos y los barrenos en las-
LaNpPATAS.

3 7In flujo longitudinal a través de las ventanas de las mamparas.

A Tn efecto combinado de los tres mecanismos anteriores en los bordes de
178 mamarns.
5 M1 corriente C wue rodea el haz de tubos sin pasar a través de ellos,
% Derrares E sobre los espacios libres entre las mamparas y la envolven-
e
. e e e G e e e e e s DI P, ; Peds

g wipe] haPyr e ot
2L el o Lot i AL el i oot (ot et 45t o

N
e

RECENRN
BRSNS SO

AN

 RSIRI

e m e eener—
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L~ corricnte B se considera como la suma de las corrientes a través
de ln ventana de las mamparas y a través del espacio enire agujeros y -
tutos (A). La cintidad de estia corriente a traves del haz de tubos (B)-
de la .ue depende funcawentzlirente la transferenciz de calor serd pues-
una fraccibn del gasto totali por la envolvente:

Qg = Fh Ws (66)

Bonds Ph serd una fraccifin sue depende de la gecmetrfa del cambiador
~ue .ueda definido por la relacibn:

1

Fh = - 6
1+ W JDs/Pt (67)

De = Didmetro de la envolvente (in)
Pt = Distancia entre centros de tubos (in)
Nh = Factor de capacidad definido como:
3/2
(1 1 e 1/2 (68)
Nh= ¢ + 4 + Cig Crpq  =—=————
v L/? VPR REURCU
C14 C14

. . uh . . ‘.
Los coeflc1entes'ﬂ, 1pg$ﬁ son funciones del espaciamiento entre -
m-mparas, didmetro externo de tubos y separacifn entre centiros y para-—
arreglo triangular estidn definidos_vor: ‘

Lo % Pt/Do %ﬁm ? )

‘Qg = .? B

} Pt/bo - 1 ‘ (69)
0.82 ¢y Ds Pt/Do

b = ——, — , (70)
(Pt/Do)” B Pt/Do - 1 :

Wy = 1.48 {—%—}Q— % %L /v 1 — (71)

Pt/Do - 1 |

Pares arreglos cuadrado y rotado, deben introducirse los siguientes
muliinlicadores a W, W g W

v

b ¥y Wy

o rwmaes—

o 1.000 0.805 0.930
S 0.707 0.687 0. 800
Do = Didmetro externo de tutos (in)
B = Sevar-cibn entre mamparas (in)
= Altura de la ventana (in)
C3=1-C? ‘
Co = Relecién del 4rea de la ventana al 4drea total de la mampara

s ce Tmtes Oy Toe y Clg devenden ce la consiruccién del cambia

ar v vienen ¢acdogs nor l-os si

©

tuiéntes exnresiones:
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C14 = Dg/Dp

Cis =(Dsy = To)/Dy

€16 = (Dg = Dv)/Dg

Dy, = Didpetlro del haz de tubos (in)

Dn = Dinmetro de los barrenos en las mamparas para introduccidn de
tubos (1in) '

Dy = DiAmetro de la mampara.

Alsunos valores caracter{sticos de construccién de estas relaciones
son las siguientes:

®
C14 C15 16
Cabezal Wijo 1.040 0.045 0.008
n2bezal flotante 1.075 0.045 0.008

Tn 2lpuncs casos con el objeto de evitar las corrientes varisitas E

v C ol cambiador se construye con fajas de sello y vara tni.s casos, -
la constante Cj, se ve modificgda de actuerdo a la signientc relacibn:
’ (Cld-l)
Cig = 1+ ————z—~—— + 15 C16 (7?)

=1 dAren de flujo para determinar la masa velocidad con L2 'jue se c2l
culari un nimero de Reynolds correcponde a la media geoméirica entre el
Area de flujo transversal y elrdrea de flujo por la ventanu:

3

NI SRTTHESI Y )
‘ttm = \?AX A‘W = - M A.x (73)

Am = Are: de Tlujo media (f£t?)
Ax = 4ren de flujo transversal (ft°)

Aw = Aren de flujo de la ventana (f£t?)

¥ = Factor parn determinar el drea de Tlujo media.
Arreclo & Cy (Pt/DO) -1

o CA= - (75)
Arreslo 3 (rt/Do) )

1.414 ¢4 (Pt/Do) - 1 .
Arreglo & Ca= / (75)

(P‘L/DO)

ponce C4 dependge de la construccién del cambiador y toma generalmente
un valor de 0.97

1 .
My = m Cyy - (77)

“ﬁ
g 0.785 Co & Ds -‘3/‘&

m =

(78)



- 17 -

& = Tracecidn del dren iransversal de la envolvente no ocupada por tubos.
% 1.67
1 ! \
Moo= (79)
0.70 B 1 .
E 1 <+ 6 -1
‘s D *

i
S My

T base dol dren transversal Ay, WL factor My,vel .fdectdr ¥h y el flujo
total Ws se determina una masa velocidad:

g . Fh Vs ‘ (80)

M  Ax

. . R J
Coa 1ln masa velocidad se determina el nlmero de Reynolds:

) 0.0344 Do G (81)

i

’
v v
'

44 viscosidad del fluido por la envolvente (c. poises)

Tinker vresenta varias grificas donde se puede determinar un factor
Ji en funcién del Reynold usando como pardmetro la relacibén (Pt/To).

Tinalmente, el coeficiente de pelfcula puede calcularse de acuerdo
a la giguiente relacién:

1/3 & 0.14

Mu = Jh Pr (fi ) (82)

Por otro lz2do, el método Tinker toma en consideracidn 4yue las turbu-
lencias ocasionadas en el flujo por la envolvente, no sc presenta a lo-
largo de 12 longitud total de los tutos, ya due existen tramos en los -
extiremqs del czmbiador, en los -ue se encuentran con un espaciamiento —
diferente al de la totalidad de!las ramparas, estableciéndose por este-
concepto el concepto de eficiencia a la .transferencia, la cual es fun -
cibn de 12 longitud total de los tubos, separacibén entre mamparas y se—
puracién de las boquillas de entrada y salida de flujo.

28 0.5
Ly + (L - Ly )
- L - Ly ras
E = (53)
L
L = Longitud totnl Ce tubos (f1)
Ly= Loncitud entre bouuillas de enirada y salida (ft) .

71 coeficiente de pelfcula determinado mediante la ec (82) debe mu#:c
corregirze por concepto de esta eficiencia:

.

I{o = E ho (8/1)

“ebe tamhién hacerse notar 1ue Tinker recomienda que los cortes de larc
mamniras se hagan en funcibn de la relacidn (Ds/B) con el objeto de mantc
ner sonsiancia en la relacién del Area de la ventana al Area de flujo pa-
ra cnuil uier discfio.
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Los vilores gue se recomiendan nara estas relaciones son:

Ds H Co _
B 7E; Corte
1.0 C.46 0.45
1.5 0. 34 0,30
2.0 0.25 0520
3.0 0.20 G.15
A.0 0.16 0.10
5.0 0.16 0.10

n varios de los métodos mencionados nara elescdlculo de coeficientes
de nelicula tanto por dentro de tubos comn por la envolvente; es necesa
rio el determinar la relacién ( / y*34 Lo que implica calcular 1o tem
peratura: en la vared del tubo.

= Viscosidad a la temperatura del f{luido

= Viscosidad a la temperatura de la pared del tubo.

Para hacer este cidlculo se puede considerar iue la temneratura de la
paTed es Gnica tanto en la suverficie interna como la externa, lo ,ue -
corresronde a desvreciar la resistencia presentada por el material me -
t41ico del tubo, consideracién muy cerca de la realidad ya 4ue esin re-
sistencia es muy pe.uefia comparada vor la presentada al flujo de calor-
por conveccidn en cada uno de los fluidos.

Bajo esta consideracidn, la temneratura de pared vendrd dada por la-
siguiente expresidns

= a3
Tw = (85)
Segln &ésto, tenemos uue para calcular la temperatura de pared se ne-
cecitan conocer los coeficientes de pelicula y para calcular los coefi-
cientes de pelfcula se re:uiere como dato la temperatura de pared, lo -
iue implica un método iterativo para la resoluciébn.

Termreratura de la pared del tubo.
Terneratura del fluido_dentro de tubos.
Temperatura del fluido por la envolvente.

T
e
i

To

CATDAS DE PRESTON

Tl cilculo de caidas de presidn cs otro aspecto fundamental a considerar
en el estudio de cambiadores de calor tanto para el vroblema de dimensig
namienito como en el de andlisis de e.uivos instalados.

Bl cilculo de la caida de presibn nor dentro de tubos no ofrece nin -
guna dificultad, sin embargo el cédlculo de caidas de vresibén por la envol
vente Se hace complicazdo dado a la peometris del sistema.
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faida de Presibén por Dentro de Tubos. S

La caida de nresién nor dentro de tubos viene dacda por la siguiente
exoresibng

)
f Gy L Wy

" :
5.22x1010 D o (HO‘M
o7

HPy = caica de nresibén en los tramos rectos de tubos. (psi)

Gy = Masa velocidnd (1o/h £17) : -

f = ™ctor de friccibn )

L = Longitud total de tubos (ft)

D;i = Didmetro interno de tubos (ft) - ®

W, = Nimero de pasos por los tubos | . ’
s = Densidad relativa. : . - -

La masa velocidzd se calcula en funcibén del flujdwtotal del fluido
por los tubos y el drea de flujo

Hy .
Gy = — 87
Lo - (87)

Tl #rea de flujo corresnonde a la suma de las areas transversales de
los tubos entre el nimero de pasos: :

. 785 Ny Diz .
Ay = (88)
Np

Bl factor de friccidn se calcula en funcidén del nlGmero de Reynolds
(Di Gt/M ) wusando la correlacibén grifica presentada por Kern o bién
medinte la siguiente expresidén analitica obtenida de dicha grifica:

(Re « 1000) £ = 4801037 Re0* 99395 (89)

-0.2636089

(Re ¥ 1000) f = 00311321 Re (90)

Cuando_el cambiador de calor vresenta dos o mds vasos por los tu-
bos, resulta necesario considerar la caida de presién :;ue produce en
los retornos. Fsta caida de presibén vuede calcularse con la siguien-—
te expresién:

2 L]
&P, = 1.68152 N, V' /p (91)
& P, = Caida de presibn en los retornos. (psi)
v = Velocidad del fluido por dentro de tubos (ft/seg)

Densidad del fluido dentro de tubos (1b/ft2)

¢

La c2ida de presién total serd la suma de las cazidas de vresidén -
en el tamo recto y en los retornos: - -

APy =8P + AP, (92)




0=

Caida de Presidn por el lado de la Tnvolvente.
A) Vé&ilodc de Kern
¥ern vropone la signiente exnresién para calcular la caida de pre-
sién vor el ludo de la enveolvente:

2 .
£ G Dg (Wp + 1)
LPg = 10 14 (93)
5.22 10~V De s (;“‘-;)‘

L+

£ = Factor de friccidn.

fPs = Gaida de presidn (psi)

¢ = Masa velocidad por la envolvente (1bv/h ft?)
¥y, = Nbmero de mamparas.

De = Didmetro e.uivalente (ft)

Dz = .Didmetro interno de la envolvente (ft)

u

Densidad relativa.

“w @
I

Viscosidad del fluido nor la envolvente a la temneratura dentro de

l2 envolvente ‘ -
¢4

R

Viscosidad cel fluido por la envolvente a la temneratura de la pa-
red externa de tubos

Fl factor de fricéidn se nresenta como una correlacibr grifica de T -
contra nlmero de Reynolds (Re = De G//ﬁ )
La masa velocidad se cilcula en base al flujo tot2l v a un Adrea de .-
flujo definida por l» ecuacibn:
dg C B

he = - _
T 144 Py (?4)

arenr de flujo (£t?)
= Didmetro de la envolvente (in)

=
]
]

w0

(o Rger
il

Claro entre tubos {in)

=
It

Separicién entre tubos (in)

d

1 = Distancia entre centro de tubos (in)

Y el didmetro ejiuivalente viene dado vor la siguiente exvpresidn:

4 (Pt? - 7T D02/A) .
De = (95)
12 5V Do

To = Difdmetro externo de tubos (in) :

B) Vétodo de Tinker.

Para el cilceulo de caidas de nresibn por la envolvente, Tinker ha-
ce consideraciones semejanies a los hechas vara la estimacién de coefi -
cientes cée nelfcula., con respecto 2 las diferentes corrientes -luve se nea
sentan, ‘ -
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Se considere en primer término, que el flujo nue contribuyve fundomen-
tolmente o 1a cnida de presibn es una fraccibn gel Tlujo totzl nor 1z en
velwoate viviendo dado nor la expresibn:

™ = g
.I.BD = Wp We - (96)

Para 1o definicién cel foctor T, se considera yue la corriente A ne -
evicte, dePido 2 un blouueo de los espacios entre barrenos y tubos, y -
ue la corriente B nueda constituida en un 754 por la corriente a través
de la veniana y en un 25% por penetraciones de las corrientes Cy E. Tn
base de esto, el factor Fp .ueda exovresado por: |

1

F =
® 7 .80 + ¥, Dg/Py (o7)
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STOUTHCTA GFNERAL DR CALCULO PARA DTSENO DE CAMBTALORES DE CALOR

1 aischo termndinimico de un cambiador de calor corresponde al dimensio-

—

nzwicnio de cada elemento del mismo orientado a 'satisfacer una transferen
nir de cprlor eanecificszda sin sotrenasar caidas de vresidn miximss nermi-
sibles, . ]

como es de esverarse, para un mnisme servicio reguerido pueden.encon -
trurce diversns combinaciones en lns dimenalones de los elementos del cam’
bindor _ve satisfagan los veyuerimientos,pudiéndose por lo mismo encontrar
se diversns soluciones parn un mismo nroblema.

Tn este canftulo no se considerardn los criterios vara la seleccibn de
las diferentes nosibles alternativas, ya i1ue estec tema serd tratado en el
canitulo dv ontimizacidén y nos concretaremos a establecer una secuencia -
l6sica parn el diwensionamiento de algunos de los elementos del cambiador
baijo la consiceracidn de yue se fijen ciertas variables de acuerdo a un -
criterio c¢ictndo por la exvneriencia. -

Las variables uue se consideraran fijas para el propbsito de disefio -~
cerdns

A) Didmetro y tipo de arreglo de los tubos (triangular, cuadrado o ro-
tacdo. i

B) Senaracién entire centiros de tubos.

C) Longitud de los tubos.

Rérimen de flujo (contracorriente o paralelo)
Tino Ge Cabezal
Ovcidn por fajas de sello.
garida de presidén mi

= -

Axima permisible por los tubos.

' Q

Caida de vresidn mixima permisible por la envolvente.
Velocidad mdxima permisible por Log tubos .

e N e N S

—:

Fstas variables suedardn fijas antes de iniciar los cidlculos, siguién-
dese loc siguientes criterios generales para su selecciébn:

A) Lo seleccibén del didmetro y del arreglo cde tubos dependeri fundamen
talmente del flujo y cel tipo de fluido manejado por dentro de tubos,re -
corenddndose tubos con didmetros entre 3/4 ‘.. a 1l 1/4 de pulgnda elfgién-
dose difimetros petuuefios para bajos flujos y fluidos poco viscosos, y did-
metros mayores vira altos flujos y flujos viscoscs. Tl tino de arreglo se
selecciona fundamentalmete en forma triangular para fluidos poco viscosos
¥y roco incrustantes, ya jue es un Arreglo wue presenta ventajas desde el-
nunto de vista de transferencia de celor, arreglo cuadrado para fluidos -~
viscosos ¥ sucios con el objeto de q1sn1nu1r las caidas de predién y los-
oroblemas vor incrustacién. '

R) La lopngitud de tubos se elige de acuerdo al espacio éisponible Yy a
una nroonorcidn entre didmetro de envolvente/longitud, en bese a un dArea-
reiuerida estimada. Tn ocasiones cuando el c¢cimbiador va a formar parte -
de ur tren de eduipos de intercambio calorf{fico, los tubos se seleccio -
nza de las mismas caracteristicas de las del resto de los e:uivos con el
otieto cc reducir inventarios y problemas de almacenamiento de tubos de-
diferentes caracteristicas



C) Scraracidn entre centros de tubos. La selecci de la seperacibn de

6n
tutos vendri dictads por la carncteri{sticas de viscosidad e incrustacidn-
de los fluidos manejrdos, siendo preferibles valores ve:uecrios de separa -
cién prra fluidos noco viscosos e incrustantes con el objelo de favorecer
ln transTerencia de calor, y valores altos de separacidn para reducir pTo
blemns por caidas de preszidén en fluldos muy viscosos y de incrustacidn en
Fluicos sucios. ‘

D) Fl régimen de flujo se seleccionard gencralmente en contracorricnte
ya .ue presenta ventajas en la trensferencia de calor nor permitir mayores -
gradientics de temperatura a lo largo del eambiador y sdlo se selecciona -~
fiujo en naralelo para servicios muy narticulares donde se requiera favo-
recer una rdpida disminucién o elevacibén de temperatura en algin fluido -
nor condiciones de proceso o bién para casos donde se Juiere asegurar yue
la temperatura de salida de alguno de los fluidos no exceda un valor mixi
mo 0 1o vaje de un valor minimo.

) Tl tivo de cabezal se selecciona fundamenitalmente de zcuerdo a las-
diferencias de temperaturas del fluido calirnte al fluido frio, usdndoce-
cabezal fijo para diferencins pejuehias y cabezal flotante para diferen --
cias grandes.

®) Opcién por fajas de sello. Llas Tajas de sello se instalan con el -
proodsito de evitar corrientes mardsitas en la envolvente del cambiador,
mejorando la transférencia de calor, pero pvor otro lado la introduccién -
de lzs mismas trae como consecuencia mayores caidas de nresibn. Su insta-
lacidn devenderd pués de las caracleristicas del fluido y de los flujos -
per la envolvente. ‘

G) Caida de vresidén mixima permisible. Las caidas de presién tanto vor
tutos como por envolvente, son variables furdamentales vara la optimiza -
cibén de enmbiadores ya wue un aumento de las mismas trae como consecuen —
cia mejores coeficientes de transferencia y por lo mismo esuinos de meno-
res dimensiones con la consecuente reduccidén de los costos fijos y la in-
versién por concepto del cambindor, nero vor otro lado si el aumento de —
caida dc oresibén trae como consecuencia el aumento del consumo de energa
de las bombas jue manejan los flujos, s& tendri un sumento correspondien-—
te en los costos de oneracidn debiéndose tener pues un valor Sowimo donde
los costos totales nresenten un valor minimo. Tn ocasiones sin embargo, -
se tienen cambiagores de calor instalados entre esuivos sue operan con -
una difercncia positiva de cnidas de presidn, nrudiéndose manejar log flu=
sin necesidnd de 12 instalacidn de eiuipos de bombeo, en estos casos, les
caiidas de presidn miximas permisibles vendrin dadas por las difereacins -
de orecidn disponitles y las caidas estimzdas en las lineas y accesorios
del sistema de tuberias de interconexigyh de e:uipos.

o velocidzd midxira nermisible cenende fundamentalmente de lag e -
sticas de erosividad de los fluidos existiendo algﬁnOS valores re-
os para ciertos fluidos.
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amtes de iniciar los cdlcules corresoondientes pars el dimensionamien—
tc del crwbicdor es necesario tener los siguientes datos:
i) Terperstiuras de entirada de los fluidos por los tubos y envolmente.
R) ®lujos por tubos y envolwente.
¢) Propiedndes de los fluidos 2 las tempcraturas de entrada y salida
tanto de tubos como de envolvente, incluycncdo: densidad, conducti
vidid 1érmico, capncidad calorificn y visconidand. :
) Seonaracidn entre bosuillas, para poder estimar la efectividad e =
iransferencia nor la envolvenie. Para conocer este valor tenard ue

.
.!_

Q.

cnsionnree las boguillas en base de velocidades recomendadas y-

—

weteriornmente localizar su posicidn de acuerdo al didmetro determis . =

)

sdo con una distandéiz de los espejos por recomendaciones mecdnicas
R) Toctores de incrustacibén nara los fluidos por dentro y fuera de tu-
~bos. en base a recomendaciones vara el tipo de fluidos manejados.

v conocidos los datos necesa-

1Y

ima vesw Tijas algunas de las variables
rioz, puedien iniciarse los cdilculos de dicelfio siguiendo la siguiente se
cuencias i

%) Suroner un coeficiente total de Tranzferencia optimista, es decir
supcrior al valor esverado. )

B) Determinar la diferencia de temperaturas media logaritmica.

C) Czlcular el factor de correccidn de diferencia de temperaturas, -
deterwindndose simultancavente el nimero de cambizdores en serie—
necesarios nara obtener un valor sunerior a 0.8 para dicho factor

D) Determinar el area total de transferencia necesaria en base al ca
lor = transferir, la diferencia de temperzturas corregida y el -
coeficiente total de transferencia supuesto.

E) Determinar el drea de transferencia por cambiador de calor, jue -
corrcsponderi al drea total entre el nimero de cambiadores recesa
rios«

F) Tm 1 ise del drea nor cambiador, la longitud de los tubos y el did
metro externo de los mismos, determinar el nlmero de tubos necesa -
rio nara dar el drea de transTerencia re:uverida.

G) Considerando gue el cambiador es de un solo paso por los tubos de
terminar a yue didmetro cstandar de envolvente le corresnonde un—
nfinero de tubos igual o mayor Gue el calculado en el punto (¥).

H) Fn el caso de .ue el nimero de tubos sea mayor tue el .ue pueden-
contenidos por una envolvente de didmetro médximo, aumentadar un -
cimtiador de calor en paralelo y repetir el cdlculo (W) y (G)

T) Con el nlmero de tubos estezndar corresvondiente al diidmetro de en
volvente calculaco en el nunto (G) determinar el 4rea de transfe-
renci: real por cambiador y el drea total disponible.

Cq
S—”

Tn base del drea tozal disnonible calculada en (T), del calor to-

tal .ue se va a transferir y de la diferencia de temperaturas me-

- ¢ia logaritmica calculada en (P) corregida por el factor calcula-
do en (C) determinar el coeficiente total de transferencia yue sa
tisface la ecuacidn general de transferencia Q.= U A TL

¥) calcular la velocidad por los tubos.

L) crleular la caida de nresién vor los tubos.

') 81 alguna de las dos magnituded calculadas, velocidad o caida de
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nresibn por los tubos exceden el valor miaximo permisible, aumentar un
cmbtindor en serie y volver a repetir calculos emnezando en ¢l punto-
{(m)

51 ningunn de las dos magnitudes, velocidad y caida de presidn exce -
den los valovres miximos permisibles, considerar un cambiador con cos-—
nisos por los tubos y repetir cdlculos empezando en (1)

Si para dos pnasos no se han sobrepasado los limites mdximos de veloci
dnd v caida de nresibn, considerar cnmbiadores de calor con 4, 6, 8,.
... etc pusos hasta sobrepasar los lfmites, vy escoger un nimero de ﬁé
sos wue corresvhonda al ciAleculo inmediato anterior 21 rue sobrepasbd -~
los 1irites. . o

Ima ver definido el nimero de pasos por los tubos, caleniar el coefi-

cirnte individual de nelicula Hy{ ovon liscprowiedades del fluido a la-

-temneratura de entrada v a la temieratura de salida. '
talcular caida de presién vor la eavolvente considerando la senaracién
mixima entre mamnaras, esto es una separacidn igual a2l didnetro de la

envolvente corresnondiente a una relacibn DS/B igual a 1, donde Dg es

el didmetro de la envolvente y B 1la senaracibén entre mamoaras.

S1 1a caida de nresién calculda en (N) excede el valor miximo permisi

ble aumentar un cambiador en paralelo y repetir cdlculos 2 pnartir del

rto (B) volviendo a emvezar con un ciwbiador de un =olc puso por -

paed b

os tubos.

8i la caida de ngesién vor la envolvente vpara DS/B =1 no ervcede el -
valor maximo permisible, analizar envolventes con separacidn entre -
mzmoaras menores, correspondientes a reliciones DS/B= 1.5, 2, 3, 4, 5
v 6, calculando las corresnondientes caidas de nresién.

51 aln »mara el acercamiento de DS/B = 5 no se excede la caidn de pre-
si6n méxima, se elige este valor para ls seviracidn entre mamnaras.

Si para algana de las relacionea de DS/B ce excede el valor miximo de
r2ifa de nresidn, se elige Pa separacidn entre mamoares corresnondien
te 2 una relacidn DS/B inmediata inferior a la ue sobrepasb el 1limi-
te. )

ima ves aefinida la senaracidn entre mamparss, se determinan los coe-
ficientes de velfcula Ho a las condiciones del fluido nor 1la envolven
te a la temneratura de entrada v salida.

Calcular los coeficientes rlobales limoios de transferencia cde calor-
U1 v Topen los dos extremos del cambiador.

Calcula&jun cocficiente global limnio en base a la siguiente relacidn
i

i - —

vy ==

T»o g
Ln
. T Ul) Tr = U, N .
To = Ty 1n 222
Up Ty
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fton el coeficiente global limpio y los factorew de ensuciamiento Rdy
v Rdg determinar el coeficiente talinl de tronsferencia:
1

T

Vs T ik

m Rdy + Rdg

Si el coeficiente calailado en (Y) es mayor o igual al calculado en-
¢l punto (T) dar por terminadon loi cflculos, v ai el valor resulta-
wenor, usar un valor supuesto de coeficiente total de transferencia-
iznal 2l enlculndo en (Y) e iniciar cilculos en el punto (D)

UTLACTON DB TREADS DW TNTERCAWLTO CALOTTRICO
ohjetivo fundnmental gue tienen las itécnicas de simulacidn es la pre

diccidén del comporti:smientio a régimen permancnte de un conjunto de e.ui-
pos interconectidos, haciendo uso de vn modelo matemitico adecuado. Pa-

ra

1(’.,

el caso nariicular de simulacibén de trenes de cambiadores de calor,-
vimulacién involucra la nrediccién de les temperaturzs de salida de-

cads e.:uino, tanto por tubos como por envolvente.

unas

(2)

)

(e)

rarae noder llevar a cabo una simulacidn es necesario dis=poner cde -
descripecibn matemdtica precisa de la siguiente informacidns

La naturaleza de las corrientes del proceso, ésto es, los nombres y
éefiniciones de las vropiedades de inleres en cada corriente del -
NroCces0. ‘ “ ’

La naturaleva del material yue constituye las corrientes, ésto es,-

un mocdelo ‘ue describa las propviedades termédinimicas y de transpor

te con valores numéricos de los nardmetros especificos necesarios -
varid la evaluacidn de las vroniedades.
La naturaleza del eyuipo de procesaiiento, es decir, las relaciones
maiemfticas entre las vropiedades de entrada y salida de las co- =
rrientes como una funcidn de las caracteristicas fisicas especifi -
cas de los e,uipos y de los vardmetros de operacidn de cada e.uipd.
La configuracibén especifica del nroceso, es decir, la topologia del
proceso describiendo como estin interconectadas las diferentes uni-
dades del nroceso y especificando los valores esnecfifico del disefio
Yy pardmetros de overacifn de crda efuipo.
Los nombres de las especies uimicas, composiciones y flujos en ca-
da. corriente de entrada al proceso. '
1l método de organizacibn de toda esta informacidn dependerd de la -

téenica varticular de simulacibn, pero cual:uiera .ue ésta sea debe de-

inc

luir de algin modo o de otro esta informacidn.

Analizando el prohlema de simulacibén de cambiadores de galor, la in-
form=cibn wue seria necesarin seria la siruiente:

Tn la anturalera de las corrientes 'de proceso habria .ue indicar bi-
sicimerte si las cerrientes son liguidos, vapores o mezclas de éstos

as{ comoc el flujo v la comvosicibn de las especies yuimicas uue cons

tituyen la corriente, debiendo también estar incluide la informacidn
de cuales son las propiedndes fisicas .ue deven calcularse para d4di -

cha corriente (viscosidad, conductividad térmica, capacidad cnlorifi

cs, Gencidad, entalwnia).

P S
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b) tn la H;turalcza del material yue constituye las corrientes, seria nece-
52710 disvoner de una iista de las propiedades fisicas de los componen -
tee individuales 4ue constituyen las corrientes, a condiciones estandar-
de presidn y temperatura, asi como reglas de mezclas y correcciones por-
vresibdn y temperaturs actusl de las corrientes, iue permitan calcular -
los propiedades fisicas en funcidn de la composicidén de las corrientes y
de laas eondicioncem de nresifn y temperatura de las mismaa. Por otro lado’
seria también conveniente el incluir en este nunto los pardmetros de una
ecuscidn de estado ,ue permitiera la estimacibén de densidades, desviacio
res de entalpia y ce capacicézd cnlorifica de las corrientes.

c) ¥ la naturaleza del e,uipo de procesamiento wuedaria incluido el modelo
matemdtico renresentativo de un cambiador de calor jue ya fué analizado-
en el punto (?2).

d) Fn la configuracién esnecifica del proceso, wuedaria incluida 1la iafor-
mncidén de como estan interconectadas las corrientes en el tren de inter
cambio calorilico, debirndo indicarse la proveniencia de las corrientes
Jue entran a tubos vy 2 envolventes de cada cambiador de calor. En este-
runio, ,uedarfa también incluida la informacidn de los caracteristicas-
de c¢isefio ce cada camtiador de calor.

La forma de organizar esta informacién y combinarla con una secuencia -
de cidlculo puede efectuarse de muy diversos modos. A continuacidén se expon
ard una técnica sencilla :ue permite la resolucidn de cualuuier arreglo de
cartindores de calor, ) )
A) mstablecer el nimero de cambiadores yue constituyen el tren de intercam

Yio cnlorifico.

BY Lefinir el drea totzl de intercambio calorifico para cads cambizdor cde-
J

L .
¢) Befinir los flujos por tubos y envolvente por cada cambiador de calor.
L) Lefinir los valores de capacidad calorifica, coeficiente de pelicula -
sor dentro de tubos y por la envolvente, a dos temperaturas para cada-
cimbiador de calor.

et

E) Lefinir las temperaturas de entrada a cada cambiador de calor. Tn esta

T
-
cefinicibn, las ifemperaturas de corrientes exiernas .uedardn fijas pe-

-

0 las vrovenientes de algln otro cambiador de calor serdn solo supues

ot

15,

®) Sunoner todas lns temveraturas de salida de cada cambiador de calor -
nc+ tubos y por envolvente.

G) Definir la tonologia del sistema. Ia forma para esta definicién nuede-
efectuarse nor la asignacidn de cuatro indices de arregio a cz2da cam -
biador de calor: ‘ ‘

T1 Representa el nlmero cel cambiador de calor del uue provienecla co
rriente .ue entra a los tubos. (En el caso de vrovenir de una co - |
rriente exiérna,:toma el valor de O)

I» Define si dicha corriente proviene de tubos o de la envolvente del

cambiador Ty (Toma el valor de 1 cuando proviene de tubos, de 2 -

ciando proviene de la convolvente y de O cuando es corriente exter—

n )
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o rresents el nGmero del cambiador de calor del ;ue proviené la co-

Lo

rriente tue enira a la envolvente. ( ¥n el caso cde nrovenir de una-
corriente externa toma el valor de O )

T4 Define si dicha corrieate mroviene de tuvos o de envolvente del cam
vi~dor T, (Toma el valor ée 1 cuando »roviene de tutos, de 2 cuando
nreviene de envolvenite vy de O cuondo es una corriente externa)

fator fndicor serfan loo siguiontes para ol tren de intergnmbio renre -

scntado en la Tigura anexa.

Cambiador 3! T2 13 Ty
1 o) 0 2 2
? 0] 0 3 1
3 0 o; 4 2 I
4 2 1 5 2
5 1 1 0] 0]

—
[
LNy

" tase a las capacidades calorificas cel fluido nor dentro de tubos y -
nor envolvente y de los coeficientes de pelicula interno y externo defi-
niidos 2 dos temperaturas determimar las constantes de las siguientes re-
laciones linezles:

Coei = A.i_+ Bi'.._Te
Cngq = @4+ Dby Ty
niy = ci+ d4 Tt
hos; = Ci+ Di Te

iue nermitan una internolacibén lineal en funcidn de las temperaturas.

\

T) ¥n base 2 las temperaturas supuestas de entrada y salida del fluido vor
dentiro de tubos, calcular el calor total por balance de calor, en cada-
cambiador de calor. '

Fe '
Qi = Wiz igai + bi/2 (Tepg + Ttli)% (Ttp; - Ttli)§
& r-J

J) Fn base del calor cnlculado en (T) y de la temperatura ce enirada su- -
puesta por la envolvente, determinar las temneraturas de salida de en -

volvente de cada gnmbiador de calorm..ue.satisfnga.el. balance de calor.
35 5 (a1/B) 2 e 2
Tepy = ~-A1/By - o (Ai/B1)° + 2/B1(A-LTeli +B3y/? Tey; = U1 /We;)

¥) Con las temperaturas de entrada de salida definidas, calcular los coe

b -_—

ficienies de nelicula interno y externo, haciendo uso de las consitantes
crlculadas cn el punto (i)

1) Calcular el coeficiento total de transferencia en cada extremo del cam-—
hiad 1sand & ceeficientes individuales de pelicula,, 3 s factores
hiador usando lo geT 1 d dual 8 1 la,, los fact
de incrustacidn,

¥) calcular el calor total haciendo uso de la ecuacibn general de iransfe-
rencia:

s DTo: = Tos .
O o ee D13 &To4 Upi &T14
4Py = AL Fts

U1 4 iy Tgi
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N) failcular las temperaturas de salida de tubos en base a las temperatu- ,
riis de entrada, los.flujos por dentro de tubos, y el calor calculado-
en (M), para cada cambiador de calor.

2 -9 [
Ty = =ai/bi z J(ai/bi) + 2/bi(aiTey, + b3/2 Ty, - Oy /vty

0) Gomparar los valores do las tomperaturas de salida supuestas para tu-
bos y envolventie ocon los valoroes oalculados para dichns temperaturags-
en los puntos (J) y (N). Cuando los valores estén prbéximos, dar por -
i{~rminndo el cAlculo y cuando estén desviados, iniciar los cdlculos -
en el punto (T) con valores supuestos de temperaturas de salida igual
a loes calculados.

"n todn esta secuencia de cdlculo, debe efectuarse la igualacién ée -
las temveraturas de entrada a tubos y envolvente de cada cambiador de ca
lor a los valores calculados de salida de temperaturas de tubos o envolas
vente, de acuerdo a la tovologfa del sistema yue se resuelve, haciéndose
uso oarn esto de los {ndices de identificacién definidos en el punto (G)

1l orden de resolucién de los cambiadores de calor debe hacerse de -
acuerdo 21 la tonologfa del tren, siguiendé el siguiente criterio:

Cuando se estdn calculando las temperaiuras de salida de envolvente ,

(Punto J), deben resolverse primeramente aguellos cambiadores yue tengan

alirentaciones provenientes de corrientes externas o de los tubos de -

otro cambindor de calor ¥y hacer el cidlculo de los cambiadores ¢on corrien
tes provenientes de alguna envolvente de otro cambiador de calor, sbjo -

cuanio este cambiador ya se haya resuelto. '

‘Cuando se estdn calculando las temneraturas de salida de los tubos,“—
(Punto N), deben resolverse primeramente a,uellos cambiadores de calor
cuyzs corrientes de alimentacibédn a tpbos provenga de la envolvente de -
otro cimbiador de calor o bien de una corriente externa, dejando la re -
solucién de los esuipos con corrientes de alimentacibén a tubos provenien
tes de los tubos de otro cambiador de calor hasta después de haber re- -
suelto estos cambladores. S

CPTT.T#ACTION

la oontimizacién consiste en el vrocezo de seleccidn de los valores de -

las variables independientes yue determinan el mejor valor posible de la

mecica de comportamiento de un sistema. '
Loo pasos bdsicos en la ontimizacibén de un sistema son: :

n) Descripcibn gdel sistema, jue se puede consceguir mediante la vronosi -
cién de un modelo matem&tico ue lo revresente o mediante la ejecucidn
de los exnerimentos necesarios ue deterwinen el comportamiento del -
sistena. TPara el caso del estudio de cambiadores de calor, ésto co -
rresponder{a al modelo matemitico desarroliado en la seccién 2 o bien
A una serie de experimetos para determlnar'el comportamlento de un o
varios cqmbiadores de calor ya inqtalados baao dlferentes condlcumoe

)
0

de oneracién. R N S 2 ,
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b) TFetablecimionto de una medida Gnica del comporiamiento cel =i=tema.

=

= atras onlabras ee necesatio dejar perfectarcnte estnblecido - ue-
cs 1o ,uve interesa opntimizar, y si el valor 6ntimo renrezent2 un =
viale= wihwina o um valor mfoino de la medida del comvortrmicnio.
el eneo gel eshicio ge anntialeLr qe cplor, vzl mecide $» con-
vavisieato nuede (nedar exnresadd de varias maneras:

GCono un fArea total de tranaferencin necesaria nara un sorvﬁc"o d=a.do
e intaraon miniminnr, ¢

Cowc 1 1waosferencis de calor total en un e.uino instnlndo e ig“
terest maxiwizar. ’

fofo una inversibén ovira. la‘instalaci®n de un e,uino jue cumsla con-
u~ sarviecic esrea’ Ficidn jue interesa minimizar. ‘
Cono ¢octos de onerncidn de - «-uine ue interesa mintnizn+.

Como coztns totales jue interess minimizar.

' .

-c) metablecer una relacién unejuf{voca entre la mecida de comvortamien—

to ¥ las variables indenendientes ( variables bajo control)

Fsto ceoenderd naturalmente del caso particular bajo estudio pudien
c¢o nresentar varing alternativas en el caso del estudio de cambiado
res de calor: ) ‘

Tistablecer 1an relncidn entre el 4rea total dp +ranaferen01a v las -
tem=erituras intermnedinas en un tren de cambindores de calor.
Trta*lecer 12 relacifn entre un calor total transferido v las tempe
raturts intermedias de un tren de interchnbio calor{fico.
Ts=tablecer 1n relncibn entre la inversién y las caracteristicas fi-

. sicas (dirensiones) del crmbiadore de calor, etc...

d) Arlicneibn de las téenican necesarins para llegar a encontrar los -
valores de las variables independjentes (controlables) ..ue optimi -
zan 11 funcién objetivo (mrdida de comnorinriento del sistema). )

Te 1-¢ ténicas disnonibles para la ovtimizacibn se nueden mecio-
nar tres ¢randes grupos . T
Ontimizacibn de una funcién expresada en forma algebraica por el mé
todo indirecto. .
Ontirinzacién de una funcién exnresadn medi~nte un modelo matematlco
o en formn exnerimental medinnte métodos directos.
Optimizncibén de una funcidén algebraica lineal con rertricciones re-
nresentadas mediante exnresiones también lineales (orogramacién li-
neal)
Ontimincién de loe resultados de una serie de etanqq interconecta--
¢is, conde el resultndo de cunlyuiern de las etapas depende de los-
recsultados de las demds etapas (Programacién Dindmica)
4) Ontimizacién por el método {ndirecto.
Para noder anlicar el método indirecto nara la Ont1m1za016n de una-
furcidn, es necesario tener una exnresién algedbraica eXpllclta de la -~
Tu7eibn objetivos )
Y.= F(X1yXpyX3peesXn)

.
:

“1 n"%0do de ontimizamibn concicste er 1l resolucidn de un sitema si
multaneo de ccunciones nli ebraicas sue resultan con la igualacién'a O
de las derivadas varcinles de la funcién con recnreto a cada variable-



80(8,) (400~T5) = 100,000(Tp-1T1)
1250(Pp-T1)

400 - T,

,)=

Falanee de calor en el combiador 1

300,000(Ty-100) = 1oo,ooo(3oo-T5)

71-100 = 300~T5 300-Ty = Tg=100 = Myp1

o= MAL Ty = (120)(Ap)(300-T1)

N1 = WCp(T1-100) = 100,000(T~-100)

(120) (A7) {300-T1) = 100,000(T1=100)
833(7,~100)

300 - T .

Al =

Deterw‘nar las temperaturas intermedias del tren gue minimizan el drea
necesaria.

La funclidn a optimizsar serd: )
1250(T2—T1) 833(T1—100)
- +

400 - Ty 300 - T

Ay + ip + Ay = F(Ty,Ty) = 12,500~25T, +

Tgualondo las cerivadas narciales con respecto a Ty y T a O

(T To) -1250 +166,600

—

i) 400-T5  (300-11 )7
™(T1,Tn) 5C0,000-1.25CT
—_—2 7 2 25 4 -
To (400-T5) 2
1250 717 = 750,000 Ty + 166,600 T, + 45,860,000 = O
5 T,° = 20,000 T, + 1,250 Tp + 3,500,000 = O

Resolvienco el sistema de ecuaciones simultaneas mediante el método
izerative de Newton Rapson: '

Ty = 130
To = 295

Y 1n funcidn objetivo: )
Al + Ap + Ay = T,050 ft2

R) létodos de Optimizacién Directos.

Los métodos de optimizacibén directos, por el contrario a los directos,
no intentan encontrar el punto 6ptimec en un solo paso, sinmo vor el contrario
emplean alguna estrategia exploratoria que tiende a un movimiento de los va-
iorss de las variables incependientes hacla el punic dptimo. De los varios
métoaos cirecios cxistentes, se explicard a continuacién el Método Simplex

a

ce Welder y Vead.
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independiente:s
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L+ resolucidn del sistema de n ecunciones para {],XpsX3ses-Xp da los

valoves de las variables independientes .sue optimizan la funcidén y el va
lor Sptimo de la funcidn corresponderi a la substitucibén de las variables
incevendientes calculadas en la funcidn,

Tiemnlo:

Sea el siguiente tren de cambindores de calor:

o ) - "
100 ¢ e swmmmey, [y I ST SRR ER s, e oy TontE
-—-—-—-.-nq—l.;th- o oo - -r----nn{f" = _"ji‘:o’a'u'ﬂ'.n - T O "l ";.J—- o . e e -nr\jm@
15 3 3
I 200°F |} : oo E ;
. Heros o oo > a - - - {,«a— . N e -..J-.....‘.f,g T — e -—--.-....-.av.:a—-—.
T R TR, PN RS 1| i weved GG 5

b O T, ¥ NG 4 T =
Todos los valores corresnondientes a los nroductos wcp son iguales a
100000 Btu/h °OF
ios coeficientes totnles de transferencia de calor son los siguien -
Up = 120 Btu/h £t° OF 1, = 80 Btu/h £12 OF Uy = 40 RPtu/n ft° OF

s

[0
0
’

jore]

nlnnce de calor en el camtiador 3

00,000(600-T3) = 106,000 (500-T5)

3 - Tp = 100

AT.] = 100

= Cp(500 ~ T5) = 100,000(500 -T,)
LyAT,y = (40)(a35)(100)

100,000(500 - T»s) = (40)(43)(100)

ty = 12,50C = 25 T,

|

o]

)
T

Palsnce de calor en ¢l canbiador 2
10G,000(Tp=11) = 100,0C0(400-T,)

Tp=T] = 400-T4 - 400-Tp = Tu-T, = ATl
Qp = Unhp Tyq = (80)(a,)(400-T5)

T = Wop(To-T1) = 100,C00(To=T7)

«
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PROLOS

El presente trabajo tiene comd oL, eto desarrollar un procedi-
miento adecuado para la optimizacibn de un =2gquipo de enfria--
miento, usando como modio para tal funcién el aire.

En los primeros 2 capitulos se hacc un estudio sobre los pri-
ma2ros usos del aire coio medio de enfriamiento, sus aplicacio
nes a casos. industric.es, asi como sus caracteristicas, men-
cionando sus ventajas y desveaiajas.

En el 3er. capitulo sc trata el disefio termodinémico de ambos
lados del cambiador, desglosando cada paso gue debe hacerse -
para el cé&lculo del mismo.

En el 42 capitulo se hacen las consideraciénes de diseflo y --
econdmicas necesarias para ootener el cambiador mas adecuad>

para un buen funcionamiento y a un minimo costo.

En el 5% capitulo se estudia y se resuelve un problema partie
cular, para demostrar el procedimiento desarrollado en el ca-

pitulo anterior, obhteniendose los:-resultados esperados.
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1NI'RODUCCION

1. Breve Historia

1.1 Primeras aplicaciones del aire como medio de enfriamien-
to.- El primer cambiador de calor comercial enfriado por aire

del que se tiene noticia, fué de tipo vertical, con un ventila
dor en el plano vertical forzando aire a través del haz de ---
tubos, Fig. 1, mds tarde, las unidades cuadradas o rectangula-
res con haces de tubos verticales fueron construidas, Fig. 2 -
pero este diseflo muy pronto cayo en desuso debido a los efec--
tos de la variable direccidn del viento.

Durante 1935, las unidades horizontales con tubos aletados, de
tiro inducido y forzado Fig. 3, entraron en operacibdn. Poste-
riormente, en 1940, el tipo "V" fué disefiado con el fin de con
seguir un ahorro en el terreno ocupado, Fig. 4, estos disefios

presentan el problema inherenté del cambio de direccibdn del --
viento, requeriendo pantallas para el viento y una adecuada --

N

atencidn a2 la recirculacidn del aire caliente.

1.2 E1 uso del aire como medio indirecto de enfriémiento ha si
do practicado por muchos aflos en la Industria,.précticamente -
todo el exceso de calor ha sido disipado por este medio.

Este medio indirecto de enfriamiento ha acarreado infinidad --
de problemas, pues el agua que es enfriada por el aire en to--

rres de enfriamiento, es usada posteriormente en cambiadores,

v &l terminar su servicio o es desechada trayendo consigo una
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FIGURA 1

Enfriador vertical de aire,
forzado.

FIGURA 2

Enfriador vertical de aire,
inducido.

tiro

tiro .
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Fig. 4a. Enfriador en "V", tiro inducido

Fig. 4b. Enfriador en "V", tiro forzado



~o5ikle conteminacibn (irmica y en €1 c€aso ¢€a gue existan --
iugas en los cambiadores,una contaminacidn con sustancias —-—

cue posiblemente no sceuin biodegradobles; o es recirculada --

.ovocanéo un COS.0su ...buvika Ge tratamiento y acondicions—-
miento de la misma. El1 uso del aire como medio directo de -
enfriamiento no crea estos problemas v hasta hace unos aiios,

la Industria del gas rctursl comenzd a utilizar el aire como

¢)

redio de enfriamiento.
Letuaimente un gran nGmero de refinerias y plantas quimicas
han »ido construidas o estan siendo dis.iiadas ucilizando en

L0 mus posinle el aire dirvctamente co.o medio de enfriamien-

2.1 Aplicaciones Generales.- Tal vez la rozdn mas importan—
tc para el desarrollo de cambiadores <> calor enfriados por -
alre, es 1o localizacibn de las plantc:. en &reas donde el su-
ministro de agua es limitadg esto es, en zonas desérticas, -~
como es el caso de las refinerfias que se encuentran instala--
dos en la Arabia Saddita, Iran, o lugares que se asemejan a -
tales condiciones., |

71 zgua apropiada para enfriamiento en estas zon;s es escasa,
y las Industrias del Petr6leo y de Procesos han cambiado por

Lo tanto a otro medio de enfriamiento, aire.

El aire es abundante, fécil de manejar, fisicamente estable y



no corrosivo, excepto en &reas de contaminacién de aire que -
son poco usuales. No exicte ademas ningGn limite superior --

a el cual el aire »nucda -¢r calentado lo cual no es posible -

-

con ¢l agua.
La éptima transferencia de calor se obtiene ya que el aumento
de temperatura perm;sible puede ser hecho el méximo, para el
cual es posible disefiar las superficies de transferencia de -
calor de un cambiador de calor enfriado por aire, otra razdn
para usar el aire como medio de enfriamiento es el marcado --
aumento en usos Industriales del agua, causando problemas en
el suministro de esta, aUn en &areas donde ha sido abundante o
encarecida, debido a usos competitivos mas provechosos.

A medida que nuevos procesos son perfeccionados, las Indus--—-
trias sé expanden y las demandas de energia son aumentadas, -
la cuestidén del uso mas econbmico del agua, o su eliminacidn
como medio de enfriamiento se convierte més importante.

2.2 Aplicaciones especificas.~- Las unidades enfriadas por --
aire han sido usadas econbmicamente y con buen éxito para en-
friamiento de fracciones del Petrdleo, Aceites, Vapores Orga-
nicos de altos puntos de ebullicidn, condensacidn de vapor de
agua, amoniaco, servicios, etc.
Desde un punto de vista general, la economia de aplicacidn --

favorece acercamientos de 30 a 40°F entre la temperatura de -

salida de proceso y la temperatura del aire ambiente, éstas -



anicdades son us:Lail muy & menudo en conjuncidn con cambiado-
res de calor enfriados con agua, esto es, unidades gue toman
el flaido de proceso a la temperatura de sélida del enfria--
dor de aire y la llevan a la temperatura final deseada con -
agua. En algunas ocasiones, la unidad enfriada con aire pue
de ser llevada hasta 20-25°F de la temperatura de aire am---
biente, si éste es el punto final reguerido, més bien que --
afiadir un enfriador de agua para este pequefio decremento de

temperatura. —

Como la temperatura se acerca a la del aire ambiente, el con
sumo de energla aumenta rapidamente y puesto que la superfi-
cie afecta los costos iniciales, un balance entre estos y --
los de operacién es reguerido para el disefio éptimo del cam-
biador, para una carga térmica fija.

3. Caracteristicas.- Es imposible evitar comparaciones con

los cambiadores enfrisdos con agua, puesto gue estos compren
den el grupo mas grande de equipo. para enfriamiento Yy son --—
los estandares contr; los cuales cualguier comparacidédn debe

ser hecha.

A continuacibébn se enlistan una serie de ventajas y desventa-
jas comparativas. Dependiendo del servicio, no todos los ==
puntos se aplicarén, o en algunos casos pueden ser de menor

ilwportancia.

Cada aplicacibdn debe ser evaluada sobre sus propios méritos,
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y el enf-iramiento con aire resulta ser la 6ptima seleccidn
en un sorvrendente nfimero de casos cuando un analisis to-—-
tal de todos los costos es hccho,

3.1 Sntajas.

3.1.1 31 aire estd siempre disponible,su uso ahorra agua -

-

a2ra mwchos servicios criticos. Grandes cantidades de ——-

e

agua son requeridas para servicios Industriales alGn con --
recirculacidédn en Las torres de enfriamiento, hasta un 3% o
méis de la corriente de agua recirculada es reguerida como
repuesto,

3.1.2 E1 aire elimina el costo y el espacio requeridos pa-
ra servicios de agua, bombac, eguipo de tratan.anto, torres
de enfriamiento,filtros, &reas para evaluacidn de purgas,

y lineas de evaluacibn y distribucidn.

3.1.3 La localizacidbdn de la ﬁlanta no esté tan restringida
como para enfriamiento con agua.

3.1.4 Los materiales de construccidn del cambiador son mas
simples y baratos, porque, a diferencia del agua, el aire -
es raras veces Corrosivo. Esto es, tubos encémisados no --—
son requeridos.

3.1.5 Los enfriadorgs con agua gque siguen a los enfriadores
con aire estaran menos expuestos a la incrustacidn v corro-

én que en el de enfriamiento total con agua, Gebido a las

| =

s
cemperaturas mas bajas.

5.1.6 Le temperatura de la pared del tubo esté& limitada so-



-

Teeo o
ST,

“an
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lamente por los muterizles o construccidn, aunque uniones es-~

)

paciales entre a'etis y tubos 30N regueridas a altas tennera—-—
turas. La tempecratura de salida ael agua generalmente tienen
gue ser sostenida hasta 120°F & 130°F como méximo, para preve-

nir una Incrustiacidn excesivs y esto restringe ambos, ia tem--—

veratura del acu.s.

, -

3.1.7 La resistencia del lado del aire es despreciable. Esto

contrasta con la formacidn del lado dei agua de una fuerte ---
inicrustacibén, corrosidén y depdsito de sales, etc. Lo cual es -
un problema con muchas aguas y es agravado por el método comin
de control de flujo de agua cuando su temperatura es brja, ya

que regulando el flujo mediante valvulas, aumenta la formacidn
v dupbs:to de incrustaciones.

3.1.8 S&¢ rLcqguieren menos paros, porgue la incrustacidn del ---
lado de Ja alecta es despreciabie, muchas unidades pueden sér -
linmpiadas con lanceados de aire o vapor durante la operacibdn.

AlUn este simple paso_es raramence necesario.

3.1.9 Los costos de operacidbn son més bajos y pueden ademas --—
ser reducidos con disefios que permiten potencias de ventilado-
res variables. La operacidn controlada del ventilador toma =--
ventaja del hecho de que el aire esté predominantemente abajo‘
de su temperatura de diseﬁo.'

3.1.10 La capacidad puedec generalmente ser aumentada cambiando

1a notencia del motor o ventilador, o ambos.



3.1.11 Los requisitos c¢e labor do mantenimiento y operucidbn —---—
son Cespreciables y los costos son aproximadamente un 25% de —--
los del agua.

3.1.12 La limpieza es mas simple y barata y puede ser hecha con
equipo poco costoso porque el £1lGido de proceso estd dentro de
los tubos, cuando el agua es el medio de enfriamiento, el lado
del tubo es reservado para el agua con el fin de facilitar el -
ma.teanimiento del mismo.

3...13 Los haces removibles de tubos no son un requisito, asi -
e tubos largos son précticos y econdmicos. Los tubos de 30 ft.
sc. comunes.

3.%..14 E1l mantenimiento d= las torres de enfriamiento es dismi-
o 1do al menos en proporcidn a la reduccidn del uso del agua en
..+ plenta.

5.1.15 Las posibles contaminaciones de las corrientes de proceso
Dor el agua (o vice&ersa) son eliminadas.

3.1.16 Las fugas de un ‘enfriador de aire no permenecen indetec-
tadas durante largo tiempo.

3.1.17 E1 aire caliente de salida puedé ser usado para calentar
edificios o &4reas de proceso en temporadas frias.

.5.1.18 La capacidad puede ser aunentada més que lo, que es posi-
Ile con otros intercambiadores (por el simple aumento en el flu

jo de aire) normalmente esto requiere un bajo costo de eguipo,

o0 103 costos de operacidn son més altos.
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3.2 Desvens

i

3.2.1 Los enfriadores de aire ticnen costos iaiciales mas al--
tos para la misma carga térmica (2 6 3 veces es com@n) cuando
los compareamos Gnicamente con los cambiadores de agua. Aun—---
que alguncs ahorros iniciales han sido logrados en &algunos pro
yectos por usar enfriadores de aire, es necesario incluir los
costos do opcracidn y un periodo de pago razonable para compa-
rarlos ecualimicamente.

3.2.2 Los enfriadores de aire réquieren mds espacio cuando los
comparames con los enfriadores de agua, pero cuando los regqui-.
sitos de c(.apacio de la torre son considerados, el espacio to—-
tal es r.... 0 menos el mismo. aAderwas, el espacio de piso bajo
los ca~lbi .dores dGe aire es a menudo usado para almacenamiento,
o las un.dades pueden ser, inst"lgdas en espacios no usados,ta-
les cuwiio la parte superior de las camas de tuberias. .

3.2.5

t<|

a localizacibdbn del enfriador de aire es un gran piroble-

ma dewido a sus dimensiones, esto algunas veces representa un
aumento oin la tuberia de proceso, de cuaiguier forma, el pro--
blena es uwnor que para torres de enfriaun. ciito con agua. Los

enfriuadores de aire no deben ser colocadul cerca de grandes —-

obstrucciones, pues éstas pueden causar 1 recirculacidén de ai
re calicnoa.
3.2.4 Los cemperaturas de diseffo 8on hasta 20°F més altas para

-

el aire de bulbo seco que para el agua (bulbo hGmedo) .



3.2.5 Las temperaturas del agua provenientes de torres o rlos,
etc., varian muy poco. El aire por otra parte, fluctGa amplia
y mas répidamente. Esto en ocasiones disminuye los costos de
energia pero complica el control. Las lluvias han mostrado --
que disminuyen répidamente las temperaturas de proceso en uni-
dades sin proteccidn.

También, el calor por radiacidn del sol debe ser considerado -
en algunas é&reas, por ésta razdn, tanto como 2 & 3% de superfi
cie adicional es necesaria.

3.2.6 Las aletas que no son protegidas pueden doblarse con tor
mentas de granizo, aungue las particulas de granizo deben ser
mas granaes que 1" de diémetro para tener éste efecto.

3.2.7 La corrosidn atmosférica es un problema en algunas plan-
tas, y las aletas no pueden ser protegidas facilmente de ésta
clase de dafio. Las aletas de éobre fueron comunmente usadas -
antes de 1950, pero presentan la desventaja gue se corroen se-

veramente en atmbdsferas de didéxido de azufre. Las aletas de -

luiiinio son més econdmicas y han tenido un buen desempefio en

1]

caci todas las condiciones.

Cuando ei aluminio es inapropiado, aletas de acero son usadas,
pos ejemplo, en plantas de cloruro de polivinilo. -

3.2.8 Los pruebas de funcionamiento son dificiles de llevar a
ceno deoido a las variaciones del clima.

3.2.9 Un gran nGmero de enfriadores de aire en una planta pue-



de cuusar aumentos locales de la temperatura del aire de la -
planta y debe ser considerado para estos disefios.

3.2..0 La Industria dé los enfriadores de aire usa 1" de dia-
netro externo como estandar para 1os tubqs. Otras medidas no
son comunes con los fabricantes debido al costo de Ingenieria
e Instrumentos necesarios para su fabricacién. Esto repre---
senta una limitacidn para la seleccidn bptima.

3.2.11 Los ventiladores hacen ruido, esto es una desventaja -
en algunas plantas cerca de zonas residenciales. Afortunada-
mente, varios ventiladores hacen poco més ruido que un solo -
ventilador, ademés, es-posible usar ventiladpres de 2 veloci-
dades cue disminuyen el nivel de ruido durante la noclie.

3.2.12 £l almacenamiento de los tubos aletados es mas compli-

cado que el que se tiene con tubos comunes y corrientes.
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II.

DESCRIPCION DE EQU??O

1. Generalidades

Los cambiadores utilizan aire atmosférico por el lado de los
tubos aletados (en muy pocas ocasiones se usan tubos lisos)
para enfriar o condensar flGidos en el interior de los tubos.
Para gue ocurra un enfriamiento efectivo, el aire debe fluir
en conveccidn forzaéa para desarrollar coeficientes de trans
ferencia de calor aceptables.
Las Fics. 5 y 6 ilustran los 2 tipos denominados segfn el —-
novimicnto del aire, tiro inducido o forzado.

Las. Figs. 7 y 8 muestran el ensamblaje tipico para los hace;
de tubos con cabezales forjados y manufacturados y tambien --
con placas de cgbiertas hbridadas,

2. Caracteristicas.

2.1, Arrvceglo mecénico de los haces de tubos.- E1 d;seﬁo con--
vencional =s el que tiehe los haces de tubos horizontales, con
uno o més ventiladores encima induciendo el aire a través de
los tubns, o los ventiladores abajo para obtener tiro forzado.
Los ventiladores usados son los de tipo propela,puesta que —---
manejan grandes vol@manes de aire a bajas presiones estéticas.
Los cambiadores en posicidn vertical son més usadog para pe--~

quefias cargas como en el enfriamiento del agua de las chague-
tas de los medios motrices y otras aplicaciones,En los cambia

dores con posicidn en A, las secciones son inclinadas y el --

tiro forzado es usado, Otro nuevo disefio de tiro inducido —--
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consta de varios haces de tubos erigidos’ verticalmente Yy arre
glados en un anillo. E1l ventilador va montado encima del haz
de tubos y forma una céamara junto con los haces. En este ti—
po de arreglo los costos de la estructura y la cémara son ——-—
minim.zados, pero el disefio no es adaptable para amplios ran-

gos de dimensiones o velocidades de aire debido a la medida -

del

<

0]

entilador y a los limites de capacidad, los peguefios ---
flujos de aire y caildas bajas de presidn son practicas scla--
mente con superficies aletadas especialmente desarrolladas pa
ra éste disefio. ;

La operacidn de los disefios en anillo y en "A", en mayor for-
ma que los haces de tubos horizontales, esté& sujeta a las vi-
cisitudes del viento a menos que persianas u otro método sean
usados para controlar la temperatura del fldido de proceso.
2.2 Tipos de aletas.- Las aietas proporcionan una superficie
extra gque ayude a compensar la deficiencia en las caracteris-
cicas de transferencia de calor del aire. Para cualquier car
ga con un coeficiente alto de proceso, la méxima superficie~—
¢e aleta por pie cuadrado de tubo ser& la més econdmica para
coeficientes més bajos, las selecciones Optimas pueden ser --
logradas con menos superficie de aleta. .

Desde el punto de vista térmico, la aleta 6ptima puede ser =-

considerada como la que d& los coeficientes de transferencia

mis altos para la minima cantidad de metal. Esto sucede cuan



do el flux de calor es constante a cualquier seccién de la -
aleta entre la base y el extremo superior de la misma.

Las aleias longitudinales y transversales corresponden a fo:
mag altas y angostas con peqgueflas &reas de‘base. ademnads, --
los lacdos de las aletas deben tener curvaturas parabdlicas.
2.2.1 I.letas longitudinales son coml@nmente usacas en cambia
dores «c doble tubo o cambiadores de tubos y carcaza sin =—-=-
manpar..s, o sea cuando el flujo procede a lo largo del eje -
del tuwo.

Las aletvas longitudinales son més comanmente empleadas en --—

i

vobloras implicando gases y liguidos viscosos.

el

2.7.72 Las aletas_transversales zon Lechas en una variedad de

.. p0s vy son empleadas principalmente para el enfriamizsnto y

culentamiento de gases en flujo cruzado.

Las alctas helicoidales en 1a'Fig. 9a. son clasificadas como

aletas transversales y son adhevidas en una variedad de for-

mas talcs como acanalado e insercado de la aleta, expandien-
.

do el metal del tubo a la forma de la aleta o soldando la --

aleta coutinuamente-al tubo.

Las aletas tipo disco son también transversales y son general

mente soildadas al tubo como se muestra en la Fig. Db. y 9c.

Ocros tipos de aletas transversales son congnidas como dis—-—

éontinuas, y varias formas talses como la aleta en estrella -

son mostradas en la ¥ig. 10.
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Ctro tipo de aletas useuas en los tubos son las gue tienen -
formas de conos, prémic.s O ci.indros, las cuales se extien-—
den de la superficie del. tubo y pueden ser usadas para f£lujo
longitudinal y flujo cruzado.

2.2.3 Eir nGmero usual de alecus por pulgada, cuando son colo
cadas transversalmente oscila entre 7 y 1ll:

La superficie aletada puede ser aumentada cambiando la altu-

-~
4

al 1/2" a 3/8". El espesor de las -

ra Je 1as ealetas del uoss
aletas generalmente varia entre 0.014" vy 0.019".

2.3 Caracteristicas de los tubos.- Los tubos son generalmen

te de acero al carbdn y admiralty con las aletas de aluminio

o cobre segln sea el servicio que efectuen.

Lag reiaciones de tubo aletedo a tuvo liso varian aproxima--

damente entre 13:1 a 23:1. Los diédmetros comiénes son 3/4" -

y 1" con aletas de 1/2" a 5/8" de altas, sungue algunas veces
tubos de 1%" de difmetro y menores son neceésarios para un —-

dischio especicho.'

La 1ongitud de los tubos varia de 5 ft,.
La longitud econbmica de los tubos generalmente estd entre -
los 14 v 30 ft.

El funcionamiento de los tubos es variado para un nGmero f£i-
jo de tubos e hileras, cambiando el nimero de aletas por pul

gada lineal.

Cuaado el flﬁido en los tubos produce un bajo coeficiente -



de pelicula, la cantidad de superficie aletada es ajustada --
para proporcionar una érea com;atible vy econdnica. Una rela-
cibn alta de‘superficie aletad; externa a superiicie 1isa, es
de pequehic va or cuandos 103 coeficientes interno y externo —-
son mAs o menos los mismos.

-

El arreglo &z los tubos oscila generalmente eatre 2" y 2-3/8"

en LOoXad Ll Langular & 60O°
2.4 Haces de tubos y cabezales.

2.4.1 Hacces de tubos.- Los canwilulores de calor enfriados con
aire geuevralmente tienen haces de tubos rectangulares conte--
niendo vuries hileras de tubos alineados horizontal y verti--

Coms diseho estandar, los haces de tubos pueden tener hasta -

1z' de ~>chio, 40' de largo y haste 8 hileras de tubos en —---
proiuandc.dad. Los haces de tubés pueden ser coloéédos uno en-
cima de otro, resultando en una profundidad total ds hasta 30
hileras de tubos para un servicio en particular.

La profundidad de los haces de tubos individuales pu=den ser

limitada, o en su caso cabezales divididos horizontalmente --
son regueridos, para servicios teniendo temperaturas altas v

muy diferentes para cada ﬁaso, puesto que la expansidn dicta

un limite, uno o mé&s haces de tubos del mismo O diferente ser

vicio pueden ser combinados eén una misma unicad.



Eaccs de tubos de diferente profundidad cuando son combinados

en una sola unidad, son discflados para una caida d2 presidn -

estética igual, y consecuentemente con diferentes
de aire.
Las unidades teniendo la misma longitud que ancho

Z¢ itienen un ventiledor mientres gue unidades més

o més ventiladores. Un disefiador experimentado

t

velocidades

generalmen-
largas tienen

intentargé -

estcondarizar una unidad modelo, y tipo dentro de una planta -

para minimizar la diferencias del eguipo mecénico, tubos, re-

ducir requisitos de espacio, mejorar la apariencia, y simpli-

ficur el montaje y localizacién del equipo.

2.£.2 Cabezales.

2.+.2.1 Tipo caja forjada, con tornillos taponando ambos ex--

tremos de los tubos. Los tornillos son generalmente considers

i

Jdos wejores para muchos scrvicios, esto proporciona ademés --

acceso individual a cada tubo con el fin de dar limpieza, re-

ajustar el tubo y taponar el tubo en caso de fugas.

2.4.2.2 Tipo caja soldada.- Presenta los mismos rasgas que ei

anterior.

2.4.2.3 Tipo de placa cubierta.- Este tipo usa empagques y pa-

ra tener acceso a los tubos es necesario quitar la placa. i@'s

te tipo generalmente se usa para servicios incrustantes y obs

tructores, donde una linpieza frecuente es necesaria.

2.2.2.4 Tipo cabezal multiple.- Este es usado en

aplicacio=--
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2.5 Tincs de enfr.ozdore posicidn del ventiiador .-
ruachas comparac?ones de 105 «G5 tiposn pasilcos de cambiadores
Ge calor wnfriados por aire han sido hiechas v cada disefio --
tiene sus puntos LHUenOs y malos, PErc estos a menudo son =—=—-—
acadéricos, siendo més importante c¢1 costo.

Amoos Lipos oirecen ventajas inhercntes en sus caracteristi-
cas de diseflo y operacidn.

2.5.1. 1 vipo de tiro forzado es generalmente preferidc pa-
ra eniriamiento a altas temperaturas cuando la temperatura -

Gel airc de descarga es suficientemente alta para dafizr el -

vantilador; a continuacidén se enumeran una serie de ventajas

2.5.1.2 La estructura es més simple.

2.5.:1,3 Se adapta féacilmente a cualquier tipo de unidad mo--

2.5.1.4 Menos energia del ventilador es requerida para el nis
0 funcionamiento.
2.5.1.5 Las secciones son més faciles de remover para repara

cibén.

calicnte a méxima velocidad pova un répido deszlojo del aire.



A continuaciéﬁ se enumeran una serie de ventajas de este tipo.
2.5.2.1 Existe menos recirculacidn del aire caliente.

2.5.2.2 Hay una mejor distribucidn del aire sobre el banco de
tubos aletados.

2.5.2.3 las seccioges de tubos aletados estan mas cercanas al
piso y por lo tanto, es mas fdcil darles mantenimiento.
2.5.2.4 Da méxima proteccibébn de la lluvia, granizo, etc.
2.5.2.5 Reguiere menos tuberia de conexiones.\

2.6 Ventiladores.- Los ventila@ores son maguinas con aumentos
relativamente bajos de presidbn, los cuaies manejan-gases o va-
pores por medio de aspas rotantes, y cambian la energia mecéani
ca de rotacidn en presidn o trabajo sobre el gas.

El resultado de este trabajo sobre el flfiido serd en la forma
de energia de velocidad o de presidn, © una combinacidn de —---
ambas.

El aumento m&ximo usual de presidn de la entrada a la descarga
a cravés de un ventilador, es alrededor ¢e una psi, de cual-—-
quier forma, existen ocasiones en que dos Yy tres psi son desa-
rrolladas.

Los ventiladores son normalmente usados en aplicaciones donde
en la succidbn el gas estd a p;esién atmosférica o solamente a
unas pulgadas de agua abajo o arriba de la atmosférica. Esto

es debido generalmente a los rasgos de construccidn de las as-

pas de los ventiladores, siendo basicamente fabricados de ho--



jas de metal, las cuales no sguantan altas presiones. Los —-
ventiladores son clasificados como:

2.6.1 Centrifugos.

Es disciiado para mover aire O gases sobre un amplio rango de

volimenes y presiones.

2.6.2 De aspa axiai.

Es diseflado para mover aire O gases soOpre un amplio rango de

volumenes y presiones. La diferencia con el anterior estriba
en la coastruccidn.

2.6.3 De tubo axial.

Es disefiado para mover aire O gases sObre un amplio rango de

voltmenes a medias presiones, su construccidn es similar al -
antexior.

2.8.4 Se propela.

Es disefiado para mover aire © éases sobre un amplio rango de

volimenes a bajas presiones. Este tipo de ventilador es el -

gue comunmente se usa en cambiadores de calor enfriados por -

air

®

Este tipo generalmente no opera con tuberias o ductos en la -
succidén o la descarga, y maneja el aire o gases desde un espa
cio abierto a otro. .

Las presiones son generalmente muy bajas y los volGmenes de--
penden de las dimensiones, arreglo de las aspas, nGmero de as
pas y velocidad.

Fara servicios generales 4 aspas por ventilador son conside--



- 34 -

radas minimas, las aspas son generalmente de arreglo fijo has-
ta de 48 pulgadas de didmetro, con mayores di&metros un —-—-—---—
arreglo ajustable puede ser uszdo. Arreglo fijo es usado con
aspas h;sta de 60 pulgadas de dif@metro, cuando las aspas son -
de aluminio y el ventilador esté& conectado directamente a la =~
flecha del motor.

Arreglo variable es usado con transmisidn por bandas, engranes,
etc.

Aspas de aiuminio son usadas hasta 300°F, mientras que lgs -
de plasticos estan limitadas hasta~l60f - 180°F

El ruido que produce el aire es generalmente menor con venti--
ladores de muchas'aspas (cuatro o0 mas) que con dos O tres as--—
pas. En general, el ruido no es un problema real cuando es --
comparado con otra maguinaria de operacidn y el nivel de fre--
cuencia es muy bajo y no penetfante. El nivel de ruido es geng
ralmente limitado a 75 decibeles maximo a 50 ft. de distancia
del ventilador, y lagvelocidad periférica es limitada a —————
11,000 - 12,000 ft/min. ( = 1 x dié&metro de la aspa en ft x -
R.P.M.) Esta puede ser més alta para aspas abajo de 48 pulga-
das de diémetro.

2.6.4.1 Céalculo de la potencia.- La potencia puede.ser calcu-

lada, por medio de las siguientes-formulas:

HP = ( et ) L ) (2.1 )

(6,356) (€g) (eq) )




(€31

(8}

- 0.000 1573 (ACFM) { Ps ) (2.2)
( HP ) =
s

B Es
Donde:
Pv = Presidn de.velocidad, generalmente 0.1 pulgadas de agua
Ps = Presidn estética
Pt = Py + Pg
@f = Eficiencia del ventilador, generalmente 0.65
&d = Eficiencia del motcr, gcneralmente 0.95
LCFM = ft3/man. a las condiciones &2 entrada del ventilador
2.6 Medios motrices.- EL ventilador puede ser operado por =--

cualguiera de los siguientes medios:

2.6.1‘Motor eléctrico directamente conectado o por bandas.
2.6.2 Motor eléctrico ce 2 Qelocidades con bandas O engranes.
2.6.3 Turbina de vapor directamente conectada, por medio de —--

engranes.

2.6.4 Motor de gesolina con transmisidn por bandas y engranes.

Los engranes deben ser especificados seglGn la "American Gear

Manufacturer's Association" para asegurar un adecuado factor

de servicio minimo, el engrane tipo espiral es més usado gue
el tipo gusano y ademés mé&s barato. Cuando los engranes son -
usados con unidades de tipo tiro inducido, la temperatura maxi
ma del aire de salida debe ser limitada por la especificacién

de los engranes, que deben ser evaluados a la.temperatura del

aire esperada.



Generalmente las transmisiones por bandas no son usadas a.més

‘de 30 H.P. Las bandas no deben ser usadas en condiciones don

de la temperatura roéeando a la unidad; sea mayor a le0°F, ——-
con o sin ventilador operando ,esto es de particular importan--
cia en condiciones de tiro inducido, donde las bandas estarian
en la corriente de salida.

2.7 Control.

El problema principal que se deriva en la operacién de un cam-
biador de calor enfriado con aire es el control de la tempera-
tura de salida del lado de proceso.

El personal famiarizado con enfriadores de aéua, algunas veces
caperimenta algunas dificultades en reorientarse al control --
de las unidades enfriadas con aire. _

La temperatura del agua no varia tan ampliamente como lo hace

la del aire durante todo el afio, y unicamente por "By-Pasear"

¢l agua o la corriente de proceso, es posible obtener un buen
control de las condiciones. Especialmente, ;olo la diferencizs
verdadera de temperaturas es afectada.

Cuando el aire es el medio de enfriamiento, no solamente su -
temperatura est& sujeta a cambios, sino ambos, el.coeficiente
de transferencia de calor y la diferencia verdadera de tempe-
ratura son afectadas cuando se varia su flujo como medio de -

control. Como el flujo de aire es reducido, el coeficiente y

¢! L.M.T.D. son disminuidos,



s

Las temperaturas de salida de proceso pueden ser reguladas --

por una simple véalvuia de control, por "By - Pasear" el flGi-

do, si es que no existe peligro de congelamiento para el mis-

mo.

Las temperaturas de proceso pueden ser reguladas ﬁor cualquie
ra de las siguientes formas:

2.7.1 Las persianas han sido usadas por muchos afios. La ope-

racidén puede ser manual o automética, las persianas también -

0irecaen proteccidn con;ra la lluvia, granizo y en menor grado,
CoOnvra &l sol. )

2.7.2 Tcs motores eléctricos de 2 velocidades tienen muy bajo
COsio y son muy satisfactorias para muchos servicios.

Un serio inconveniente es la fuerte demanda para el arranque -

2.7.3 Los wntores eléctricos ae velocidad variable, turbinas -
de vapor o medaios motrices hidr&ulicos son usados, pero no son
tan comunes comoc los otros métodos.

2.7.4 Los ventiladoses con arreglo variable, autométicamente -
fijados y usando medios motrices de velocidad constante, permi
ten un control de + 1.5°F en el flGido de proceso.
Combinaciones de mds que un método de control deben ser evita-
das puesto que pueden causar un serio problema en la operacién.
fuando se tienen enfriadores con varios ventiladores, pueden -
disminuirse los gastos sin afectar seriamente el grado de regu

lacibébn, usando tnicamente un ventilador controlado automatica-



mente. A la capacidad ma@s baja del ventilador controlante, -
la sefial de control corta uno de los otros ventiladores, la -
regulacidén puede ser completamente automética, secuenciando -
todos los arrancadores de los ventiladores a una unidad con--
trolante. En cualquier arreglo, eé importante que el venti--—

lador controlante tenga tanta capacidad como y preferiblemen-

v

te mads que los otros.

A continuacidn se ilustran tres tipos de control en las figu-

ras 10, 11l y 12.
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L. T.ado del aire

1.1 Coeficiente del airec. 8

Del c¢studio de Briggs y Young se Obtiene una ecuacidn para -

el coeficiente del lado del aire para tubos aletados:

0.718/ A /3 o.
/uj_____r G‘“) .:/“'a“a\- <_§_} 298 Fr

1) (3.1)

\I(a }

Donde hi es referido & la superficie total expuesta Ag.

Para la exactitud requerida y con el fin de simplificar los -
calculos lo mé&s posible, el calor especif;co, ia conductivi--
dad térmica y la viscosidad del aire pueden ser tomados a una
temperatura promedio, teniendo para el caso en gue ésta sea -

120°F la siguiente ecuacidn:

[c 0.7 \ 0.296 .
hy = 0.0356 \m (=) Ty (3.2)
(dyy 0.282 \ + /
Si se expresa:
Gn = 60 Pa Vn (3) con pg = 0,075 refiriendose a --

las condiciones estanders,substituyendo (3) en (2) vy maltipli
cando por Ay /A. Para rcferir el coeficiente,
4

A la superficie lisa se obtiene:

' 0.718 0.296 :
\Y
A ¥
ha = 0.105 <_~f;l ( S \ ( £ \ R

(ar) ©-282 1/ Bo / (3.3)

Veiores de Ay/Ag vy (s/1) 0.296  .on dados en la tabla I. en

éste caso particular los tubos disponibles son de 1" de dii-

metro externo para lo cual (dr) C.282 _ 1.



1.2 Coeficiente de incrustacidn.- Generalmente no es acostum
bgado incluir elrcoeficiente de incrustacién para el lado del

aire puesto que es despreciab;e. Suponiendo gue una resisten-
cia de 0.002 es tipica para un haz de fhbqs aletados, si toma-
mos el caso en que la relacidn de la superficie total a la su-
verficie lisa sea 20 la resistencia referida al tubo.liso seré
de 0.002/20 o sea 0.000l.

Existen ocasiones en gque una cublerta de'pintura debe ser.apli
cada a las aletas; Estos casos presentan un pequefio efecto ~--

sobre el coeficiente total de transierencia. -

En ¢l caso en que la atmbésfera sea aceitosa y polvorienta, un

—~

Gepdsito puede ser formado scobre las aletas; esto tendria que
[Xeth :omrjs en consideracign.

1.2 Caid de presibn.

Briggs ' Young dan también la ecuacidn recomendada para l; éqi

Je p.cesidbn del lado del aire, la cual es:

(o7}
1

1.725
ap, =0.433x 1079 (Vm) r {2978 g (3.4
. a .
. LTS .
AP, = 3.26 R ( "m) rg/10 Py (3.5)

.3 [actor de seguridad Fg ha sido afladido a la ecuacibn (3.4)
v Uva minimo valor recomendablie de 1.1 debe ser usado, la razdn

~
a

¢ . 27 2. avestigadores han to. 3 licuitad para encontrar

una re.acidn satisfactoria para AP
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La ecuacién como gueda escrita estéd de acuerdo\solamente -
con las caracteristicas de aletas y tubos de la tabla I. -
La densidad del aire es evaluada a las condiciones de pre-—-—
siétn del lugar donde va a ser instalado el enfriador y a la
temperatura promedio en el haz de tubos.

2. Lado dc los-Tubos.

2.1 Coeficiente de enfriamiento.- El procedimiento para la
evaluacidén del coeficiente en el interior de los tunos, es =-
el propuesto por Donald Kern para flujos con nlmero de ——-—--
Reynolds mayo? de 2100 (régimen turbulento) dque utiliza la
sigulente ecuacibn: (Ref. Bibliogréfica) (2)

0.8 1/3

iD= 0.027 ( Re) ( Pr) By (3.6)
kp

La gré&fica de esta ecuacidn se presenta en la Fig. 13, la --
cual es aplicable para liguidos orgénicos, soluciones acuo--
sas y gases. ‘
2.1.1 Método
2.1.1.1 Es necesario determinar en primer iugar la temperatu
ra caldrica de lado de proceso, para lo cual es indispensa--
ble conocer las temperaturas de entrada y salida de proceso
y del aire.
2.1.1.1.1 Calcular AT

AT = Tp -~ T, (3.7)

2.1.1.1.2 Calcular ATc/ATh



TIPO

Fo T N > B T B &

D.E.
DE
ALETA

2.0
2.0
2.0
2.25
2.25
2.25

DATOS Y DIMENSIONES PARA ALGUNOS TURNS ALETADOS DE CAMBIADORES .

TABILA

1

DIAMETRO
MEDIO

dy

1.00
1.04
1.10
1.00
1.04
1.10

h Y

ENFRIADOS POR Alidh

’ALETAS/
IN

n

11
10

11
10

ESPESOR
DE ALETA
t

0.014
0.014
0.019
0.014
0.014
0.019

ARREGLO
DE
TUBO

P

2.1
2.1
2.1
2.375
2.39
2.375

Br_

A

17.5
15.6
13.6
23.4
20.9
18.3

ALETA

Tm

0 LO0580
0000448
0.000441
0000736
Q 000756
Q 000563

Vm
v

2.22
2.27
2.48
2.00
2.02
2.20

0.296
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ATC _ T2 -~ tl (3-8)

ATh Ty - F2

2,1.1.1.3 Con AT Yy API (éara el caso de fracc. de petrd--
leo) o Uec - U4d/Uc se encuentra en la Fig. 14 ,Xc.

El valor de Ke corresponde al coeficiente de transferencia

de calor controlante, el cual es supuesto para establecer --
la variacién de U con la temperatura.

2.1.1.1.4 Con ATc / ATh vy Kc se obtiene de la Fig. 15, el

factor Fc, el cual se aplica en la obtencidn de la tempera--—

tura calbérica por la ecuacibn:

Ta = T2 + Fgo (Tl - Tz) . (3.9)
2.1.1.2 Con el flujo en masa y la densidad Pp se obtiene -

el flujo volumetrico v,

2.1.1.3 Fijando una velocidad V con el fin de cbiener una -

calda de presibn cercana a la permisible, se encuentra el --

drea de flujo.

a = (3.11)

o Y el &rea de flujo

2.1.1.4 Con el area de flujo por tubo a'

total ap se obtiene el nlmero de tubos:

No. de tubos =  eedie (3.12)

2.1.1.5 Con el area de flujo total y el flujo en masa se ob-

tiene la masa velocidad.
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W
= (3.13)

Gy =

2.1.1.6 Con Tc se obtienen Mp , Ky, C p

2.1.1.7 Se calcula el nGmero de Reynolds con:

DG .
Npe = ——- (3.14)

p
2.1.1.8 De la Fig. 13 con NpRe se obtiene: Jp
hi D _ -1/3 ’
gy = e (P _#p) Be (3.15)

2.1.1.9 Se calcula

OO G S - H (3.16)

O sC obtiene de la Fig. 16 si se trata de fracciones del --
petrdleo.

2.41.1.10 Despejandé para:

= J.. ' —Pa ( p__ "o ) (3.17)

2.1.1.11 Se calcula el coeficiente referido al &rea externa:

Pio | M ID (3.18)

Ze L oD

2.1.1.12 Se calcula la temperatura de la pared:

= T + No/8 (Te - t)  (3.19

Piospe ¥ Posp
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2.1.1.13 Se cé&alcula con t

#W 1

2.1.1.14 Se cadlcula @

B = (=) ~ (3.20)

2.1.1.15 Corrigiendo el coeficiente:

hjo = (héo ) &s (3.21)
t

2.2 Factor de incrustacibn.
Valores numéricos de los factores de incrustacibédn para una --
variedad de servicios de procesos, son encontrados en el apen
dice de cualquicer libro que trate con intercambiédores de ==~
calor.
Los valores enlistados intentan proteger al intercambiador --
de la baja en eficiencia térmica que sufren éstos con el uso.
2.3 Caida de presién.'
El procedimiento para la evaluacidén de la cailda de presidén -
es el propuesto por Donald Kern, gue a su vez se ha basado en
las correlaciones de Sieder y Tate, para obtener los factores
de friccibn poera flGidos siendo calentados o enfriados en el
interior de tubos.
La caida de presibn del lado de los tubos se calcula en 2 par

a—

tes, caida de presibn en los tubos y caida de presibn en los

retornos:

APt = Pt + Pr (3.22)

En donde.
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£ G% L n
P, = (3.23)
5.22 x 1010 a s g

2

4n v

P, = o 62:5 \ (3.24) —
2s g 144

El factor de friccidn £ para la caida de presid4n en los -
tubos esta dado en la Fig. 17 como funcibén del nimero de --
Reynolds, y la caida de presién pér paso en los retornos en
la Fig. 18, como funcibén de la masa velocidad.

2.3.1 Método

2.3.1.1 cCalcular el nGmero de Reynolds.
Gt D (3.14) ‘
Up

NRet

2.3.1.2 Determinar el factor de fricciébn £ de la Fig. -=-
17 con el Npep

2.3.1.2 Calcular P¢ con:

£ 5¢ L n (3.23)
5.22 x 1010 a's g

Pt =

2.3.1.4 Determinar P,./Paso de la Fig. 18 con la masa velo
cidad Gg.

2.3.1.5 cCalcular P, con:

p. = n V2 /65,5 (3.24)
r 2s g 144 ) -

2.3.1.6 Calcular APy con:

APy = P + Pp (3.22)
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3. Diferencia media logaritmica de temperaturas (LMTD) y -
factor de correccidn (F¢).

3.1 Diferencia media logaritmica de temperaturas L.M.T.D.

Para calcular el L.M.T.D., es necesario conocer las tempe-

raturas de entrada y salida de proceso y del aire.

La formula utilizada es:

Ty - tz - (Ty - t1)
L.M.T.D. = =

in T1 - 2
Ty - t1 ‘ -

La razbébn por la cual se usa el L.M.T.D. para flujo a contra
corriente, es que el flGido de proceso, aunque lleva una --
trayectoria en zig - zag, va descendiendo en sentido contra

J

rio al aire cuando se tienen varios pasos en los tubos.

3.2 Pactor de correccidn

En los cambiadores de calor enfriados por aire, el tipo ‘de

flujo que se desarrolla es el cruzado.

Para uno y dos pasos con flujo cruzado, las gréaficas desarro

lladas por Bowman, Mueller y Nagle son usadas para obtener -

el factor de correccibdn.

Para tres pasos Stevens, Fernandez y Woolf desarrollaron una

gréfica; el método de cdlculo para obtener el factor de co--
!

rreccién de estas graficas es el siguiente:

3.2.1. Encuentre.

R = Lfi-Tp (3.26)

tz—tl
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3.2.2 Encuentre

t - t
s = 21 (3.27)
Ty - &g

3.2.3 Con Ry S y el nGmero de pasos lea Fy de la Fig. 19

-
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DISENO

1. Consideracicnes de Disefio

Se puede considerar como un buen diseflo, aguel que satisfacien

do las necesidades de proceso, representa el costo total mini-
no de operacidn e inversidn.

1.1 Temperatura de Disefio del Aire.- La temperatura maxima de
disefio debe ser seleccionada para gue no se exceda dé mas que
2-5% del tiempo.

Graficas de las temperaturas diarias tampien como curvas mOS—-—
trandc el nGmero de horas y el tiempo del afio durante el cual
cualquier temperatura es excedida son valiosas y muchas veces
necesarias para establecer una temperatura de disefio del aire
econdmica.

1.2 La potencia del ventilador, el nGimero de hileras de tubos
y las velocidades del aixe son los factores a considerar para
obtener los costos totales mas bajos.

1.3 E1 nGmero de hileras cde tubos tienen uh marcado efecto --
sobre los costos de operacibdn e inversidn por lo que rango de
hileras entre 4 y 8 debe ser considerado para el disefio econb-
mico de un cambiador.

1.4 La potencia del ventilador debe ser evaluada lo més cerca
na a la realidad, puesto que ésta, junto con los costos de =—--

mantenimiento, determinan los costos de operacibébn, y a mayor -

potencia menor superficie es requerida, pues el coeficiente de



transferencia y la L.M.T.D. son aumentados.

1.5 Los ventiladores tipo propela tienen la caracteristica -
de impulsar grandes volOmenes de aire a bajas caidas de pre--
51i6n, por lo que generalmente este tipo de ventilador es usa-
Jd0o en los cambiadores de calor enfriados por aire.

Aungue el rango aceptable de caidas de presidn es bastante --
pequeflo, existen ocasiones donde muy bajas o muy altas caidas
de presibébn son las mas econbmicas.

1.6 Como en el caso de 1los cambiadores de tubos y carcaza la
méxima longitud préctica de tubos, generalmente da la selec--
cibén mis barata, debido a gue ésto minimiza los reguisitos —-
de cabezales y las pérdidas de presibn en el flGido de proce-
so.

Los tubos mas comQines son de 1" de diéﬁetro externo y son los
gue se utilizan comunmente para el diseflo de un cambiador.

1.7 La geometria de'las aletas y los materiales de las mismas
son limitados a lo que puede ser econbdmicamente fabricado.

1.8 La resistencia del metal puede ser considerada como la --
suma de las resistencias dcl tubo y la aleta. En la tabla I -
son dadas algunas resistencias de aletas las cuales pueden ser
usadas si tubos de 1" de diédmetro externo son los céﬁsiderados
en el disefio.

-

1.9 Las aletas son generalmente de aluminio, a menos que una
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atmbésfera contaminada pueda perjudicarlas. Para tal caso, -
aletas de acero inoxidable pueden ser usadas.

1.10 E1l coeficiente de transferencia de calor del aire no -

es afectado por el nfmero de hileras y es mejor en el tipo -
de tiro forzado, debido a que se forma una turbulencia en la
la. hilera de tubos, lo cual no ocurre en el tipo tiro indu-
cido.

1.11 Para una seleccidn Optima el nlGmero de hileras de tu--—
bos estard entre 2 y 14, pero las consideraciones précticas
los limitarén a 4, 6 y 8 hileras. Esto es debido a que al -
aumentar el nGmero de hileras, la caida de presibén aumenta -
considerablemente y posiblemente ningfn ventilador satisfaga
tales condiciones.

2. Procedimiento de Disefio

2.1 Datos.

2.1.1 Temperatura de flGido de entrada del proceso

2.1.2 Temperatura.del flGido dé salida del proceso

2.1.3 Temperatura del fluido de entrada del aire del proceso.
2.1.4 éasto del flGido de proceso

2.1.5 Caida de presidn méxima permisible, decl lado de proceso
2.1.6 Longitud y didmetro de tubos, tipo y carac£eristicas de
la aleta tomadas de la tabla I;

2.2 Diseﬁo..

2.2.1 Para 4, 6 y 8 hileras y para velocidades de 300, 500, -

t



700 y 900 ft/min., eacontrar hy , P U.

2.2.2 Con U, R, 45, P y V -encontrar.

JMrp 0 1.08 o V. (4.1)
sta do r UR

2.2.3 Con diferentes valores supuestos de t, de salida --
del aire, encontrar LMTD ysty y graficar L.M.T.D. Fy Vs. -
Aty

2.2.4 Con los valores encontrados en 2.2.2 y utilizando la
gréfica construida en 2.2.3 encontrar los valores verdaderos
de sty y ¢ty

2.2.,5 Encontrar L.M.T.D.

2.2.6 Con L.M.T.D. Q y U encontrar &area lisa:

i A= Q (4.2)
U L.M.T.D.

2.2.7 Encontrar flujo de aire y las dimensiones del cambia--
dor por la siguientes ecuaciones:

Wy = Q/sty - Ca (4.3)

SCFM = W5 / 60 ps (4.4)

= SCFM/V (4.5)

>
H
i

2.2.8 Encontrar la potencia del ventilador por:

€
S




3. consideraciones econbmicas.

El equipo de enfriamiento para cualquier'éarga de proceso -

deberfia ser disefiado para—que;, enr—el—tiempo—de recuperacidn
del costo de la planta, el flGido de proceso sea enfriado -
a &; costo total minimo (operacidn e inversién) con el fin
de obtener méximas ganancias.

Al considerar el diselo de un equipo como un negocio, la --
situacibébn gue realmente existe de lo atractivo del riesgo -
del capital, es medido por el capital total incrementado -—
retornable sobre un porcentaje comGnmente considerado atrac
tivo.

La ganancia incremental, la‘cual es el origen para atraer -
nuevo capital ha sido denominado como "Venture Profit"”

La siguiente expresidn para "Venture Profit" es similar a -

la presentada por Happel and Aries:

VvV = P = im (I + I w (4.8)
siendo:
P=R~- eI - t (R - dI) (4.9)

reajustando esta Gltima ecuacidn:

P= R - eI - tR 4+ t daI (4.9a)

o)
[
w
-
t
+
—t
!

I (e =-dt) (4.9p)

si R= S -2 (4.10)
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Substituyendo (4.10) en (4.9%)

P = (s-¢) (1-t) - - I (e - dt) (4.11)
Substituyendo (4.11 en (4.8)

V = (s-¢) (1l-t) - I (e ~-4dt) =iy (I + Iw)l (4.12)

Y puesto que:

S =TIy = O
Cg = ( =¢) {1-t) = I (e ~@dt) - i (I) (4.13)
O sea ‘ |
Ce, =C (l-t) + I (e ~dt) + 1 I (4.13a) -
donde: \
p = Ganancias netas
R = Ganancias brutas
e = Depreciacibén del equipB para propdsitos de contabilidad
I = Inversibén en equipo
t = Impuestos federales y estatales
da = Depreciacidn del equipo fijado por el gobiernp
s = Ventas .
C = Costos de operacién’ ’
Iw = .Capital de trabajo
iy = Porcentaje minimo de ganancias sobre un capital inverti
do. )
Ct = Costos totales (operacidn e inversidn)

Para la evaluacidén de disefios, aquel gue muestre los valores --

méas altos de "Venture Profit" serd el més atractivo.



3.1 Criterio.
El sistema de enfriamiento a instalar serd agquel que maxi--

mize:

V= (SCX1I-t) - (€=GC7) =135 (T + Iy (Z.12)
pero S= Iy = O,
lo cual significa que no habré& ventas y por lo cual la ante~
rior ecuacidén al tomar la forma de la ecuacidédn (6) viene a -

representar los costos totales, por lo que en este caso, el

sistema mas adecuado seré& acuel gue proporcione:

CTMIN C(l-t) +I (e + 1ipy-=-dt) (4.14)

Estos costos traidos a valor presente proporcionarén el capi
tal necesario para operar el sistema durante el periodo de -
tiempo estimado, para 1o cual el concepto del "Venture —=—=——-
Worth" seréd considerado.

El "Venture Worth" representa la suma de los valores de —----
"Venture Profit" anuales, pero considerando un interes com--
puesto durante el tiempo de duracibn considerado para el equi
po.

La ecuacién en forma integral para el "Venture Worth" queda:
-1 g _
W = C e <P (4.15)

Por lo que el sistema de enfriamiento a instalar sera aquel -



gue proporcione:

W

min.
donde:
Ct = Costo totales (operacién e inversidn)
¢ = Tiempo en afins
. = Interés

3.2 1Inversibn fija

Considerando cambiadores de calor de tubos aletados de las —-

siguientes caracteristicas:

op = 1"
ALETA = 0.5"
L = 24

9 ALETAS/IN
Material del tubo = C.S.

Material de la aleta = Aluminio

Se ha encontrado de .lous estudios de la'"iludson Corporation“—--

que el costo del cambiador,de aire puede ser reprcuentado por

una ecuacidn de la siqguiente forma:

- b - C

I = a n A (4.16)
donde:
n = namero de hileras de tubos
A = Area de transferencia de calor.
a,b,c constantes que dependen de los co§tos del equipo,

po y caracteristicas de aleta y tubo, etc.

ti-



Para las caracteristicas anteriormente dadas de aletas y —--

tubos y para condiciones de E.E.U.U. La ecuacidn queda de
la siguiente forma:

- 0.2151 - 0.1795 _
I = 529 h A $/ft2 (4.17)

Es necesario

e indirectos

agregarle a esté ecuacidén los costos directos -

que se derivan de un nuevo equipo, para lo cual

los siguientes factores fueron obtcnidos de un cuidadoso es-

tudio hecho por H.C. Bauman:

Directos:

* Mano de Obra

Cimientos

Eléctrico

Pintura

Instrumentacibén 0.1

Estructuras 0.03
0.63
Indirectos:
Overhead: 0.25
Ingenieria: 0.13
Contingencias: 0.05
0.43
L = (1.63) (l.43) = 2.33
1= 1230 n = 01795 5 ee2 7 (4.18)
oty soanyT
= ,’7 AN | /‘{N'v
- 0.2151 0.8205 \
I = 1230 n A -8 (4.18a)



De las cotizaciones dadas por una Compafiia que fabrica cam-
biadores de aire en México, 2l valor por el que hay que aul-
tiplicar la ecuacibén es 1.8 para obtencr el valor de la uni
daé ca el Pais., El factor por el hay que multiplicar la =-
ecuacidbn cuanuo &« usan tubos de Admiralty es 1.2 por lo —-
que la ecuacidbda quedard:
- 0.2151 0.8205

I = 2660 1 A . 0§ " (4.19)
3.3 Costos ce Operacidn
Los costos de operacidn incluyen los de énergia suministrada
al ventilador, y los de mantenimiento.

3.3.1 Costos de energia.- La energia necesaria para enfria

-

miento con aire es consumida en el medio motriz del ventila-
dor. La mayoria d=z los ventiladores son accionados por mo--
tores eléctricos o turbinas. Las turbinas son generalmente
accionadas con vapor o gases calientes. El costo anual de -

energia para la operacidn d= un cambiador de calor enfriado

por air. puede ser representado por:

\
\
Costo de Energia ==/ F, \. ‘\ [4.20)
/\//

Donde 15 - es el costo de la energia eléctrica en el lugar

-

donde scréd colocado ¢l enfriador,este valor puede variar de--

pendiendo del lugar donde va a ser colocado el equipo.



P, es el factor de requisitos de energia, el cual se basa -
en el 4rea de superficie del cambiador, si un sistema de ti-

ro forzado es construido,la potencia consumida por el venti-

lador es una funcién de la temperatura de bulbo seco ambien-
te. A temperatura y a velocidad del aire constante a través
del haz de tubos aletados, P; es aproximadamente constan;e.
P, est& dado en energia/édrea.

3.3.2 Costos de mantenimiento.- Los costos de mantenimien-—
to para los enfriadores dz aire en México son considerados -
aproximadamente como el 3% de los costos de inversidm.

Estos costos incluyen: Limpieza intermna y externa de los tu--

bos, aceite a la caja de engranes, cojinetes del ventilador.

Costo de mantenimiento = 0.03 I (4.21)

2.4 Ecuacibn Final

/ \/
ct=kFp P, A + 0.03 I/Kl—t>+ I

- 0.2151 0.8205
I = 2660 n A $  (4.19)

3.5 "Venture Worth"

W o= J[ C e d e . (4.15)
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OPT "MTZACION DE UM CASO LSPECIFICO

El disefio 6ptimo ser& agquel que proporcione los costos to--
talgs de operacidn e inversidn minimos.

Es necesario como ler. paso transformar las ecuaciones de -
coztos al problema en particular. A continuacibédn se subs--
tituyen los valores correspondientes a dichas ecuaciones:
l. Costos de operacidn

1.1 Costos de energia

P_A

Cop = Fp a

Donde Fp = 0.12 $/Kw - Hr

El anterior dato fue aportado por Pemex

y:
Pa - 8400 Hrs 0.746 Kw - Hr. HP
1 afio 1 HP . A
Pa = 6260 HPg Kw Hr
A . ft2 afio
Por Jlo que: .
Cop = 0.12 P, A $/afio

1.2 Costos de mantenimiento

El factor 0.03 es corrientemente usado en la Industria.

2. Costos de inversidn
. ’ - 0.2151 0.8205
#E89” n A
(‘Z-:ﬁ CA) o
3. Ecuacidbdn final.

I =



si

d = 0.1

im = 0.15

@ = 10 afios
im

eim@_‘_l

0.15
[&.15) (10)
e -1

= C (-t ) + Ig

(

0.0429

e +im-4dt)

( 0.0429 + 0.15 - (0.1X 0.3])

Cp = 0.7Cop+ 0.1629
Cp = 0.7 (0.12 P, A
Cp = 0.084 P, A ‘+
Cp = 0.084 P, A+

Cp = 0.084 P_ A

"Venture Worth"

Para i = 0.15
O = 10O afios
w = Ct =] d

ce -ie

+

If

+4-

0.03 Ig).

0.1839 1Ig

0.1839 (2660) n

489

10

n

+4-

0.1629

A

0.8205

A

If

0.8205



Ct - 1.5 -, Ct -
W = 1 - e ; = —_— ( 1-0.2235)
J

W = 5.175 Cq
5. Enunciado y resolucibn
Se requiere enfriar una corriente de aceite ciclico pesado, la

cual presenta las siguientes caracteristicas:

T, = 400°F
Ty = 150°F
W = 186,000 1lb/hr
Q = 24,550,000 Btu/hr
ip =~ 0.002 hr ft2 °F/Btu

La temperatura de disefio de bulbo seco del aire es:

ty = 092°F

La caracteristicas del tubo'aletado de acuerdo con la Tabla I
son:

op = 1"

iD 0.826"

L4

14 BWG

Longitud = 24 ft

i

o 0.0003 hr f£t? °F/ptu
tubo

2 op o
o aleta 0.00059 hr £ft“ °F/Btu (aluminio)

Aleta: Aluminio OD = 2"
No. Aletas/In = 11

St

- = 17.5
.‘\o



: = 2.22
Vv
PITCH = 23/32"
S 0.296
T = 0.576

El coeficiente del lado de proceso estimado es:

b, = 140 Btu/hr ££2 o

2 or
2o - L - o.00715 Dr ft2°F
I 140 Btu

La resistencia de incrustacién del lado del aire puede ser des-

preciable. La suma de resistencias sin contar la del aire queda:

1
r = + r + r + r.
hp Mtubo Maleta ip
= 0,00715 + 0.0003 + 0.00059 + 0.002
= 0.01004 hr ft2 °F/Btu
Usando la ecuacidédn (3.3)
0.718 0.296 A '
Vm t
hy = 0.105 ( ) —_— F
(dy 0.282 1 / A x
r
Para el tipo de tiro forzado escogido F, = 1 para cualquier -

cuso.
Las caracteristicas del tubo aletado son substituidas,en la ante-

rior ecuacién:

0.718
hy = 0.105 ( —T-) (0.575) (17.5)
0.718
hy = 1.0584 Vv
Donde V. = 2,22V _
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Por lo guc para ol rango de velocidades recomendadas:

v Vi 1/h

300 660 8.77 x 107"
500 1110 6.25 x 10 °
700 1550 . 4.95 x 1073
900 1999 4.02 x 1073

Los pasos gue siguen a continuacidbn

lo II.

Para 4 hileras:

-6 1.725
ap, =2:3¢ x 10 (V)
0.718
ha = 1.0584 (v
Tm "= o.1805 -
Aty
v Tn/aty Aty
300 1.07  67.3
500 (1.556 51.5
700 2.15 39.0
900 2.435 34.7
v A. W,
300 6740 1.54 x 10°
500 5280 1.987 x 10°
700 4660 2.63 x 10°
900 4360 2.95 x 10°

1/u0 U
0.0leel 53.16
0.01629 61.38
0.01499 66.71
0.01406 71.12

son los dados en el capitg'

€2 Tm Ft Tm Fe U
159.3 72 3640
143.5 80.1 4650
131.0 83.9 5260
126.7 . 84.4 5630

S.C.F.M. e W

5.425 x 10° 1140 47.5

4.42 x 105 885 36.9

5.85 x 10° 836 34.9

6.56 x 10° 730 30.4



00

500

700

900

300

500

700

900

300

500

700

900

4Dy . BCI'H sps ACFM

0.172 4.14 x 10° 0.712 x 10°

0.435 5.35 x 10° 2.325 x 105

0.790 7.08 x 10° 5.59 x 10°

1.150 7.94 x 10° 9.11 x 10°

HP, ( ¢ = 0.5) HP, ( g = 0.6) HPg ( ¢ =0.7)

22.43 18.7 16.0

73.2 61.0 52.3

176 146.8 125.7

287 239.5 205.0

HPg/A (Ef = 0.5)

3.34 x 1073

1.386 x 10”2

3.77 x 1072

6.57 x 10™2

Py (Eg = 0.5).
20.9
£6.8
236.0
411.0

Cop (B = 0.5)
11,850
38,500

92,500

151,000

HPg/A (Ef = 0.6)

2.78 x 10 -

1.155 x 10~2
3.15 x 1072

5.49 x 10™2

P, (Ef = 0.6)
17.4
72.4
197.3
344.0
o,
9850

(Ef = 0.6)

32100

77400

125,200

HPg/A (Ef = 0.7)

2.38 % 1073

9.9 x 10°3

2.695 x 102

4.69 x 10™2

P, (Ef = 0.7)
14.9
62.0
16¢.8
293.5

C, (E. = 0.7)
OP f

8440
27,500

66,100

107,800



200

500

700

900

o
450,000
370,000
335,000

316,000

461,850
408,500
427,500

467,000

459,850
402,100
412,400

442,200

+

458,440
397,500
401,100

423,800



Paira &6 hileras
) 1,725
A, = 3.52 x 1007 (V)
) 0.713
1 w =2 l .05 84 (Vhl.l
\ Y,
—_— = 0.1205 ——
w0 [1
\7 anl/‘xta Ata L) 'l'rn ~ t
300 0.715 88 .73 61.5
500 1.04 67.5 159.8  7L.4
O 1.345 57.5 L5 77 .4
(_'/OO 1.625 49.2 :L‘rwn..é uU.O
v A Wy SCFM
500 7880 1.9 w300 2.645 x 10
o 5640 1.50 5 T 3.36 x 1.0°
700 5060 1.78 = 1% 5.96 x 10°
930 4500 2.08 »% .G 5.63 % 10°
\Y W ACF] D
—} ’ o - - 5
204 35.4 3.2 » 10 0.260
500 25.0 L.06 x0T 0.630
TO0 22.5 b7y 2 1.190
.30 21.4 5.60 x .37 1.740

849

672

565

515
Ap.  ACFM
0.832 x 10U
2.56 x 10"
4.71 x 10°
8.05 x 10°

(s ]



300

500

700

300

500

700

900

HPs (Ef = 0.5)
26.2
80.6

148.3

263.5

HPg/A  (Eg = 0.5)
-3

3.325 x 10

1.36 x 1072

2.93 x 10”2

5.72 x 1072 -

P, (Ef = 0.5)
20.85
85.4
183.5

358.0

Cop (Bf =
13,800
42,500
78,200

138,200

IAPS (Ef = 0-6)

HPg (Eg = 0.7)

21.9 18.7

67.3 57.6

124.0 106.0

212.0 181.0

HPg/A (E¢ = 0.6) HPg/A (Ef = 0.7)

2.78 x 10 2.375 x 10 °
1.13 x 1072 5.7 x 1072
2.45 x 10~ 2.09 x 1072
4.61 x 10~ 3.93 x 1072

Pa (Ef =~O.6)

17.4
70.9
153.5

289.0

111,600

Pa (Ef = 0.7)
14.86
60.8
131.0

246.0



Crr = Cop 1 CEQ
CEQ . Be = 0.5 E£ = 0.0 Lf = 0.7
437,000 447,300 445,520 443,850
34,500 384,00 376,550 371,800-
302, 000 300, 200 367 .400 257,800

277,000 415,200 388.600 372,000



Para 8 hileras
Ap, = 4.09 x
L, = 1.0584
A;: = .09
\Y APy
300 0.346
500 0.821
700 1.580
900 2.315
\Y U Tn Fg
300 ‘
500 3800
700 4450
900 5000
v £
300
550 552
700 469
900 418

Tm/Ata
0.554
0.794
1.025

1.24

6450
5500

4900

23
19.5

17.4

1.725

1.24 % 10°

1.472 x 10°

1.693 x 10°

ACFM

5
=< 10

SCFM

2.76 x 10°
3.28 x 10°

3.76 x 10°

Ap_ ACFM

5
3.745 % 10
6.27 x lO5

5
10.52 x 10



300

500

700

900

300

500

700

900

300

5C0

700

900

(Ef = 0.5)

-2
1.34 x 10

-2
3.58 x 10

6.78 X 1072

Pa ( Ef = 0.5)

. 224.5

425.0

C
°p

45,400
103,500

175,000

(Ef = 0.5) C

HP./A

-2
1.12 x 10
3.0 x 10

-2
5.65 x 10

Py (Eg

70.

188.

354

37,900
87,000

145,600

(Ef

= 0.6)

0.6)

0.6)

Hp, (Bg = 0.7)

61.8 .
141

237

HPg/A (Eg = 0.7]

-3
9.58 x 10

-2
2.56 x 10

-2
4.84 x 10

60.0
161

301.5

P

32,500
74,500

124,500



De las curvas de costos totales,

L Op
Cop Ef = 0.5
345,000 390,400
301,000 404,500
276,000 451,000

382,900
388,000

422,600

han it

377,500
375,500

400, 500

se encuentra que el disefio Séptimo

para este caso particular, es aquel que tiene 6 hileras de tubos vy

una velocidad del aire de 660 ft/min. con un costo total minimo de

$ 356,000.

Es necesario de cualquier forma, hacer un reajuste del cambiador, -

para satisfacer las condiciones del lado de proceso,

las cuales -~

fueron parcialmente tomadas en cuenta en la optimizacibébn del mismo.

Los pasos a seguir son los dados en la parte 2 del capitulo III.

Coeficiente de Transierencia

1. AT
2 . "\Tc
i Th
3. Ccon
4., Ccon
5. T
o]
0. con

7. No.

= 250°F

_ 0.233

AT ¥y "PI = 22 Ke
Ke Yy AT/ ~Th Fe

= 234°F

. TC }*“ p [ Kp ) Cp

de tubos = 864 tubos

i
O
W
W
Ul
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€1 el nlnzro de pasos c¢s ©

Fase velocidad = 340,000 1lb/hr ft2

10,700
LWi/§ = 199 Btu/hr ft2 °oF

nio = 150 Btu/hr ft? °F

™

cuen-ra mas o menos de acuaerdo con o1 estimado.

Hh
[

0.00023

Pp = 10.4 psi

Py = 0.446 psi
Ap,. = 10.886 psi

B

ELl vainr de la caida de poesidn total se encuentra de —---

acurrdo con el comunmente oGO como permisibie,

B2 valour Goo cocfic.e.be de transferencia de calor se en-
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VI.

COXTTUATOM S

El sistema de enzyriamiinto con aire esté& tomando un lu--
gar importantisimo entre los sistemas de enfriamiento a

Toaperatura anbbiente.

Los dos factores més iaportantes por lo que el aire esté
wisplazando a los otros sistemas de enfriamiento son:

Lo contaminacidn ambiecatal

La escasez de agua apropiada.

Ls por lo tanto necesario-qge el aire sea usado lo méas -
posible como wmedio de enfriemiento para preservar los --
recursos naturales y el medio aniente en un nivel gue -
no sea alarmante para la vida del hombre.

Las variables que geﬂeralmente deben ser tomadas en cuen
ta para la optimizacidén de un sistema de enfriamiento --
con aire son:

La velocidad del aire, el nfmero de hileras de tubos y -
el nGmero de pasos por los tubos.

En la.optimizacién desarrollada en el capitulo antcrior,
la Gltima variable no fue tomada desde un principio, con
el fin de simplificar los c&lculos, pero en el caso cn -
que una computadora sea usada como medio evaluativo, es

recomendable el anadlisis de las tres variables juntas, -

Para encontrar el equipo mas econdmico para una determi-

-

nada funcidn.
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Area fasal del cambiador. ft?
Superficie Lotgl de tubo liso.,
Area total expuesta de aletas y
Arca de flujo total, ft2

Area de flujo por Lubo, ££2

£1.2

Calor especifico del zire, Btu/1b°F

Calor especifico de lado de proceso, Btu/lb°F

Didmetro del tuko, ft

Diédmetro medio de la aleta, pulgadas.

Factor para obtener temperatura

caldbrica

Factor de correccidn por el nGmero de hileras en tiro

- inducido

Factor de seguridad 'para la caida de presidn del lado

del aire

Factor de correccidn sobre el L.M.T.D. para flujo cru

zado.

Factor de friccidn

Masa velocidad méaxima del aire a una seccidn minima -

transversal 1lb/seq. £ 2

Masa velocidad del lado de proceso, 1lb/hr

Coeficiente de transferencia de
. e 1 £12 o
aire. Btu 1lb ft= °F

Cweficiente de trensferencia de

calor del

calor del

lado del --

lado de pro



hio

ht

LMTD

£
)
-
o

]
=

ceso sin coovegiv i

Coeficiente de trensferencia de calor del lado de —--

proceso corregido. Btu/hr Fel o

=

i

Coeficiente de transferencia de calor del lado del

aire referido a la supcrficie total externa Btu/hr £r2

] 1:\

Factor ac la gréafica 13

Conductividad térmica d=l aire, Btu-ft/hr £t2 °F
Factor para obtener Fg

Conductividad térmica dé procesb, Btu-£ft/hr Ft2 op
Altura de la aleta, pulgadas

Longitua del tubo, ft.

Diferencia media logaritmica de temperaturas, °F
Namerco 4z pasos cn los tulos -

NaGmero de hileras de tubos

Gravedad especifica del Zitiido de proceso
Distancia entre oletas, pulgadas

Temperatura caldtica, °r

Temperatura de entrada del aire, °F

2 N

Temperatura de sdilda dei aire, °F

Temperatura de cntrada de proceso, °F
Temperatura de salida de proceso, °F
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*Pa

ADg

bt

c

+ [ S
- - L.
: -
r
D= g
A —
Tonporacucsa do 1o pavad, °F
Teuperacura meaia dc. oire, °R

Velocidad maxima del aire £t/min.

Coeficiente total de transferencia de calor limpio
Coeficiente total de cransferencia de calor sucio
sncho del haz d= cuhos

Gasto del f£1Gido de proceso

Caida de presidn del lado del aire, pulgadas en agua
Calaa de presidn total del flGido de proceso, psi.

Caida de presidn en la parte recta de 10s, tubos, =-

]
e
.

Celda de presiéa ea los retornos de los tubos, p

Velocidad del £flGido de proceso £t/min.

1 flGido de proceso ft3/min.

(1}

Flujo volumétrico 4
Viscosidad del aire 1lb/hr ft.

-
£

Viscosidad del £1Gido de proceso lb/hr Ft.
Densidad del aire 1lb/ft3

« - - - = 3
DensiGud del E£lGido de proceso 1lb/ft”

Relacidn de viscosidades
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Shel_l-Side Characteristics of Shell-and-
o Tube Heat Exchangers

A Simplified Rating System for
Commercial Heat IExchangers

By TOWNSEND TINKFR,' BUI'FALO, N. Y.

A simplificd rating system for commercial shell-and-tube e = badlle-hole dearanes const it = fdy, = dy)/idy
heat exchangers is developed based on the fluid-flow-pat- e = baflle—edge clearanece consoat = Dy — D/,
tern concepts derived by the author for the General Dis- Dy = shell dimeter, i,
cussion of Heat Transfer, London, Fngland, 1951. Recom- D; = hafe<liuneter, n
mended heat-transfer and friction characteristics tor Dy = outer-tube himit, bunedle dianeter,
practical design purposes arc .resented which are based d, = tubehole dieancter o ol n
on previously presented resea: hh data and certain findings d, = tube OD, a0
of the ASME-—Univer«ity ot Delaware Heat Exchanger Re. E, = shelloside effeetiveness
search Project. Where j-ssible, without serious sacrifice F, = fraeuon of total flued So ving throueh 1, of aele
in accuracy, certain recsistance-factor approximations and umit
assumptions have been introduced in the interest of prac- o U= maadified crosaflon Te e for sersice niat pressure..
tical simplicity for the derivation of formulas of simple drop caleultion :
form for evaluating the fluid-flow fraction through the Cf, = fnenon factor for bl candow zor e
crossflow arca of the tube bundle. Simple tabulations ot t, = [ncton factor for cree<on thren b tube Land
heat-transfer and pressurc-drop characteristic "rat‘ing H o= baflleeatin
numbers” may be readily developed from these formulas Vi, = ottade heatatrmnsporconepnt forcontre to b e
for various styles or serics of heat exchangers having con- = Ak, (Buy(hr s it idhig 1)
sistent design proportions. These rating numbers permit | by = outade heat-ttansfor conthowent om bdeg regon
a rapid rating of the heat-exchanger shell.ide perform- N tube bundle, (Bt br fag ftodeg |y
ance. The system’is responsive to the major eifects of unit R = thormal conductingty ) Bty (b feg ft s b
size. tube size, tube pitch and flow _oricntation, baflle 5 = total tube length,
spacing and cut, and the principal lcakage and bypass L = bafed length of tabe s g,
clearances of the heat-exchanger design. The system de- i = Lhflle spacng,
veloped is accurate well within practical commercial re- Vo= 4, nduplier for e,
quirements, and is very flexible so that as more accurate M, = A, nmluphier to obtan gooemetin e - 1, ad ot
resistance factors are developed by research for specific S .‘l./\/fu
cascs, they may be employed in the system for more pre- Vo = number of baflle opes

cise results when desired. , Vo o= rating motaber for hegt-tranefer ealenonee
N, o= i b er for pressure-doss edoude e

NOMENCLATU RE . I' = tube pitch, .

. - » .o . - . > .
The following nomendlature is used an the paper: ’ A/ over-all shell-spde pressure Joss, pa

=
’ . .~ . . “
i, = cros~flow area within hnits of tube bundle, o ft = Ay = baflle-window pressare lose, pey

) A%, = erosaflow pressure Joss, pa
)
1. = '.r(-.x,nf one baflle window Rey = RBevuolds namber for heat trns:
- are. :
1. = geometric mean of A, and Ay = [(.1,)7/4.1,)'/1] - O QI ELEF N hr) N
I8, = heat-transfer group for flow across tubes Z Vo,
. -1 -
- ._’_','_“I’_ (’— Z) /'¢ , Be, = madified Revnalds ninaber for pressare deap
° 161 K-\ K OO, br)
= speafic heat =0T 1,
e = crosaflow area constant I
e, = [retion proportionality fuctor, £, = ¢ (B » S o=lexchanger sze ritio = p
e, = constard for crossflow tube rowe traversesd ) )
¢o = bhypnss clearance constunt = 1)/, Vo= pressmcdoss fuctor for baffle window = e b

~
o

factor for bdllessandos proportions

ritio ..\I', '.\I',

1 Vice-Preadent, Bngineering, Ross Teat Lixehanger Dhiviann,
Amery an Kadiator & standard Sanitary Corporation. . Mem ASME - r

Contributed b the Heat Transfer Ihiviaon and presented at the
Annusl Mecting, New York, N Y., November 25-30, 199 of Tue () 4 p,
AMERICAN SO IETY OF MECHANICAL FNUINEERR

Nore  Statements and opinions advanced tn papers are to e pressure losees
underst 3ad as individual expresaons of their authors and oot those of
the Saciety  Manuseript received ot ASME Headguarters Augn . = absolute viveauty of durbat me o o temperature,
21,1959  Paper No. /6 -~A-1213 centiposes

L]

1]

¥ .
(l t \,) = futor for reRGve crosstlow and windouw

N
.
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absotute viecosity of flusd at mean tuts -wall tempera-
ture, centipoises
(777 01

p = aenshiy, pef
Qar = rebative Ao flov aswonnated with baflle-hoke Jeahage
Qar = relative el flow through tabe bundie A,
Qe = relas dued flow by pasung Ietween bundle and
» "1"“
Uin pldive fhid flow feakiog between baffle and shell
o approvimate portion of thearetiead tabe count in tuly
lavent
ie = pegmental portion ot from eirele to make baffie
oy = portion of eirde congpnsng baftle
=1 -
er o portion of tate indle diuneter representing mean
boaredbe s ik between baflle windowa
oo = porton of <t b oreferenee adpaeont to edge of one

bt
ve = vl it heade o=~ an tlow through baffle-tube hioles
veloo b s doss for flow aerosy one tow of spiare
HINATRET
} ’l_f T N1 g

room vl b eds dascfor tlow wross o

.-
row of 1 ang-
Vorpatoh tabes

o A0 st

oy = porton of bundle dianeter teacersod e flowang he-

tain g s peesagye boetlle windowa

coom retcen-facto ikt der Tor faghevelaaty © strean
r 1
[
I, [-ul e = ( ‘ ') ""n]
B I 123 J
.fl at I s
vo= vlats b ede Josegn tlow betwes i bafMe e <hel
ryoz e loeoty b ads Toss g eon through baflle windgow
A ter = e theongeh bl cotoanee gl exit-tiozzle connee.

T et
TN ot cppos

 The propose e caton v et cotnmeno el heat ene Voo -
N LT BV M ST A I pore ernmstlon b bt ke
wel <l “-.llll:"'l"" e ot el st I~ 'rhl' tpas of freade ¢ peoesstiow
et iy pocontie sded vl oot g e ations as e tated by
testoenperi e s the ol bachavior of aotiaal connerand
ungts

Foaproe s rthe b ot anstor oo e s aned preos=uae e -
a twItlen an -Hn]u'- et s on eertaan At Aty fare Hagse s
st reprosee 0
ble withosot the

'h'\l'l‘lli Lol

bl avier choar o tenisties s aoour ey s possg-
vredie canpiic daon thot wonld beooegeiined
v Re for thad ~tre aus
through ewde &b e ontee and byvpase ronte for flueds of all

wed tlow charctensin

posstble viseo s e theo naght be posscd throngh the e

changer shell N

These prnccs prer s it s follomess ~
Vo That T o
| T D2 v The rehtinve aed-flon quaantinee s

through the v e Shaflasude thon ronttea qre, for heat-transier

Calenhvgemie pasnpnedd 1

v Uahidee o

Lo VoAl aaandee aed e lsew o -
Lio~eoney pnportons apply tothe umt when it s in
aosuthioently b condinen thot the bvdeguhie los distnibgtee
throvgh the v e iow routes s governed by the ongginal de-ign

dimensions il et~ The 1o ton of the total Burd-tlow

v Shell sude Ciaracteristin  of Shell and Tube Heat Lxchangers,'
ty Townwnd biaker, Generdd Ihwonsaon of Heat Transfer, The
In:titution of Mechani al baogineer- and Ty Asrrtcan Soctery or
Marenanioar Daliaserwe London, Lagland, 1951,

aquantity that traveraes the crossflow area A, within baffled oo
gion of the tube bundle ia designated aa

1
Fom oo oo v . [}
Y. .\'.\/.\'
as detined an Denvation A, .
1.2 Crossflov: Travel. The crosaflox thid travel distanee be-

tween buflles s considered to be from the center to o nter of haffle

windows
H
["' (-l - 5) ]

1 3 Bafle-Windor Flow. The flmd-flos quantits turosgh the
Laflle windows i asgumned to be the same as the erossfiow stream
quantity. This s not an exact relstionshup an o cotunerical heat
exchanger ay the window-flow gtrean s greater than the croes-
tlow streun due to the merging of ecertan leakage and by pass
atregims with the crossflow atrearm i the window This eon-
Siton, however, 18 practically compensated for b computing the
witkdow area asaf o full tube Layout extended throaghont the ene
nre window  The wnal window free area g Liger than thas
owing to the absnoe of tutes about the penphicral <ouce through
whieh the by pass cnrrents C apronlate, Ttas behieved that any an-
acenrac iy sntriadiesd by the foregomg assunaptions are snall
rlative 1o the posable error which mist be assuyued 1w g
Sl
el By throngh the varions rorite s sarlan the b ot eved e s

Ly Bel-Windwr € at Recompu nded beffle wando v o s
I, Dy are grasluaaed with the baffle sjpe g D -k L onanner
that the ratio of window area to erostlos amea aned tho Ve

the virions recastance factore whyeh detormane the Jdpetrdt

ain o~ onstatt as practeable fora g n abearnange o0 Lat-
tern O ttas basirench bafle spacine [2 7 has ol < aredard
vt D To sunphfy fartier the rating & +7v0n, a
sl Yo value e developesd for esch b tBe spaanag el 0 e -
rangen nt which represonts all tube gpaares P oody Sron 125 to
1Y swath an aee tireey of about =7 400

Witeloy

et for M ownon oo g
oot the caliabatesd vidue of gy by de it = djuwr e
15 tnera VL Ht=-l ran-fer € oo Foterl Tre o7t
coteditte e brotgeh the Haffle winedow on the overs i be rooraneer
o wfhaent e acconuted for by basing the heat-transioer oo floent
e the wainedow zones on the geometrie mean of eros<diow and
anedow velcitie s, and the heatatransler conthops ot cnoese
How zome on the erosctlon v loary throggh the tabe bl \
cresslow arca multipher MWoas developes] gn Iriaer F
vineh gives thas res ol whien the Ry “or heat transforis enpre <

< Sllone

oW

Re, = '.’_,' '_':{g:’. v l._'_“_r.‘ i,
Ziua,

2 Preeeyre I'-"'P

21 Flow Iusirdtione The hon distnte o
at e hevaranstor ven fhormnt applies ondy when the be otos-
changerasan catre !y dlean condiion Heatetransfer deviatie <
rom thas condition are eustomanly aceountedddor by the jze 7
ppropiiate touling resistanee such as published in the stindards-
ot the Tubular Exchanger Manufacturers Associition

el v 2

When 4 heat evvhanmer goes ante service, any fouling whaet
tihes place em caise a certan amount of choking ofF of I kg
SNt s, extrome easos revdueing them to prae ticadhy nothing
This resulte iy more fhuid 1o be transported through the tuie nes:
ind Iy pass reates Naormal fouling also m reduee the fre
areas through the tabe nest and bypass routes, thus {urther in-
vieasing the tube-bundie ninsa-tlow rate and pressure drop while
ieulating and reducing heat-transfer coefficrents, To compensar.
for these heatanchuanger charactenstics due to service fosing, the
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Fia. 1 Segutfior Hrar-TrRaverrR CHARACTERISTIC,

modifird flow fraction used in pressure-drop rating computations
ts designated as
1

F,om —— -

11y
080 + \, VS

as defined in Denvation B,
22 (Croecfion Travel. The ecrossflow fluid-travel distance tn-
twee nn baffle s 1@ ennsidered to be from the eenter to center of buffle

windows
I
[l)l (l - "l“)l')]

23  Bagle-Windouw Flow. The fluid quantity through the
bafle windows is yssumed to be the same as the crossflow stream
qu.anuty as outlingd under premise 1 3.,

24 Crossflow Pressure Loss. The crossflow pressure loss iy
caleulated uninfz’l,a crossflow friction factor f, sclected at

foe e o P03ULE )

R
g VAR 143

2.5 Baflle-Windmr Pressure Loas. The window preasure lons
over amd above the croseflow friction loas to its center is consideresd
as (rg) veloeity heads at the grometric menn of window and cross-
flow velociies ¢y is usually taken as 2.0 in the turbulent-flua
region. Furthermore, thia loaa is expressed an a ratio to the crons-

flow friction factor o that vuder nonturbab nt-How conditions
the lose varies 1in proportion to the erosstlow friction factor, thn-
compenaating for frictional drag nnder visconeflow conditpome

CoNeLy =108~ avD BE o oMMENDAVTTONS

Demgn Formulas  The following formulas are peeomnietids d
for the shell-side design rating of commererd shell-and-tube heat
exchangers

D038 4dyF ¢ 1h, br s

Rey = - -, A,

11 CZ\'

h.; = "” [”o'\ ('\) ¢] ard

h, = Eha . A5}

: ) N 2 (X}
RS (l )

E, o nm oo =T b TS

. h

003 LLE (b L
»T 7z, s

(F, "n'l_l‘)' i ['i- _}_
o4, N

Mot
AP = 0334, 5 -" *
p o

] + Moy
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A, =D D heroan pernat sctung o <iple tabalstene of the heat-transiir
stel prossureadrop rating npumbers Voand V) thiat readily deter-
I =~ -- ! 1 mime the croseflow gractions for a series o be st exchangera of
R T T vonfistent Jesgn propertons, Suwcd tabldat ne tagether T 0k
\ constanté ¢, ¢, o, and gy, tabmlated o6 the design curves, tike
| = -- - 1 ito acrount the effect of ol praetical comian dions of tibe sze,
08 — A\ o\~ arrangement and patch, bafle spacing, baffle eat, shell diametes
and mechanied clearances for « consistent hine of heat-ex b ingsr
Noswee Iy atien A ot
\ e " - . .
o Dot H_ Deagn Esample—Typreal Ratira: Noo-bece simalar hines of
Vomse Doy imon G .
v D ' floating-head clamp-ring ty pe of iell= it heat exchangers
~ [ ANRR LK)

1y, Phe Lo vtarn e

torietpes Sleavnan Dage

N

s pressure sdrapy chor e
Irets ot pecoantte neded tor the shed-aeh
deazr et at orcme o] she Henebenatee heat enchoameer -
Datted roernc i s an the < tgars s inhie ate the approsanaat
hvhiges of the Taveraty of Debaware and othors for prare eroee
thow cotnhitons Tl b neved that the recommiesoded - ominer-
cobdeven curves tareat cortan dips anebarregal atees cecareng
mthe prare crosstlon chary teonsties Thics done becanse na iy
oy bl commner ad bt e h thiger number of T lk.'u:" atel
paradlel-tow <t s merg and chonge low duec ton throughout
the heat oncbiageer umt tonding to prestince odidies that aonld
ether wasli emt cettan dips and drregulanities or make gt prac-
teadh imposable to prenct the exaet total low rate 1t shich the
wregulanities nught appesr e the heat-ench inger performance

Floswe Dastrahatiom. The Howcdisrnbintpon formulas develop«l

are proadiced by a number of manufactiurers for aid-rehning ane:
process uelustries Oue such tvpical hne of equipnient has
vearsnee characteristics spprovimately as shown i Table |

Tasre 1
D I H D,
1 0 4n
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2 025
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A substitution of these values in F.quationa [10], [11], and [}12],
and Equations [13), {16], and [17] for various flow orientations
and varnious desited tube pitches gives values of the hent-transfer
and pressure-drop rating numbers .V, and .V, a8 shown in Figs |
to 6, inclusive.

Fized-Tube-Sheet  Exchangers. Rating-number tabulations
similar to the foregoing may be produced readily for other scries of
units which may have a clocer tube bundle-to-shell clearance
(¢1s), for example, as in usual for fixed-tube-sheet units  In cer-
tain unita of thio cluss, the value of ¢y may be as low as 1.01.

Sewlsng Strips

Bolied Floating-Head Ezxchangers. Certain units with pull-
through tube bundles and through-bolted floating heads have
relutively large bundle-to-shell clearances 80 that the C bypass
current would be large and the flow fraction Fy correspondingly
small unless seuling strips, as illusti sted in Fig. 7, or other means
were used to reatrict the C bypaes route. Where sealing strips
are used, a modified value of ¢y io recommended to represent the
prevailing bypass conditions in view of the following congidera~
tions:

(a) The mealing strips usually clear the shell by as much as or
more than the baffles so thot a direct bypasa orifice prevails be-
tween the atrips and the shell.

(b)'Some of the fluid forced through the tube bundle at the
eealing strips tendo to sprend out into the bypass area (6, — 1),
thus bypassing the tube bundls in the regione between the succen-

alewn aanline atsina

(¢) It is recommended that the mean amount of tube bundie
hypassing indicated in (a) and (b) be estimated on 1he busis of o
modified value of

we [ () + 0]

The rating numbers, N, and ¥, caleulated on the L s of the fore-
going value of ¢y in the first term of Equations {10}, [11;, [12],
{153), [16], and [17] give flow fractions that are consistent with the
operating performance of commercial heat exchangers provided
with two or more sealing strips on each side of the tubwe bundle
and spaced less than 12in. apart.

W,

Discusaton

Performance Comparisons. A comparison of some of the indi-
cated heat-transfer flow-fraction characteristics of scveral typieal
varieties of heat-exchanger designs is shown in Table 2

It will be noted that the indicated fraction of fluid in eroasflom
through the tube bundie is higher in fixed-tube-sheet units where
the clearance between bundle and shell is smualler than it is 0
other unite having greater by pass clearances. Sealing strips tend
to correct this condition by partially eliminating the bypassing

The tabulation also indirates the cffect in lirger diameter unite
of the higher pressure drope per baffle apace (from tlow acroms
more layerg) in driving more fluid through the leakage routes,
thus reducing the crusafiow fraction through the tube bundle.
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Fig. 8 shows e visun} comparicon of covernl hent-exchanger laye
outs. The comparntive differanszo to ba expected in the erossfiow
fractions are practienily cbvicus from incpactica. The use of the
recommended otyke ¢f roting numbcn quantitatively evaluates
the shelleide flow conditisas for cay opscifie cot of deaign pro-
portions that may bo built Into o coagmentally bafied heat ex-
changer.

Accuracy of 8implifled Rating Sycten, The suthor belleves the
system to be accurnie well within prectien) commarelal require-
ments. It is imprretienl to otitempt o eoacidsr oll posaible minor
deviations in flow pattern whish mighé thesretically coeur, vhen
estimnting each eommerein) hent-onchanger unit,

Few, if any, mting prossdures bovo been avallnble which at-
tempt 1o appraizs the proper direction and magnitude of per-
formance variations enuzsd by o lorge ronge of eombinaticns of
different unit diametery, tubs oicg, tubo piteh and flow ortentation,
bafile spacing and eut, togethsr with the principsl leakage and
bypase cloarances of the hent-cuehangar unit.

'lhmmydtbsm@mmpwmﬁnsmmﬂth
respoct to the ercoafiow fmetisn nnd beat-tmnsier coefficient i
influenced by the faetom given in Tobla 8,

It Is apparent from cummory in Tobls 3 that the physieal di-
mdopﬂmpﬁbm&m@dwmd&ﬂwﬂmhwm

mmwmmmmmmpmm
cromflow fracticn O Coveresd Mursly by o cocumed meslstar®

factors for the verious low routes. These have been selected to
line up s well as possible with theory, research, and test per-
formance of & wids range of practical commereinl beat-exchanger
unite.

The analysis precented developo rating-number formulns, for
determining ereczflow frortions, thot are flexible in that more
sccurate recintance factam moy bs cubstituted as developed by
rescarch for epecifie eneeo o give meso precise results when de-
eired,

Bange Roragnesen Daga

Pluid-Plow Dictriduticn. The principal fuid streams through
the shell side of o hent exchanger oa ehown in fig. 8 of the enrlier
paper? are indicated in Fig. 9. The relative Auid-stream quanti-
ties from tobls 10,9 amplified to include oriented square pitch and
reviced on the basls of the bypacy resistanee factor being redused
to two thirds of the value outlined in Note (a) of the earlier

! aro 08 shoon io Table 4,

DemvarionNs

A—Crossfiow Frectios—Heat Fransfer
The fractica of the totc) Auid flowing threugh the tube-bundle
erossBow ares of o cloan unit may boe reprecented as follows

@aa
Qoo 4 Qep + Paa + Qos

Poﬂ
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’  O_svaLLsize R & _WiDE PITCH LRAREE - OSwa SuEL T
/ - RATIO P RATIO septeal® AUNTE CLEAQANCE

- ‘:") @ "\ LARGE Cross R 2R R R _ARUE CROSS q&’??:*‘r”&‘ SVALL AUNDLC

N B _SASS CURRENT

. _LARGE CROSS
ELOW FRACT!ON

| FLOWFRACTION [@ @ @2 ® ® OWFRACTION yirnses: ,:‘éi-“-‘*‘
HOXONCE i 08 90 0 . Rty
<= 7’ \0 & o o d \W% SRR
v ) @ \\wd’ - .{_;:\3 --'\‘4::'-
’ N ® Fr - . )

y (@) MOCERATE SHELL ®_LARGE SHELL TO QIEDT S N
. TOBUNME CLEARANCE Q@ BUNDLE CLEARANCE PONDLE CLFARANE.

. MODERA "DLE BUNDLE BY PASS Y LARGE BUNDLE

* BY-PASS CURRENT | v ! CURRENT REDUCED. -, Y BY PASS CURRENT

+ MOPERATE CROSS + 1 BY SEALING STR'PS ! . G 36 ;; SMALLCROSS

FLOW FRACTION. | X% ',/ MODERATE CROSS ' & 354, g | FLOW FRACTION

FLOW FRACTION,

Tantk 3 Facrors Ivencesasg Ravine-Sesmest Voot raey

Approamate \pprovamate
mananiim  error in effect (p"r cent) on
awnmed constant, eadealated vdaes o
Iimensional Vegumiptooans per cont Iy I, |
Mean tube=bmndle width Tetween
baflle wandows
o= 0U7 -4 2 t 1
Tube count i favout
o= 0 ER ) 2 t
Yo based on 1704 at compromise
between 125 and 1 30 o L)
lecxistance-Fu tur Aneunplionsg
B pass friction-Dctor moltipher
€0 = () 7 ¢
(e) v = 0 8 +18 46 t 4
NVelooity hewds foss through badtle
tubee hioles
e = 4
(ddiseh cmf = O B)
tee)iv = 2 +5) +% 15
Velority heads loss over one row of
tulws
=00
teg)'/r = 0755 +20 +7 ¢
Veloeity heads loss between baffle - -
and rhell - ’
en o= 3
{(thch. eex [ = 0 58)
(e)'/r = 173 3 +8 +5
Veloerty heads losa throngh baffle
window
= 2 50 per cent
This affecta y £50 per cent
(1 + ) about 217 per cent .
{1 + z)'/r about £8 per cont +3 +2

(l_% 4 xrn e 005 10 41 42
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Substituting the following nsoumed valurs in FEapuation (8]

HY ' -
g = 047 a = 0.94 =3 e = 0647 o=} 6= 069 (I - l).) Y Y

the following expression is obtained

(e = 1) P\ “u I"(”’ )’( . ) ' ( ! ) o ( " )] |
- = Y A Ty - ) 1 14N I - - [N
b [ (ew)' 128 (P - l’!) + (me! w20y L\r 1 - dy toade N YA N, I

[

Bvaluating functiono of %z ond ':_1_ .in Bquetion [9] for comaonly encountercod voluoo oX ocma glives:
3

£ - 1.25 1,30 - _1.40 1.50 b W
2 13 D,
L 332 — -
M, o) C1e -V 16.1 11.3 8.25 6.35]
- 1z -
—~[> L @”
[ 1.4 1.15 0.80 0.59 1 0.46
2.75 2.20 1.53 1.13 1.5 0.3%
. <13 4.2 3.6 2.3 1.73 2 0.25
7 6.7 5.6 3.7 2.75 3 0.20
(cm)"'J 9.4 7.6 5.3 3.9 4 0.16
[_u.a 9.5 6.6 4.9 | S 0.16
4.0 3.5 2.80 2.60) 1 0.46
1.4 6.4 s.1 6t | 1.5 0.34
. et 111 9.6 7.8 6.7 2 0.25
16 (10) 17.8 15.4 12.5 10.7 3 0.20
2.9 21.6 17.5 15.0 4 0.16
31 27.0 21.8 18.7 | 5 0'“[1@]

Values of the clearances ¢4, €19, and c1g for a consistent style or oerieo of heat enchangers may be
inserted in Cquation [10] ond tho three terms for various values of P_ and _D_l_ cummed up glving a sicple

d2 13
table of Rating Nuzboro for tho ogries of heat exchangers.
In & similar oanner thao folloving oxpression for —e= orientation may bo obtained.
D
P et § L
a3 1.25 1.30 1.40 1.50 1, D,
3/2 —
c -1
My “_lé._l;.z_ 16.1 11.3 8.23 e.sﬂ
_.D (c14) -
1.5 0.92 0.66 0.67 1 0.46
c 2.20 1.75 1.23 0.%0 1.5 0.3%
- 13 k) 2.72 1.86 1.38 2 0.25
(c 0372 5.3 4,3 2,95 2.18 3 0.20
1 1.5 6.1 6.2 3a 4 0.16
| 9.6 .6 5.3 3.9_] 5 0.16
3.7 3.3 2.60 z.zq 1 0.46
6.9 6.0 4.7 4.1 1.5 0.34
o 1/2 10.4 9.0 7.3 6.2 2 0.25
16 (c1s) 16.6 16.6 11.7 10.0 3 0.20
23.2 20.4 16.3 14.0 % 0.16
L§0.9 25.2 20.4 17.5_1 5 0.16
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The folloving eipression applies for —o <> orientation.

. 1.25 1.30 1.40 1.50 | L
d4; - — 1 D,
32
N, =~ ) C1s l)z 10.1 7.4 5.9 4.7
—1/2
—— 0 (c14) B

0.99 0.79 0.5% 0.40 1 0.46

1.88 1.51 1.08 0.78 1.3 0.3

. s 2.87 2.32 1.60 1.19 2 0.25

3732 4.6 T3 2.%3 1.88 3 0.20

(c14) 6.6 s.2 3.6 2.67 4 n e

| 8.1 6.5 6.5 3.6 s 0.16

[ 3.2 2.1 2.22 1.904 1 0.46

. col? 5.9 5.1 4.0 3.5 1.3 0.36

€16(c14? 8.8 7.6 6.2 5.3 2 0.25

6.1 12.2 9.9 8.5 3 0.20

19.7 17.1 13.9 11.9 4 0.16
266 21.4 17.3 16.8_ [} o.xo[u]

8 - Modified Croes Flow Frection - Pressure Drop (See Pramise 2.1)

- 1 q
p 0.8 « :Qs |N,| ) [}21

Where for —DD orientation:

o 32 32
( -1
LI ‘16 73 <. L4 ) *c1e (cla)”z 1as 2 (' ) 4 - 1 [u‘J
(c14) -4 1 \F-q D,

FProm which the following values are obtained:

D
P H
a 1.25 1.30 1.40 1.50 T% 5
‘ TSV I ‘
N, fils___;;i._ 11.3 9.1 6.6 s.i:]
N
—_—
.2 2.8 2.2 1.92 1 0.46
5.9 5.1 6.1 3.5 1.5 0.3%
V2 | 8.9 1.7 5.2 5.4 2 0.23
" €614 1.2 12.3 10.0 8.5 3 0.20
20 17.3 16.0 12.0 o 0.16
s 21.6 17.4 15.0 ) 0.16

= | (13

In 2 similar manner the following expression for -—D orientstion may be odbtained.

D H
| “ ut § .1
32
N =&V [Ex.: 9.1 6.6 s.i:]
1
—cn (c14)
2.96 2.64 2.08 1.79 1 0.46
.5 4.8 3.8 3.3 1.8 0.3%
12 8.3 1.2 5.8 5.0 2 0.25
AL 13.3 11.5 9.4 8.0 3 0.20
18.5 16.3 13.1 11.2 4 0.16
23 20.2 16.3 16.0 ) 0.16

L4
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The following amprcocion cpplies Eor-.-o orientatica.

TRANSACTIONS OF THE S\

D
P it § .
a-z- o 1.2% 1.30 1.40 1,30 Ty m
o “M - v [a.x 5.9 4.7 3.8]
l 2
<> (c1s) -

[T2.66 2.22 1.77 1.52 1 0.46

6.7 4.1 3.2 2.8 1.5 0.3

172 | 7.0 6.1 5.0 6.2 2 0.25

* cxglers) 11.3 9.8 7.9 6.8 3 0.20

15.8 13.7 11.1 2.3 6 0.18

19.7 17.% 13.8 11.6 5 0.16
7,
C—ZEvaluation of ¢, ~< |- ntw.(.[,)l .

N, = rowp of tubeo traverssd in enrch baffie space = e\ /I
—— \" o — \ ‘. 7.\".'. I’ [} )

Orientation €, ~— == My = (rut' ! [ - ! ['a] A

.. AN * '
- b | lm(l —h.)x.\ My = ot i

1 ) wheee

(-

Values of ¢, 1n wecordanee with the foregmng nre tabulated on
the friction-factor curve for varnious valuea of (/1) and their
recommended haffle cuts (M, D).

D-—Evaluation of ¢,
A, = mean erossflow area within tulxe bundie between baffle
windows (in mqunre feet)

Orientation e, - -

— L -

(
- -'m (l' )xm,
(

L G Py

Arautie ¢ = 097

Vilues of ¢, in accordance with the foregoing are tabul ited on
the heat-transfer and friction-factor curves for various flow
orientations and tube spacings (I°, dy).

E—Evaluation of M, for Deternaning Geometrie Mean of ( roas-
Slow and Windowr Areas

la= Vil 1) = [W’( :')]1 -V,

Yo - ()" - %ﬁf’zﬂ [I:J%M o

Replacing /), with Dy/cy and making @ = poonn of tube lay-
out unoccupied by tubro

(18]

0% D, )
me| - a
1hie, 1,
Vahues of moan acvordance wath Pauation (23] are vl aed
the recommended heat-tranafer curves for e v daee
Dy L)Y and therr recommended baflle eats (21 D)y

F Heat-Tranefer Correction for Bafle-Window ['ropmition e

The heat-transfer coeflicient i the window zone g ¢ dhen
vary with the 06 power of the geometnie me s of crosstline 4o
window velocitiea,  The heat-tranafer corflici nt m the crosstlons
gone 18 takhen to vary sath the 06 power of the crosstlow voloot

I I (= N

"u‘ Y e . i "".

l("J',oa (""'yu ( "\... -

where S_ represents the fraction of heat-transier suf e the
witidow zones,

With buffle cuta I 1, gradiated aa secommendad, the portion
of the heat-transfer surlace i the two window zones = approv-

mates] by
N, =050 ("') 1
I’| ‘ '

On this basie Lquation (28 reduces to

167
W = - - ! et [T

0 7“’.( ] ] 1
o e T
The vanation of the A, multipher (M) with D), and (M) n
accordance with Equation [26] 18 rhown an Fig. 10
G—EBvaluation of Preasure Drop
Equation [15]* may be rewntten
Ny f, (P, lI»/"_h_r)'

A7 r s ¢\ 174,

- 0K,



PANUARY, 10058

1.1%
1.10
% ’-
l.os*—b—-\ \ng__‘
i S B By
1,00 e Loo
020 L — —
0.95 f"/
v %
0.90//
0.85
1 2 3 . Y
5 777 Z

Y 10 A4, Meusriminenw M opon e vy Truvser

Fonshion [16; % mny be rewnitten

DON Vg (lh,’l-r f'.)'

A," ' o A ‘-

12N}

Cotabaming b ateens "27,

2hb, o Foundey = 0,

N AT (r, h i '[1 (I (1,)]'
' 1] W, .
' p ¢ "".', ) '\.r' ,1 ‘- -

Vaegtne fnetn-foar tor vortes tians for the winedow zone vary swath
Be o

il 1290 with neeamption (se premse
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Plon
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Rivew th ln”l;\\lllﬂ

[l f~(|.)l] tq | ('|')|1 ‘
- b

N, T, 1, "N, U
Lot ot T sasnimud thioat the pressare losa in the baflle-wymdow
rone over aned abiove the crosatbiom T tion to ite center vane s with
the geometnie e of wipdow and eroscflow velootes 8.

attnting the geometin e arcc Ay w A AN far A, they
Laquation 3] beeatnr <

ol 1, T ey (A, ve
[ :'- “ .\'«.(1."'.1."') o Se, .|.) 3
[ ] ol 14ir 1)y - al
I I)'[v _‘!-‘.m(f" ! -
T, . l,)

D,

Tukmg -2 Rw 06 1) = -

LR 1]

’4

"
a « portion of tube layout unoccupited by talies
0T £\ )
[I o, (I')] Pl
[ ] 1 wm[nw-.l.ua -
C . 14403)
Nteger® | ', I [
II .
[ ] - Steye© 4 “'l
where
A e e KON
y , e e
Reprosenting
Y . e
(re2 ™ =) A

then Fouation [29] bedconues

Nal, (l"’ Ihrhipy? )
e ) . - {
Al VA, N p o\ e, ) t e t Mnoer [H0]
Viduea of y for the vanouws baffle spaeigs, tabe anentastions, sl
pateben an acenrdanee with Eguation [38) huve veen endoul ved
aned are tababoed on the tecommended frction-faotor enrves

KLU NCES

| e ot brnnafer and Flued Fraction Enaring §low Acrose Banke
uf Tabwes IV N Stwly of e Tennsition Zone Betwoen Vs
el Trrhlont Flow™ hy O 18 Bergelin, €66 A Beown, and 8 ¢
Dadwestein Feane VNN, val T4, 1932 pp 958 000;  also Uy
serwty ol Dolaware Heat Lxchanger Bacseare b Project Progresa e,
perta

2 ~tandurd of tha
tien

Vubalar Lxebhanger Munufas turers Naser oy

Discussion

WV G o O ancderatanerbing of <he ' aned b bt
exchinnge roratingt andoabtedbs wondd e tnr fess e e d than it
e were 3t gt bor e svathoon s stpradating contobaatione G e
mubiortons exomphled b tie carrent pger P e wedber bebi yvo-
teverthe less thoat dons g bl thnt of acompmnieon pagae 4
contan el e slach shoab) Lee praraied wath e vty

The hetrin e of How theoagh bedBled et exo bnnge e s
bvediend e i cleterianate bopvidenie ol pressoae Joes
throogh v s flow |r'||‘|~ ata the flow propeasrtynne be s oned
auestion b bovosge arens aned e bage cacthieients nre known
Bloch we ot s jeathis by progre sspve foahing, swhoen it o be ene
tnted, deads tanew flow distributions whio by, however, are st
determinnte Pl sume cnnnot bt for heat-teansfer eoof-
f1e 1ents, Uhon which more 1o enpel |.‘l"‘f.

Anv allownnee for the offert of Llockage of flow psthe on pres.
wire Jova aboald not b theown ermpnrieatly into the firnt tern of
the denominator of the expression for F, Hydrodveamie eon.
siderntionn too lengthy fof teprodaction he e show thit the a}-

proprnte form i

P Cluet Enginerr, The Griscon-1useell Company, Massallon, Obin
Meom  ANMIL,

¢ Hent Transfor aved Flaed Fretion Duning Flow Aeross Binnka of
Tulwa—~VI, The Effect of Internnl Lenkages Within Heginentally
Baflled Fxehangers,” by O, P Bergelin, K. J. Bell, and M. D
Iaighton, published in this isaue, pp. 5360,
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. ' 1
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Thas e ing the case, substitution of O 8 for | 0n the denominator
1s a purely artificin] deviee for increamng the computed pre<sure
loss nbove ita experted value for nonfluled conditione The
term ({y 12,7 1% erwentially a measure of the ratio of crore-flow area
to baffle-amdon area, while the term ¢(I2/p) inchudes, among
other thinge, the leakage arens, and is of such a nature that it
should npproach zero as leakage paths approach complete block-
age  Since F, obviously cannot exceed unity. the proper expres-
fon should have any empinical madification for (onuhing allow anece
as a multiphier on the second term in the denominntor (ace aleo
the author's Equation [ la))

With the foregoing in mind, the w
author’s approach is twofold:

ter’s hasie vhjection to the

1 Anyintroduction of empiricism should not be in the expres-
sion for F,, » hich 10 determinate on the hasis of presently svaila-
ble knonledge, but rather in F

2 There 18 no sound reason tohelieve that the complex mecha-
nism of heat transler in the “croms-flow zones,”’ involving eross
flow, orifice flow, and axial Row, should (arrelate on one of these
mechanisms onlyv : namely, pure croasflon.

The wrter’s company, like many others i the past, has di-
signed and operated many heat exchangers on the basis of pure
onfice low: 16, on deliberate leakage through the tube-haffle
arean  The shell-ride heat-transfer coefficients ohtamable with
clean fluids are of the same order of magnitide as those for crvme-
flow bhaffing with the rame pressure loma  Thus, anv loss 1n
crose-flow heat-transfer coeflicient due to onfice leakage tends to
be compensated by an improvement in orifice heat-teansfer cocf-
ficient  The author’s approach, if carried to the extreme of
very small haffle windows, would prediet coefficienta approaching
zero, mnce most of the shell-side flow would pasa via onfiees
This, obviously, is not what would happen since a respectable
orifice-low heat-transfer coefficient could be obtained.

Innemuch as the interaction of cronsflow and orifice-lenkage
streams with respect to effect on heat-transfer corfficient i <till

Fa-- :

14+ ‘Il' [(ffufn “) + (/"uf: 'I': 1 I:) + (f:,, ! ’,‘. 1. I”‘

indeterminate on the bazis of present knowledge, it remains to
be demonstrated to the writer that departure from the purely
empirical but rimple grometric-mean-velocity method of Dona-
hue is warranted. Buch departure appears least of all to be
warranted when it is in the direction of tving heat-transfer coef-
ficicnts (in the “crossflow sone’’) directly and solely to the crors-
fow stream velority.

H. B. Norrace.! It is in order to raire a question concerning
the possible limits of application for this most interesting and
valuable paper. It is believed that the data hame to this paper
were gencrally obtained with liquids such as water and oil.
Would there data alro apply for a liquid mich as merrury, which
does not wet ateel surfaces?  Also, can any general assuraace be
given that che rating system will apply grnerally to liquid metals?

* Project Manager,
Monica, Calif.

Propulsion Research Corporation, fanta
Mem. ARME.

/5

TRANSACTIONS OF THE A8\

AvTHOR « Cromt K2,

Dr. M. D laaghton's oral discussion with «<lidis howaing o
parison- of Umivesty of Ielaware tent noauits with his -
form: . ¢ prwnctions based on the author's rating svetem w .
very tumely and convaneing  Two beat exchanger units of oo
merelal size were compansl, one aath large haflle hole and o0,
clearances and leakagen, and the other with tight fittang 1ot .
and neghgible leahagee,  In the mix performance ponts compar
the heat-transfer enefficrient prediction agnssl with test resn
within seven por cont on the avernge The prossane diop
values were in all cases «omew hiat hws than the proshi tes] 1o
bheat exchanger values which, 1 Loaghton stated appe 0.
reasonable sinee the exehangers were g a vory doon conedgn
when tested

The author's 1951 London shell «ide pagmrs pepn <ont the 1,
work to recognize the imiportance of the thard How patte g on b
exchanger performance and to develop analvtioad prowcdunes -
evaluating the (tud How distnbution on the shell side ot n b -
exelwnger  The prement paper emplove these
carry the analveis a bt farther and to denve b formnbe -
rendily caleulating the fraction of the total Huel tha o
through the cross flow aren within the hnate ot the tabe buedts
This flow fraction evaluntion 15 the hev to the simple rating <.
tem outhned in the paper
outlined at the beginmng of the paper under prinery promas.
and n further detad in the derivations, ey daruny
points of nusunderstanding indieatesd ain Mre Condner « i
on

Fluid Flow Froction

technpges -y

An amphficntion o cortan <teg .

VInder e

The Bon fraction 1« determnes] by conedoning the ottoor 0
hadrauhie remstances nid danensions for the vatens flow gt
through the exchanger shell have on the rebotine tlow g e
ties through these various routes The use of wotlow teaction deter
nuned in this manner obviousdy waill give mouch o
velocity and  performance prshictione than ane
purely empinieal methods that neglect the wthoonce or corta
clearances, tube arrangements, pitehices, aned <o torth, on the trae -
tion of the total lind flowing through the tabee bandgle T
formula for Aos fraction (8 determuned as outhned coovpressa
in terma of the bame dimenmons maed cbearnnees baalt it 1.
shell sude of the heat exchanger nned s e inddicated i 1 guation.
3] and [9). Thie relationshap may aleo e repiresentod e gl

)

The bracket in the denomnator i referred 1o the paper as the
raung number .V whose three dletenta are proportional te the
relative magnitude of the leakage aned by pacs strenins e follow -

|.u-~|lnlo~ CWEEN

|
(s

Je (:-) in proportional to the tubee bundle baprss cug
rent (Qca)
ey ( )!. ( ) i proportional to baflle tatee hole ook
agr (Qup)
r h\ .
_ Hewifs ( -)f.( ) in proportional to the leakage bntween

the haffle eige and the shell (Qgge)
Fquation [I8) ean be rewnitten in o very mmple I'nrm 1o give =
clearer pictiure as follows

’ - . l"
U4 VSUGn b Qan * Oral !
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v Frrtion for Heat Transfer

1 he numencal value of the flow fraction £, for a elean it wlach
ey b s wleeting a elean heat-transf r coethoent in ob-
Cacesd by iserting the dimensions of the wint an the de nonunntor
I TS LR ] (F foemula (Bapuntien [8O] 0 vr o Lguntion

¢ Fraeion (o P Diop

o Moot Brckanazer Tt the exchanger s absolutely elean,

RN |l‘2)|m- natone and cloaramees wonbd govern the Bud flow
fretrbontione, aned the flow frartion for presdie ting pressure dmp
Voangh thee tabee nest wonld be the same ne th e ased i seheting

the chean Yo atatransfor cowthaent, thus

|
'loul’,-’l.ﬂ L
L N Y LU Y L

yoended Heat Brchanger  Foulingg neay be i vadions forms, dis-
Here the pudement ot the designier conies
it ean be
le vhnge rontes thndlle hobes,

For

cvatnpbe, 1 we assne the baffle halos comple by plaggesd wath

trbitron, aned degree
inter play an evahiation tor ditferent olissis ot wnvne
v it that ane ar hoth ot e
oM elge s conbd bweome gurtiadiy or totgdiy pluggesd

wet aned the bole beahage ara nned the Bow readieed to sere, then
Wy = 0wl the tlowcfracten | guation 1 peduees tn

!
} = 1N
U WO (P S
rowe ke this vt fonled ws jost suge <t and further con.

Chor bt dhiet contings on the tide s tiereeds nned s forth, e
st the aarca ob the renvamng few prassiages 1o W per cent of
o be s vl then, from thestadpomt ol joreaeipe l|f‘"|l. the

o wanded act s the thd o ete thaongh the tale hunedhe.
i leen e gsad 1o w 1 2% e s the Dguntion 130! yadne
~)

bl thus Te poprosonted e

[ .
baull ¢, = S
| NSy b Ty,
Vo D resdigensd 1o
. . .
¥ ongled "_ - " (" Y,
TSN e :’ . fen
125 125

Fhia batter equuation g ot the form and value suggestod In
14, and 14
snening ol taaling

Fonations aned s sate tor st one hangers with o
g
It ot conger nbavons that no singh low -t o ot adpastment
b acearately ddesonbe bornedle tloswen o tion aned prossureadoog
Cenhitions tor ol dhttonent tvpes ared degrees of temhog G one
scbermg Dgation Vs oo Egoaion P it cloments we loave o
Hovthle syt where wo on |'|l'||ll tthe offoct on the Lannudle low
St tor ans praetiead o o casnalde assumption ae to the dinang-
ton ol any Jeahage =tre o o low ape s thiat caonid goenlt from
Coling
Vhusted How tr o tions, s s steed beroim, tor fontled pros.
. clru'r o dduation are ot ante neged to Ve e d for thie scboctiom
v eapheed heat-transtor coe oyt sitee 1t e pecotnmiendod that
Sl e thioients Y ecdm congune tions wathe appropriate fouhing

veapebigieea sy e |-l|'l|l~|u'c| it the TN Standarde

"ull-7 raaresfor (o .ﬂu vl Promimen

The author's appronch does not tie the beat-transfor coethieent
“ilely to the crossctlon stream veloesty, bt an thee eross-flow

7é

a3l

apace betwern baflles it arsumed the cocthioent will agres with
the [Delanare resenreh values for pure crasstlon, aned i the baflle
attdov gone 1t e aimed that the coethieent wall carrespeond to
a coas-flow cocthernt taken at the geotuetne nwean of the cross.
How  veloeity batween binfthes wnd e puerableltion  vebeany
thinugh the balle window  \pproprte nwltpliers wre de.
velopesd to properiv weight the oospes tive transter sutlaoes and
cocthernts of these gones for arrmving ot the overaall conthen nt

Heat b rchanger [esign

The nuthor’s annlvar did not consedor heat eaelinge s with
window less baffles, but was derived or seginentally bhatlled heoat
1“\l'|u\llm'" demgnesd with the LHlle wandow  gradusted wath
o flfee ;-pm'llu( ta give Window e of the <atne gene rnd magni-
tule ns the crumeflon nrens For these practieal designy propor-
Botis, ns speciticd throughout the paper, the pertortinnee pre-
dictions ine up very satisinetonds with liborntory pertormanee
test feeults

Table 3 showe clearanee constants and haflle witddow cut pro-
portions for a tygueal hine of clamp nng fasting hewd-tope heat
exchangrs

- J/’
. Tanre D

s - r;
b " (m.n

i h, W

b 0 | " i ([N
T L 1o Ty 00
o, d P 02 020
Ty, TR 4 0 0
' ) TR on
o= b b b - ) HN h 0 tn 0

Tuble 6o shiown 1y puenl deaign dimensions for a 250 X 200kn
bt enehatger of the e 1y e

Tntr 6

I' = 0435 i, Wy oy
TR R S n
dy = ) 7D dy —d, " ol -
0 = 2510 t, = ol - T - 0D
IR : -
. by - b 0

I' - .“ -’- ta ' - -
Lo rl b, '1’5 " v

- p .. ' "9 ' —'I .
! 125 y o | 25 P - )M
no 210 R 1) 25
poman MR R DR TR,
II‘I -0 - |9 - N4

The actund eting of the beat exchanger shown e Table 6 in
vy mppaple using the rating nombers calentuted and tablated
un the demign eneves of this prgwer for exelangers of the indientesd
typucal propertsons

Table T athistraten thie 0y preal rnting example

Ty 7
Va b 1 and Pig 2 with tabubsted constants
Hent Transter, b 1
cJ D) e 0L X 1205 X 28 25 = 0 492
t

! .
Lo Vw8 T+ bntx (200 =0
e @ oy @ DRI 1 U0 &= 088 Y = 0 W (Fig 1))
¥y th he 0 7hH X 0 268 (Ib, hry 1t hey
”ll - 7

PV, TPy 0 ) 0 27

t, =

= ) OIR]
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a2 TRANSACTIONS OF THL \s\
Pressure Lows, Fig. 2 Lited using Pgpuations 110] aned (15 amd the clean and i
, 1 1 tlon fractione }, and £, would then fe dotormuned nsmds
’, - - ———a - . —_ L = 1] ‘2— (4] { N [} » ' {C ) ] ) .
PUOMY e Ny N 0 R+ (042 0) ) by Lguations {3] and [13].
oo o BFpib e 0 75 X0 420db he) o a(ih b )
’ 207.4, 20X 0392Z Y A Laquid ¥ tals
Seleet £, at Re, Witn regant to Mr Nottage s aepiey coneenimg thie veae ot
y o~ 50 '3 rating svetem for hgaid metal apphe tons, the author .

- FRig
R A BTN Ry 1o would give stsfactory sdhcations o the tutesbandb:
A’ = 0 338 X 08T ¥ 266 X 1w tion

It the heat-transfer conthoent behavior of the ipnd tao

19 f, (0127 ||.,|.;)1
o ¢ O 302 1w

47
‘ L4+ 'J with respres £ to eromseflow and Bate wandow paradlobtlow ol

ti-e, agrssd with the boat-transfor promises notod i the o

a2 WS (n 127 10 hr

2
p & \U 32 HP‘) o+ 01 aed an the proceding Closare, then b at-transl roproas tome
mgund metal shonld be vabild - Tor prossure-drop consador
If a umit to be rated has clearance constants differing wadely 1t e posable that the low fraction should be tden meach e
from the typiral values shown in the example, then mting nume-  the elean value than e suggestesd for heat ovehangerom the o,
bers ¥, and .V, for clean and fouled conditions woull be ealen-  jouling mervice.

g
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Heat Transfer and Flud Friction During

Flow Across Banks of Tubes—V 1

The Effect of Internal Leakages Within
Scementally Ballled Exchangers

By O P DERGHLIN K}

\n eaperimental study has been made of the leakage
jast segmental baflles within tubular heat exchangers
Oiibce coeflidients are given which will

e rmit calculation of the amount of leakage if the pres.
¥ lillerence across the ballle is known,  For the case of
"o alent flow of the main stream in the exchanger, the

fect of internal leakage upon pressare drop and heat
transler is shown by comparing experimental results from
evchangers with known internal dearances with the results
trom an exchanger with no internal clearances.  luternal
earances comparable to those encoantered in commer.
val practice were found to lower the heat-transfer co-
cihdient to around 53 per cent and the pressure drop to
around 30 per cent of the values without internal leakage.

Graphs are presented which will aid in estimating the re-

duction in pressure drop and heat transfer resulting from
internal leakages,

with no fouling.

A

Nt Nt AT NE

Fhe Tollonomge oo nelatare 1o nmed e the peguers

1 b atetean=fer ane my it
tow andios conthiaent, dimensionless
. .\"l'. ) ,\',l'
= weghtiad ondice con thoent, , e nrtonlesa
S8,
h hode chamaetor, 1t
! trbe dhiane ter, It
tra tieon faotar of Chalton and Goepereanx -
Ly.0N1A ( ITRANRL
= . ) , thimenaionlo <
N H,
G mass velooty (e {6 Che)
g = dimenaonal constant by (00 by (e )Y
om o oaverage heat-tranefer eoeflicunt for entpe exehanger,
Btu, thr ey ftideg F)
A = con«tant
1. = length, ft
A\ = pumbeer of row e of tuben i crossflow
\ = effective restii tions i crossflow nnd window

of Chemaeal
Niwark, I, presntiy
Paki-tan  Mem ANMI]

t As istant Professor of Chetnyoal T ugineering € gee Inatitgte of
Tochnology . Clovedand, Olan, formerls 1« arch T ollow dn Chemibeal
I nganeening University of Dlaware, Newark, 10}

' Remearch Bollow, Chevaoal |agne e nng Departioe nt, Uninveraty
of Ielaware, Newark, i1

Contributed by the Heat Treans<for Diviaon and presented at the
\nnual Meecting, New York, N. Y., November 25 30, 1056, of Tur
AMERICAX SOCIETY oF MECHANICAL F.va NrPRS,

Norr: Statementa and opinions ¥lvanerd in papers are to e
uaderstored an individual egpressions of their authors and not thoee
of the Raciety, Manusenipt reemived st ARME  Headouarters,
tictoher 2, 1958. Paper No 50—A-133.

' Professor Cmiserany

of I)nqla

1 nnnes ring,
at Lanveragny

of 1 lawnre,
imeen o

BELLY A

o MOD 1 PIGITTON?
v . (| , Al
RV

)

Al o presare dilferenee along mamn o streans, It
dp = average pressare ditferens e aeross one bflle
3
bp =P, 4 9 A%y, pef
N @ cnssesectionnd aren faor flow, an average of minim i
clearan e for eaeh row, sy ft .
Ny = croserectional area for low waithin baadle, not ineluding
bunedle by paise strenm, nq ft
Ny = total erosseseetional nren for flow, 8, o 8 8 S,
Sy = weightedd lenhage area per baflle §, = S, S,
Vo= veloeity, fpn
Vy = velooity at average minimum aren of cronsflon section
N, bused on no leaknge, fpa
. W,
1 v
Ak KIpS,
o
W= weght eate of flow, 1h/he
. thicknese of anfiee plate
Z = onfiee shape factor = “_ e '"? v plate
witlth of ortfiee xlot
21,
-
D -d
p = denmty, pef
g = viscemty, Jh hr ft

Niehseripta

It

w for one crosedlow seetion within bhundle
I, = with leakage
NI o= ponlenhnge

o = aversnll vidoe for exchanger

I’ = hvpnas strenm

S & between baffle and shell

A = arfnee

T = between bnflle and tyhe

t = totn) for crosellow

W = for one witndow aection

Intnonrerion

In provions papwera, reanlts were reparted on the prersure drop
el the rate of heat transfer during low nerass tuybe bianka (1, 2)¢
nnd for flow an the shiell sgde of w ey lindrieat bafled heat exehanger
without npprecanble imternnl leakage (4 The renalts for the
bnfMlad heat exelinnger were showsg to be consistent with resylta
for flow neross tubwe banhka, and a8 method was proposed for pro-
dhieting the performance on the shell side of baffled exchangers by
muking use of the erossflow dnta of the simple meodels,
The present paper presenta information on lenkage through the

¢ Numbers in parentheses pefer 1o the Biblingraphy at the end of
the paper.
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APLICACIONES DE LA TRANSFERENCIA DE CALOR EN PLANTAS

TERMOELECTRICAS.

Ing. I.Becerril Salinas

Ing.M.Aguilar Rodriguez(CFE)

1.- EQUIPOS PRINCIPALES Y CAMBIADORES DE CALOR.-
Se describen los ciclos termodinamicos con los equipos y cambiadores
de calor que existen en una Planta Termoeléctrica, indicando la lo-
calizacién en diagramos de flujo, describiendo las funciones que rea
lizan, los tipos de transferencia de calor y los problemas més comu-
nes que se tienen. Los principales cambiadores de calor referidos =

son:

1.~ Generadores de vapor.

2.~ Turbogeneradores.

3.~ Tuberios.

4.~ Precalentadores de aire (los diferentes tipds)
5.~ Calentadores de agua de alimentacién.

6.~ Calentadores de combustible.

7.- Economizadores,

8.~ Evaporadores,

?.= Condensadores.

il.- DISENO, CONTROL Y PRUEBAS DE CONDENSADORES DE VAPOR
DE AGUA DE SUPERFICIE,
Comprenderd basicamente la descripcién y andlisis de los siguentes -
aspectos:
_Y.= Tipos de condensacidén (pelicula, goteo y goteo-pelicula).

2.~ Coeficientes de transferencia térmica.



3.~ Objetivos.
4.~ Partes principales y sus funciones.
5.- Materiales mds comunes empleados en la construccién.
6.~ Seleccién de los pararfietros principales,
7.- Disefio y .opﬁmizacién.
8.~ Verificacién y puesta en servicio.
9.- Control y operacién, -
10.- Comportamiento.
~  11.~ Pruebas de comportamiento y de control.

12.~- Forma en que afecta la economia el comportamiento.

-

li.- APEI4DICES.-
1.~ Obtencién férmula céleculo presién en el condensador.
2.~ Fol.leto de seleccién y disef%o de Allis Chalmers.
3.~ Procedimiento de pruebas de comportamiento de la ~--
Pacific Gas & Electric Co. de San Francisco, Calif.

4.- Pruebas de Lousiona Power & Light (Unidad de - - -

210 000 KW).

5.-Folleto de seleccién y disefio de Ingersoll Rand.

6.~ Articulo ASME -Laminar Film Condensation of a Flowing Vopor
on a Horizontal Cylinder at Normal Gravity. |

7.~ Articulo APC -Economic sizing of condensers through the use

of the Digital Computer.

ING. |, BECERRIL S. = Parte | y Parte || puntes 1,2,3,6,7 y 12.

ING. M. AGUILAR R.- Parte Il puntos 4,5,8,9,10y 11,



APLICACIONES DE TRANSFERENCIA DE CALOR EN PLANTAS TERMOELECTRICAS

En las Plantas Termoeléctricas se tiene la aplicacién de to-
das las formas bésicas de transferencia de ‘bcalor, es decir, conduccién, con
veccién y radiacién, en los aparatos més importantes y operando a altas -=-
tempe roturas, como los Generadores de Vapor y algunos calentadores de al -
to presion y temperatura, se tiene la combinacién de radiacién-conveccidon-
conduccidn, pero en la mayoria de equipos, aparatos e intercambiadores de
calor que operan a niveles de temperatura bajos, se tiene Unicamente trans

ferencia de calor por conduccién y conveccién.

Los problemas de transferencia de calor més importantes que

generalmente se observan en los principales equipos son los siguientes:

Generador de Vapor. -

En el Generador de Vapor, se tiene conversién de energia
del combustible por reacciones quimicas y debido a la alta temperatura de
la flama,superior a 3000°F en los quemadores,y alta temperatura de los =
gases, superior a 2400°F, se tiene un alto porcentaje de transferencia --
térmica por radiacién a las paredes de agua, sobrecalentadores y recalen
tadores de vapor, por radiacién y conveccién natural al medio ambiente,
en adicidn se tienen fendmenos de transferencia térmica por conveccién=
de los gases a las paredes metélicas y por conduccién y conveccién a los
fluidos circulando en el interior de las tuberias. Con objeto de aumentar
la eficiencia de los generadores de vapor, se trata de tran:.::ii el calor

de los gases al vapor y agua de alimentacién, hasta donde sea préctica

it



y econémicainc ‘2 recomendable, para lo cual se instalan en el paso de -
gases los sob zcalentadores y recalentadores, los economizadores y finalmen

te los precaleniadores de aire.

En los generadores de vapor modernos se trata de aumentar
la cantidad de calor transferido optimizando la superficie y aumentando -
los coeficientes de transferencia térmica con mayor turbulencia y condi -

ciones de ebullicién nucleada.

Turbogenerador., =

El turbogenerador puede considerarse como una méquina -
adiabdtica con respecto al medio ambiente, sin que ello implique que no
queda sujeto a varias formas de transferencia de energia térmica, en las
zonas mds delicadas y sujetas a altos esfuerzos mecénicos y térmicos. El
problema més serio en los turbogeneradores se debe a variaciones de las
condiciones del vapor en cuanto a presién, temperatura y velocidad que
origina diferencias en los coeficienlcs de transferencia térmica y en las
temperaturas de las superficies de los metales, causando con ello esfuer_
zos térmicos al ocurrir cambios en una zonu concentrada. Los efectos
de cambios de condiciones del vapor y de cambios de carga dan lugar
a variaciones ciclicas de condiciones de temperatura y por lo tanto a ==
variaciones ciclica. de esfuerzos térmicos que disminuyen la vida de los
elementos y se manifi stan en forma de fracturas de diversa indole.

!

I as partes mas sujetas a este tipo de esfuerzo y peligro, -

son los dlabes, los rotores, las carcasas en las zonas de alta presién y -

temperatura, adicionalmente las formas irregulares dan lugar a distribu -

#it



ciones de temperatura que implican esfuerzos térmicos variables y en mu -

chos casos de dificil prediccién.

mentalmente por conveccién y conduccién en las zonas de contacto con -

La forma de transmisidén de calor en las turbinas es funda =

el fluido trabajando, es decir zona de distribucién, vélvulas de paro y de

control, toberas y dlabes, conductos de paso y carcasas, con cierta trans=

misién por radiacién al ocurrir cambios bruscos de temperatura. En algunas

zonas solo existe transmisién por conduccién, como en las bridas de carca-

sas, pernos de sujecién de carcasas, vastagos de valvulas, en los cuales la

distribucién de temperaturas es muy irregular.

La variacién de temperatura en forma sGbita origina altos -

esfuerzos y una distribucién diferente a la que existe en variacién de tem-

peratura lineal 6 lenta.

T} ]

AT= _T_l_z_:_IZ_.

eje neutro
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TRANSFERENCIA TERMICA POR CONDUCCION EN ESTADO INESTABLE.

Esta es una de las formas de transferencia térmica que ofec-

ta mas seriamente el disefio, el comportomiento y la vida Gtil de los equi-

pos.

El cambio de temperatura en funcién del tiempo esté deter-
minada por la ecuacién general:
- +* z_. <
271 _ 1 ‘(BT*f‘-)-l 2T 1

(o= 4 |

¢ + G
o ¢ Loxr Tyt 7 1
> M e,

-y — = -

La solucién de esta ecuacién diferencial, para diferentes -
formas geométricas y condiciones limite ha sido favorita del campo de --

actividod matemético desde los tiempos de Fourier.

Las series de Fourier y los métodos de Fourier, son hasta -

la fecha muy utilizados para problemas de esta naturaleza.

ST no hay generacién térmica ni absorcidén deniro del cuer-

0 L
po,q:¢,la ecuacién se reduce a:

- 3 . \-L T

T _ 5T o T o | - e
é —(\ - + - s e = V1
o€t o ud 0y o ¥

nN

Esta ecuacién tiene diferentes soluciones particulares cuya -

combinacién conduce a una solucién de tipo general:

e T Wasl e B 2

T-: A + B« .,.(71—D=Z+E. @



Que | na un sdlido semi-infinito en el cual se tenga una

temperatura inicial T¢ uni{forme en todo el sélido y esta es cambiada en
en lu superficie

forma instanténea’ @ una temperatura Ts fas condiciones limite para la =

solucién de este tipc de p.oblema son:

Te

! // covl W la St.lﬁ e
)7 c.L. ) To x = '#
L
cambio ins’:f( ‘[_‘ s6lido semiinf. : C.L. 2) 4'»6 _—— TS
tanténeo en.’ y 4
la superficie” | — L e
x =0

que oplicadas a las soluciones dan como resultado la ecuacién de distri=

bucién de temperatura . T

Te,x = T + (- 1) 2 6_. qu‘//‘

CoAT
\

——— término deno-

donde: 0 minado "erf" o fun-
cién de error o inte-

gral de probabilidad

%
1= S e

y la acumulacién de calor para un tiempo © =0 a 8= 0, para este caso -

serd:

5
/

’l -t. ¢ cal o
Qo: % (JG‘ = Zk’j\___(__\ r) J_——\E< l BTU




Existen diversos recursos para la solucién de los problemas
de transferencia térmica y condiciones inestables en adicién al andlisis -
puramente matemdtico, tales como las gréficas de Jdkoh, Perry, etc., que

son aplicables a diferentes cuerpos.

También en la literatura relacionada con este tipo de pro-
blemas se localizan gréfices para placas planas, cilindros, esferas, sélidos
infinitos y semi-infinitos, etc., siendo las mds usuales las de Groeber, -

las de hleisler, las de Gurney Lurie y las de Hottel.



Tuberias. -
La transferencia de calor en tuberias de alta temperatura -
se realiza como radiacién y conveccidén forzada en el fluido y pelicula -

limite, conduccién a través de la pared aislamiento y forro, y conveccidn

natural combinada con un minimo efecto de radiacién al medio ambiente,

v

Precalentadores de aire.-

Los precalentadores de aire son cambiadores de calor de --
contacto directo que operan ciclicamente desde el punto de vista de tras-
ferencia de calor, obteniéndose la transferencia térmica por medio de con-
veccién forzada y conduccién a unos conductos cuyo material almacena ca-
lor de los gases calientes y lo cede en la misma forma al aire a menor tem

peratura.

Cambiadores de calor. -

Los calentadores de agua de alimentacién son los elementos
del ciclo que hacen posible operarlo en forma regenerativa y permiten ele-
var su eficiencia.

El fluido caliente es vapor de exiraccién de la turbina el -
cual puede estar sobrecalentado, saturado é himedo y circula generalmente
por el exterior de los tubos cediendo su energia hasta condensarse y sub-
enfriarse, el fluido a menor temperatura absorbe la energia al circular a
través de los tubos.

La transferencia térmica se efectda por conveccién forzada,

por pelicula y goteo en condensacién, por conduccién y en grado minimo

por radiacién.

#



Evaporadores. -

En los evaporadores se tiene transferencia térmica en dife -
rentes aparatos, un cambiador de calor de superficie y las camaras de eva-
poracién,en las cuales al ocurrir desequilibrio termodindmico origina la eva
poracién, el vapor es condensado por medio de el fluido a menor tempera-
tura.

La transferencia térmica es realizada en las cémaras de eva-
poracién como transferencia de masa evaporando una parte del fluido que -
posteriormente cede su calor latente en un condensador, con transferencia -

por pelicula y goteo en condensacién, conduccién y conveccién forzada.

Condensadores. -

Los condensadores son en realidad considerados como cambic
dores de calor pero su importancia mayor consiste en que son el factor --
limitante para la eficiencia de los ciclos termodindmicos, por ser la fuen-
te de disipacién térmica al medio ambiente,

La forma de transferencia térmica en el condensador es re-
lativamente simple, por condensacién en pelicula y goteo en el exterior
de los tubos, conduccidén a través de la tuberia y conveccién forzada en

el interior de los tubos por los cuales circula el fluido de enfriamiento.

Transferencia térmica en condensacién.-
En los condensadores se tiene generalmente una atmésfera -
de vapor con bajo grado de humedad en su entrada, el cual se va conden

sando en el exterior de los tubos por los cuales circula el fluido de en -

i
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1

friamiento. -

3

;

La condensacién ocurre en virtud de que el vapor entra en

contacto con una superficie a una temperatura inferior a la temperatura -

de saturacién correspondiente a la presién de equillbrio del vapor.

La condensacién puede efectuarse por pelicula que cubre la

superficie, por goteo y por pelicula y goteo.

El tipo de condensacién depende de varios factores fisicos =
como son las propiedades del fluido,de la velocidad del vapor, de la ru-
gosidad de la superficie, de los depédsitos, suciedad o substancias promoto-
ras en la superficie , de la posicién vertical u horizontal y del ndmero de

hileras.

El fendmeno de condensacién involucrando el transporte si-
multéneo de calor y masa debe ser considerado un proceso de pasos mél -

tiples.

Inicialmente el vapor debe ser transportado de la masa en -
fase gaseosa a la superficie de condensacidn, requiriéndose que exista un =

movimiento molecular neto normal a la superficie, para un vapor puro esta

velocidad tiene pequefio efecto sobre el proceso.

En virtud de que la fase liquida es una regién de pequefias
distancias intermoleculares y relativamente altas fuerzas intermoleculares,
las moléculas de vapor chocando contra la superficie deben interaccionar
con la fase condensada de manera que pierdan gran parte de su energia -

cinética, siendo capturadas por el liquido y cediendo su energia en forma

de calor latente de condensacién que es la cantidad de calor transferida

i



por la superficie fria.

No todas las moléculus que llegan a la superficie son rete-
nidas por el liquido, se ha demostrado experimentalmente que para ciertas
substancias comunes, el 90% o més de las moléculas regresan al estado de
vapor.

Una cantidad significativa estd involucrada en las fuerzas -
de atraccidén que tienden a sujetar las moléculas del liquido a distancias -
muy pequefias una de otra, esta energia se manifiesta en wa muy pequefia
diferencia de temperatura entre el vapor y el liquido del orden de 0.05°9F
Esta es precisamente la caida de temperatura que proporciona la fuerza im-
pulsora para mentener el transporte de vapor a liquido.

La forma mds usual de condensacién es por pelicula y aunque
en algunos casos se fiene pelicula y goteo, se prefiere disefiar los aparatos
utilizando los coeficientes de transferencia térmica para pelicula pura.

Los coeficientes de transferencia térmica en condensacién por
goteo sonde 4 a 8 veces mayores que los obtenidos en condensacién por -
pelicula.

La base para la determinacién de los coeficientes de trans-
ferencia térmica fue dada por la derivacién de Nusselt para un vapor sa-
turado puro y una superficie fria, considerando una pelicula laminar conti-
nua de condensado, efectos de gravedad puros y despreciando el efecto -
de la velocidad del vapor.

Ademds de las consideraciones anteriores, se analiza el --

problema de pelicula en caida libre suponiendo que todo el calor latente
es transferido por conduccién a través de la pelicula, que no hay dife -

it

12



rencia de temperatura en la entre fase de vapor y que la temperatura de -

la superficie es uniforme, despreciando el calor sensible dg la pelicula, -

entonces:

dg=+Kdx At _hxydxAt
d

d = espesor de la pelicula.

Ot =Tv - Ts =Temperatura de saturacién del vapor-tempe-
ratura de la superficie.

k

Conductividad del I.a'quido
tp = Temperatura de la pelicula

por lo cual: g = k
J

haciendo el balance de transferencia de calor y masa e integrando para -

determinar el espesor de la pelicula, se obtiene:

i

S =
/’2 g heg

con lo cual es posible determinar el coeficiente local de transferencia tér-

Y,

mica por conveccién:

kz’j’z 9 I";e

_k
h d 4 p At - %

y el coeficiente promedio para una longitud L.

L
i
Ir\‘_=-'g hxc)x
(¢}
- -~ 1
k> p? g ,"fg /4
h = 0.943 J '

- L/LLAT
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En el Articulo ASME se muestra la expresién del Coeficiente de Transferencia - -

Térmica considerando un cilindro horizontal .
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Existen efectos que dependiendo de su magnitud deben ser =

considerados en la determinacién de los coeficientes de transferencia tér -

mica, tales como:

Q.

Gases no condensables. - E| efecto de 4.5% de aire por volumen, pue

de hacer disminuir el coeficiente de transferencia térmica de 2300 a -

450 BTU
hr-—pie2 °F

Turbulencia.- La turbulencia origina una mejor transferencia térmica

en las partes inferiores de tubos é placas largas verticales, siendo des-

preciable su efecto en tubos horizontales.

Velocidad del vapor.- Su efecto puede ser considerable ya que afec-

ta directamente la velocidad y espesor de la pelicula, pudiendo obte-
nerse valores 10 veces superiores con altas velocidades de vapor en tu-

bos verticales.
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CONDENSACION POR PELICULA EN TUBOS HORIZONTALES. -

La condensacién por pelicula en una atmésfera de -vapor a -

presidn constante se realiza alrededor de una superficie circular en la si =

guiente forma: f

Atmésfera de vapor
a tv

Con gradientes de temperatura variables dependientes del es-
pesor de la pelicula limite y los coeficientes locales de transferencia: tér-
mica.

El anédlisis detallado de la pelicula limite que se forma en =
una tuberia con pelicula laminar y sujeta a gravedad normal,con velocida-
des-tomponentes del liquido Wy y u,, se muesfra en el Apéndice,

lefl’ y

—g
-l

\Extremo de la peliculc

Su erflc:e o
Ipc| lindro limite de vapor,
Extremo

de la —
pelicula , -
liquida.

ESQUEMA DEL SISTEMA DE COORDENADAS.



16

El flujo de va>por saturado o temperatura Ts y velocidad Vv,
, la pared exterior del tubo del condensador a temperatura Tw, constan-
te con el éngulo ¢J.

Utilizando las ecuaciones de gradientes de presién alrededor
de la periferia y las limitaciones fisicas del fenémeno se pueden determinar
las distribuciones de velocidad y temperatura, las cuales aplicadas a los -
balances de masa y entalpia conducen a la determinacién aproximada del -
espesor de la pelicula Iimite y del coeficiente teérico de transferencia tér=-

mica obteniéndose:

h=h(Fr, Re, Pr, k, A, Cp, A, @, r, & , x.)

Se ha determinado que para éngulos hasta 140° existe una -
discrepancia de menos de 2% entre las predicciones y los experimentos, al
aproximarse a los 180° la discrepancia aumenta debido a la violacién a las
suposiciones de Nusselt,

Las expresiones recomendadas para célculo de los coeficientes
<de transferencia térmica, son:

Un solo tubo horizontal, flujo laminar

)

U3 2 ¢ 4
hm=0.725 |t A Si” 9
D M¢ AT
con evaluacién de propiedades a Tf = Tv- 3 AT
I

At =Tv =Ts, A = hfg
para condensadores en que se tienen N tubos horizontales y el condensado -

de los tubos superiores fluye al inferior sin salpicamiento,
3,2 Ys -t

2 R
M ke £

hm = 1.2



FJ - Ai v Gi - Z
Re § - e M L

Pora fluidos en el interior de tubos con At moderadas, Pr variando de —

0.7 a 120, Re 10000 a 120 000 y L 60
D 08 ‘0.4

!

b D _ oons (D6 ) [ 5o
kh B /*L k L

evaluando las propiedades fisicas a la temperatura de la masa fluida.

La expresién general de transferencia térmica en funcién de
la diferencia de temperatura y del "coeficiente total de transferencia tér =

mica", es:

cl = U)‘_ dA Z,\'to

a
T

que utilizando la"diferencia de temperatura media logaritmica" conduce a

en la cual U incluye la resistencia a la transferencia térmica de la peli-
cula del fluido condensado, de la pared del tubo, de_la incrustacién 6 su-

ciedad en el interior del tubo y de la pelicula limite en el interior del -~

tubo. e
i 2z i + ki. + ! + 1
U hm "/'lr_,, le ki//—\r( hL
y ©m es la diferencia de temperatura media logaritmica.
{.)‘ ?" l
y “{ : T “E; {9 - é}z"f}4 —_— T, — Ti
| | e Y T, -1
&' ! 7 ! tn 2 L
L3 inge ‘Eln:n)c'u:'-\ {-)'1 “t‘) -1,
—j- t;r B __'-..- T “j_ .1’& (] kl.\"\ .
A _'t.L - T> _ t} - h. -L‘._-Tl.‘. Tz‘f{

Z UA/";‘A:T.\ ‘j * ‘-"' ;/‘\.b%;‘ncfn
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OBJETIVOS DE LOS CONDENSADORES

Los condensadores desde el punto de vista termodindmico —
son la fuente receptora de calor, y desde el punto de vista funcional son

cambiadores de calor que permiten la utilizacién practica del vapor al --

condensarlo y aprovecharlo nuevamente en el ciclo.

Termodindmicamente la limitacién més seria que existe a la
energia disponible del fluido trabajando, es la temperatura de la fuente

receptora, que es la tierra,por medio de sus fuentes de agua & aire,

De la definicién elemental de la eficiencia del ciclo Carnot,
que es la limitacién de eficiencias en ciclos termodindmicos, mientras menor
sea la temperatura a la que se efectba el rechazo dé energia al medio --
ambiente, mayor serd la eficiencia del ciclo. i T,
N T
por lo cual es importante lograr la menor temperatura de saturacién del va-
por posible, previa consideracién de los pardmetros que intervienen en la op-

timizacién del sistema de enfriamiento.

Suministro de
energia - Ty

Calor suministrado E N '\
K/ Trabajo

Calor re@ozado h S

£
ol
»

| Fuente recep -
" tora - Ty

MAQUINA TERMICA.
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SELECCION DE LOS PARAMETROS PRINCIPALES.-

Desde el punto de vista econémico y de éptimo aprovecha-
miento de la energia y los energéticos, no es conveniente seleccionar los
pardmetros de disefio del condensador sin considerar el sistema completo al

que estd relacionado.

Una optimizacién de un condensador esté relacionada con -
la seleccién de la turbina en lo que respecta a las caracteristicas de sus
Oltimos pasos y al sistema de enfriamiento con los didmetros y pérdidas en
tuberias, parcrietros de disefio de la torre de enfriamiento himeda 6 seca,
caracteristicas y consumos de potencia de las bombas de agua de circula-

cién y aparatos para circulacién de aire.

[
2’:) Ultimo paso de

la turbina.
’//" \\
’ /I’ )
o —* ENERGIA
i / RECHAZADA AL
"~ MEDIO AMBIENTE
/
/
Condensador ) g
\ - //’

‘\ '/ .
Torre de~enfriamiento, rjo,
mar 6 aire ambiente

7N\
D a———— -—q—-—-) -
/

SISTEMA DE CONDENSACION
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Para definir correctamente los parémetros de disefio del con-
densador se deben considerar todos los elementos técnicos y econémicos que
intervienen en el sistema de condensacién y agua de enfriamiento, es decir:

1.~ Costo diferencial de la turbina por diferencia en tamafio de éla-
bes y nimero de salidas de escape.

2.~ Costo diferencial del consumo térmico unitario (Heat Rate) y de
la capacidad en KW,

3.~ Costo diferencial de tuberias, bombas y torre de enfriamiento u
obra de toma.

4 .- Costo diferencial de los condensadores.

La optimizacién del sistema debe tomar en cuenta los costos
de combustible proyectados y actualizados a valor presente (si se usa este -
método de evaluacién), costos de energia proyectados y actualizados, asi -
como datos confiables sobre variaciones en costo de los tubogeneradores, --
instalaciones completas para obtener el costo unitario por KW, costos de =~
tuberias, bombas y tomas de enfriamiento de diferentes tamafios, costos de
tuberias y condensadores de diferentes caracteristicas y tamafios, de tal ma-
nera que la utilizacién y combinacién de datos conduzca a la solucién den-

\1ro de las condiciones éptimas del sistema.

Vacio de disefio del condensador. ~

Uno de los pardmetros més importantes para el sistema es el
vacio de disefio del condensador, el cual esté relacionado a las curvas de _
carga y curvas de temperaturas del medio ambiente con respecto al tiempo,
asi como los criterios que se tengan en los sistemas sobre reserva de capa-
cidad instalada y disponible.

##
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El vacio del condensador estd naturalmente ligado a las -~

condiciones fisicas del medio ambiente que son el factor limite.

Los parémetros més importantes después del de vacio del --
condensador 501 los siguientes:

A.- N’umero de pasos.

B.- Diémetro de tubos.

C.- Llongitud de tubos.

D.~ Material de los tubos.

E.- Velocidad del agua de enfriamiento.

F.- Factor de limpieza,

A.- NUMERO DE PASOS, -

En la mayoria de instalaciones se tienen condensadores de -
1 o 2 pasos, existiendo en algunas hasta de 3 posos, también existen con~

densadores de multipresién en grandes instalaciones.

En general resulta més conveniente instalar condensadores de
un solo paso donde se dispone de grandes cantidades de agua y de dos pasos
cuando existen limitaciones, aunque debido al mayor flujo y menor potencia

necesaria esto debe verificarse mediante el estudio detallado correspondiente.

B.- DIAMETRO DE TUBOS.-

El tamafio del didmetro de tubos es dependiente de los tama-
fios comerciales disponibles y de su influencia en el comportamiento y costo
del condensador, los didmetros pequefios aumentan los coeficientes de trans-

ferencia térmica y los diémetros mayores ofrecen mejores condiciones para -

fH#
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evitar ensuciamiento y disminuyen la potencia eléctrica necesaria.

En general se utilizan los tamafios menores 5/8 y 3/4" en con-
densadores pequefios, hasta 1500 M2 y de 3/4" y 7/8" y 1" en mayores ta -
mafios.

Los espesores de los tubos son variables, de calibre |4 o 18 -~

BWG, utilizédndose en la gran mayoria tubos del calibre No. 18.

C.- LONGITUD DE TUBOS.-

La longitud de los tubos es funcién de la superficie del conden-
sador y de las limitaciones de espacio en la instalacién, en instalaciones mo -
dernas de gran tamafio se han utilizado longitudes de tubos hasta de I5m = - -
(50 pies) y en muchos casos ha sido necesario colocar los condensadores en di-
reccién longitudinal a los turbogeneradores por |<;s limitaciones de espacio.

La longitud de los tubos tiene una gran influencia en la opti-

mizacién del sistema por su relacién directa con la potencia eléctrica consu-

mida.

D.- MATERIAL DE LOS TUBOS. -

Aunque este concepto se discute detalladamente por separado,
deben seleccionarse los materiales cuidadosamente de acuerdo con las condi=

ciones locales de agua de circulacién.

~

-

La mayoria de los materiales son de aleaciones de cobre, uti~
lizéndose més comOnmente para aguas normales de agua fresca dulce, Metal
Admiralty (Aleacion de cobre 70%, Zinc 29%, Estafio 1%) con algunas va-
riantes del mismo; para aguas saladas y salobres, Latén Aluminio (Aluminum .

Brass) (Cobre 76%, Aluminio 1.75 a 2.50%, con Hierro, Plomo y Antimonio

]



en pequefias ‘cantidades, resto Zinc), también se utilizan aleaciones de -

»

70-30 y 90-|q Cobre Niquel; en aguas con gran acidez y cﬂ{:mpuestos de-
: T

. ) N afe . L; .
rivados de desperdncnos de minas se han utilizado aleaciones de acero ino

xidable 304, 36 y 347,

E.~- VELOCIDAD DEL AGUA DE ENFRIAMIENTO. -~

El coeficiente de transferencia térmica mejora con veloci-
dades altas debiendo evaluarse sus ventajas contra las de mayores requeri-
mientos de potencia y en algunos casos reduccién de la vida Gtil de los

tubos por erosidn,

~

En la mayoria de los casos se utilizan velocidades de - -
1.85 a 2.44 m/seg. (6.0 a 8 pies/seg.) aunque se ha experimentado con
aleaciones de Cobre-Niquel y de Acero inoxidable a velocidades mayo -

res de 3.05 m/seg. (10 pies/seg.).

La velocidad debe optimizarse dentro de las limitaciones

de valores convenientes por pérdidas de friccién y erosién.

F.- FACTOR DE LIMPIEZA.-

Debido a la posibilidad de incrustaciones o depésitos en el
interior de las tuberias, con objeto de no disminuir la capacidad del con-
densador y el vacio, después de algin tiempo de operacién, se utiliza un
factor de limpieza cuyo valor depende de los crite\rios particulares de si-
seflo, sistemas de tratamiento quimico, control del comportamiento del --
condensador y sistemas mecdnicos de limpieza que se utilicen.

Los factores usualmente utilizados oscilan del 85% al 95%

f##
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DISENO

El disefio de un condensador en particular requiere la de =
finicion de los parémetros principales descritos anteriormente, aunque los
fabricantes utillzan' diferentes métodos, la mayorfa de ellos converge en
la parte bésica de ellos, por lo cual utilizaremos para ilustrar los proce -

dimientos de disefio, el establecido por Allis Chalmers.

Datos del sistema.=-

Unidad de 3000 KW
Flujo de vapor al condensador = TS = 33 000 Ibs/hr,
Agua fresca dulce en abundancia,

Temperatura del agua  80°f

Vacio de disefio recomendado 28" Hg referidas a 30" Barométricas.
Tuberias de 3/4" D.E., Calibre I8 BWG, longitud 14 pies.
Factor de limpieza 85%.

Velocidad 7 pies/seg.

De las tablas en la pagina 15 se obtienen los siguientes factores:

CONCEPTO VALOR TABLA FACTOR
Temperatura del agua 80CF A 1.019
NoOmero de pasos 2* B 0.301
Diégmetro de los tubos y 3/4" - C 1.008
calibre I8 BWG
Longitud de tubos 14 pies D 1.146
Velocidad del agua 7 pies/seg. E 0.577
Factor de limpieio 85%* F 0.929
Material Admiralty* G 0.000

4.980

* 5o seleccionan de acuerdo con las recomendaciones.
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De la tabla H, para Factor Total =4.980

X = 0,615

De la curva en pégina 13 o de tablas de vapor

Ts = 101.1° F para vacio = 28" Hg.
Rango = Ts - T1 = 101.1 - 80 = 21.,1°F
Elevacién = Rango x X = 21.1 x 0.6l5 = 13.0°F
Diferencia terminal = Rango - Elevacién = 21,1 - 13 = 8.1%F

) A o
valor aceptable por ser mayor de 5 F.

Flujo de agua de enfriamienta G = 950 x TS
Elev. x 500

G =950 x 33 000 _ 4825 GPM
13.0 x 500

Superficie = KGL -
\

de la tabla de constantes para tubos, pdgina 5
K = 0.377

S = KGL _ 0.377 x 4825 x 14
\ 7

= 3640 pies 2

Es usual el realizar el disefio y la optimizacién por medio -

de computadoras con la programacién correspondiente a la cual se incorpo-

ran todos los conceptos que intervienen en la optimizacién del sistema com-

pleto,como se ilustra en el articulo de la American Power Conference.

De esta manera se pueden hacer variar los diferentes concep-

tos, es decir el vacio del condensador, diémetro y calibre de tubos, velo -

cidad del agua, nimero de pasos, diferencia terminal de temperatura y lon-

gitud y hacer el célculo del resto de los conceptos que intervienen en el -

sistema como sean influenciados por el condensador, hasta determinar la so-

#
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lucién mas conveniente dentro de la zona optima.

'

INFLUENCIA DE LOS CONDENSADORES EN LA ECONOMIA DE LA PLANTA,-

Como se menciond en los objetives de los condensadores, la
temperatura de saturacién que equivale a la temperatura de la fuente re -
ceptora fria, ﬁene.influencia directa en la eficiencia del ciclo termodind-
mico.

La influencia del condensador en el ciclo termodindgmico se

refleja en el consumo térmico unitario del turbogenerador y se expresa como

unidades de calor /Kw-hr Kcal o BTU
Kw=hr  Kw=hr

los fabricantes de turbogeneradores proporcionan una serie de curvas a di=
ferentes cargas de presién de escape-consumo térmico uﬁiforio, otras para
la carga en KW, con las cudles es posible calcular el efecto directo del —
condensador en la eficiencia del ciclo y en la capacidad.

El costo de 1 BTU/KW-hr se calcula de acuerdo con los -
costos de combustible proyectados y actualizados, las tasas de interés y -
vida de las unidades seleccionadas.

El costo de 1 KW de capacidad se calcula con base en el
costo total de la instalacién que deba suplir la deficiencia.

Como ejemplo de los ‘cosfos de deficiencias de un conden-

sador para una unidad de 300 000 KW se tienen los siguientes:

Por cada BTU/Kw-hr adicional por
deficiencia en el CTU garantizado $62,500.00 M.N.

Por cada Kw adicional en demanda
“equivalente o cada KW de deficien
cia en capacidad 1,125.00 M.N.

Por cada Kw adicional de energia
auvxiliar equivalente 2,840.00 M.N.,



27

Para una unidad de 300 000 KW con carga pramedio de --
225 000 KW el efecto de una deficiencia en presién absolutq de 0.1" Hg
origina-un aumento de 0.2% del consumo térmico unitario ogsea aproxima-
damente 16 BTU/KW=hr con un costo evaluado a valor presente de = - - -
$1,000,000.00 M.N., lo cual refleja la gran importancia de la optimiza-
cién de los sislemas y el correcto funcionamiento de los condensadores.

En adicién a lo anterior debe evaluarse el comportamiento
garantizado de pérdida en los tubos y cajas de agua que pueden originar-
consumo adicional de energia y también verificarse la efectividad en la =
extraccién de gases no condensables que tiene un serio efecto en la trans

ferencia térmica.

#i
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’ performonze eoleulmrions

The purpose of this manual is to bring together thosc variables effecting the heat transfer
performance calculations for steam surface condensers iu an orderly fashion to simplify their use.
The many necessary constants that are tabulated herein are drawn from various handbooks and

are in complete accord with the Heat Exchange Institute, Standards for Steam Surface Con-
densers, Fifth Edition (1965).

In addition to the basic condenser performance calculations there are curves plotted to
reflect possible trends with changes in only one parameter at a time, such as tube diameter or
water velocity.

Finally, guidelines are given to help the user apply the performance calculations to specific
installations. e .

formulae -
Coudenser performance calculations are made up of two parts, the heat transfer function
to be performed and the physical characteristics of the condenser necessary to perform the function.

Assumie there is a heat load of (3) BTU/br to be condensed at an absolute pressure of
(P) " Hg using cooling water at a temperature of (T;) °F. Then consider the basic temperature
relations in a surface condenser by referring to Figure 1.

TR

» TLWT -]

Figoro 1

In a saturated steam mixture at an absolute pressure of (P) "’ Hg there is a correspond- °
ing steam temperature of (T,) °F. The difference between the steam temperature (T,) and the
cooling water temperature (T)) is definzcd 25 :#-. initial temperature differenee (ITD).

As the cooling water progresses down the length of the condenser tubes, its temperature
is continuously clevated until the water «xit . al a temperature of (T,) °F. The difference between
inlet and exit cooling water temperatures is called the temperature rise (TR).



The ratio of the temperature rise (TR) to the initial temperatiire difference (ITD) is de-
fined as (R).

The difference between the steam temperature (T;) and the cooling water exit temperature
(T,) is known as the terminal temperature differenee (TTD) or approach (A).

From fundamental heat transfer relations we define the Log Mean Temperature Difference
(LMTD) as:

M) which is the same as (TR)

In E?_ i _l_
TID " IR

By definition we denote the denominator of eq (1) as (K) and then

eq (1)

R=1- —lk(Table vi).
e

The required cooling water flow (GPM) can be calculated from the heat balance:
Q
556 (7R eq (2) .
where: 500 Ib/hr = 1 GPM

GPM =

By a study of the heat transfer characteristics of condenser tubes we can write the follow-
ing relationship:

(L) (NP) - a-b-f-% clean/100

K = A% eq (3)
where: L = Effective tube length, ft.
: NP = Number of passes of cooling water
a = Constant varying with tube diameter and wall thickness
(Table i) ,
= Tube material correction factor {Table IV)
f = Cooling water inlet temperature correction factor
(Table V)
% clean = Tube overall cleanliness factor
v = Velocity of cooling water within the tubes, ft/sec

For a typical surface condenser calculation a summary of the foregoing formulae in their
normal order of use is as shown below:

{a) P corresponds to T, {Table 1)
(b) (T)-(T) = 11D
(l)_(_?_*"’)  a'b*f-9, clean/100

(¢ K= VAT eq {3)
(d) K corresponds to R (Table Vi)
(e) TR = (R)-(ITD)
. Q
(f) GPM = 500(Th) eq (2)

(@) NT = aG—?t x (NP}

where: NT = Number of tubes (total)

g = GPM/tube at 1.0 fps (Table il)
m = sq. ft/lineal ft. of tube (Table Ii)
S = sq. ft. of surface area (total)

(h) S=(INT){L)xm
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apparent in the foregoing equations. Actually the relation U = Cv/vyxbx fx

3

neral interest, you will note that the overall coefficient of heat transfer (U) is not
% clean

has been

absorbed into the form of equation (3). Values of (U) for any condition can be calculated by:

NOTEI In

U=Kx GPM x 500 eq (4)
S
accordance with the Heot Exchange Institute Standards for Steam Surface Condensers, the terminal

temperature difference {TTD) should not be less than 5°F,

sample probiems

(Refer to inside back cover for an exainple of a work sheet.)
A. CALCULATION OF SURFACE AND COOLING WATER REQUIREMENTS
Given: ‘
Q = 1000 x 10% BTU/hr heat load
P = 2,00” Hga
T, = 75°F inlet cooling water
\ = 7.00 fps

Then:

NOTE: (i

Condenser to be single pass with 85%, clean 1’” O.D, - 18 BWG Admiralty
tubes having a 50’ -0’ effective tube length,

Ts = 101.14° F (Table 1)
iTD = 101.14 - 75 = 26.14°F
(2

K _ 50 (1) (.06914) (lfl_(l.025) 100/ _ 1.138

v/7.00
R = ,680 (Table VI)
R = (.680) (26.14) = 1778

1000 x 10¢
GPM = 500 (1778) ~ 112,486
112,486 _

NT =~ (1.992) {7.00) () = 8,067
S = 8,067 (50) (.2618) = 105,600 Sq. Ft.
D) - (TR} = TTD = (26.14) - (17.78) = 8.36°F > 5°

'B. CALCULATION OF TUBE LENGTH, SURFACE AND GPM FOR A FIXED TR

Given:

Then:

Q = 1,000 x 108 BTU/hr

P = 1.50” Hgo

Tl = 60°F

\'/ = 8.00 fps R

TR = 20°F {or that T, shall not exceed 80°F)

Condenser to have 1009, clean 1'* O.D. - 22 BWG Type 304 Stainless Steel
tubes.

Ts = 91,72°F (Table |}
ITD = 9172 .60 = 31.72°F

R _ 2
R =i -3 630
K = 994 (Table Vi)
Rewrite equation (3)

KV v 944 4/8.00

(L) (NP)= A = 944 +/8.00 =587 f.  eq (5)

a'b-f-% dean/100  (06313) (79) (.960) {1.00)
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Thus, with the fixed temperature rise there is only one total length of cooling water travel
possible when the velocity and diameter are fixed. The condenser can be two pass with 29.35 ft.
effective tube length or single pass with 58.7 ft. effective tube length. (Note that this was as-
certained independent of the heat load Q.)

Then:
1000 x 108

GPM = s Tmor 100,000

100,000 3
NT = (2.182) (8.00) () = 5728 } Single pass 58.7' tubes
S = 5728 (58.7) (.2618) = 88,026 Sq. Ft.

or

100,000 3
NT = &G182) (800) (2) = 11,456 } Two pass 29.35’ tubes
S = 11,456 (29.35) (.2618) = 88,026 Sq. Ft.

C. CALCULATION OF PRESSURE FOR A GIVEN SURFACE

Given:
S = 300,000 Sq. Ft. 7'’ O.D. - 18 BWG Aluminum Brass tubes
GPM = 175,000 Two pass, 36'-0’’ effective tube length

Calculate the pressure (P) for a heat load of 2,500 x 10° BTU/hr for a cooling water temper-
ature 80° F with 859 cleanliness.

300000
NT = m = 36,374
175000 (2)
Vo = s34 (1a7e) = 83 fi/se
K _ 36(2) (.08153) (97) (1.045) (.85) _ | oos
V651
R = .862 (Table VI}
2500 x 108
TR T 175000 (500) 28.57
28.57
D =TR/R = 25 = 3314
T, = ITD 4+ T, = 33.14 + 80 = 113.14°F
P = 2.84'" Hga (Table i)

NOTE: ITD- TR = 33.14 - 28.57 = 4.57° < 5° 71D

Since the calculations result in a TTD less than 5°, then the example should continue as:
TR = 28.57°

fID = TR+ 5 =2857 +5=23357°
T = ITD + T, = 33.57 + 80 = 113.57
P = 2.88'' Hga

D. PERFORMANCE CURVES

The previous example represents the sequence that is used to calculate condenser per-
formance curves that piot condenser pressure, “Hga against condenser heat load, BTU/lr, for
one or more inlet cooling water temperatures. Care must be taken to use TR + 5° = ITD for
every point that calculates to a TTD less than 5° F.

Since the pressure that will exist when there is zero heat load is not readily calculable,
values of these zero load pressures for any inlet water temperature have been established in curve
form. (Ref: Curve “B", Fig. SF-3. Pg. 8, 1965 Fifth Edition, H.E.1. Standards for Steam Sur-
face Condensers).



Further, at combinations of low condenser pressures and low cooling water temperatures,
the effect of air in the air-vapor mixture leaving the “nose’” of the condenser will influence the
performance of the unit. Thus the performance curve is altered to reflect the effect of the air
partial pressurc below a certain pressure called the cutoff point. Values of these cutofl points
for any inlet water temperature have been established in curve form. (Ref: Curve “A”, Fig. SF-3,
Pg. 8, 1965 Fifth Edition, H.E.I. Standards for Steam Surface Condensers.) Therefore, pressures
for light load and/or low mlet water temperatures can only be determined by actually drawing
the performance curve.

E. MULTI-PRESSURE PERFORMANCE

Whether two or three or more pressure levels are to be considered, the calculations must
treat the condenser as a series of individual condensing compartments, each operating at its own
absolute pressure, with a series cooling water circuit. Thus the inlet cooling water temperature
to the second and succeeding cornpartments is equal to the exit water temperature {rom the first
or preceeding compartment.

Consider the condenser calculated for Example ““A™ will be oriented with its tubes parallel
to the shaft of a Tandem Compound Four Flow Turbine-Generator unit having two low pressure
turbine exhaust openings. Then divide the 50 ft. tube bundie into two compartments of 25 ft.
length, each to serve one of the L. P. turbine exhausts. The same 105,600 Sq. Ft. condenser will
perform as follows with the slightly incorrect assumption that the heat load (Q) will be equally
divided to 500 x 10®° BTU/hr into cach compartment. Actually the steam flow rate in Ib/hr will
be divided into essentially two equal parts, but the enthalpies of the two halves will differ slightly
due to the absolute pressure difference.

. =25(1)(06914)(10)“025)<'°° — 0.569

/700

R1 = .434
*NOTE: Subscripts 1 and 2 refiect the First and S d Compartments respectively.
TR 1778 .
TR, ~TR2—7——2-——889
_ TR _ 889
ITD, = R, = 434 = 20.48
T = 75 + 20.48 = 95.48°F and P; = 1.69"’ Hga

T, + TR, = 75 4 8.89° = 83.89° inlet to second compartment

K, _ 25 (1) (06914) (1_._Ol(1.056)§100 = 0.586

V700

Rz = 443
_ TRy _ 889 _
ITD, - Yy 20.07
Tse = 83.89 4 20,07 = 103.96°F and P, = 2,18’ Hga

Thus the first L. P. turbine operates at 1.69”” Hga and the second at 2.18" Hga at the de-
sign condition. This mode of operation would have to be evaluated for the specific turbine to

establish the heat rate saving that could result compared to a single pressure unit operating at
2.00"”" Hga.

Further analysis of the proper multi-pressure selection must be made as described in
Ingersoll-Rand Form 9707, Assuming there is a heat rate saving with the above two pressure
conditions, there also will be a smaller condenser surface, or a lower cooling water flow, or a com-
bination of the two, which will give the same heat rate in multi-pressure operation as exists with
the single pressure selection operating at 2.00° Hga, Using the single pressure cooling water flow,
the surface can be redueed by using a shorter tube length, and the water side friction will be re-
duced lowering the tolal pumping power required.  Fxamples of some of the possibilities for the
foregoing application are tabulated in Figure 2.



ut

4 Same Heot Rate
Reference -Reduced
Single Heat Reduced §, Reduced Reduced
Pressure Rate GPM & BHP GPM & BHP S & BHP
BTU/hr = 106 1000 500/500 500/500 500/500 500/500
""Hga 2 00 1.49/2.18 1.73/2 25 173/2 26 1.75/2 25
Sq # 105,500 105,600 101,394 105,600 97,152
GPM 112,486 112,486 108,108 105,576 112,486
Velocity, tps 7 00 7.00 7.00 6 57 7.00
TR 17.78 8.89/0 .89 9.25/9.85 9.47/9 .47 §.069/8.89
*Priction, 11 12.13 12.13 12.13 11.54 11.33
tBHP 897 8497 844 833 871
*Refer to HEI Stondards for Steam Surface Condensers, Fifth Edition, 1965,
tAssume 15’ externol friction and 869 efficient circulnting pumps

Figure 2

A further refinement in the economic evaluation would be to study other than a 25 ft. -
25 ft. division of the 50 ft. single pressure tube length.

trends with changes in individual parameters

Three fundamental figures make np the major economic influence on any condenser se-
lection for comparison to another for the <amie heat transfer function. They are the total square
feet of condensiug surface. the total GPV of conling water and the total BHP of pumping power
required to move that GPM through the -pedilic cooling water circuit. Oddly enough, the three
variables are always in a form of balancw. When a lesser amount of cooling water is desired there
will be an increased amount of surface or pump power {or a combination of each up or down)
to perform the same heat transfer function. [ixamples of this basic relationship and other less
important concepts are reflected in the following graphs showing the influence of varying one
parameter at a time.

A. TUBE DIAMETER

Figure 3 reflects the influence of dilferent tube diameters for a given heat transfer function
using a constant tube length and ccudige waler velocity.  With increasing tube diameters there
will be less square feet of condensing surface and more cooling water required. The relative change
in cooling water pumping is shown for an assumed siphon water circuit and cooling tower water
circuit, both of which are common today.
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o THE TWO BHP CURVES DO NOT REFLECT
THE TOTAL DIFFERENCES BETWEEN THEMSELVES.
] 86% PUMP EFFICIENCY IS ASSUMED. . )
80

Figure 3



B. VELOCITY OF COOLING WATER

Figure 4 shows the effect of changing the velocity of the cooling water within a given tube
diameter for a fixed tube length, all to perform the same heat transfer function. With higher
velocities, the requircd square feet of condensing surface is reduced, but the cooling water flow
is increased and along with it the condenser water side friction aud overall circulating water
pumping power. Again, both'an assumed siphon and cooling tower circuit are shown.
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C. TOTAL LENGTH OF WATER TRAVEL

Figure 5 depicts the relative changes in the three basic parameters S, GPM and BIP as
the total length of eooling water travel (lube length times number of passes) is increased all for
the same heat transfer function and a constant water velocity. With increasing TLWT the con-
denser cooling water friction drop eventually excceds the assumed external system friction in
the siphon circuit analysis, and the BIHP pumping power reaches a minimum and then begins to
increase.

D. TUBE MATERIAL

For general information a tabulation of the condenser requirements for one heat transfer
Job using 93 pereent clean Type 301 stainless steel 22 BWG tubes compared to 85 percent clean
admiralty 18 BWG tubes is shown in Figure 6. Using the admiralty selection as a reference, the
tabulation shows the percent changes of the individual requirements with stainless steel for the
following conditions:

A, Same veloerty, GPM, and TR but with 4 longer tube and increased surface and pump power.
B. Same tube length and velocity but with increased GPVM, surface and pump power.

C. Same tube length and surface but with increased GPM, pump power and a higher velocity.



95 PER CENT CLEAN 22 BWG 304 STAINLESS STEEL

vs

85 PER CENT CLEAN 18 BWG ADMIRALTY

Par Cant Change Using Stainless Steel
A B C

Svurfaco +13.6 +4.8 +17.5
GPM 0 +14.8 +17.5
T. L. +24.7 0 0
Veloelty 0 0 +6.9
Temperature rise 0 -n3.o (-)15.0
BHPs +5.8 +12.8 +19.7
BHP: +2.2 “+12.9 +18.2

Figure 6

An examination of Lhis specific example shows that while the use of stainless steel tubing
for surface condensers may be desirable from a material life viewpoint on the steamn and/or water
side or from a first cost analysis, still there exists a performance difference in the amounts of con-
densing surface, cooling water flow and pumping power to perform a giveu heat transfer function.
One of the most important factors in a decision of this type is the experienced tube cleanliness
for admiralty tubes at a specific jobsite. )

guideliines

Straight forward condenser calculations are fairly simple to do, but the proper application
of the many arrangements of tube length, diameters and orientation requires some experience.
Comments reflecting some of this expericnce may be of assistance.

Whether by legislation or plant design, the maximum allowable termperature rise across
a given surface condenser is often stated as parl of the design probleins. This automatically fixes
the minimum GPVM of cooling water to be used with a given heat load completely independent
of the condenser tube diameter, length or velocity.

TOTAL LENGTH OF WATER TRAVEL
(LY(NP)
b
o
1

30+

Figure 7




Consider Example B of this manual again. Further, consider the case where a maximum
tube length has been established and the combinations of tube diameters, velocities and lower
TR’s are to be investigated for a given heat transfer job. Then equation (5) would be utilized
for a range of velocities for each tube diameter to be considered. This analysis would be repeated
for each TR under consideration and in every instance a total length of water travel (L) (NP)
is calculated. The results can,be plotted with (L) (NP) versus TR for each tube O.D. and velocity
studied. Figure 7 is an example of such an analysis and shows the many combinations possible
to perform one heat transfer duty at a glance.

Many references have been made to condenser tube diameters, materials, velocity levels
and cleaunliness. Condenser performance calculations must be guided by the user’s experience

.\wnh the cooling water available for each specilic application.

Material selection falls into two basic groups, fresh water and salt water. Admiralty,
‘Arsenical Copper and Type 304 Stainless Steel are common for fresh water applications with
LCopper Nickel, Aluminum Brass and sometimes Type 316 Stainless Steel for salt water.

) Design cleanlintess can vary from 70 percent to 90 percent for the copper alloy tubes with
85 percent most common, and from 80 percent lo 100 percent for the stainless steel tubes with
the majority 90 percent or higher.

The copper alloy tubes are most often 18 BWG wall thickness with some 19 BWG ap-
plications in recent years. The stainless steel tubes are usually 22 BWG wall thickness with few
exceptions. (Air cooler and periphery are sometimes of 20 BWG to provide a corrosion allowance
or factor of safety.)

Water velocity in the tubes will range from 6.0 fps to 8.0 fps for copper alloy tubes with
fresh water, and there is a tendency to limil velocities to a maximum of 6.5 fps to 7.0 fps with
salt water. For stainless steel tubes the velocity has no real maximum limit, and there is some
evidence indicating that a minimum velocity may be desirable to maintain better cleanliness.
Applications at 7.0 fps up to 10.0 fps have been made.

When a range of velocities is permissible for any given installation, the economic evalu-
ation including pumping power will generally indicate the optimum. Similarly, when there is
more than oue allowable tube diameter, the economic study will indicate the proper selection.

It is worth noting that the condenser requirements are more directly related to the ITD
than a given design pressure. For cxample, a unit designed for 2.50” Hga using 80° F cooling
water has essentially the same ITD of 28.7° T as a unit designed for 1.50” Hga using 63° I cooling
water; and the total condenser requirements are identical.

Similarly, the designer should realize that a two pass condenser with 30’ tubes will have
the same surface and water requirements as a single pass condenser with 60’ tubes, assuming
other variables are held equal.  With this in mind. it is understandable that a single condenser
shell with 60’ long tubes installed parallel to the turbine shaft of a tandem compound four-flow
turbine may offer first cost economies over a twin-shell. two-pass condenser unit with 30’ long
tubes perpeundicular to the turbine shaft.

There arc some cases that result in a total length of water travel as cconomically proper,
but so long that the terminal temperature difference is less than 5°. This probiem can be elim-
inated by multi-pressure operation should its application prove compatible with the proposed
equipment arrangement.  The TTD of Example A (single pressure) is 8.36° while thosc of
Example IZ (multi-pressure) are 11.59° and 11.18° for the first and second compartments respec-
tively. It is apparent that longer tube lengths are possible with multi-pressure operation than
one pressure for like terminal temperature differences.

conclusion

The surface condenser 1epresents a large investment for a utility and has a direct influence
on sizable related equipment such as circulating water pumps, water line sizes, and motors. The
proper seleetion of the condenser requirements involves a complete knowledge of the actual con-
ditions under whicl the equipment must operate, including the performance characteristics of
the low pressure turbines to be served.

The Ginal vesult of any specific analysis should be based upon a thorough study of all pos-
sible combinations following the principles deseribed in this manual.
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TABLE |
SATURATED STEAM TEMPERATURES
Absolute Absolute
Pressure .00 .01 .02 .03 .04 .08 .06 07 .08 .09 Pressure
In. Hg. ) In. Hg.
.2 34 56 | 35.78 | 36.96| 38.09 | 39 18| 40.23 1 41.23 | 42 22| 43.17 | 44.08 .2
3 44.96 | 45.83 | 46.67 | 47 .48 | 48.28 | 49.05| 49.80| 50.53 1 S§1.25 § 51.96 3
4 52.64 | 53.31 | 53.98B| 54.62 | 55.25| 55.88 | 56.48 ) 57.08 | 57.66 | 38.24 .4
.5 58:80 | 59.35| 59 90] A4 | 60 96| 61.48 | 62.00 62.49 62.99 | 63.47 .5
.6 63.96 | 64.43 | 64.90| 65.35( 65.81 66.261 66.70) 67.13 | 67.56 | 67.99 .6
7 68 40 | 68 82 69.23| 6v.63 [ 70 03| 70 43| 70.81| 71 20 71.58 | 71.96 7
.8 72.33 | 72,70 73.06| 73.42 | 73.78| 74.13 | 74 48| 74 83| 7517 | 75 51 .8
.9 75.85 | 76181} 76 51 To.83 | 775} 77.47 | 77.79{ 78 11 78.42 1 78 73 9
1.0 7903 | 79 33| 79 64| 79.94 { BO.23 | B0.52 | 80 B1 | 81 10| B! 39 { 81 67 1.0
1.1 81.95 | 82 23} 82 51 B278 | 83 06| 83 33| 83 60| 83 87 | B4 13 | B4 39 1.1
1.2 84 65 | 84 9N 85.17 | B5.43 | B5 68| B85 93| 86 18| 86 43| 86 68 | 86.92 1.2
1.3 87.17 | 87 41 | B87.65 <" 89 | B8.12 ) 88 36| 88.59| 88 83| 89.06 | 89.28 1.3
1.4 89.51 89 74| 89.97 | 'SD.19 | 90 41 | 90.63 | 90.85| 91.07 | 91.29¢ | 91.50 1.4
1.5 91.72 91.93 92 14| 2.35 92.56 92 77 92.98 93.19 93.39 93 60 1.5
1.6 93 80 | 94 00| 94 20| 94.40 | 94.60] 94.80| 95.01 | 95.20 | 95 39 | 95.5¢9 1.6
1.7 9578 | 9597 | 96 16} 96.35 | 96 54| 9672 96.9) | 97.10 } 97 28 | 97 46 1.7
1.8 97.65 1 97.83| 98 01| ¥8.19 | 98 37 | 98.55| 98 73 | 98.91 99.09 | 99.26 1.8
1.9 99.44 | 99 61 | 99.78 | 99.96 (100 13 | 100.30 {100 47 |100.64 (100 81 {100.97 1.9
2.0 101.14 [101 31 | 101.47 1 101.64 [ 101 80 | 101.97 {102.13 [ 102 30 | 102.46 }102.62 2.0
2.1 102 78 | 102 94 [ 103.10 | 103 25 }103 41 | 103.57 | 103.73 | 103 88 {104 04 |104.19 2.1
2.2 104 34 |104 50 | 104.65|3104.80 | 104 95 (105 11 | 105 26 | 105 41 (105 §5 {105 70 2.2
2.3 105.85 {106 00 {106 15 ] 106 29 | 106 44 [ 106 58 | 106 73 { 106.87 | 107.02 |107.16 2.3
2.4 107 31 [107 45 [ 107.59 |"¥07.73 {107 87 | 108.01 {108 15 |108.29 | 108.43 [108.57 2.4
2.5 108.71 [108.84 {108 98 1 109 12 {109 25 | 109.39 | 109 52 | 109 66 |109.79 {109 92 2.5
2.6 110 06 {110.19 | 110.32 | 110 46 |110 59 [ 110 72 | 110 85 {110 98 [111.11 [111.24 2.6
2.7 111 37 {111 49 [ 111 62 | 111,75 111 88 [ 112 01 | 112 13 [112.26 |112 38 (112 51 2.7
2.8 112 63 {112 76 1112 88 {113.01 |113 13 | 113 25 | 113.37 | 113.50 | 113 62 |113 74 2.8
2.9 113.86 [113.98 {11411 [ 114,23 |114 35| 114.46 | 114 58 | 114.70 | 114.82 [114.94 2.9
3.0 11506 [115 19 | 115 30 [ 115 41 |115 52 {115.64 | 115.76 | 115 88 |116.00 {116.11 3.0
3 116 22 (116 33 {116 45 | 116 57 [116 68 [ 116 79 [116 90 | 117.00 |117.11 {117.22 3.1
3.2 117 35 [117 46 [117 57 {117 69 {117 80 [ 117 90 (118 O1 {118.12 {118 22 [118.33 3.2
3.3 118 45 118 56 | 118 67 {118.78 {118 89 [ 118 99 | 119 10 {119 20 [119.30 [119.41 3.3
3.4 119 52 1119 62 119 72 1119.83 (119 93 {120 04 {120 15 | 120 25 | 120 35 1120.4¢6 3.4
35 120 56 {120 66 {120 77 | 120 87 {120 98 (121 07 [121 17 {121 28 [121.39 |121.4¢9 3.5
3.6 121.58 |121 68 1121.78 | 121 88 [121.98 | 122 08 | 122 18 |122.28 {122 37 122 47 3.6
3.7 122 57 |122 66 | 122 76 {122 85 [122 96| 123 06 | 123 15| 123 25 | 123.35 {123.45 3.7
3.8 123 55 |123 63 |123 72 {123 B2 {123 92 {124 02 {124 10 [ 124.20 | 124.30 |124.40 3.8
3.9 124 49 {124 59 | 124 69 | 124 78 [124 87 | 124 97 | 125.05 {125.14 §125.23 |125.32 3.9
4.0 125 42 |125 51 [125 60 | 125 70 |125 79 {125 88 |125.97 |126.05 |126.13 |126 23 4.0
4.1 126 33 [126 41 [126 50 {126 60 |126 70 | 126 78 {126.87 | 126 96 [127.05 {127 .13 4.1
4.2 127 22 |127 31 |127 40 | 127 50 {127 59 {127 67 | 127 76 | 127 85 {127 93 |128.02 4.2
4.3 128 10 |128 18 {128 26 | 128 35 |128 44 | 128 52 {128 60 |128.49 |128.78 [128.86 4.3
4.4 128.95 {129 03 |129 11 {129 20 |129 28 | 129 37 [129.45 [ 129.53 {129.62 |129.70 4.4
4.5 129.79 |129 87 | 129 95| 130 03 |130 11 {130 19 {130.28 | 130.36 | 130.44 }130.52 4.5
4.6 ;130,61 |130.69 | 130 77 | 130 85 {130 $3 | 131 O} [ 131 09 [ 131 17 | 131 25 {131.34 4.6
4.7 131 42 (131 50 1131 58 | 131 66 (131 74 | 131 82 | 131.90 | 131.98 | 132 06 [132.14 4.7
4.8 132 22 [132.30 132 38 | 132 46 (132 53 | 132 61 |132.69}132.77 {132.85 |132.93 4.8
4.9 133.00 {133.09 |133.17 | 133 25 |133 33 [ 133 41 | 133 49 |133.57 | 133.65 |133.73 4.9
TABLE |
GPM PER TUBE, AT 1.00 FT. PER SEC. VELOCITY (g)
Tube Sq. F1. of Value of TUBE WALL GAUGE - BWG
Site |Area Per Ft.|Constant-C
0.D. of Length [In U=C VYV 12 13 14 15 16 17 18 19 20 21 22 23 24
{m)
Yo'f 0.1636 267 0 4060 463 (0 516{0 56610 60010 634 |0 6800 716]0 754 |0 770{0 79310 8090 826
Yo’ 0 1964 267 0 69310 768|0 835(0 89910 941{0 98411 041 |1 0861 132|1 1521 1791 200|1 220
V3 0 2291 263 1 05711 14911 231]1 3081 359|1.420|1 47811 532{1 586 |1 610(1 642 |1 666i1 491
1 0.2618 263 I 4971 6061} 70311 794 |1 853|1 913 |1 9922 054|2.117 2 145|2 182}2.209(2 237
Ve’ 0.2945 259 2 01412 140(2 2512 356(2 424|2.492|2 582]2.653(2.725|2.756|2 798|2.829)2.861
1%’ 0.3272 259 2.607(2.75112 876[2.994|3 071]3.148]3.249]3.328{3.409|3.443|3.490]3.525}3 560




TABLE 11l

VALUE OF (a)

V4

TUBE TUBE WALL GAUGE - B.W.G.
SIZE
0.0.] 12 13 14 15 16 17 18 19 20 21 22 23 24
H* 10,215410,1006 [0.1694 | 0,1543 0.1457 10.137¢ {0.1285 |0 1240 (011359 |0,1134 |0.1102 | 0.1075 |0.1057
%' |0.1513]0.1366 |0 1256 [ 0.1166 [0 1114 10.1066 [0.1008 {0 0966 {0 0926 10.0910 |0.0889 | 0 0874 |0 0854
i/." 0.1140}0.1049 10 0979} 0 0921 | 0.0887 |0 0854 |0.0815 [0 0787 |0.0760 |0.0748 |0 0734 ]| 0.0723 {0.0713
171 0 0920)0.0857 {0 0809 | 0.0768 | 0.0743 |0 0720 |0 0691 | 0 0670|0.0650 | O 0642 10 0631 | 0 0623 1 0.0616
l‘/v;" 0.0758(0 0713 {0 0478 0 0648 { 0 0630 {0 0612 {0 0591 | 0.0575 |0.0560 | 0.0554 |0 0545) 0.0539 |0 0533
1%’ 10.0650]0.0616 | 0.0589 | 0 0566 [ 0 0552 10.0538 |0 0522 {0 0509 | 0.0497 | 0.0492 [0.0486 | 0 0481 | 0.0476
TABLE IV
TUBE MATERIAL CORRECTION FACTOR (b)
TUBE WALL GAUGE - B.W.G.
Tube Materials 12 14 16 18 20 22 24
Admiralty Metal 0 87 0.92 0.94 }.00 1.02 1.04 1.06
Arsenical Copper 0.87 0.92 0.96 1.00 1.02 1.04 1.06
Aluminum 0.87 0.92 0.96 1.00 1 02 1.04 1.06
Aluminum Brass 0 84 0.90 0.94 0.97 1.00 1.02 1.03
Aluminum Bronze 0 84 0.90 0.94 0.97 1.00 1.02 1.03
Muntz Metoal 0 84 0.90 0.94 0.97 1.00 1.02 1.03
90 - 10 Cu - Ni 074 0 80 0 85 0.90 0.94 0.97 0.99
70 - 30 Cu - Ny 0 64 0.71 0.77 0.82 0 87 0.90 0 93
Cold-Rolled Ltow
Carbon Steel 0.74 0.84 0.86 0.9 ,0.95 0.98 1.00
Stainless Steels
Type 410/430 0 59 0 45 0.70 0.76 0.82 0 85 0.88
Type 304/316 0 49 0 56 0 63 0.69 0.75 0.79 0 83
Type 329 0 54 0 60 0.65 0 69 0.74 0.76 078
Titanium (Tentative) o7 0.77 0.81 0.85
TABLE V
INLET CIRCULATING WATER CORRECTION FACTOR (f)
Inlet Inlet inlet Inlet inlet
-~ Water-°F t Water-°F t Water-°F ¢ Water-°F f Woater-°F f
30 0 550 45 0 747 60 0.915 75 1 025 90 1 075
3 0 562 46 0 760 61 0.925 76 1 029 91 1 078
32 0 574 47 0 772 62 0 934 77 1 033 92 1 080
33 0 586 48 0 785 63 0 942 78 1 037 93 1 083
34 0 601 49 0 797 64 0 951 79 1.041 94 1 085
a5 0 61S 50 0 810 65 0 960 80 1 045 95 1 088
36 0 628 51 0 822 66 0 970 81 1 048 96 1.090
37 0 641 52 0 833 67 0.978 82 1 051 97 1 092
38 0 655 53 0 344 68 0 986 83 1 054 98 1.095
39 O 668 54 !G BSS 69 0 993 84 Y 057 929 1 097
40 0 683 55 10 865 70 1 000 85 1 060 100 1.100
4} C 694 56 0 875 71 1.005 56 1 063
42 0 707 57 0 885 72 1 010 87 1 066
43 0 720 58 0 895 73 1 015 88 1 069
44 0733 59 0.90$ 74 1.020° 89 1.072




VALUES OF R CORRESPONDING TO
K .000 001 .002 003 004 005 006 007 .008 009 K
25 221 222 223 224 224 225 226 227 227 28
9% 229 230 230 231 232 233 234 234 235 536 . 2
‘27 237 237 238 239 240 240 241 242 243 243 27
‘28 244 245 .246 246 247 248 249 249 .250 .251 28
29 252 252 .253 .254 255 255 .256 257 .258 .258 .99
.30 259 260 261 261 262 263 264 264 265 266 30
: 267 267 268 .269 70 270 2N 272 272 .273 '3i
§ 274 275 279 270 217 278 .278 279 .480 .200 .
: 281 .282 .283 .283 284 285 2065 208 .287 488 : §
134 288 289 290 .290 291 292 293 293 294 .295 34
.35 .295 296 .297 297 298 299 300 300 .301 .302 .35
36 302 303 304 .304 305 306 306 307 308 309 36
57 309 310 31 3N 312 313 .313 314 315 .315 37
'3 316 317 317 .318 319 320 320 321 322 322 233
3 323 324 .324 325 326 326 327 328 .328 .329 .39
4 330 330 .331 332 332 333 334 334 335 336 [0
4 .336 337 338 338 339 340 340 341 342 .342 141
o4 343 344 .344 345 346 346 .347 348 348 349 42
4 .350 350 351 351 352 353 .353 354 .355 355 "43
4 356 .356 .357 .358 358 359 .359 360 .361 ,361 “44
.45 362 .363 363 .364 - 365 365 366 367 367 .368 .45
46 369 .369 370 371 371 372 373 373 374 374 46
47 375 .376 .376 377 378 378 379 379 380 .381 47
148 381 382 383 384 384 385 385 386 387 .387 ‘4
49 387 .388 .389 389 390 390 391 392 .392 393 -4
50 .394 .394 395 395 396 397 397 398 398 .399 .
51 400 400 401 .401 402 403 403 404 404 405
52 406 .406 407 407 408 409 409 410 .410 411 7
53 .41 412 413 414 414 415 415 416 417 .417 .
54 417 418 .418 419 420 420 421 421 .422 423 54
. 423 .424 .424 .425 425 426 427 427 .428 428 .
156 .429 .429 430 .430 3 432 432 433 433 434 :
. .435 435 436 436 437 437 438 438 439 440 :
: 440 441 441 .442 442 443 443 444 445 445 .
. .446 446 447 447 448 449 449 450 450 451 .
: 451 452 452 453 453 454 .454 455 455 456 .
. 457 457 458 458 459 459 460 460 461 .461 .
: 462 .463 .463 464 464 465 465 466 466 467 .
: 467 468 468 469 470 470 471 4N 472 472 6
. .473 473 474 474 475 475 476 476 477 477 .64
.65 .478 479 .479 480 480 481 481 482 482 483 .65
.66 483 484 484 485 485 486 486 487 487 488 166
67 488 489 489 490 490 491 494 492 .492 493 67
6 493 494 494 495 495 496 496 497 497 .498 6
N .498 499 499 500 500 501 501 502 502 503 6
7 .503 .504 504 505 505 506 506 507 507 508 ¥
7 508 .509 509 510 510 511 511 512 512 .513 7
7 513 514 514 - 515 515 516 516 517 517 518 v
‘7 518 519 519 520 520 521 .521 522 .522 522 1
7 523 .523 524 524 525 525 .526 526 527 527 174
.75 528 528 529 529 529 530 .530 531 531 532 .75
16 532 533 533 534 534 535 .535 536 .536 .537 76
a7 537 537 538 538 539 539 540 540 541 541 1
78 542 542 543 543 543 544 544 545 545 546 178
79 546 547 547 548 548 548 549 549 550 550 19
.80 551 551 552 552 552 553 553 554 554 555 -80
.81 .555 556 556 .556 557 557 558 558 559 559 .
182 560 560 560 561 561 562 562 563 563 564 i
‘83 564 564 565 565 566 566 567 567 567 568 .
84 568 569 .569 570 570 570 571 571 572 572 ;
.85 .573 .573 573 574 574 575 .575 576 .576 .576 .85
‘86 577 .577 578 578 578 579 .579 580 580 581 86
‘87 581 581 .582 582 583 583 584 584 .584 .585 -87
188 585 586 586 586 587 587 .588 588 588 .589 i
'89 .589 590 .590 591 591 591 592 592 593 .593 .
90 593 594 594 595 595 595 596 596 .597 597 :
91 598 598 598 599 599 599 600 600 601 601 K
192 602 602 602 603 603 603 604 604 .605 605 :
93 605 606 606 607 607 607 608 608 609 609 .
194 609 610 610 611 611 611 612 612 .613 613 294
.95 613 614 614 614 615 615 .616 616 616 .617 .95
96 617 617 618 618 619 619 619 620 .620 620 96
97 61 621 622 622 622 623 .623 624 624 624 ‘97
93 625 625 625 626 626 627 .627 627 628 628 98
.99 .628 629 629 630 630 630 631 631 .631 .632 99
K .00 .01 .02 .03 04 05 .06 07 .08 .09 K
.0 632 636 639 643 647 650 .654 657 .660 664 0
R 667 670 674 677 680 683 .687 690 .693 696 ]
2 699 702 705 708 711 714 716 719 722 .725 2
3 728 730 733 736 738 741 743 746 748 .751 3
4 753 756 758 760 763 765 .768 770 772 775 4
5 777 779 781 784 786 788 790 792 .794 796 5
% 798 800 802 804 806 808 .810 812 814 816 6
7 817 819 821 823 825 826 .828 830 .831 833 ¥
.8 .835 836 838 840 841 843 .844 846 .847 .850 .8
9 850 852 853 855 856 858 859 861 .862 .863 9
0 865 866 867 869 870 871 873 874 875 876 0
1 878 879 880 881 882 884 885 886 887 888 ]
2 889 890 891 893 894 895 896 897 898 899 2
3 900 901 902 903 904 905 906 907 907 908 3
4 .909 910 911 .912 913 914 915 915 916 917 4
25 918 919 920 920 921 922 923 924 924 .925 6




Condenser Performance Monitoring for Heat Rate Improvement

APPENDIX

Design of condenser monitoring cquip-
ment described was based on the solution
of two fundamental simultancous equa-
tions, viz,, the H¥I heat transfer through
the condcnser tubes, equation (1), and
the circulating water enthalpy increcase,
equation (2).

q = US6,, Btu/hr (1)

where the condenser heat transfer co-
cilicient, U_. in Btu/hr/sq ft/deg F =
CFHF:FavV

q = 3600 pAVC,(1,-1,) Btu/hr 2)
Combining (1) and (2)

CF\F2Fy V'V 560,, = 3600 pAVC,(1,-1,)

(3)
but,
em - o= 4, (4)
! T.—- 1
T. - :o
hence,
CF\F:Fs VvV S L2 ":
F Bt 11
In T.-1.
= 3600 pAVC,(1.~1,) (5)

615
T.-t, CF\F:F:S V'V
or,In = . (6)
T.-1, 3600,4C, V
CF.F,S
Lt ————— = K %))
3600 pAC,

Since Ina=5) log,a=b a=¢€" (8)

T.—ll L

then =e "y

(9
T,.- 1,

Solving for 1,
F1

t.=—(T,-1)e X7 + T, (10)

Substituting (10) in (2), letting C, = 1

x Lo
q=13600 pAV (T.- 1)\ l-e ~ ¥
. (11)
Solving for 7,
q
. = F+ li
3600 pd V(16X 25 ) (12)
but, P. = /(T,) (13)

Hence, P, ='f
3600 pA4V

(1e "‘ TFF))+ ":I (14)

NOMENCLATURE

9 = Condcnser duty or heat load in
Btu/hr
C = Condenser tube heat transfer con-

stant

F, = Heat transfer correction factor for
circulating water inict temperature

F. = heat transfer correction factor for
tube material and wall thichness
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F3y = Tube clcanliness factor

¥V = Velocity aof circulating water
through condenser tubes, ft/sec

§ = Total exposed tube surface in con-
denser, sq ft

On = Logarithmic mean temperature dif-
ferénce, F

p = Avcrage circulating water density,
Ib/cu fi

A = Total effective condenser tube
cross-sectional area, sq ft

Co
ti
'l'

T,

P,

Constant pressure specific heat of
circulating water, Btu/lb
Circulating water inlet tempera-
ture, F

Circulating water outlet tempera-
ture, F

Stcam temperature at condenser
inlet corresponding to absolute
pressure, F

Absolute pressure at condenser in-
let, in. Hg



r -t - T - -
CONDELSER FIRFQRMANCS TEST FPOTZDUAR /

0

INTRODUCTION -

The following ere the primary factors wnlch effect condeaser
performance:

1. Cooling water inlet tezperature.

2. Cooling water flow rate.
3. Air leskege into the siesm space.
4. Air ejector efficiency.

5. Cleanliness of the steam and-water-side heat transfer
surfeces.

6. Heat transfer area.
T. Plugzing of tubes by dedbris.

. Of the ebove factors the cooling water inlet tempcrature is
independent of control. Cooling water flow rate 2y be regulated by
throttling the butterfly valve in the condenser discharge linss. Air lezk-
age into the steen spzce, air ejector efficicncy and pluzging of tubes by
debris are lergely matters of proper maintenznce. Cleanliness of the steam
end vater-side heat transfer surfaces mz2y be controlled to somz extent by
employing chlorine treatnent to remove algae filvs on the weter side. The
heat transfer area can be controlled by replacing plugged tubes.

Condenser perforcznce deteriorates with eany edverse change in the
factors enumerated above. Day-to-day deterioretion, such as fouling, would
be indicated by & rise in the water box differential pressure anc a sub~=-
quent increese in the back pressure. Long-term deterioration would involve
& gradusl decrsese in the heat transfer coefficient s determined undsr nor-
Plugged conditions. This procedure is priczrily concerned with the long-
term decreese in the over-ell heat transfer coefficient. Day-to-day
- difficulties are to be considered as maintenance problecs.

The equations to be used in determining the actual heat transfer
coefficient ere the following:

91 /
U = ¢gx1ln ’
_ - 62 (1)



where
Q@ = steam loed, 8TU/hr
0 = by Yy -
b2 = ty- tp

saturation teuperatwre corresponding to back pressure

o o
3% <
0

= cooling water exit temperature, °F

]

Qeeling‘w&tar inlet temperature, °F

cﬁ'

= ovar-all heat trensfer coefficient, BTU/hr x sq £t x °MD

1

]

t t
log mean temperature difference, °F; MD « ~&.= 91
‘ ' 2

in §I

. ‘A = outsjde tube surface cren, sq.ft
CF = cleanliness factor

Uo = design heat transfer coefficient, corrected to test
conditions, B1U/hr sq £t °MD )

The stean load, q, canncot be eccurately meosured in & condenser
test. It will therefora be necessavy to determine this value in gome indirect
manner. A plot of steam load vs. gross generation (B1U/hr vs. MI), based on
design heat belences, may be used for test conditions with sufficient eccuracy.
In this panner the steam load may be found from the gross generatioa. This
determination introduces & maximum error of &5 in the steam load value.

The design coefficient of heat transfer, Uo, appearing in Equation
(2), must be determined for actue) test conditions im order that the calcu-
dation of the cleenlinass factor, CF, is meaningful. Specifically, Uo must be
found for the actunl CW veloeity. The eguation is:

Ub X FT b4 FTM X Fc

Where
Uo = Over-all heat transfer coefficient

Uy = Dbasic heat trensfer coefficient, from curve. (Fig. 1)

R



= T S R o D . S T = o T - . S

o F@ = temperdture corrcction faclor, from curve. (?ig. 1)

= tube material end gouge correction factor, from*
T4 gedle. (Fig. 1)

Fg = cleanliness factor,'sct at unity in determining Uo.

PURPOSE OF T“ TEST

The purpose of the test is to determine the following.
1. Cooling watexr velocity, V. "
2. Over-all heat trensfer coefficient, U.

3. Cleenliness factor, CF.

TEST CONDITTONS

\ All required instrumentation should be checked and calibrated before
the test. Special attention should be given to the pitot tube calibration, es
it is extrem=ly desirable that this measuremant be relieble. (An error of
+1 fp; in the CV velocitly determination yields a CF value as much es 1% in
error.

For the duration of the test the condenser should be as free from
fouling, eir leakage, end air ejector malfunctionings &s generel maintenance
procedures will permit.

The test should be conducted at full loed and lest epproximately
two hours, or es long as it is necessary to mzke the proper pitct tube
traverses. Before. conrencenent of the test, load conditions must be ellowsd
to stabilize. . .

~.

REQUIRED INSTRUMTNTATION AND DATA

1. Cooling weter inlet end exit temperatures (°F), determined with
thermocouple probe. (See Appendix)

2. Cooling water velocity (ft/sec), determined with pitot tube.
(See Appendix)

3. Gross gerieration (}ii), determined with kilowett-hour peter.

4. Back pressure (Inches ﬁg absolute), determined with Zimmerli
gauge.

5. Number of active tubes.



6, Water box differentisl pressure (Inches Hg), detercdined
with moreury ranonater,

K

The required reading ccauracy of meaéurcmenta are as follows:
1. Temperature to ths neaorest 0.1 °F.

2. Genecration %o the neereat 0.1 MA.

Sq‘ Differential pfaaaure to the nearest 0.0L" Eg.

Note: 8Since a pitot tube measurczent is so time consuming an
operation, it rmay be found impracticel to muke the
necessary traverses during cach test of the condenser.
Therefore, the pitot tube rmeasurement should only be
included in spocial tests (e.g., those after overaouls).
For daily testing the water box differentiacl pressure
nomograph dotermination of velocity will be considered
sufficient. This sheuld be comparcd with the wore
accurate pitot tube velocity measurement whenever
possible.

SAMPLE CALCULALIONY (Heat Transfer Coefficlent and Cleanliness Factor)

Morro Bay Unit #2, Test perforued June T, 1961.
Datas | |

=] . °
tl 5.0 °F

to = 66.3°F.

vater sox differential pressure = 8.07 Inches Hg
gross generation = 169.957 M4

back pressure = 1.163 Inches Hg sbsolute

nunber of active tubes = 9528

effective tube length = 29.78 ft.

tube OD = 7/8 inch - 18 BWG

tube material = aluminum brass



Calculation:

Cooling water veloclity may be deterzined rron the pitot tube
measurenants in the conventicnzl mzauner. As & chece, or in the event a
pitot traverse carnot be mande, this velocity should te found from the
. enclosed nomoagraph, (Fig. 2), froa the knoun water box dl‘xe*entie.l
pressure:

Vater hox differential pressure reecding - 8.07" Bg

Ambient temperature = 65.0 °F
_ Correction factor (from Fig. 3) = 0.92325
) Corrected differentisl pressure = T.45" Hg

Entering nomccsraph (Fig. 2) et 7.45" Hg, end for
29.78 ft., 7/8" 0D, 18 BiG tubes, the cooling
water velocity is reed es 6.02 ft/sec

Tewperature of condensation exlstins in the condenser correspond-
ing to back pressure (from Table 1) t, = 83.7 °F

= %, - Y 83.7 - 52.0 = 31.7 °F

Op = ty -ty =083.7-66.3 =1T.k°F

e -©
._l. ] 3.7 = . 1 < .
o, Tk 1.822 1n .._é. -O 59399
U = q 1In f}_
0, (1)
A, - )
6

] @ 169.967 M = 747 x 10~ BTU (fron curve for Morro
. . e Bay #2 stesa load vs
gross generation)

A = 7 x outside tude dia x nu=ber of tubes open x.
length of tubes

>

A = 77 x %—Q x (29.78)' x (9528) = 64,958 sq £t



-

U o T47 x 105 x 0.5999
64,993 x 16,3

U = U482 BTU/hr ££2 °mD
Design 6° o Up x Fp x Py x Fg
. for -52° inlet temp. end 6.02 ft/ecc CW veroatty:
U, = 647 x 0.85 x 0.96 x 1.00 :

U, = 53 BTU/hr £t2 M

CF =® L82 x 1C0

550 = 90.26%

The cost of deteriorated perforzence incurred as & result of
higher than expected condenser back pressure may be determined as in the
following example: '

Data:
Generation = 60 MI, deteriorated back pressure = 1.8" Hg

Frou Input-Output (EB/hr vs. M¥) curve, fuel input is
113.3 EB/hr

.. - Heat rate = }%%;3 = 1.888 EB/Mihr IR e

From curve in condenser section of plant data book the design
back pressure at ectuzl inlet waler temperature aad epproximate CW flow is
1.5" Hg. This figure cay be used as a bench mpark against which test
perforzence mey be cozpared. Actusl back pressure wes 1.8" Hg. From the’
manufacturer's heat rate correction curve & rise in beck pressure to 1.8"
Hg increnses the steaa rate by 0.9%. The heat rate will elso rise by 0.9%,
to 1.009 (1.8688) = 1.905 EB . This corresponds to a fuel rate of

Mihr
(60) = (1.905) = 11L4.3 EB. Therefore, the increase in back pressure caused
hr
a fuel rate rise of 114.3 - 113.3 = 1.0 EB/hr.

-

RESULTS OF TEST

1. The coefficient of heat transfer, U, and the cleanliness
factor, CF, should be plotted ageinst elapsed time. In this

_maoner the over-ell deterioration of the condenser with time
way be observed. . .



2. The cost, in EB/hr, incurred as e result of deteriorated back
pressure should be plotied egainst eleped tica. ‘

3. The cooling water veloclity, V, should be plotted egeinst
elepsed tine, .

REFERSHCES

ASME Power Test Code - Steam Coandensing Apzaratus. |

"Proportioning of Surface Condensing Equipzent”, by Allis-
Chelmers #ig. Co., Manufacturer's Bulletin 1938201.

"Standards for Stezm Surface Condensers”, by Heat Exchange
Institute, 1955, Fourth Edition.

Westinghouse Steam Cordencer Celculeter exd Instruction Manual,

8-23-61
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CIRCULATING WATFR FLOW Al TEMPERAT U“m V“ASUQFQJ

Pitot Tuhe Mﬂthodg

The rate of flow in pipe lines is frequently measured by mesns of
a Pitot Tube or Fitometer. Their use in mesasuring rate of flow §5 essentisliy
an integration of the produci; of velocity and the area through which yvelocity
exists,

<<<<<

pPipe crosg sectlgn into a nunber of equal annular areas and to measure the
averafie velocities through these areas by placing the veloeity-measuring
device at points yhere these average velocities are assumed to exist. These -
roints are taken to be at the midpoints of the areas, i.c. at points where
eireles divide these areas in half. This assumes the veloeity to vary
dinearly over the areas considered vhich (in turbulent flow) is ODViOqsl;
more true near the center of the pipe than near the walls, This assunptic
does not cause serious error, however, if a large number of onnpumlar ar»as
are taken, .In general, the velocity distribution is not symmetrical gbot
the pipe genter and the averapge velocity through an annular ares is. tgkian
to e the numerical average of the two velocities measured in this area.
This means that the average velocity in the pipe line is given by the
following expressions:

Vpipe ®

Vit Vo + Vo .., Vn (vhere n is the number of

a velocity megsurements taken)

This is a simple arithmetical average of velocities existing st 'specisl

"~ points on the diameter of the pipe line.

Based on this method a standard data sheet (Fig. 4) is suggested
for measurement of velocity through a tube. The inside radius, R, muiti-
pPlied by the various factors in Col. 2 indicate the centers of equal areas.
(Col. 3) At these points the manometer deflection of the Pitometer, 4,
(Col. T) should be read and recorded.

By averaging the values for VE; the velocity can be calculated by
the followving:

V@CV%S‘ Vs-1 Va-=cxo.n17xVs1x Va

where S = gravity of indicating fluid
(wvater = 1.0)
d = deflection in inches
of indicating fluid
¢ = Pltometer coefficient



B.

/4

Sinee the value of C for the Cole Pitometer is veleeity dependent,
a number of trial selutieons wmust be wmade in order to arrive at the correct
veloeity figure. A8 a firat approximation a value for C of 0.860 should be
agsumed and the oorvreaponding velesity caloulated. Then ¢he value of C
corveaponding te tha calculaced veloeity should be rused frum the Pltometer
ealibration eurve. (Fig. 5) The caleulation should then be repeated with
the new value of C until agreement exlists between the assumed C and the
value of € from the ealibration ecurve to better than % 0.0005. The £low is
given byt Q = 448.83 x veloeity x area

where, Q is blew in GPM, :

Temperature Measurement

For installatiens having facilities fer inserting thermocouple
probea, the temperature of eireulating water entering and leaving the
condenger should be made by temperature traverses of the pipe lines. The
procedure for making these traverses 18 similar te that outlined above with
wmeasurements made at the center of equal areas. Flowing temperature 1§
determined as the veloelty weighted average of the individual readings.

’ Where means for temperature traverses are not availlable, it 1isg
neeassary to use existing fixed tempevature wells with high aceuracy
meagsuring deviees, Tha use of ealibrated thermocouples, thermistors or
laboratory thermometars with 0,1°F graduations have proved satisfactory for
making these wmeasurements.

8-18-69
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To properly size a condenser, consid-
eration must be given to using many
variables such as tube lengths and diame-
ters, heat transfer surfaces and water
velocities, as well as turbine loads and
circulating water temperatures. To cal-
culate just a few condenser sizes requires
a very large amount of labor and a cer-
tain amount of short cutting to bring the
work within practical bounds. Even
though the work is conscicntiously done,
the size selection is often under question.

1t has been felt that, for the large units
which we are now installing, the long-
hand evaluation is no longer satisfactory.
We realized that for a large (300 Mw)
unit even a small improvement in con-
denser vacuum would result in a consid-
erable saving in operating cost during
the 35 year life span of the unit, and it
was decided that a more rigorous and re-
fined cvaluation should be employed in
determining the optimum condenscr size.
It was for this reason that the Common-
wealth Edison Company made use of a
digital computer in the sclection of scv-
eral of their recent condensers.

The use of a digital computer stll in-
volves a considerable amount of timc and
labor, but it does increase the czuracy
and permits thc study to cover a great
many more sizes and variables.

This paper discusses corre ~F the more
important and iaicicsting aspelts in the
use of a digital computer for such a
study. The conventional formulac ! used
by condenser engineers have been placed
in the computer to obt«in ‘I total op-
erating and investment cost for the 35
year life of the condenser. The condenser
with the lowest summation of costs is
then selected.

COMPUTER SELECTION

There are a number of digiej -om

puters available throughout the country °

The IBM 650 is probably the most wide
ly used computer for engincering prob

lems. This was the onc first selected by
our computer specialists, but it proved

too small for this application.

The problem was reprogramnicd and’

then solved by the IBM 705 computer
Due to the large number of variations it

our first study it was necessary to solve

for 2860 scparate condenscrs. Besides re
quiring a considerable amount of time bt
the computer specialists it took about M
machine hours. At $200 per hour, the
came closc to $6000 and this amouht
difficult to justify.

To reduce this cost on the r-'
ly sized unit, those variables which went
considered to lic outside the range of th
problem wefe climinated. The number
condensers solved was reduced to 650. ¢!
roughly one-fourth the numbe: * e urs
study, and .this resulted im a comparabl

~ unl'.l:
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saving in computer hours. To reduce the
cost still furthcr on future studics, the
704 should probably be considered. 1t is
understood that the 704 should solve a
simitar problem in less than an hour.

For thosc who arc not familiar with
digital computers some explanation is in
order. The 705 has been designed for ac-
counting or business purposes, with a
large input and output, but a small com-
putation section. The 650 and 704 are
primarily intended for engincering prob-
lcms. Both of these computers have small
input and output scctions with a large
computation scction, but the 704 can
take a much larger problem than the 650
and, thercfore, this type of computer
would be idcal for solving condenser
problems.

ECONOMICS OF A CONDENSER

The function of a condenser is to pro-
duce an economical back pressure on the
turbine exhaust. The back pressure is de-
pendent upon a number of variables, the
more important ones being condenscr sur-
face, circulating water velocity and tem-
perature, and stcam flow to the condenser.
Since the heat rate of thc steam cycle
and the capabilityof the unit are very sen-
sitive to the condenser back pressure,
an cconomic value can be put on the heat
rate and capability in terms of fuel cost
and plant investment, respectively. There-
fore, it is the proper combination of all
these factors which determines the op-
timum condenscr size.

The following remarks discuss only
those items which are unusual, or are

treated in a manner other than is nor-

mally practiced.

COST OF COAL

Since there was some doubt that one
could peer into the future and forecast
the cost of fuel with accuracy for the

I

t
'

., J__i—J- COAL _COSTS
!

RELATIVE
COSY OF COAL

(CENTS AER BHLION BTUY
» 5 -

h."'

B0 1920 M0 140 B0 60 B0 1990 M0 2000
YEARS

Fig. 1—Past coal prices and projected future
prices, showing trend line,

life of the equipment, until recently all
calculations for new cquipment were
based on the present-day fuel cost.

By charting the past 50 year coal cost
history, it became possible to develop a
projected fuel price. Figure 1 shows this
chart, the trend line, and the projccted
coal cost. The trend line in solid black
has been determined by use of the stand-
ard trend formula which is by the “sum
of the least squares method.”

Since the transportation of fuel is such
a large proportion of the total fuel cost,
it was necessary to adjust the average
cost according to the station location. The
curve for the unit in the study starts at
the actual present-day station fuel cost
and graduatly assumes a position parallel
to the trend line.

Recent units have been evaluated by
using the projected fuel cost.

CAPABILITY EVALUATION

Economic studies show that large ex-
haust -annuli are justified for the circu-
lating water temperatures and load factors
experienced on most of the Edison units
that have recently been purchased. Units
with large exhaust annuli show an appre-
ciable increase in capability with a de-
crease in back pressure.
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MEAT RENCTED BTUNA STEAM

Fig. 2 — Heat rejected

A table showing the capabilities of the
turbine with wide open throttle at various
back pressures is used to evaluate the
capability gains at full plant cost. Some
may question the advisability of using the
full plant cost and may prefer to use some
adjusted or incremental cost. Tt is well
that this item be given serious considera-
tion, since the condenser size is quite
sensitive to the evaluated capacity gain.
In this study capability gains have been
calculated at the summer circulating
water temperature.

CIRCULATING WATER
TEMPERATURE

The nine-year average circulating
water temperature (1950 to 1958, inclu-
sive) for cach month of the year was
obtained from the station records.

Past practice has been to average the
monthly temperatures and then to use the
yearly average. It was felt, however, that
this might not give an accurate deter-
nunation of the total fucl consumed by
the unit. Since some of the monthly
averages were very close, those that were
close were averaged and placed into
groups as follows:

versus load.
deg F
December, January, February
and March 38.87
April and November 45.62
May, June and October 54.50

July, August and Scptember 65.92

HEAT REJECTED

In sizing condensers, engineers normal-
ly use 950 or 970 Btu per pound of steam
as the heat rejected to the cooling water.
It is questionable whether this figure is
representative of the actual heat rejected
for the loads and back pressures at which
the unit would operate. In this study the
heat rejected was obtained from the tur-
bine engineers for two loads and five
turbine exhaust pressures. By plotting
heat rejected versus load (Fig. 2) with
back pressure as a parameter, the heat
rejected at all loads was obtained. Using
these curves, a new set of curves were
plotted showing heat rejected versus back
pressurc, Fig. 3, with the economic load
points as a paramcter. From this final set
of curves, the heat rejected was obtained
at each of the selected load points for all
back pressures. These figures were then



o

wEAY REETTED BIU/LB STEAMW

1ig. 3— Heat rejected
versus  condenser  pres-
sure.

50
5

used in the calculations 1 plheer of the
950 or 970 Btu pcr pound ol. stemm:

CONDENSER FLOW

To determine the condenser. ffaw, the:
JArottle flow is obtamned at some: given
hack pressure (usually 1 or K5 wm Hg)
and at one or morc load pointsy. and
J¢ese should be stated 1n the turbine pro-
posal. In this study, the throttle flow at
isted load and back pressurcs betiveen
{13 and 3.5 in, Hg was determinedi trom
the following equation:

nominal rating:
of turbine
throttlc steam
rate

I hrottle flow =

correction
factors

The correction factors (Reference 2,
Cectice 7.2, Figs 7.1a to 7.1f) are for
.ue tinotile temperature, exhaust aanulus
. arca, back pressure, rated gencrator: out-
put, temperature of feedwater leaving the
heater at the reheat point,' and fecdvater
lemperature rise on the heater abave the
rcheat point.

The condenser flow at all loadb. and
back pressures can be determined! ifomw

tke above throttle flows by using the
following equation:

Condenser flow == throttle flow

at rated load x
percent of correction
turbine load factors

The correction factors (Reference 2,
Section 7.2, Figs. 7.3a and 7.3b) are for
the final feedwater temperature at rated
generator output and exhaust pressure,
and percent of rated generator output.
This information was then tabulated and
put in the computer program.

LOAD DURATION OR CAPACITY
FACTOR

The load duration or capacity factor
of the unit is usually the subject of much
discussion. For this study the annual
capacity factors for the system were re-
viewed, and the average of these factors
was adjusted to reflect the effect that the
cost of coal and the operation of the
“Automatic Dispatch System” (ADS)
might have on the loading of the unit
onder study. The ADS allocates the load

" to the various units on the system in ac-
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cordance with the relative cost of the out-
put, and this takes into account thc
clliciency of the unit, fuel cost, line losses,
ctc,

For this study it was the judgment of
the engincers that the capacity factor over
the 35 year life of the unit would be 48
percent.

Using this capacity factor, the loading
of the unit for the four loads and threc
periods selected would be as shown in
Table I.

TURBINE HEAT RATE

Figure 4 shows the turbine heat rate
plotied against condenser pressure with
load as a parameter. The heat rates, as
read from these four curves, were tabu-
lated at intervals of 0.1 in. Hg and then
placed in the computer program. The
curves for the high loads are quite flat
and they show little gain at the lower
back pressures. The curve at rated load
(325 Mw) shows a slight increase in heat
rate as the pressure drops.

For units of similar characteristics, it
has been the Operating Department's
practice to reducc the amount of circu-
lating water for such conditions, thereby
improving the heat rate and saving the

Volume X X11—Proceedings of the American Power Conference, 1960

pumping costs. Trial calculations indi-
cated that one-pump operation was eco-
nomical at loads of 325 and 284 Mw for
the average circulaling water tempera-
tures of 38.87 and 45.62 F, respectively

COMPUTER PRINTOUT

The application of the digital com-
puter to this problem makes it possiblc
to obtain a large quantity of results which
would not bc available if longhand and
shde rule mcthods were used. The real
problem in refercnce to printout is to
determine in advance the results desired.
and then to set thc program to obtain
them.

Actually, the problem is being pro-
grammed to determine the condcnser size
which will produce the lowest overall cost.
To accomphsh thss, it is only nccessary
to bring out the summation of all costs
and a combination of figures that will
identify the condenser size and propor-
tions. )

On the first condenser problem, we
brought out a rather meager amount of
information. Therefore, it was diflicult to
analyze results, note trends, and do a
good job of answering the many ques-
tions which our colleagues raised.

The printout on the latest study gives
the engincer considerably more informa-
tion with which to work. The informa-
tion obtained is as follows:

identifying Information

1. Condenser surface.

2. Cooling water velocity.

3. Tube length.

4. Tube¢ diameter.

Calculate total cost:

1. Two-puinp operation, capability
at 100 percent of plant cost.

2. Combination one- and two-pump
operation, capability at 100 per-
cent of plant cost.



TABLE |

LOADING OF UNIT

Ist Period 2nd Period 3rd Period

LOAD of 10 Years, of 10 Years, of 15 Years,
Mw Percent hrs/yr hes/ye hrs/yr
A5 100 700 440 0
284 87.5 3330 2150 790
203 62.4 2890 2670 1840
144 44.5 970 1490 2450

3. Two-pump operation, capability
at 90 percent of plant cost.

4. Combination one- and two-pump
opcration, capability at 90 per-
cent of plant cost.

Additional Information
1. Condenser cost (shell plus tube
cost).
Cost of tubes.
Weight of tubes.

Friction hcad of condenser and
tunnel.

Aow o

5. Pumping horsepower
pumps).

6. Gallons per minute used, two-
pump operation.

7. Gallons per minute used, one-
pump opcration.

8. Total investment cost (present
valued).

(two

9. Total pumping cost for three
periods (present valued).
10. Fucl cost for each of
periods (present valued).

three

Two-pump Operation and Combination
Onec- and Two-Pump Operation

1. Condenser vacuums for all load
points, cooling water tcmpera-
tures for two-pump and combina-
tion one- and two-pump opera-
tion.

12. Flow of 70 F cooling water.

13. Capability (Mw) with 70 F cool-
ing water,

14. Present value capability evalua-
tion at 90 and 100 percent of
plant cost.

15. Total cost for each pumping ar-
rangement excluding capability
(present valued).

DISCUSSION OF THE COMPUTER
PROGRAM

The problem was programmed (Fig.
5) for an IBM 705 digital computer,
Model II. The first part of the program
uses approximately 20,000 characters of
high-speed core storage and one magnetic
tape for output. In addition, two mag-
nctic tapes are used for check-point infor-
mation so that the prugram may be inter-
rupted at any timc or may be restarted
in case of machine failure. The pro-
gram's second part uses one input tape,
the output of the first part, and one out-
put tape.

Due to the variations in the decimal
point, fixed point scaling was impractical.
The calculations therefore, are made in
the floating decimal point mode in which
the computer itsclf keceps track of the
decimal point. Each floating point num-
ber consists of two parts: a mantissa, a
number between 0.1 and 1, and an ex-
poneat which is the power of 10 that
restorcs the mantissa to its true fixed
point form by multiplication. In the com-
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Fig. 5—~Computer flow dingram.

puter representation the number 50 is
added to the exponcnt in order that the
exponent will always be positive.
Examples:
Fixed Point
—12.345678
00012345678

Floating Point ,
Form

—.12345678 x 10"
12345678 x 107
Computer Form

5212345678
4712345678

The first two digits are the exponent; the
last eight digits are the mantissa. The
sign of the number is superimposed over
the least significant digit.

The calculations were divided into two

Volume XX11-—Proceedings of the American Power Conference, 1960

parts and the program split into two sub-
programs. The first computes the total
cost without capability cvaluation; the
second computes total cost including ca-
pability credit,

The computer flow dingram, Fig. §,
iflustrates the logical order of the pro-
gram steps. The numbers to the right
refer to the numbered descriptions as fol-
lows:

1. The program begins with the
condenser having the minimum
values of the four basic variables;
tube diameter, cooling water
velocity, tubc length, and con-
denser surface.

2. First, the investment cost is cal-
culated by summing up the com-
puted costs in the following or-
der: (1) shell, (2) erection, (3)
erection supervision, and the cost
of (4) tubes, (5) circulating
water pumps, (6) circulating
water pump motors, and (7)
pipe, valves, fittings, and screens.
The cost of the circulating pumps
involves water flow (gpm), and
tunnel and condenser head loss.

3. Next, pumping cost is calculated
for each of the three periods.
Each period is divided into two
separate parts, the first covers
two-pump operation at all times
and the second covers one-pump
operation at the two highest loads
with the two lowest circulating
water temperatures as well o
two-pump operation at all other
loads and temperatures.

4. The most complicated and time
consuming section of the pro-.
gram is the calculation of the
condenser vacuum and the coal
cost. Starting with the minimum
circulating water temperature
and the highest load, the pro-



gram finds the corrected heat
transfer cocflicient Computation
of the vacuum is donc by an
iteration process. Assuming an
arbitrary inmitial condenser pres-
sure of 1.0 in. Hg, the program
computes i new value for the
condenser pressure based on the
condenser flow and heat rejected
at the assumed condenser pres-
surc. If this new value is not
within 0.01 in. Hg of the old
value, the .new value is used to
compute another vacuum and the
process is continued until the
final vacuum satisfies thc test,
Normally, about three iterations
are necessary. The heat rejected
per pound, the total stcam flow
to the condenscr, and the vacuum
for the stcam tempcrature are
all stored in table form. Linear
interpolation 'between the tabu-
lar values was considered suf-
ficiently accurate.

After the vacuum is found, the
turbine heat rate 'is computed
from the table and the appro-
priate factors of boiler efficiency,
hours, etc., are sclected and the
coal cost calculated for each of
the threc periods.

6. The vacuum and the coal cost

calculation is now computed for
cach temperature and load com-
bination and for each pump op-
eration; thc costs are then ac-
cumulated for cach period and
ench aperation mode.

Lastly, the costs are summed to
get the total cost without ca-
pability. At this point the results
of the problem are written.

The computer will now advance
to the next larger condenser sur-
face arca and perform a similar
calculation. After the largest con-
denser surfacc area is reached,
the surface is reset to its mini-
mum value and the tube length
is increased. This process is con-
tinued until each combination of
the various condenser surface
areas, tube lengths, cooling water
velocities, and tube diameters are
considered.

In the second part of the pro-
gram, the vacuum for the maxi-
mum load condition is computed
at 70 F water temperature, and
by using the results of the first
section of the program the total
cost is adjusted by the capability
credit,

ACTUAL OUTLINE OF DATA AND FORMULA FOR
THE CONDENSER EVALUATION AS SUBMITTED FOR
PROGRAMMING ON. THE IBM 705 DIGITAL COMPUTER

THE PROGRAM

To determine the cconomic sizing of a condenser for a 300 Mw unit, the following
variables were used:

Nine condenser surfaces, ranging from 150,000 to 230,000 sq ft in 10,000

L.

2
3.

sq ft increments.

Eight tube lengths varying from 38 to 52 ft in increments of 2 ft.

Three tube diameters: 9%, 7 and 1 in.

Three cooling water velocities: 6%, 7 and 7% fps.
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To determine’ the optimum condenser size the total present valucd cost of each
size was calculated, covering a 35 year period This included the carrying charge on
investment, coal, and pumping cost, and capability evaluation.

The investment cost is comprised ol the cost of the shell, tubes, erection, ercction
supervision, circulating water pumps and motors, spring supports and support jacks,
circulating water pipes, valves and traveling screens.

Items which cost the same for all condenser sizes, such as steam jet air evactors,
hotwell pumps, etc., were not included in the investment costs.

The pumping cost covered the cost of the energy required to overcome the total
resistance of the circulating water system, including the intake and discharge tun-
nels, screens, condenser, piping and valves.

The cost of fuel was computed by using four loads, namely: 325, 284, 203, and
144 Mw; four circulating water inlet temperatures: 38.87, 45,62, 54.5, and 65.92 F.

For one condenser size and one circulating water inlet temperature, the heat trans-
fer rate U, from stcam to cooling water, is determined for a particular load and at
an assumed 1 in. Hg vacuum according to the Heat Exchange Institute Standards.
The weight of steam in pounds per hour entering the condcnser and the heat re-
jected per pound of steam to the coofing water are deternuned. Using these factors
the computer calculates the vacuum. 1f the difference between the assumed 1 in. Hg
condenser pressure and the calculated pressure is 0.01 in. Hg or less, the calculated
pressure is accepted for the particular load and water temperature, If this differcnce
is greater than 0.01 in. Hg the calculated pressure becomes, in turn, the assumed
pressure and the process is repeated until the accepted pressure is obtained. For
every pressure, at a particular load, the heat rate is found from the correction curves.
The heat ratc multiplied by the total number of kilowatthours and by the cost per
Btu of coal results in the cost of coal for a particular load and circulating water inlet
temperature.

The circulating water pumping cost is calculated separately for two cases:

1. Both pumps operating at dll loads and circulating water inlet tempcratures.
2. Both pumps operating as aliove except for the two upper loads and two lower
circulating water inlet tesmpratures, when only one pump operates.

For each vacuum the turbine will have a Jillerent capability evaluation, The 315
Mw load at 3% in. Hg is used as he capability base and is subtracted from the num-
ber of kilowatts corresponding to the computed vacuum for each alternate. This
difference, multiplicd by the investment cost per kilowatt determines the value of
the additional output of the turbme with respect to the above base. Since it was
considered that maximum demand on the system would occur when the circulating
water temperature was at 70 F, capability differences were evaluated only for this
temperature. Realizing that, due totthe overhaul schedule of other generating capacity.
the circulating water might be a Zimitation on capability at other times of the year,
the capability evaluation was made at both 90 and 100 percent of the summer peak
capability. The two percentages gave the ditferences between the two capability
charges.

The power used by the circulaung water pumps was subtracted from the capa-
bility of the machine in detcrminimgtthe capability evaluation.



Determine:
1. Investment cost, present valued

11. Pumping cost. present valued, two-pump operation
11a. Pumping cost, present valued, one- and two-pump operation
111. Coal cost, present valued, two-pump operation
111a. Coal cost, present valued, one- and two-pump operation
" JV. Capability evaluation, present valued
V. Total cost, present valued, two-pump operation only:

I+ 4+ -1V =V

Va. Total cost, present valued
F'or two-pump operation at all loads and temperatures, except for one-pump opera-
tion for the following:

325 Mw at 38.87 and 45.62 F
284 Mw at 38.87 and 45.62 F

1t was determunced that the unit would probably run with one circulating pump at these
two loads and at all icmperatures up to and including 45.62 F.

Given Values

Condenser surface, S 150,000, 160,000, 170,000, ........ » 230,000 sq ft
Cooling water velocity, V6.5, 7.0 and 7.5 fps

Actual tube lengths 38, 40,42, 44, ........ , 52t

Effcctive tube lengths, L 37.75, 39.75, 41.75, 43.75, ........ , SL75 ft

Diamcter of tube 0.750, 0.875 and 1.000 in.

I. Investment Cost, Present Yalued

Investment cost, present valued = (A+B+C+D+E+ F+G+H) X factor X
The factor represents the present value of the carrying charge for the 35 year life
of the equipment. It includes insurance, state and local taxes, depreciation, interest,
equity return, and Federal income tax. Since most of the above items vary from
vear to year and from one plant Jocation to another, it is necessary to check this
factor each time a condenser or vnit is calculated.

A. Shell Cost
Cost per sq Jt Length of Tube, ft
$3.06 x 1.15 38
3.01 x 1.15 40
2.96 x 1.15 42
290 x 1.15 4 -
2.84 x 1.15 46
2.78 x 1.15 48
2.73 x 1.15 50
2.69 x 1.15 52

i The factor 1.15 reflects the increased book price of the condenser shell
since the publication of these figures up to the date of this condenser study.

P



Volume X X1I—Proceedings of the American Power Conference, 1960

Diameter of Tube, in. Diameter Factor
1.000 1.00
0.875 0.95
0.750 0.90

Shell cost = condenser surface X cost per sq ft X diameter factor

. Erection Cost
Condenser surface, § % $0.85 x 1.15 = erection cost

. Erection Supervision Cost
Condenser surface, § x $0.13 x 1,15 = erection supervision cost

. Cost of Tubes

Diameter, Square Fcet per Pounds per *Base Price,
in. Lineal Foot Lineal Foot 3 perlb

0.750 0.1963 0.419 $0.6812%*
0.875 0.2291 0.493 0.6754
1.000 0.2618 0.568 0.6633

Sq ft per lincal ft x effective length = area per tube, sq ft
Condenser surface = area per tube = number of tubes

Number of tubes x actual length of one tube == total tube length, ft
Total tube length x 1.05 Ib per ft = total weight, |b #**

Base price + extra price (if above 30 ft) == price of tubing, $ per Ib
Price of tubing x total weight == cost of tubes

. Circulating Pump Cost
Cost of the pump is determined for each case according to the following
formula:
Cost of the pump = 0.5533 x gpm (1 + factor)

The 0.5533 is based on a hook value $503 per 1000 gpm + 10 percent for

price increase.
The factor in the formula represents the deviation from the standard head
'as follows:

Head, ft Factor
15-25 0.075 + 0.04 x (25 — required head)
26-40 0.005 x (40 — required head)
41-55 0.005 x (required head — 40)
56 and up 0.075 -+ 0.04 x (required head — 55)

*Over 30 foot tubes up to and including 40 ft add $0.08 per b ~
Over 40 foot tubes up to and including 5O ft add SO 10 per 1b
Over 50 foot tubes up to and including 60 ft add $0.12 per Ib
**Published prices
***The actual weight per foot of condenser tubes is higher than the published
theoretical weight for commercial tubes of the same alloy. Five percent fias
been added to the published weight 1o account for this increase in weight.



Total pumping head = {nction head in tubes + water box resistance -+
circulating water pipe. valves and cxpansion joint resistance + travel-
ing screens resistance - tunncl resistance

Tube and water box i1csistance per Heat Exchange Institute Standards are
as follows:

FRICTION HEAD IN TUBE
(Feot of Water per Lincar Foot)

Tube OD, in.
Velocity, fps 0.750 0.875 1.000
6.5 0.350 0.283 0.234
7.0 0.400 0.325 0.269
1.5 0.454 0.370 0.304

WATER BOX RESISTANCE
(Feot of Water)

Velocity, f[ps Resistance
6.5 1.265
7.0 }.418
15 1.570

The circulating water pipe is assumed to be sized for a velocity of about
10 fps, resulting in an average head loss of approximately 0.6 ft per 100
linear ft for all flows. The average head loss in fittings, valves and expansion
joints is found to be approximately 2.4 ft for all flows. The circulating water
system hcad loss, excluding the condenser tubes and water tox, is, therefore,

2.4 4+ 06 = 3 {1, based on an expested 100 fect of pipe.
The tunncl and screens resistance is formulated as follows:

Tunnel and screens resistance = 2.5 x 10°11 x (gpm)?, ft
The above equation was developed by the Company hydraulic engineer.
The circulating water flow is calculated as follows:

Condenser surface x velocity
Effective length x K

Circulating water flow =

K is a constant depending on the tube diameter, length and gage, and num-
ber of passes.

FOR SINGLE-PASS CONDENSER, 18 Bwg

Tube OD, in. K
0.750 0.188
0.875 0.155
1.000 0.131
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F. Circulating Pump Motors Cost

. Total resistance x gpm x 8.3368
Horsepower =———33000 x 0.506 x 0.85

8.3368 = 1b per gal at 60 F
0.906 = Motor efficiency
0.85 = Pump efficiency

_. Total resistance X gpm x 8.3368
N 25,413.3

Cost of circulating pump motors = $50.00 x horscpower
G. Springs and Support Jacks
Cost of jacks = $.078 X 1.15 x condenser surface
= $.08970 x condenser surface
Cost of bolts = $.031 x 1.15 x condenser surface

These costs were not included in this calculation since this condenser was

mounted sohidly upon concrete and the expansion was taken care of by a
“dog bone™ cxpansion joint.

H. Cost of I'ipes and Valves

Circulating Flow Range, Cost of Pipes, Valves,
in gpm Fittings and Screens
150 000-150 900 $ 88 564
151 000-179 000 113 500 -
180 000-199 000 114 500
200 000-209 000 128 000
210 000-299 000 130 000

[l. Pumping Cost, Present Yalued, Two-Pump Operation

Pumping cost, (N 2) (3) 4)
Period I = Hp % 0.746 x CP x 7890 x Factor A

Pumping cost, (n @) & (4) (4)
Period 11 = Hp x 0.746 x CP X 6750 X Factor A x Factor B

Pumping cost, (1) 2 (3) (4) (4)
Period 111 = Hp x 0 746 x CP ~ 5080 x Factor C x Factor D

(1) kw/hp (2) cost of power $/kwhr (3) hr/yr
(4) present valuc factors



Total Pumping Cost, 1 ._ Pumping Cost, Period I + Pumping Cost,
Two-Pump Operation |~ Period I 4- Pumping Cost, Period 111
lla. Pumping Cost, Present Yalued, Combination One- and Two-Pump Operation
Onc-pump operation at 325 Mw at 38.87 and 45.62 F
284 Mw al 38.87 and 45.62 F
* Two-pump operation for all other loads and temperatures.

The number of opcrating hours per year during Period 1 is 700 hours at 325 Mw
and 3330 hours at 284 Mw. The circulating water inlet tempecratures of 38.87 and

45.62 FF arc the monthly average temperatures for four- and two-month periods of
the year.

The number of operating hours with one pump during Period I:

325 Mw
4 2
700 x —_— + 700 X — = 700(0.500)
12 12
hr/yr fraction of hr/yr fraction of
year with year with
38.87 F water 45.62 F water
284 Mw
4 2
3330 x — + 3330 X —_ = 3330(0.500)
12 12
hr/yr fraction of hr/yr fraction of
year with year with
38.87 F water 45.62 F water

Total number of operating hours with one pump:
0.500(700 -+ 3330) = 4030 x 0.500 = 2015 hr

Based on the characteristic curves of circulating pumps on an existing unit of
similar si7¢, the horsepower of one pump operating alone is estimated to be about
0.4 of the horscpower of both pumps operating together. Hence, the equivalent
number of hours when using the horsepower of both pumps as a factor will be:

2015 x 0.4 = 806 hr
The total number of equivalent hours in this case will be:
7890 — 2015 + 806 = 6681 hr

The total number of operating hours per year during Period I is 7890.
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Sinularily, for Period II:
325 Mw
440 (hr/yr) % 0.500
284 Mw
2150 (hr/yr) x 0.500
Total number of operating hours with one pump:
(2150 + 440)0.500 = 2590 x 0.500 =- 1295 hr
Equivalent number of hours = 0.4 x 1295 = 520 hr
The total number of equivalent hours are:
6750 ~ 1295 -+ 520 -: 5975 hr
For Period I11:
325 Mw
0
284 Mw
790 (hr/yr) x 0.500
Total number of operating hours with one pump:
790 % 0.500 -- 395 hr
Equivalent number of hours:
0.4 X 395 == 158 hr
Total equivalent hours:

5080 — 395 158 == 4843 hr

Pumping cost, (@ (35 (4)

Period1 ==Hp % 0.746 x CP ~ 60681 x Factor A
Pumping cost, (y @2 3 (4) (4)
Period IT = Hp x 0.746 x CP x 5975 x Factor 4 x Factor B
Pumping cost, ()Y () ) 4) (4)

Period II1 = Hp x 0.746 x CP x 4843 < Factor C x Factor D
(1) kw/hp  (2) cost of power, $/kwhr  (3) hr/yr  (4) present value factor

Total Pumping Cost,
Combination One- Pumping Cost, Period | -+ Pumping Cost,
and Two-Pump = Peniod 11 + Pumping Cost, Period 111
Operation
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i1. Cost of Coal, Present Valued

The cost of coal is to be calculated twice, first for two-pump operation and later
{or a combination one- and two-pump operation. The cost of coal is to be calculated
tor cach period for each of the four loads, and cach of the circulating water inlet
temperatures and then totalled as follows: Cost of coal, prescnt valued = turbine heat
ratc X kw X hr per year for the respective load and period X fraction of year
for the respective cireulating water inlet tempernture % reciprocal of boiler efficiency
« reciprocal of operating efficiency x cost of coal per Btu % present value factor,
Two-Pump Operation—The condenser vacuum must be known in order to determine
the hcat rate

The following formulac and tables are used to calculate the condenser vacuum
for two-pump operation:

Circulating Water Temperature Correction
Inlet Temperature Factor, F,

38.87. 0.739

45.62 0.800

54.50 0.881

65.92 0.971

50.66 0.842

70.00 0.993

Tube Material and Gage Correction Factor (F,,) = 1.000
Tube Cleanliness Factor (F,.) = 0.850
(Determined from station records on condenser performance)

Values For U,—Basic Heat Transfer Rate
(Btu per sq #t per F per hr)

Velociry, fps

Tube OD, in. 6.5 7.0 7.5
0.625 and 0.750 687 \’713 739
0.875 and 1.000 671 696 722

Corrected Heat Transfer Rate (U) = Uy X Fy X Fuu X F,

Logarithmic Mean MD = heat rejected per b x condenser flow
Temp. Difl. - - U x condenser surface

Use Table 11 to determine the heat rejected per pound.

The data in Table II were obtained from Fig. 3. Figure 3 is the result of cross
tlotting the data on Fig. 2.

Use Table 111 to determine the condenser flow.

0

heat rejected per 1b x condenser flow

Temperature Rise = T, = - -
P ' 500 x circulating water flow, gpm
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TYPICAL HEAT REJECTED TO CONDENSER

Pressure 325
in. Hg Abs, Mw

0.3 982.0

0.5 972.4

10 956.6

15 954.4

20 956.7

2.5 959.3

TABLE 1l

(Btu per b of steam)

284
Mw
984.3
974 0
961.7
962.8
966 0
969 3

203\
Mw
988 2
981.5
979 0
984.7
990.3
994.6

(Extend Table 10 3.5 in. Hg)

/7

144

Mw
991.5
992.6
997.5
10033
1010.0
1015.3

Thesc rejection” rates were worhed up from figures supplicd by the turbine cn-
gincers. Their figures were plotted against the back pressures supplied and then cros.
plotted to obtain the rejection rates at 0 1 in. Ty increments at the loads set up in the
scope of the work. (Sce Figs. 2 and 3)

TYPICAL CONDENSER FLOW—TOTAL STEAM

Pressure 325

In. Hg Abs. Mw
03 1 369 417
0.5 i 382 945
1.0 1 410 000
1.5 1 429 768
20 1 444 334
2.5 1 451 623
Jo0 I 463 072
15 1 468 275

TABLE NI

(ib per hr)

284

Mw

194 598
206 399
230 000
247 245
259 951
266 310
276 297
280 836

— . . R A —

TABLE IV

203
Mw
864 184
872 921
890 000
902 478
911 672
916 273
923 500
926 784

144
Mw
621 580
627 720
640 000
648 973
655 S84
658 893
664 090
666 451

TYPICAL HEAT RATES AT YARIOUS BACK PRESSURES AND LOADS

Pressure 325
in. Hg Abs. Mw
3 7536

0.5 7521

1.0 7550

1.5 7635

2.0 7742

2.5 7837

this turbine. This table should be in 0.1 in. Hg increments and extended to 3.5 i

(Btu per kwhr)

284
Mw
7506
7512
7573
7683
7789
7883

203
Mw
7469
7524
7682
7846
7997
813$

144

Mw
78518
7623
7868
K086
83100
8474

These calculations are from correction factors given in the turbine contract (o

n. Hy
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T, eT,/MD
ange - —————
Range = T 7 7

Vacuum Temperature = 7, == circulating water inlet tempcerature + range
Terminal Differential = TD = range — 7T, =T, — T,

} he computer citlculated the terminal difference by the runge minus the temperature
sise sinee thase data were alrendy stored in the machine, The cireulmting water outlet
temperature (7:) was not calculated by the machine.

tf 7D is less than 5 F then correct T, as follows:
T, = circulating water inlet temperature -+ 5 4+ T,

The correspanding vacuum at the temperature 7, is placed in the computer pro-
gram in tabular form for temperatures from 42 to 126 F in 1 F increments in
accordance with Reference 3.

If the calculated vacuum is within 0.01 in. Hg of the assumed vacuum the tur-
bine heat rate can be obtained from Table 1V.

The turbine heat rate data in Table 1V were determined by applying vacuum correc-
tion factors to the contract or given data at 1 in. Hg.

Contract or Given Data at | in. Hg
Mw 325 284 203 144

I'hrottlc Flow,
Ib per hr 2 070 000 1 770 000 1 225 000 830 000

Gross Turbine Heat
Ratc, Btu per kwhr 7550 7573 7682 7865

Yacuum Correction Factors, percent of heat rate

Exhaust Throtile Flow, lb per hr

Pressure,

in.Hg 2 300 000 2 000 000 1 500 000 1 000 000
0.5 -0.20 -0.45 —1.40 -2.60
1.0 0 0 0 0
1.5 1.00 1.20 1.75 2.50
2.0 2.40 2.60 3.35 4.85
2.5 3.75 3.85 4.80 6.90

The data in the vacuum correction factor table are plotted to obtain Fig. 6. The
turbine enginecrs throttle flow at 325, 284, 203, and 144 Mw at 1 in. Hg is drawn as a
vertical line on Fig. 6. The vacuum correction as percent of heat rate can now be read
from Fig. 6 at 0.5, 1.0, 1.5, 2.0, and 25 in. Hg cxhaust pressures at the | in. Hg
throttle flows. Using these corrections the turbine heat rate at this throttle flow can
be calculated for 0.5, 1.0, 1.5, 2.0, and 2.5 in. Hg. These data are plotted in Fig. 4
as heat rate versus vacuum with throttle flow at the load points as a parameter,
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While this article was being written it was realized that the heat rate curve, Fig. 4,
was drawn for constant load at the various back pressures, whereas the heat rate was
actually obtained for constant throttle flow at the various back pressures. The heat
rate is correct at 1 in. Hg but needs some additional modification as the vacuum
deviates from that pressurc. Since the hours of operation of the unit were set up on
the basis of constant load versus back pressure, the turbinc specifications should be
written to obtain the vacuum correction factors on the basis of constant load. It
believed that, for this particular study, the circulating water inlet temperature was
low enough that the condenser sclection was unaffected.

The data in Table V are used to determine the remaining items in the cost of codl
calculation for the first period.

Example: ,

Cost of coal for Period | at 325 Mw, 38.87 F circulating water inlet temperature

Turbine Heat Rate % 325000 x 700 x 0.3333

(from Table 1V at (kw) (hr/yr, (fraction ot
the calculated Table V) year, Table V!
vacuum)
Cost of Coal = '

1/0.8941 X 1/0.93 x CC-1i x Factor .4
(1/blr. cff,, (operating (cost of coal (proses!

Table V) eff., Tahle V) per Btu) v alue
facto

Combination One- and Two-Pump Operation—For the combination of one- and .
pump operation the vacuum should be calculated in the samec manner except e
for the two loads and two circulating water inlet temperatures of the one-yi
opcration. For onc-pump operation the circulation water flow will be approxinat.
65 percent of flow with two-pump operation. The water velocity through the tw™*
will be decreasced proportionately for one-pump opcration.

The basic heat transfer rate table and temperature rise formula must be mex: i
All the other formulae and tables will semain the same.

— e
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Yalue For Uy—Basic Heat Transfer Rate
(Btu per sq ft per F per hr)

One-pump Operation, Velocity fps

Tube OD, In *4.225 4.550 4.875
0.625 and 0.750 556 576 580
0.875 and 1.00 540 561 596

*The velocities of 4.225. 4 550 and 4.875 were calculuted on the basis of 65 per-
cent of the two-pump operation velocities of 6 5, 70 and 7.5 fps.

Temperature Rise heat rejected per b x condenser flow
(for onc-pump ~ 065 x 500 x circulating water flow, gpm
opcration) {two-pump operation)

The coal cost calculation for combination one- and two-pump operation is the
same as for two-pump operation when the above modifications are added.

IV. Capability Evaluation

Capability Evaluation = Capability Credit + Capability Charge
for Turbine for Circulating

Water Pump Power
Requirements

IVa. Capability Credit for Turbine

Table VI shows the turbine capability used in this study in 0.5 in. Hg increments.
‘these figures were calculated from the vacuum correction data and the following
tormula:

kw = maximum capability at 1 in. Hg
100 — percent change in heat rate
In this study:
347,000
kwat0.5in. Hg = — ' —_ =
wa in. Hg 100 =33 348,110 kw

Capability Credit
at 100 percent = (Computed kw — Basekw) X PC X Factor X
and 0.5 in. Hg at 2.5 (% per kw (Present
in. Hg plant Cost) value factor)

(348,100—-334,393) x PC x Factor X

Capability Credit
at 90 percent
and 0.5 in. Hg

.90 (348,100—334,393) x PC x Factor X

t¥b. Capability of Circulating Water Pump Power Requirements

Capability Charge for

Circulating Water Pump =  Pump Horsepower x PC x Factor X
Power at 90 and 100 percent
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V. Total Cost, Present Yalued, Two-Pump Operation Only
The total cost is calculated by the following:

V=I1+1n+1-1v

Va. Total Cost, Present Valued, Combination One- and Two-Pump Operation
The total cost is calculated by the following:

Va=1+ Ha+ Illa -1V

TABLE V
COAL COST—PERIOD |, 10 YEARS
Load Fraction - L
River Temp. Mw Hr/Ye of Year B, £, Op. Ratio
1
325 700 0.8941
1
38.87F 284 3330 —ieo
0.3333 "-“;’53 I
Jan., Feb, 203 2890 —_—r 0.93
March, Dec. 0.8975
144 970 i
0.8990
1
325 700 0.8941
1
45.62 F 284 3330
0.1666 0.8953 .
203 2890 1 0.9}
Apr., Nov. 0.8975
144 970 1
0.8990
1
325 ¢ 700 0.8941
1
54.50 F 284 3330 .
0.2500 0.8953 _ﬁ.fn
9 )
Ma{).c.l'l'mc, 203 2890 08575
144 970 !
0.8990
1
325 700 0.8941
1
6592 F 284 3330
0.2500 0.8333 .."_'9_‘_
2890 1 93
Jmsyé;:}.u & 203 0.8975
144 970 1
0.8990 .

Coal Cost/Btu = CC-1
Present Value == Factor A

Similar tables can be made for Periods H and HI by supplying the rt*l“i\"':.‘
hours per year, coal cost per million Btu, and present valuc factor for each perv
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STUDY RESULTS

1 he final results of the calculations pet-
formed on 650 scparate condcnsers arc
nered in Figs. 7, 8 and 9.

Iigure 7 shows the change in total cost
a the condenser surface area is varied
while the tube length (44 {t), water
veloeity (6.5 fps), and tube diameter (%)
i ) arc held constant This curve shows
that the investment for additional sut-
tace arca can bc made on the basis of
tecl and capability savings as the area
w ancreased from 150,600 to 220,000
« ft. For condensers larger than 220.000
~q ft the total cost increases; therefore,
the mvestment cannot be justified. A
cunve of this shape is obtained for cach
tube dameter, tube length, and wuater
velocity

}1gure 8 shows the change 1n total cost
in a series of loops as the surface area,
tube length and water velocity are vatied,
and the tube diameter is held constant at
w1 In general, the trend is for a de-
crease in total cost as the water velocity
w ancreased from 6.5 fps to 7.5 fps Op-
crating cxperience will determine the pos-
«ible range of the water velocities. At 6.5
1, there is a sharper increase in cost for
longer tube lengths than at 7.5 fps. The
smphtude of the loops decreases for
higher water velocities.

TABLE VI

TYPICAL CAPABILITY AT VARIOUS
BACK PRESSURES

Pressure,
in, Hg Abs. kw
0.5 348 110
10 347 000
1.5 343 190
2.0 338 536
HASE 2.8 334 193

This table should be in 0.1 in. Hg
increments and extended to 3.5 in, Hg.

z2Z
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Fig. 7—Present value change in total cost ver-

sus condenser surface area for 6.5 fps water

velocity, 0.750 in. tube diameter and 44 f{t
tube length.

Figure 9 shows the change in total
cost in a serics of loops as the surface
area, tube length, and the tube diameter
are variecd when the water velocity is
held constant at 7 fps. In general, the
trend 1s for a decrease in total cost as
the tube diameter is increased from ¥
in. to 1 in. The % in. tube diameter shows
a sharper increase in cost for longer tube
lengths than with the 1 in. tube. The
amplitude of the loops decreases for
larger tube diamcters.

The study shows that a 180,000 sq ft
condenser with a 40 ft tube length, 1 in,
tube diameter, and a 7.5 fps water veloc-
ity would be the most economical. The
7.5 fps water velocity was considered to
be in the range of possible tube crosion
and was, therefore, eliminated. The next
most favorable condenser with a lower
velocity (7.0 fps) was the one having a
surface area of 180,000 sq ft, a 40 ft
tube length, and a 1 in. tube diameter.
The 40 ft tube length resulted in a space
limitation. )

Upon carcful consideration of all these
limitations, the decision was made to pur-
chase a 180,000 sq ft condenser having
a 44 ft tube length, a 7 fps water veloc-
ity and a 1 in. tube diameter.
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DESIRABLE IMPROVEMENTS FOR

THE STUDY

To develop the tables covering
heat rejected to the condenser,
turbine heat rate, unit capability,
and condenser flow a consider-
able amount of long-hand cal-
culations wcere necessary prior
to giving this information to the
computer programmers. It would
be very desunable if the tables
could be devcloped directly by
thec computer from the given
valucs.

The effect of the cut-off point on
the calculated buck piessure at
low circulating water tempera-
tures has not been incorporated
in the study due to the inability
of programnung a formula for it.
Since the amount of cut-off cor-
rection is directly related to the
amount of air leakage, and since
most of the condensers on the
system opcrate with less than 3
to S cfm air lcakage, it was rea-
soned that the effect of the cut-

off would be negligible if the
sparec pumps were also placed
in service at such times when a
stngle vacuum pump limited the
condenser performance. It would.
however, be desirable to have a
method of inserting the cut-off
formula in the program.

3 A consderable amount of work
is involved 1n reviewing the print-
out and plotting the results to
determine the most economical
condenser. It would be very
helpful if the computer could
plot curves of the results or list
the condensers in the order of
their relative economics.

CONCLUSIONS

The results of this study show that the
use of a digital computer for a large
condemser selection is fully justificd.

[o obtain optimum range of variables
and maximum use of calculation refine:
ments it is necessary to select a compute!
with ample memory and rapid calculat-
ing speed.
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The program used by Edison should
be further expanded to reduce the long-
hand calculations to a nunimum.

A judicious sclection of printout mate-
nial will aid the designers in their study
and understanding of the effects of the
condenser variables.

1t is important that turbine heat rates,
vacuum corrections, condenser flows, and
heat rejected be obtained carly in the
design schedule and that they be accurate.
To accomplish this objective, these items
should be carefully delincated in the tur-
bine specifications.

120

140 300 320 340
CONDENSER SIZES

360 %20 340 560

Once a condenser problem is well pro-
grammed for the computer it is relatively
easy to modify it for other condenser
studies.
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PREPARED DISCUSSIONS

M. K. DREWRY

Chief Engineer of Power Plants .
Wisconsin Electric Power Co.
Milwaukee, Wisconsin

Onc can be quite sure_that no excep-
tion will be taken to the Authors’ conclu-

sion that “the use of a digital computer
for a large condenser is fully justified.”
Appreciation is due the Authors for shar-
ing their studies with others of the power
industry.

Somewhat related is the need of in-
cluding variable turbine characteristics
with condenser variables when the tur-
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bine and condenser arc being integrated
for the optimum overall plant resuits. A
large condenser is obviously uneconomic
for a turbine with rclatively small cx-
haust area, and vice versa. Both turbine
and condenser specifications seem to de-
scrve previous studies wherein the eco-
nomic sizes of turbine cxhaust and con-
denser surface are determined by equa-

25
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tions that integrate the two. Relatively
larger turbine cxhausts and condensers
than often used presently would scem
probably resuitant, as study of the slight
cconomy and capability gains with lower
exhaust pressure, suggested in Fig. 2.

Computer procedures as illustrated by
this paper afford good proniise of aiding
the limitation of power costs.

W, B, LEE
Application Engincer
Allis-Chalmers Manufacturing Company
Milwaukee, Wisconsin

The selection of condensing equipment
through evaluation of economic factors per-
taining to a given power plant by usc of
a digital computer is a subject on which
there have becn no published data, The
Authors are to be congratulated for their
poneering work contributing to this prob-
lem.

The cvaluation has taken into consider-
ation a number of factors that are seldom
available to a condenser manufacturer
but are mmportant in the solution of the
problem. Turbine heat rates and correc-
tion factors for various loads and vacuum
arc gencrally available only after the
turbine and cycle are completely designed.
Load duration and capacity factors are
difficult to obtam. Water temperatures
can be predicted, but method of opera-
tion, i.c., one pump or two pump operat-
ing periods for various loads and water
temperatures, are difficult to predict.

The greatest difficulty i sizing a con-
denser economically is the ability to ac-
curately predict the method of operation
throughout the life of the equipment and

determine the factors to apply. If any ot
the assumptions or factors used in the
evaluation ol the condensers are incor
rect, the analysis could be completels
wrong and the improper sized unit pur-
chased, resulting in increased costs to the
owners. This, however, is a risk that can-
not be avoided.

Our company has used a 704 calcula
tor for scveral years in helping solve con
denser selections. Our program has been
set up to size, price and calculate power
requirements of condensers. As each util-
ity has their own ideas on vperation anid
as tuibine data as well as plant operaung
data are dufficult to obtain, we have not
set up the program to include this infor-
mation. Our actual time requircment on
the 704 is only a fraction of the require:
ment given by the Authors. due to the
method of calculation described above
We have taken the customer’s cvaluat-
ing data, togcther with the 704 calculs-
tions and. through manual calculations
and cxpericnce, solved the problem. Af
present, we have not had as complete 10
formation on which to base an evalus:
tion as presented here.

We have presented the data from ouf
calculating program to the customei®
enginecrs and allowed them to apph
evaluating data as applied to local con-
ditions. Space requirements, as well
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renlating water systcm, must be con-
wdered., We have used data from our cal-
Catation program and assumed factors
conerally accepted or previously used by
.he industry to determine an cconomic
e of condenscer for bid puiposes

We have plans to set up a sccond or
Akhitional program in which we cun take
evaluating data and. a sclected group of
sondensers from the first program and
.omplete a condenser sclection. We are
.omewhat handicapped in setting up this
proeram as it must be flexible enough to

Prepared Discussions
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be able to take various evaluating data
from a great number of companies and
use any part to evaluate the system

The programming must be constantly
revised 1o take care of pricc changes and
methods to obtain coriect information
For cxample, tube pricing today allows
the use of 40 foot tubes without price
penaity whereas, previously, an addition
of $.08 per pound apphed. Today, pric-
ing of tubes has been placed on a per foot
basis whereas previously it has been on
a per pound basis.
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Steam Lload (TS) — Pounda of steam per hour entering

-condenser. Heat rejected to cooling water usually assumed
as 950 Btu per pound of steam. (1000 Btu for engine
service.)

Condenser Vacuum (Inches of Hg) Sub-atmospheric pres-
sure representing the difference between atmospheric pres-
sure and the static pressure within the condenser. Usually
expressed in reference to 30" barometer.

Absolute Pressure (Inches of Hg) Difference between at-
mospheric pressure and condenser vacuum,

Vacvum Temperature (T.)—The saturation temperature cor-
responding to the static pressure of the steam entering the
condenser,

Range—Difference between vacuum temperature (Ts) and
cooling water inlet temperature (T,). -

Terminal Difference (TD) — Difference between vacuum
temperature (T,) and cooling water outlet temperature (T,).

Rise—Difference between cooling water -outlet and inlet
temperatures. (T; — T,).

toﬁ_oﬁ'lunic Mean Temperaturc Difference (MD)  Average
difference in temperature between cooling water in its

Condenser Llomencaiure and Definitions

passage through the condenser and of the vacuum steam
temperature expressed by the formula—
MD = T, — T,
Ts — T|)
* \Ts — T

Condenser Heat Transfer Coefficient (U)—Rate of heat trans-
fer from steam to cooling water expressed in Btu per hour
per square foot of condenser surface per degree F logarith-
mic mean temperature difference.

Log

Condenser Surface  (S)—Total condenser surface measured
on the outside of tubes and including internal or external
air cooler surface expressed in square feet.

Cleanliness Factor—Percent of new and clean heat transfer
coefficient.

Cooling Water Velocity (V)—Average velocity of the cooling
water through the condenser tubes expressed in feet per
second. :

Condenser Friction—Pressure loss from circulating water in-
let to outlet expressed in feet of water.

Cutoff—Minimum duty point (steam load) at which - =~
denser vacuum is not effected by limitations due to ¢
moval equipment.



-  FACTORS ENTERING INTO THE

PROPORTIOMING AND SELECTION OF
 SURFACE COMIDELISERS

STEAM LOAD - -Since the amount of steam for which
to design the condenser is not an obvious figure, very
careful consideration must be given to this steam load
in order to choose an amount consistent with both
present and future plans of turbine operation. In
general, the unit should be designed to handle the
amount of steam it will receive with the turbine operat-
ing at full load. In some cases it may be desirable to
plan for overload conditions. Usually the condenser is
designed to receive the throttle fiow steam to the tur-
bine less the amount extracted for feedwater heating
or other purposes. In the case of extraction turbines,
care should be taken not to select a condenser too small
to handle the steam load if the amount of extracted
steam should be reduced at some future time.

CONDENSER VACUUM-—The condenser should be
designed for the highest possible vacuum consistent
with the quantity and temperatures of available cool-
ing water, as well as other considerations. The rela-
tionship between turbine performance and exhaust
vacuum must be considered along with initial conden-
ser costs. For a given cooling water temperature the
higher the design vacuum the larger the condenser;
and at some point a further improvement in vacuum
L(;;,nd the corresponding increase in condenser size will
gvot be justified. The correct vacuum for which to de-
sign will involve a careful evaluation study. However,
as a ‘‘rule-of-thumb,” the following relationship be-
tween vacuum and cooling water temperature repre-
sents good practice:

Cooling Water B

Design Vacuum

Temperature (F) (inches)
60...... .. ... 29
0. . 2844
ae. R F e ref 30 bar,
90....... . e, 27
95. .. ... . 2644

COOLING WATER —Cooling water may be supplied
from such natural sources as rivers, lakes, wells, or the
ocean, or it may come from a cooling tower or spray
pond. However, from any source the temperature may
vary considerably during the course of the year. There-
fore, a careful study of the temperature variations of
the cooling water during the course of the year is im-
portant, for it is necessary to settle on a single tem-
perature as a representative design figure. This should
be neither the maximum nor the minimum tempera-
tures, but rather an in-between point which takes into
consideration the degree of vacuum which will be ob-
tained at the extreme seasons of the year. As a “rule-
of-thumb” it would be permissable to design any zon-
denser for 28 inch vacuum with 80 F cooling water on
*he theory that the resulting condenser will perform

; @ vacuum consistent with the actual water tempera- *

cure available.

The temperature rise of the cooling water as it passes
through the condenser is not limited in the case of the

natural water except by virtue of the degree of vacuum -

desired. Actually, a rise of around 15 degrees is con-
sidered good practice. In general, the rise should be
somewhat lower with cooling towers and spray ponds
as compared to natural lakes, rivers, etc.

NUMBER OF PASSES - Most condensers are built
with either one or two cooling water passes, although
in rare instances additional passes may be used. The
choice of either the one or two pass type should be a
matter of careful evaluation. In general, the following
conditions will apply:

If the amount of cooling water is at all limited, a two
pass condenser will probably be the best ‘selection,
since a single pass unit uses more cooling water than
a two pass unit. This is one of the reasons why a two
pass type is almost always used in conjunction with
cooling towers or spray ponds.

Although the single pass condenser requires more
cooling water than the two pass unit, the distance
traveled within the condenser is less, so the BHP re-
quired to pump the water through the condenser only
may be about the same for either type of condenser.
The amount of pumping head external to the condenser
consequently becomes a point of considerable import-
ance. If this external head is appreciable, the single
pass condenser using the larger amount of water will
be at a disadvantage.

Single pass condensers are generally the type used
very near to a large supply of natural water that does
not fluctuate in elevation. Condensers relying on cool-
ing towers, spray ponds, or natural water that fluctuates
in elevation, or units located away from these sources
are generally of the two pass type.

A single pass condenser is generally somewhat small-
er in physical size than an equivalent two pass unit,
and this is very often an advantage.

If local conditions are not stipulated, a two pass
condenser should be considered for estimating purposes.

TUBE DiAMETER-—The selection of the proper tube

size is based entirely upon the conditions surrounding

the particular installation, and involves a full know-
ledge of the cooling water characteristics as regards
quantity available, temperature and fouling.

Condenser tubes are available in sizes of %, %4, %,
or 1 inch diameters, although the 3§ inch ‘size is in-
frequently used. Heat transfer rates and water quantity

requirements favor the use of smaller tube diameters,.

while cooling water friction and fouling characteristics
favor the larger diameters. In general, 3 inch tubes

are used in small condensers and i inch or 1 inch sizes -

in larger units. The following table can be used as a
guide in selecting tube diameters:



Condenser Surface Tube Diameter Sinch)

(sq ft) Two Pass Single Pasgs
500 to 10,000 % %
10,001 to 20,000 % or Y ¥ or %
20,001 to 50,000 % %

50,001 and up %orl %orl

Condenser tubes are dvailable in various wall thick-
nesses, but 18 BWG (.049 inch) is almost universally
accepted as standard.

TUBE LENGTH — The length of condenser tubes in-
creases as condensers become larger. The trend is to-
wards the use of the longest tubes permissible.

The space available for the installation of the con-
denser, as well as for removal of the tubes, largely
govern the sclection of the tube length. However, the
power required to pump the cooling water through the
tubes often places a definite limit on the tube length.
Proper proportions to secure effective longitudinal dis-
tribution of the steam, which involves the size of the
steam inlet, shell diameter, and number of tube support
plates also have an important bearing on the maximum
length of tube which can be employed.

On page 20, listed under "“Recommended Condenser
Surfaces and Tube Proportions” are the lengths avail-
able for each of the tube diameters for each standard
condenser surface. Any of the four lengths shown will
result in a well proportioned unit, but in general, the
two shorter lengths are most suitable for two-pass con-
densers, and the two longer lengths for single-pass units,

—_—

To estimate the approximate amount of condenser sur-,

face, figure 10 pounds of steam per'square foot _of sur-
face for single-pass condensers, and 8 pounds per square
foot for two-pass units.

TUBE MATERIAL—Condenser tubes are usually of
a copper alloy. Page 20 lists the most frequently used
materials and the chemical composition of each. The
selection of a proper material requires a careful study
of local water conditions.

The most commonly used material, particularly for
fresh water installations is Admiralty Metal (70%
copper, 29% zinc, 1% tin).

For salt water and brackish waters aluminum brass___
and the copper nickel alloys are most frequently used.

COOLING WATER VELOCITY—The normal range
of velocity of the cooling water through condenser
tubes is from 6 to 8 feet per second, The selection of a
definite figure is dependent upon water conditions as
well as consideration of the friction loss and brake
horsepower requirements. Heat transfer is improved
with increased velocity but the friction loss also in-
creases. Higher velocities may also have a detrimental
effect on tube life due to increased corrosion and
abrasive effects. Lower velocities are generally speci-
fied for salt water service. l

In general, it would be good practice to use a 7 feet
per second cooling water velocity for two pass conden-

sers and 734, feet per second for single pass condensers.
iRt

TUBE CLEANLINESS FACTOR—The rate of heat
transfer referred to in condenser calculations is based
upon commercially clean tubes. In actual operation
the tubes cannot be maintained at this standard of
cleanliness. Consequently, as tubes become dirty the
heat transfer falls off and vacuum is decreased.

It is customary for users to specify a tube cleanliness .
percent which can be reasonably maintained. Although
cleanliness is entirely dependent on the cooling water
characteristics, good practice sets a value of 85% of
that of clean tubes.

- CONDENSER TUBE CONSTANTS

Ouside Tube Wall Volue for “K"” — No. of Tube Passes
Tube Dia. Gavge Thickness
tachos - WG Inches Single Two Three
% 18 049 .240 .481 721
17 058 .258 S15 773
. 16 065 272 545 .817
15 072 .289 577 866
14 .083 317 634 951
¥% 18 .049 _.18s8 377 565
17 .058 199 399 598
16 065 .208 417 625
15 072 218 436 654
14 083 235 470 705
% 18 .049 155 310 465
17 058 162 325 A87
16 065 168 337 .505
15 072 175 350 525
14 083 186 372 .558
1 18 049 A3 263 ¢ 394 - ¢
7 058 37 274 A1
16 065 141 .283 424
13 072 146 292 .438
14 083 154 .308 481




CALCULATIG CONIDENSER -
PERFORRIALICE

The following formulae are used to calculate the o
i

Formulae

performance of a given c\:ondenser. Lo
‘\
L% = densed — lbs per hour,
FORMULA 1. _ G XL x,K TS Total steam con 8 p
S . 950 X TS
V = Cooling water velocity-ft/sec. FORMULA 4. Temperature Rise = .5 X G
L. = Effective length of tubes measured between Note (a) Using the calculated Rise and MD look up the
tube sheets — ft. Range from the curves on pages 9-12.
G = Cooling water — gallons per minute

FORMULA 5. T, = T 4+ Range .

K = Constant from table on page 5. T, = Vacuum temperature

S = Condenser surface —sq. ft. T, = Initial cooling water temperature

— Note (b) Using calculated Vacuum temperature (T,)
FORMULA 2. U = Up X Fr X Frm X Fc look up the corresponding Vacuum from curve on pagse ~
U = Corrected heat transfer — 13.

Btu/hr/sq ft/degree MD. ) . '

Ugp = Basic heat transfer rate frcm curve, page 7. FORMULA 6. .TD - To — Tz .
Fr = Temperature correction factor from TD_ = Terminal difference, degree F
curve, page 7. Tz = Outlet cooling water temperature
Frm = Tube material and gauge correction factor Note (¢) TD must always equal 5 degrees F or more.
from table, page 7 If it calculates to be less, T's must arbitrarily be in-
» page /. to obtain a 5 degree TD and the vacuum de-
Fc = Tube cleanliness % . & creased accordingly. ~
Note (d) Under certain conditions, particularly at light
950 X TS loads, the performance of a condenser may be limited by
FORMULA 3. MD = U XS the air removal equipment. Calculated condenser per-
. R . formance should be ’checked for possible limitation with
MD = Logarithmic mean temperature difference the “*Absolute Pressure Limit Curve’’ on page 8.
'3 i
[ >

SANIPLE COLDENSER I
PERFORFIANCE CALCULATION Examples

-

vw

ILJ
Given a 50,000 sq ft Single Pass Condenser equipped FORMULA 4., Temperature Rise =
with % in O.D. X 18 BWG X 28 ft effective length . 950 X 535,000
Admiralty tubes. What vacuum would be expected a5 na = 124 F
500 x 82,000
when condensing 535,000 ‘pounds of steam per hour F
and utilizing 82,000 gpm of 85 F cooling water? Con- Range (from curve on page 9) = 23.0

sider tubes 85% ci
bes 85% clean. FORMULA 5. Vacuum temperature (T,) =

FORMULA 1. Velocity (V) = 85 + 23.0 = 108 F
82.000 X 28 X .155 Answer Vacuum (from curve on page 13) =
Z 50.000 = 7.12 ft/sec 27.55° Hg ref. 30" barometer
FORMULA 2. Heat transfer (U) = FORMULA 6. Terminal difference (TD) =
701 X 1.068 X 1.0 X .85 = 636 Btu - 108 — (85 +124) =106 F
. Note: From Curve A on page 8 the maximum cutoff
FORMULA 3. Log mean temp. diff. (MD) = vacuum for 85 F cooling water is (30 — 1.59) = 28.41
950 950 X 535,00 535,000 Hg ref. 30 Barometer and therefore the condenser per-
= 160 F. formance is not limited by air removal equipment and

636 X 50, X 50,000 the above calculations are correct.
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Relation Between Temperciure Rise, Range,

and Logarithmic Rlean Temperaiure Difference
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Relation Belween Temperaivre Rise, Runge,

and Legarithmic Mean Temperature Difference
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Relation Beiween Temperature Rise, Rangs,
and Logurithmic Mean Temperature Difference
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and Legarithmic [lean Temperature Differenc
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Relution Between Temperature und Veacuum
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. COUIDENISER PROPORTIONLIG

On page 6 the basic formulae are given for calculating
the performance of a specific condenser. However, the
power plant engincer is very cften called upon to de-
termire the most suitable size condenser to do a job,
and the usc of these formulae to calculate the required
square footage coul.i only be done by the "‘cut and
try” method. To eliminate such a tedious process a
simple tabular system has been devised for proportion-
ing condensers. An example illustrating the use of
this method, and the necessary tables, are contained
on this and the next page. It should be kept in mind
that the performance of any condenser proportioned
by this method should be checked by the basic formu-
lae as shown on page 6.

On page 4 and 5 the many variables which enter
into the design of a condenser were discussed. The
proper choice in cach case will depend upon local con-
ditions, space limitations, personal preferences, and
other good engineering considerations. Where com-
plete information is lacking we have listed suggestions
for “‘good practice’” to obtain preliminary condenser
selections.

SAMPLE PROBLEM

To ilustrate the use of this proportioning system,
assume a condenser is required to serve a 3000 kw
turbo gencrator unit, the stecam load to the condenser
being 33000 lb per hour. Fairly clean water in abund-
ant quantity is available at 80 F.

From page 4 design for a vacaum of 28 in. Hg re-
ferred to 30 in. barometer which is consistent with 80 F
cooling water.

Also from pages 4, 5 and 19 choose ¥ in. O.D. 18
BWG admiralty tubes 14 ft long as representing good
practice.

Assume a two pass condenser, 85% clean tubes, and
7 ft/sec water velocity.

Based on this information both known and assumed,
set up the tables to determine the amount of surface

requircd.

Table
Value Table Factor
Cooling water
temperature 80 F A 1.019
Number of con-
denser passes 2 B 301
Tube dia & gauge 3% in. x 18 BWG C 1 008
Tube length 14 ft D 1 146
Cooling water
velocity 7 ft/sec. E 577
Tube cleanliness 7% 85% F .929
Tube material Admiralty G 0
Total 4.980

X = 615 (from table H)
Range = 101.1--80 = 21.1 F
Rise = Range X X = 21.1 X 615 = 13.0F

T™D =21.1—-13.0 =8.1F _(within 5 F limit) ¥

: 950 X TS
Cooling water (G) = Rise X 500 =
950 X 33000
1300 x 500 ~ 1820 gPm

.7;: le).1°F .4,_/-4‘,"‘30“,,5_
v 25“‘/; Lsrevwm o

/3
Surface (S) = qu—l-" =
v
377 X 4825 X 14

5 = 3640 sq ft
Note: Referring to page 19 1t is noted that 3640 sq ft is
not a standard size condenser and it will be necessary to
use either 3500 sq ft or 3750 sq ft. To arrive at one of these
standard surfaces means a chango in one or more of the de-
sign variables and it is usual practice to alter the velocity
and, if necessary, the tube length.

In this example it appears that the velocity may be
increased slightly to bring the surface requirement down
to standard. On this basis the table is again set up.

Table
Value Table Factor
Cooling water
temperature. . 80 F A 1.019
Number of con-
denser passes . 2 B 301
Tube dia & gauge 3% in. x 18 BWG C 1 008
Tube length 14 ft D 1 146
Cooling water
velocity . . 7.4 ft/sec. E 565
Tube cleanliness % 85% F .929
Tube material. Admiralty G 0
Total 4.968

X = .605

Range = 101.1 — 80 = 21.1 F -
Rise = Range X X = 21.1 X .605 = 1278 F

TD = 21.1 — 12.78 = 8.32 F (within limit)

Cooling water (G) =
950 X TS 950 X 33000

0 XTS. 950X 33000 _ 4900 gpm
Surface (S) = K’—S‘L =
377 X ;9400 X114 _ 3500 sq ft

Now check these condenser proportions using the
regular performance formulae from page 6.
Velocity (V) =
4900 X 14 X .377
3500
Heat transfer (U) =
732 X 1.045 X 1.0 X .85 = 653 Btu

Log mean temp. diff. (MD) =

= 7.4 ft/sec

950 X 33000
853 x 3500 ~ 8 F
. 950 X 33000
Fi%e =500 xas00 28 F
Range = 21.1 F .

Vacuum temperature = 80 4 21.1 = 101.1 F
Vacuum = 28 in Hg. referred to 30 in. barometer

Terminal difference (TD) =
101.1 — (80 + 12.8) =83 F
Maximum “‘cut off”” vacuum =
30-1.385 = 28.615in. Hg referred to 30 in. barometer

This check shows that the results obtained from the
proportioning tables are correct.
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@@W@E@Wﬁ@ﬁ' TABLE C—Tube Diameter and Gauge Factor

T

e

Solution Tables | A . N L
, ) —- - 18 BWG. 1113 1.008 RAR .840
A di 17 BWG. 1.135 1.021 923 .848
T 16 BWG. 1.150 1.032 931 854
- TABLE A—Temperature Factor
Temp. Factor Temp. Factor
Degree F Degree F TABLE D—Tube Length Factor
50 : 925 80 1.019
88 946 85 1.025 Tube Length () Factor Tube Length (f1) Foctor
60 966 90 1.033
65 984 95 1.037 6 0.778 24 1.380
. 70 1.000 100 1.04) 8 0.903 26 1.415
75 1Lon . 10 1.000 28 1.447
—_ 12 1.079 29.75 1.473
TABLE B—Pass Factor + 14 1.146 A 32 1.515
Number of Posses Factor 16 1.204 34 1.531
PR Y. . ;) 18 1.255 36 1.556
Ziiieennrrennrescsrenasensssasarsas 0.301 . 20 1.301 38 1.580
< P * X ¥ ¢ 4 22 1.342 39.75 1.599
TABLE E—Velocity Factor
Veloaty
of water
f1/sec .0 A .2 .3 4 5 b 7 .8 9
3 761 754 747 741 734 728 . 722 716 710 704
4 .698 694 .688 683 .678 673 669 664 659 655
5 6351 646 642 .638 634 .630 626 622 618 615
6 W61 607 604 .600 597 594 .390 587 .584 .581
. 7 527 574 S71 568 365 362 560 557 554 551
__8 .548 ° 546 543 540 .538 535 533 530 .528 525
9 523 321 518 516 513 S 509 507 .504 502
TYABLE F—Cleanliness Factor
100% 95% 90% 85% 80% . 75% 70% 65%
1 000 978 954 929 903 875 845 .813 4.1
TABLE G—Tube Material Factor
Gavge 18 BWG 17 BWG 16 BWG
SYADMIrDIlY L L i eeiiseisece et ateteaats beaaeaacetaastenaatone e 0 0 —.010
Arsenieol COPPer .. iiierietiacetoetatneaineanssstatoaractocsttacctocsonernnsan o] o] —.010
Aluminum (ASTM Spec. B-234, Alloys M-1A, M-1A Clad, GS-1TA). .. .ovveevvnnnnnnnnnn.. . ) 0 —.010
— D AIIMIAUM Bross. . ... iieeiiennnncncencoas Ceteeesteerattesattecsanann Ceieenaas .. -.018 —.019 -—.029
. Muntz Metal it iiiciiicctar ettt ecatronenan Gt s iearetratescetitennn —.018 —.019 —.029
Aluminum Bronze ......c..... teeensescansaranse ereen. et ecsesestrseantacncannnnn ~.047 ~—.052 —.058
~ 90 10 Copper Nickel. . ............ veeescnanans Ceserssaeciensanrranns [ ~.047 —.052 —.058
70 30 Copper Nickel ............ e eentvactotonsae teastacetanatttartanesaanennn —.081 —.088 —.102
Type 304 Slainless Steel. ... ..ot iit i iiieiatintanets vanttearoiensarassassansnanss -—.237 -—.240 -—.248
TABLE H—X Factor (From Table Factor Total)
Table
Factor .00 0l .02 .03 04 05 .06 07 .08 09
4.5 271 276 . .282 287 .293 . 299 304 310 316 322
4.6 328 335 341 347 354 360 367 374 .380 387
47 394 401 408 416 423 430 438 445 453 460
4.8 468 476 484 491 499 .507 515 \ 524 .532 .340
49 548 557 565 573 581 590 598 607 615 624
5.0 .632 641 649 658 666 674 .683 691 699 708
5.1 J16 724 J32 741 748 757 764 - J72 780 788,
5.2 795 803 810 817 824 831 .838 845 8351 .858
53 865 871 .878 .885 892 .898 905 912 918 925
TABLE J—Tabular Interpolation
Diff. 001 002 .003 .004 005 006 007 008 009
5 1 1 2 2 3 3 4 4 5
6 1 1 2 2 3 4 4 5 K]
7 1 1 2 3 4 4 K] 6- )
8. 1 1 2 3 4 5 - é [} 7
9 1 2 3 4 5 5 [} 7 8
10 1 2 3 4 - [} 7 8 1
1" 1 2 3 4 5 7 8 1 10
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SURFACE CONDENSERS

'

CONDENSER FRICTION

The circulating water pressure loss measured from in-
lot to outlet connections is a summation of the hy-
draulic loss through the condenser tubes and the
condenser water boxes. The magnitude of this loss is
dependent upon the water velocity through the tubes,
the size and length of the tubes, and the number of
girculating water passes for which the condenser is de-
signed. The amount of friction loss through any con-

dgnser may be read from curve on page 18.

NUMBER OF CONDENSER TUBES

The number of tubes in any condenser may be calcu-
lated by the following formula:

Number of tubes =
Condenser surface (S)

Tube length (L) X external surface per linear foot

TUBE CHARACTERISTICS

Surface Water
External, Length in Gpm
O.D. of Inside Sq ft ftfor 1 att f#
Tubing [Thickness | Diom- | per lneor Sq ft per sec
(inchves) | BWG | (inches) eter foot surface velocity
% 16 065 495 1636 8112 .60
17 058 509 1636 6.112 .63
18 049 527 1636 6.112 .68
20 035 5355 1636 6.112 75
% 16 065 620 1963 5.094 94
17 058 634 1963 5.094 98
18 049 652 1963 5.094 1.04
20 035 .680 L1963 5.094 1.13
% 16 065 745 .2291 4367 1.36
17 058 759 2291 4367 1.41
18 049 J77 L2291 4,367 1.48
20 035 .805 2291 4367 1.59
1 16 065 .870 2618 1817 1.85
17 058 .884 2618 3817 1.91
18 049 902 .26\18 3817 1.99
20 035 930 2618 3.817 2.12

PERFORMANCE GUARANTEES

1. The performance of a condenser is guaranteed for
one specific set of conditions only, termed the "'De-
sign Point.” For all other operating conditions as
indicated on curves or tabulations, performance is

expected but not guaranteed.

2. All condenser performance calculations are based
upon 5 F or higher terminal difference. If calcula-
tions show less than a 5 F terminal difference then
the terminal difference shall be arbitrarily increased
to 5 F and the expected vacuum decreased accord-

ingly. -

15
Generul Duta

3. The standard guaranteed oxygen content of the
condensate is 0.03 CC per litre maximum.

4. Undor conditions as listed below the oxygen content’
of the condensate may be guaranteed not to exceed
.01 cc per litre.

(a) Condenser pressures not lower than the values shown
on the curve on page 19.

(b) Air and non-condensables removed from the system
not exceeding 25 per cent of the capacity of the vacu-
um pump equipment in operation. This capacity is
that of the vacuum pump equipment at the operating
suction pressure and at a temperature 7.5 F below
the saturation temperature corresponding to this
suction pressure.

However, for circulating water inlet temperatures
of less than 50 F, the vacuum pump equipment in
operation shall have a minimum capacity of 3 cfm
free dry air at 0.5 inches Hg absolute suction pressure
and a temperature 7.5 F below the saturation tem-
perature corresponding to this suction pressure.

(¢) Zero air leakage directly into the condensate below
the condensate level in the hotwell.

(d) Arrangement and location of all entrance points into
the condenser for water, vapor or other gases, subject
to the approval of the Company.

(e) Total water introduced into the condenser shell, at a
temperature lower than the inlet steam temperature,
not more than 5 per cent of the steam being con-
densed.

(f) Method of sampling and measuring the oxygen in
according with the Standards of Heat_Exchange
Institute—""Method and Procedure for the Determi-
Thation of Dissolved Oxygen.”

5. The temperature of the condensate in the condenser
hotwell will be equal to the temperature correspon-

ing to the vacuum within the condenser at half
steam load and above.

6. Condenser performance is based on air and non-
condensables removed from the system not exceed- -
ing 50 per cent of the capacity of the air removal
equipment in operation.

MATERIALS OF CONSTRUCTION

Water Boxes and Water Box Covers
Cast Iron-—ASTM—Spec A-48 Class 30 '
Steel —ASTM Spec A 285 Grade C Flange Quality.

Shell Plate . .
Steel —ASTM Spec A 285—Grade C Flange Quality.
Tube Sheets

Rolled Muntz Metal—ASTM Spec B-171.

Tube Support Plates
Steel —ASTM Spec A285 Grade C Flange Quality or
free Machining Steel Plate

Tubes
ASTM Spec B111
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SHELL PLATE THICKNESS

The thickness of condonser shell plate shall be in
accordance with the following:

Cross Sectional Area Steel Plote Shell

of Shell—sq in * Thickness—inches
Up1o 2,400, ..0icceisieisscencossnosssesaccnnannne %
2,461 10 5,870, . 0ciicereinirincecansssasenirescannns Ya
567110 11,500, .000vr0e revsaseeeseartrreecena rreaeas %
11,501 10 29,000, . iivverennsncsnnenenens iesesceranen Y%
29,001 Ond OVer. . .ciiveeroacansasneonsanssessoansannns %

TUBE SHEET THICKNESS

The thickness of tube sheets shall be in accordance
with the following:

Thickness of
Tube Sheet—inches

Totol Area of
Tube Sheet—sq in

Upto 1,964, . ... ..iiviicvnrenncnnncnnessocansse %
196510 3,730 .. ciieecersnscrssansnsscnrssnccsacnns 1
374010 B,49S5 ... ciiicriicenterencasncnsanencnusne 1%
B, 49610 30,79 ) .. i it intensasrcnesanrsasesncnannes 1Va

30,792 0nd OVEF.. .o voveeenauancasastonsenvssssasnans 1

TUBE LENGTH

The effective tube length is the distance between in-
side faces of tube sheets. The overall length of tubes
will be the effective length plus the thickness of the
two (2) tube sheets.

HYDROSTATIC TESTS

1. Condenser shells are tested by completely filling
with water. !

2. Condenser water boxes are tested at a hyvdrostatic

pressure five pounds more than the design pressure -

but in no case less than 25 pounds per square inch,
measured at the bottom of the water box.

3. Shells and water boxes of the smaller condensers
which are completely tubed and assembled at the
factory are hydrostatically tested before shipment.
Larger condensers assembled and tubed in the field
are hydrostatically tested after completion of
erection. ’

STEAM ENGINE SERVICE

Condensers for use with steam engines should be sized
with a 65% heat transfer factor to cover the oil film
on the outside surface of the tubes. The usual Tube
Cleanliness Factor depending on local cooling water
conditions should also be applied.

In stcam engine service the heat rejected to the
cooling water is usually assumed as 1000 BTU per
pound of steam. '

[y

-
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ATMOSPHERIC RELIEF VALVES

The size of atmospheric relief valves used for normal )
operation of condensing turbines or engines are recom-
mended below.

Sizes of Atmospheric Relief Volves—Inches
Maximum Steom Flow For For Maximum Non-
Pounds Per Hour Protection® Condensing Operotion®
Upto 7,500 é 8
7,501 to 11,800 8 10
11,801 t0o 17,000 8 12
17,001 to 20,000 8 14
20,001 to 23,100 10 14
23,101 1o 30,200 10 16
30,201 to 38,200 12 18
38,201 1o 45,000 12 20
45,001 to 47,200 14 20
47,201 to 62,000 14 24
62,001 to 68,000 16 24
68,001 to 82,000 16 - 30
82,001 to 106,000 18 30
106,001 to 120,000 18 oo
120,001 to 170,000 20
170,001 10 250,000 24
250,001 to 380,000 30
380,000 to 550,000 36

*The sizes listed “For Protection” are normally used under ordinary con-
densing operation. However, if 1t 1s desired fo operate the turbine tem.
porarily nan-condensing at its maximum non-condensing capacily, the sizes
listed under “For Moximum Non-Condensing Operotian’ should be used.

VACUUM PUMP CAPACITY

To insure adequate removal capacity it is recommended
that the capacity of the vacuum pump be not less than
indicated below.

Maximum Steam Condensed CFM—70 F Free Dry Ar

Pounds Per Hour Serving Turbines Serving Engines
Up to 25,000 3.0 60
25,001 to 50,000 4.0 8.0
50,001 to 100,000 5.0 10.0
100,001 to 250,000 7.5 15.0
250,001 to 500,000 L X
500,001 ond vp 128 | ...

RAPID EVACTORS FOR STEAM SPACE

The capacity of the rapid evactor is dependent on.
several variables but in most cases the following capac-
ities will be satisfactory.

Maximum Steom Condensed
» Pounds Per Hour

Upto 75,000
75,001 to 250,000

CFM—70 F Free Dry Air At
15 In. Hg. Abs. Pressure

150
300

250,001 to 600,000
600,001 and up

500 |
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Water Friction

Throvgh Water Boxes and Tubes

Condenser Circulaing
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CHEMICAL COMPOSITION OF TQBES

19

i @ lartan 2 o ;v I
’ Llead, fron, Man- Phos -
Copper, .1 Tin Aluminum Nickel, (2) mox, max. Zinc ganese, Arsenic | Antimony | phorus
Alloy p/ev cent per vent per cent per cent per cent | per cent per cent p:‘ro:elm per cent | per cent |per cent
mtz metal. .......|59.0 to 63.0 . 0.3 0.07 | remoinder . . .
Admiralty metol—
Type Acvvvesres+{70.01073.010.90 to 1 20 0075 0.06 remainder .
. TypeB..........|70.01073.0{0.90t0 1.20 ceen vee 0.075 0.06 remainder ... 0.02t00.10 .. .
0.02
Type Covvverert|70.01073.0} 090 to 1.20 ceas e 0.075 0.06 remainder aee ves to .
: 0.10
’ 0.02
Type D...cct:s..|70.01073.0] 090 te V.20 cees . 0073 006 | romolnder oo vees . to
0.10
Red brass. .........{84.0 min. . ceee 0.075 0.06 remainder cen ceee . ve
Aluminum bross
Type B ®eies.}76.0 min, 1.75 10 .2.50 e 0.075 0.06 remainder ... 10.02t00.10 .o .
0.02
Type C.vvevvees|76.0 min cees 1.75 to0 2.50 cees 0.075 0.06 remainder cee . to
0.10
0.02
b TypeD.....c.....{76.0 min. 17510 2.50 cans 0.075 0.06 remainder “ee . . to
. 0.10
{ Aluminum bronze....| remainder e 50 t04.5 cene [ A]4 0.10 veee oo 10.35 max, .e .o
r‘ 70-30 copper-
q nickel ® ........| remainder | 1.50 max, cas 29010 33.0¢ 0.05 0.6 1.0 max. 1.0 cave .. .
4 80-20 copper-
1 nickel— :
p Type A.cveeeee.| temainder | 1.0 manx. “ee 19.0 10 23.0 ; 0.05 0.6 1.0 mox. 1.0 .. . .
E Type 8..........] remainder | 1.0 max, e 190 t0 230 0.05 0.6 3.0t0 6.0 1.0 .o e
1 90-10 copper-
] nickel...cveu....] remainder .. 9010 11.0] 0.05 1.0 1.0 max. 1.0 .o ..
4 Copper..c.oeciscsss{99.90 min. .e seee ceves cen .o 0.04
] . max.
Arsenical copper....|99.40 min. . .. . 0.1510 .e .
1 0.50
K (DSilver counting ascopper. (DType A aluminum brass has been discontinued.
j Cobalt counting aos nickel. (5)When specafied by the purchaser the iron content shall be 0.25 to 0.60 per cent.
Total other impurities, 0.30 per cent, max, (Note: Reproduced from ASTM Specification No. B 111-51.}
- E1 STANDARD
RECOMMENDED COMNDENSER SURFACES AND TUBE FROPORTIONS ™
Surfoce EFFECTIVE TUBE LENGTHS—FEET Surface EFFECTIVE TUBE LENGTHS—FEET t
Square Square i
Feet % . OD % in. OD % . OD 1 . OD Feet % In. OD % ln. OD % In. OD 1 In. OD |
'
100 6- 8-10 6- 8-10 [N [ I ereas 7750 | eaevvevenes | 16-18-20-22 ) 16-18-20-22 {16-18-20-22
200 6- 8-10 6- 8-10 ceseravanes [ BO0O | ......0c00. | 16-18-20-22 | 16-18-20-22 |16-18-20-22
] 300 6. 8.10 6- 810 |...oennn ceiesensa _ . 8500 Cesensane 16-18-20-22 { 16-18-20-22 |16-18-20-22
1 400 6- 8.10 6- 8-10 . P 9000 | . .vieennsn 16-18-20-22 | 16-18-20-22 {16-18-20-22
500 6- 8-10-12 | 6- B-10-12 |........... cereenean 9500 {..cevveeea. | 16-18.20-22 | 16-18-20-22 (16-18-20-22
b 600 6- 8.10-12 | 6- 8-10-12 |..... ceenes 10000 cesesces | 16-18-20-22 | 16-18-20-22 {16-18-20-22
700 6- 8-10-12 | 6- B-10-12 | ....... crrevanes 11000 § oevvevveess | 16-18.20-22 | 16-18.20-22 |16-18.20-22
800 6. 8-10-12{ 6- B-10-12 | ..,...... el iiniennines 12000 | coveennnns 16-18-20-22 | 16-18-20-22 (16-18-20-22
200 6- 8-10-12 | 6. B-10-12 {...... R 13000 | ...vnnes eee | 16-18-20-22 } 16-18-20-22 [16-18-20-22
1000 8-10-12-14 ) 8-10-12-14 | ..... eeee [ 14000 | vvovevauses | V6-18-20-22 ) 16-18.20-22 |16-18-.20-22
1100 { ..vvvvennen 8-10-12-14 | ..iiieiies Jieeeencanes 15000 | .cveveveneea | ooncenennns | 18-20-22-24 118-20-22.24
1200 | cevveennses 8-10-12-14 { ........... setsensese 16000 | .veevsonsre | onsonncanss | 18-20.22.24 {18.20-22-24
i 1300 | ceivvnenene ) 81021204 | iiiiiiiei i, e 17000 cecsennse cesaesasses | 18.20.22.24 118.20.22-24
1400 J sevrenconss 8-10-1214 {...itein terevennse 18000 ceeceversa leseacaasses | 18-20.22-24 118.20.22.24
1 1500 | veveccneass | B-10-12.14 }.......... [ vesse 19000 | .veennennnn teesaassnes | 18-20-22.24 [18.20.22-24
4 1750 | eeeveneanes | 8-10-1204 1........e [P 20000 f ...eievnnnnfevnnn eeeass | 20-22.24.26 §20.22.24.26
R 2000 | ..oievnennae | V0-12-0406 (..., [ ceves 22500 | eeveennnns ceeeaeraass | 20-22-24.26 |20-22-24-26
2250 | covnennnnas | 10-12.1406 ). iaieL [ 25000 | oivvieennan | eenanennnas [ 20-22.24.26 120-22-24-26
2500 | cevsennenaa [ 10-12-0406 ..., [ Y 74-10] 0 S cessanseces | 20-22-24.26 [20-22-24.26
2750 | ceeeninenes | 12-14.1608 (..., teereenvens 30000 [ evvvevnnane suvanesnees | 22-24.26-28 [22-24-26-28
3000 | covevevanes | 12-14.16.18 112-14.16-18 [ .envnnneees 32500 | seiveienenn | senenannnes | 22-24-26-28 122-24.26.28
3250 | veveevonnos [ 12-14.16-18 112140618 ....... 35000 [P veseseaens | 22-24-26-28 [22-24.26-28
E 3500 | veevneoanas | 12:14.16.18 {12-14.16.18 | ........ I7500 { sevvnocnaas [ eneosnrenes | 22-24.26-28 |22-24.26-28
1 3750 | coivnennnns | 12:14.16.18 [ 12-14.16-18 [ svnennnnnnn 40000 | cvvenvnnans [ sveneoanees | 22-24.26-28 ]22-24-26.28
4000 [ vevovcnnnas | 12-14.16-18 112.14.16-18 tedesnne 42500 tevervare b aesseannaas | 22-24.26-28 |22-24-26-28
4250 | L..eeinene. [ 12-14.16-18 112-14-1618 | ..ovinnanns 45000 [ veevracaess | 22-24.26-28 {22-24.26.28
4500 | c..vevevees [ 12:14.16-18 [12.14.16.08 F . ........ . 47500 ceresenaes teesnnanes | 22-24.26-28 |22-24.26-28
4750 | vevnernnnns | 12-14.16-18 [12-14-16-18 | .0uverennnn 50000 teessace | sesnoacsnas | 24-26-28.30% 124.26-28-30+
5000 | covvecenaes | 14-16.18.20 | 14-16.18-20 | 14.16-18-20 55000 { .....000n0n ceesevesves | 24-26-28-30* {24-26-28.30~
E 5250 § ciieeinenes | 14-16-18.20 (14.16-18-20 | 14.16-18-20 60000 {........ wee | sesesesases | 24.26-28.30*124-26-28-30°
5500 | veveneneaas | 14-16-18.20 [14.16-18-20 | 14.16-18-20 65000 | ....... sees [ eevaveonnes | 24-26-28-30* |24-26-28-30+
5750 [ cevvevenens | 14-16-18.20 | 14.16-18-20 | 14-16-18-20 70000 [ hevaas wes |24-26-28.30*|24-26-28-30*
6000 } ...oi0eeee. | V4.16-18-20 {14-16-18-20 | 14-16-18-20 75000 | . ..iiiiiien ) anineienns 24.26-28-30+ [24.26-28-30+
6250 } evcenenoo. | 14216-18-20 {14.16-18-20 | 14-16-18-20 BOOOO [ .eovvmerune {vovencenas .| 24.26.28.30+ [24-26-28-30°
6500 { ......0. 000 | 14.16-18-20 [14.16.18-20 | 14-16-18-20 85000 | ..vviviieeeenennnnas . | 24-26-28-30+ 124.26-28-30°
6750 | sveiennenas { 14-16-18-20 | 14-16-18.20 ! 14-16-18-20 90000 | ........ P 24.26-28-30%124.26-28-30¢ :
7000 ]| ...oieevae. | 14216.18-20 {14.16-18-20 | 14.16-18-20 95000 [ .orviinvaen {aennnrnnans 24 26-28-30+ 124.26-28-30+ l
7250 | ........ . 16-18-20.22 | 16-18.20-22 | 16-18-20-22 100000 | ....ovvvven b, 24.26-28-30* ]24.26-28.30* ! -
7500 | ........... 16-18-20-22 }116-18-20.22 | 146-18.20-22 |

*Naote the JO 1. refers to overall tube lengths,
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A. F. MILLS

Assistant Professor of Eng’neering,
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Introduction

Tlm first analyvais of film condensation on a horizontal

Vapor on a Horizental Cylindar at
Normal Gravity

Au analytical solution, based an the Nusselt assumptions, has been oblained for laminar
Silm condensation of a flowing vapor on a horizontal cylinder. In so doing, a reference
temperature for cvaluating locally variable fluid propertics is dcfined in the form T, =
T, 4 oT, — T,) and accounts for both the effects of fluid property variations and
niinor errors introduced by the assumptions in the analysis.  Verifi-ation wus obtained
by comparison with evact numerical solutions based on a finitc-difference analog 10
the conservation equations in boundary-layer form. In the analytical as well as the
numerical developments, vapor drag was accounted for through an asymplotic solution
of the vapor boundary luver under strong suction. 1t was found that, for angles up to
140 deg, there was less than a 2 percent discrepancy between the analytical predictions
and the numerical results. As 180 deg is approached an increased discrepancy is ex-
pected due lo a gross violation of the Nusselt assumptions. The values of the reference
parameler a, which were previously derived for condensation on a vertical surface, were
Jound to be appropriale for the horizontal cylinder as well.

eapacity of the liquid condensate. Sparrow and Gregg [4] con-|
sidered the boundary-layer form of the conservation e:juations
governing the liquid film and used an approximate similanty

cexlinder was perforimed by Nusselt in 1916 [1].2 Bromley {2}
and Rohi~cnovw 3] extended this nnalvsis to account for the heat

t This work was supported by the State of California thronugh the
Univers © of Californmin Statenaide Water Resoutces Center on Grant
No. 421100758 20347, Computer titwe for the numerical caleulations
was pron sded b the Campus Computing Network of the University
of Chitor 1, Lo Angcles

* Numbers i brackets designite Referenees nt end of paper.

Contriteited by the Heat Trasfer Division of Ty AMERICAN
ROty o1 Nremanics, Bxaine us for presentation at the ASME.
AICKHL tieat Tiansfer Conference, Muneapolis, Mlinn., August 3-6,

transformation to obtain a solution. They therchy avoided the,
Nusselt agsumptions of negligible cffects due to Jiquid accelera-.
tion and energy convection. Ilowever the assumptlions ‘of
negligible vapn diag nnd constant flmd propertics remained.
Shekrladze and Gomelauri {5] invoked the Nusselt assumptions
to obtain an explicit analy tical solution for the case of forced flow
of a saturated vapor at zero gravity. Vapor drag was nceounted
for by the simple shear expression which tesults from the asymp-
totlic solution of the vapor houndary laver for strong suction.
For condensation in a gravitational field thev stated that an

1969.

XD imuacript received by the Heat Transfer Division, January

1,1969, Paper No. G9-HT-49, explicit analytical solution was impossible. This last mentioned
iomenclature
C, -~ nedt capaaty [Blu/lb deg R) U, V = vapor velocity components in x,, ¢ = angle ineasured from the vertical
Fr = «umcasionless Froude number z: plane {fps] axis
alt_ uy, s = liquid velocity components in zy, = Jatent heat of vaporization
Loes? x2 planc ([ps] . [Btu/ib)
g = gravitational aceelerntion u, v = dimensionless liquid  velocity pu = ahsolute viscosity [Ih /4 ~ec]
142,174 (1 ~cc?) componcuts v = Kkincmatic viscosity [sq [t/sec]
h = heat transter coeflicient [Blu/sq 0 1 = boundary-layer coordinates [ft] &, £ = dimensionless coordinates re-
ft see deg 13 z,y = dimensionless  boundary-layer lated to dzy and dr; by drn
T. coordinates defined by - = Lid§, and dr. = lnlés
H = X\ f C AT Btu/b] 7 z’ p = density [lb/ft?]
T o 2= — and y= — ¥ = stream function {Ib/ft sec}
k = thermal  conductivity  {Blu/ft R R Sub
«oe dege . . . scripts
see d(‘(-"]_ a = dimensionless parameter which i dree of boundary lay
h, & = wetrie cocflicients [ft) defines the reference tempera- ¢ = cdge ol vapor boundary layer
i = rate of conden-ation [Ib/sq ft ture T, = T, + (T, = T.) 0 = conditionat¢ =0
.“‘c] . ¥ = dimensionless parameter which r= refcrcm-:es.tnt..e (
Pr = dimensionless Prandtl number establishes the spacing of the 2 = vapor-liquid interface
Cou streamlines in the &, & plane ,: : :::;):\!:I‘lwe l.
k I' = masws flow rate of condensate o o
P = pressire [Ih/aq ft ~oc!] il [Ib/ft ce| = oncoming vapor
Re = dimensionless Revnolds nimber 8 = dimecn~ionless filin thickness de- Svperscript
Ueapll PN t = thcorctically durived quantity
—_ finedby d = " - . \
M R Over.ines
R = tunc radius [ft] 0 = dimensionless temperature (7, ~, = = avernges defined by equation
T = amolute temperature jdeg 1Y - TN, - T (22)

.i:_;.:



situation iz widely encounteted in engineeiing practico and
further investigation is warranted.

The objective of the present contribation is to demonstrate
that a satisfactory esphat, solution may be obtamed for the
problem left wnsolved by Shekiladze and Gomelauri.  The
solution 15 obtuted by averaging the two vanable eoefficicuts
in the governmg ordimary differential equation; a table of these
average values as a function of angle is presenied from which
loeal values of the-condensation tate may bie ealeulated. The
accuracy of this solution is evaluated by comparison with exact
numerical solutions based on a finite-difference analog to the
eonservation egquations in houndary-lnyer form. The complete
pattial differential equations mie considered in the exact solutions
and thus the nonsimilar character of the situation poses no
problem. In addition, the fimte-difference procedure allows the
determination of appropriate reference tempetatnres to account
for the property vanation of veal iquids — In the numerieal solu-
tions vapor diag i also accounted for by use of the asymptotic
shear expressivn, thereby hnatimg (he range of oncoming vapm
veloaities and condensation rates for which the conclusions are
vahd.

Theory

A <~ hematie representation of the physical model and coordi-
nate sv~tem s shown i Fig, 1. The dimensional coordinates are
y and o, paallel and perpendicalar to the tube swface, respec-
tivelv  The conesponding dimen<ional hquid  velocity com-
porent ne w and wa. Fhe oncoming vapor flow is <aturated at
temper stine 7%, and has veloeity Uco. The condenser tithe wall
i~ Umperatwe T, (T, < 7,) and 15 constant with angle ¢.
Fottowiey Nusselt [1] effects of fluid aceeleration and encigy con-
vectar e assiaed neghgble  The effeet of tempeirature on the
fluivt propertie~ s tieated by means of the teference temperature
covcept At the hguid smface there 15 the requirement of con-
tionty of momentum flux hetween hiquud and vapor phases.
Fe v houndany-laver flow under strong suction, a ~imple asymp-
toti ~olution of the momentum consetvation equation yields the
e nred boundiny condition {5, 6, 7] In this hmit the local
~teat s identieally equal Lo the momentum given up by the con-
den~mg vapor (ml’, ). The sucuon veloeity is a function of
anple ¢ 1esulting m an interaction with the mviscid vapor flow
outside the boundary layer. Jf this interaction is assumed
neghgible then the potential low solution is simply U, = 2U e

U,, (edge,vapor
boundary
layer)

‘ edge,
liquid film

Cylinder
surface

Fig. 1

Schematic diagram of the coordinate systoms

sin @.  Following [3], the effect of the presdire gradient around l I

the cylinder peuphery is assumed neghygble and we have

oL

dw __gsind (1 _ B:) y’
- drg? v p
dT
— = 2)
P dza? .
T=7T, and 4 =0 at z,=0 3)
. duy :
T=7 and p——=hl,, —wm) at z3=115 (4)
dz,
Or, in dimensionless form
2
B Rerr (1 - -‘-’1) sing = —Cosing  (3)
dy? p
d
Radh 6
& 0 (6)
=1 and u=0 at y=20 (7)
du A
0 =0 and T =thRe (2sing —u) at y=95 (8
Y
where
U..
u = ;:w Re = —;’E
T, -T . gR
0 = T-—-—-———. ey Fr = T

Solution of equations (3) and (6) subject to the boundary condix .
tions (7) and (8) yiclds the velocity anc temperature dist nhutiow’

@

u=Cy — Ciy?

¥ \
= - 10}
6 (l 6) (10;
where
Re . 67
= 1 —_— ." - T ll
C: = Cof sin ¢ + T T Renid (2 sin ¢ Co sin ¢ 2 ) (11)

Cg = —;‘ Co sin ¢ (12)

The local filin thickness 8, as well as the local condensation rate 7
arc obtained from the overall enthalpy and mass balances

Z, A x .

T - f " oI\ + C(T, = Tldz  (13)

0o dx 0 \
dr’ d Z3,8 : R

l = —— = — dz fe ‘4
he o= . puidzs (14)

or in dimensionless form:

z dr ¢ A _
— = Re Prf 1 (——-— + 0) dy £35)
j; é 0 C, AT v

m d

= — d 16

Py udy (16)

Substitution of equations (9) and (10)into (l')nnd (16) followed
by considerable algcbra yields the enthalpy balaiice in the form

T
fz‘it = ab + b ‘ a7n
0o O
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and coeflicients

A
Y. [ —
Pr (c a7t 0"")

a = Re ——=7 — gsing = C,sing (18)
1 4+ I'r (E-—A/' + 0.3-)1)
Re? Fr P A _
= — — Ml —- RN
3 (‘ ,,> (C,,A'f' +0 “)
3/4 .
X[l - o= -'—/-'—-—‘--~ - xind  (10)
Yy
14 Pr ('A’1'+0M)

= Cy sin ¢

(The varions coeflicients of (AT which evolve uatinally in the
algebraic mampuiantions, 373 and 3/, have been replaced by their
average value 0 051 (o oflect o convenient simphfieation in the
coefhicient~a and /v

The integr deqo i (17) may be rewritten in the form:
a b
dr = J ad?) | d(1d') - Py () — Z d(8')

or

dr = €, lm \in $d?) - Si';f” (!(6’)]

+ C, [d(bill

Equation (20) cannat he integrated exactly, but, applying the first
mean vilue theorem of tegral calenlus we may extract

'".']j_’ ¢ — ,50:)]

xr =, [siu 3t —

C,,'[bin $5¢ — ? @ — a.')] @1)
where
3 I
f sin ¢d(6?) f sin ¢d(8*)
~ bt = Bt
sing = -- 5’——60’—'8m¢ = — T (22)

i rquation (21) may be solved for & to yield:

Initial Value of § at = 0. Tn order to evaluafe k from equation
(24) the film thickness at ¢ = 0, 8, must be known.  Equation
(20) may be rearranged in the form,

Cosing dot | 30, s ¢ db¢

1= ) dz 4 dr
d
+(C8 + G cos 6 22 (25
dz
¢ = -l‘_ =
©
dr
Therefore, ns r — 0, equation (23) reduces to:
1= (0,50’ + Cbao‘)
or
Cde* + C6e* — 1 =0 (26)
Solving for 8 vields
6 = / e (27)
e+ \/ C.t + 4C,

Tolal Condensation Rate. The condensation which occurs between
¢ = 0und ¢ = ¢ is equal to 2I" and may be obtained from e-jua
tion (9) and the definition of I'.  After some algebra there results

2T = 2pRU,..5" sin ¢ | Re Fr(l - %)

1/4

A
14 Pr (C A,l"+0..’n|)

1/82

+
1+ Pr (E—A—T + 03)4)

X

[

(28)

The Averages Sin ¢ and Sin ¢. The utility of equation {24) is de

pendent on whether or not the averages sin ¢ and sin ¢ defined by
equation (22) may be represented in a convenient mauner.

o7 — C'.&o’;ivn ¢ - C',,:ol

=

sin ¢

v

The loeat heat teansfer coefficient hfis equal to —

(23)
Yo (~m ¢~ —’;9> 40,- (s. ne — %”) + 2C, (sin é - s";"') (2: ~ CSsin ¢ — -C°:°—‘ sin ¢>
T nnd is thus given by
, ., (slll ¢ — o -¢) 4 (\m ¢ — -'—'i—‘-’-’) + 2C, ( n¢ — 3%2) (2.1: C.b" sin ¢ — —261 sin ¢)
» " - (‘24 !
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A = e
Yable ¥ Values of the averagos of sin ¢ and sin ¢ defined by cqua-  Table | preseut< valies of <an ¢ and s ¢ s a function of @ for '\,

tion (22) the pmienlia ease of zero vapor drag; 1.e., the inperturbed elasi-
= = =G ~ z=—-1  calsolution of Nusselt. The values of dimensionless filin thickness
¢ s ‘a :::)‘9(')8 :1 :::4:6 :::\TJ' used to constriet the table are fthose presented by Abramowitz
.01090 . . .854%52 \ .
; 1022905 2022905 b 92 "814903 T828600 {81 and the avernges were c?mputcd by ~imple trapesmdal |,
3 .034656 .03‘3,(;37 N gi g:ﬂiii -gg;f;i auadrature wsing 0.5 deg intervals. On observing that the
.046341 046344 .853 .8676 .. . ;
g ,057995 .035000 4 es .857169 .871664 oniginal solution presented by §Iu\sclt [1] and quoted by Jakob!
6 .069628 . 069636 pATEE -1 -860935 875547 4~ {9) and Boelter, et al. (10, is in disagieement with Abramowitz,
7 L081244 .081256 397 .864536 .879250 the latter results w hecked ix sienif p L
8 092842 1092860 ¢ 98 867970 882769 1¢ n er results were checked, to six significant figures, by per
9 .iougg -;?g;gg 3 l:g :;ii;f -:gg;‘:: forming a Jth-order Runge-ICutta numerieal integration of thd
0 L1159 . ' . .88024 . . ) . \
:l 127533 127580 101 ‘877284 ,W,;g, ariginal (thgrcnt,ml cquntion. It may bo seen from the table that,
12 .138057 139118 102 .880003 .894957 ~ - e ] ) .
13 150560 150637 103 882576 897518 sin ¢ and sin ¢ are almost identical over most of the cylinder, a
:g -:gig;g {gg(ljg ;g; -:g;?;g -gggg;i significant diserepancy oceurring only as ¢ approaches 180 deg.
16 T 18191 © 185062 106 "889219 903985 That the sin ¢ averages are relatively insensitive to whether,
;; ;ggg;g ';3%:2 }g; -gg;g:g -gg;;g they are taken with respect 10 82 or §* suggests that they should
19 ~219027 “219259 109 .894206 -908562 also be insensitive to pcrun‘lmitinns of & introduced by vapor
;tl! gig:;i -33?2‘1’: }:fl’ -:gzgg; -3‘:392-}* drag. It is therefore proposed that the sin ¢ averages prcscnlcr!
. 9 » o . . 5 . .o
2 1357821 T253188 112 " 897480 911162 in Table 1 <hould also be adequate for the vapm drag solutions,
23 .261013 -264430 us -898180 911873 The validity of this proposition will be confirme:d by comparison
24 .275163 275637 114 .898681 .911751 it 3 s prog > ill be irmesd by comp )
2 1286272 1286805 115 © 898980 1911691 with exact numeiical solutions. :
26 .297337 .297935 116 .899076 .911390 - .
27 .308355 .309023 117 .898964 .910845
28 .319327 .320069 118 .898644 .910050 . . .
29 .330249 .331071 119 .898112 .909003 Numerical Verification
30 .341120 .342021 120 .897365 .907699 )
3 .351939 .352936 121 .896402 .goegg: A general computer program has been developed which solves
32 .362703 .363795 122 .895218 .904 o . . :
pt 1373412 "374603 123 T893812 1902204 the finite-difference analog ?f the conservation equations m
34 .384062 .335361 124 .892180 -339853 boundary-layer form for laminar film condensation. In these
3s .391653 .396064 125 .890319 .8971 . . . . .
e “105183 "106712 126 “388225 894240 equations the coordinates are considered in terms of metric co-
37 .415650 .417502 127 .88589: -::;g;: efficients [y and I; such that hd#, and Ld§; represent the infinitesi-
38 .426052 .427833 128 .88532 . . ;
30 “36388 “a38304 129 "880518 ‘ag3670 mal rc'nl dlstnnces'dx, and dz,, respectively. The equations
40 436655 448712 130 .:;7:22 -:;gi‘);g governing conservation of mass, momentum, and energy for steady
4 .456853 .459057 131 .874 . . . . . =
pH " 426980 469336 132 "870593 1870382 laminar film condcnsatlﬁon on a two-dimensional surface of arhi-
43 .477033 .479547 133 .866773 .865315 trary shape are, respectively, as follows:
4 .437011 .489690 134 .862690 .859921
45 .496913 .499762 135 .858340 .854194 > >
46 .506733 .509761 136 .853717 .848128
a7 .516479 .519686 137 -841817 .871715 b6 (puslz) + o (puzli) = 0. (29)
48 .526141 .529535 138 .843633 .834948 1 3
49 .535719 .539306 139 .838161 .827821 ‘
50 .545212 .548998 140 .832394 .820325 P Dy . pus diy 1 2 fhp du in ¢ 10p .
Lkt el T it L I S SN (L oo 8 o
- + pg sin
L ok I, d¢ L, 08 \ Iz O, L o,
(30)
oCuy OT pCou, OT 1 92 (Ilk OT) 31)
Teblo . (cont.) i o4 I, 23 Who&L \L df
.
51 .554618 .558609 141 .826326 .812453 Vigcous dissipation and eompressibility effects are omitted from
52 .563936 .565136 142 .819949 .804197 . : ; . ; ; ;i . :
o3 Te73164 1277579 143 ‘813258 “795548 t!\e energy cquation since low V'cl‘o('lty Ilq,ud ﬂ'm\ is under con-
:3 .sgz;go .:gegu 144 .806244 786497 sideration. The boundary conditions are identical to those cons
.591342 .596202 145 .798899 777 - : . :
% 00289 1605379 146 ‘701214 _761323 sidered in the extended Nusselt theory aud in the present nota-
57 .60914L, .614464 147 .783180 .756835 tion are =
s .617892 .623465 148 .774787 746077 -
-9 (626533 632350 149 766024 734865 - = 'y
A * 5093 .641147 150 .756880 .723186 T=T, and i =u; =0 at £, =20 (32{
1 613539 .619813 151 .747341 .711028 > -
o 451380 .658110 152 737304 .696377 B Oy ]
' (0114 .666932 153 .727024 .685219 T=T, and  -—— =mU,,—w) at & = &g (33)
, es €8240 .675319 154 .716215 671536 I 34,
i &5 676255 .683589 155 .704948 .657314
6 .u51158 .691769 156 .693205 .642533 ] thiek o ; ; i
e Te91918 1699828 189 080963 T627175 The local thickness of the condensate film is determined from an
0 699623 .707773 158 .668198 611219 overall enthalpy balance on a length of film between a reference
69 .707180 .715604 159 .654884 .594642 loeati d the location i "
70 “714619 723317 160 640091 Te77420 weation &0 and the location in question, &
T .721938 .730010 161 .626485 .559525
72 \719135 .738382 162 .611328 +540929 . 1] I b L ooT
- .736209 .745730 163 .595476 .521599 s Hlall = Z. 2 1d
21 .733187 ‘752083 164 .578580 .501498 f pus g, I, ot &
7 ~19979 .7¢0018 165 .561482 .430588 o & o k=0
76 .756672 .767013 166 .513216 .458824 : s
77 763234 773846 167 .524003 .436154- - l '
73 - 769665 .760545 168 .503750 .412521 + pudildgy (34)
79 .775963 787107 169 .482342 .387859 (] o
80 .782125 .793531 170 .450642 362001
I s1 .T36150 .799814 1M 435477 .335126 ;
:i -7‘;1039 g‘l‘;:" i ;;i -229627 -306855 Modifying a technique developed by TPatankar and Spalding
.799°82 .311018 .381803 277147 X . - : . . .
81 TE03336 .817791 174 .351616 .245;37 [11], a transformation of independent variable ix l}‘\:‘l(lt‘ wherein
85 . .Al0sy7 -823101 175 -318511 -212713 the crosws-stream varinble §: is defined in tertms of the' stieam
86 .816162 .829035 176 .281659 .177491 .
87 821330 833123 177 239697 1130773 function as
88 LR26349 .839655 178 .190070 .098914 Vv :
89 .R31218 814727 179 .126576 .053930 V=¥ (33)
90 .535934 .849637 180 &= 7 o
4’. = Ve
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Fig. 2 Comparison of the theoretical local heot transfor coefficient h', equation (24), with the numericat
solution h. T, = 110 degF, AT = 420 doyF, and R = 0.125 f1.
win u vahue of 2 {m the constant ¥ moved < spimmize the 106

trencation enors i the computational proeedure. Detans of
th. fimte-difference analogs and
b in aclerences [6,7].  The
o vam has been <hown to provide acewate solntons to a wile
vartety of Lamnar b condensation problems. Tts applieation
The aforementioned
referenees demonstiate the rehability of the nmmerienl methed by
compatison with sl <otutions and discuss such matters as
machime times and computational ertors In the gic-enn valeu-
lations the <tep sizes and convetgenee criteria were chosen ~uch
that the numentcal 1esalts would be in error by no grenter than
0.5 pereent.

Computations were peiformed for three fluids:  »wer othanol
and butanol.  In acference [6] a reference ten, - v for
cvaluating losally vaniable had properties is defined mn the form
T, =T, atl, -- T,) and necounts for both the efteets of fluid
paperties soud mmor enors mtioduced by the Nuszelt assump-
tions,  The values of @ denved moreference [6] for eondensation
on a vertest swface, namely, 0.33 for water, 0.12 for ethanol, and
025 for bl were nsed for the present computations.  Sources
fo the thamophy sical property data are also listed 30 moference
ivj.

U stonmed cquniens, then

Computer prostan are gven

too the present probleny s stghtiorwad,

Re .lis o.t Discussion

t« mparnon of Theory With Numerical Soluvtions. Fier 2 Jhow- a

to oo the theoretio d oeal heat transfer (nr-"l': Coon
by vt 20 waith the nimeneal <olution 5, as a * of
vt @ o eveny ease the disaepaney is less than 2| «for

@ i~ than 11 des e mereased diserepaney as dapye 10 ies
ING e covtit be due to eitnet madequacies in the < aveaeeng,

or viaiven of the Nusselt assnmptions, Fig 3 <how- a com-

pat n of the ot and gravitabonal terms i the anentum
[ v onon o obtaned trom the exacos e aeoneal solu-
toec o v vl eases Tt cam e oseen that e Nuselt

s~ npetne or neghethle el eflects s grosslv vin, ed as @ ap-
onn ey, sopaney be-
wolond numeneal sobitions st of doubtful
ahitnat may be coneluded that the + ference tems

wuvad rer cvertieal siface nre adeqguate for the

Proca b Froiner mvestigation of the
TWwew sy 1l
value ¢

pet it
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Fig. 3 Comparison of the relative magnitude of the l1erliol terms |/,

where
Et.b
' =
0

with the gravitational term G, where G =

Pluidui /O + vduyfl:dt)dE,
Pgsin ¢

horizontal evlinder as well.  Values of the parameter a for a
vaticty of flinds may be found in reference [6]. The absolute
eflect of vapor veloeity on the local heat transfer coefficient is
il tisted for water in Fig 4,

Significonce of the Resu.ts. It ha~ been shown that the Nusselt
assnmptions and the proposed analytical solution are i excellent
agreement tor ¢ less than 140 deg.  Restricting attention initially
to the liquid film behavior, the foregoing result 15 important for
two rea~ons, (i) In a typical situation 83 pereent of the total
condensation takes place when ¢ isless than 140 deg. (i) Suilace
tension eticets associated with liguid run-oft eannot be ignored
near the hottom of the tube. It i3 clear that analyses of more
complex <ituations, such as the nonconden~able gns problem, can
now be justifiably and appreciably simphfied by treating the
liquid film on a eonstant property Nusselt basis.

It remaing to evaluate the present results in relation to their
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Fig. 4 Effect of oncoming vapor velocity on the local heat iransfer coafficient for water. T, = 110 deg F,

AT = 40 deg F, and R = 0.125 #t

utility in engineering practice.
number of issues.

This requires the discussion of a

1 Use of the asymptotic shear expression allows an ana-
Ivtical solution to be obtamed for the Nusselt problem. The
lower limit on the condensation rate for which the conesponding
suction velocity is large enough to imsme the validity of the
analytical solution s discus~ed at length in refeience {6]  TFor
the range of variable< consideied i the present investigation the
conclusion is that the error m the heat transfer intioaduced by

. . m
the asymptotie shear expiession 15 less than 1 pereent for —=~ X

r™ v

U, .. .
‘li—;——l > 2.0. Precision with iespect to this criterion is not of

great amportance <ince the various parameters involved vary
over many orders of magmtude  Reference [6] pre~ents numeri-
cal data for the suction patameter typieal of enginecning apphea-
tious showing that the present re-ults indeed have a wide range of
utility.

2 If the vapor boundary layer ~epmates, then the 1e-ulling
reverse flow invalidates the shem expression and a boundary -
layer analy~is of the vapor flow becomes impos-ible.  Shek-
niladze and Gomelaurt {3] discuss this aspect m ~ome detail and,
invoking a ciitenion due to Prandt], note that at sufficiently lugh
condensation rates, separation will not take place  The poblem
for a separated vapou boundary Iny e 1~ beyond the <cope of the
present contribution,  For thix 1ewson attention has heen
focused on the prediction of local heat tran<fer rather than total
condensation rate.

3 As mentioned an the theoretical development, the interae-
tion of the @-vanation of the <netion veloeits with the mviseid
vapor flow ha<beerignored. A ~olution procedure which may be
used to acconut for the mteraction s presented 1 referenee (7).
Itinvolves numencal evaluation of th tngenometie seniesappear-
ing in the appropiate <olution to La Place’s equation. Sample
ealenlations demenstrate that the error in the Joeal heat tran<fer,
due to wnoring the mteraction, i~ 1 no ease greater than 2 per-
cent Tt s sorpested that indusion of the mteraction effect
would only be winanted 1f a <olution of vapor boundary-layer

flow, mote ‘exact than the asy mptotie form used here, were being

attempted.
(iv) The eft ¢ « of ~urfacc instabilities have heen ignored.

The low filim Reynolds numbers chaiacteristic of condensution
on honzontal tubes (i contiast to vertical tubes) mmsure, that

4

the usual eriterion of — < 30 for the absence of sutface waves

will be met m most practical applications. The 1e~ulis of the
pre~sent analy<is are considered vahd for situation. wheie -
face waves mie not observed.  The surface instability acsoced
with liquid ran-off from the bottom of the tube 15 diseneed by
Henderson and Maichello [12] where a correlation for the etiedt
on total condensation 1ate 1~ presented in terms of the Ohnesorge

number Oh = (—’;‘(-7;%_)_‘./;

The Zero Vapor Drag Solution. It has been pomnted out that the
numerical ealculavions of Abramowitz (8] inudicate that the
ougmal solution of the zeva vapor drag problem pre~ented by Nus-
selt 1] and quoted by JJakob [9] and Boeltes, et al. [10], i~ in
erior - The conect solntion shows that the film thickness m-
creases monotonieally with @ and does not go through a minimum
at ¢ =~ 3 deg a< found by Nusselt.  ‘This monotonie behavior i~
e~cential to the ease and ~uceess of the sin ¢ averaging employ ed
m the present analvsis In addition, 1t is noted that an ex-
anmumation of the orginal governing ordinany differential equation
shows duecetly that the film thickness must necessarily be a
monotone function of ¢ It is ccupnsing that this observation
was not made elicr <ince the behavior of the film predicted by
Nus~elt'«1esults contiadiets physical intwtion.
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Tube data - BN .y

- . IOUISIANA POWER & LIGHT

COMPANY

STERLINGTCN STziM EZL=CTR2IC STATICN

1958 - 210 000 KW :KT:H;IUN

- UNIT NO.b /

'CONDENSER TESTS

General Information

Manufacturer
Manufacturer's Numbep
Condenser Serves
Object of tests

/

Surface Condenser

Description, -Ditensions, -etc.. . ok

A
Nominal size ¢ Lo
Type of condenser -
Number of passes

{a) Total number

(b) In each half

(c) Per pass

(d) Length between tube sheets
(e) Outside diameter

(£) Thickness .

(g) Material

(k) Internal or bore area
(1) Number of inactive tubes
(j) How installed

(k) Maker of tubes

Desien Conditions

(a) Condenser heat load

(b) Quantity circulating water

(¢) Velocity thru tubes

(d) Inlet circulating water temp

(e) Back pressure with 85% clean
tubes

125000 :sq £t oL

Foster Wheeler , '

No. 6 Turbine

To determine performance

Top inlet . C

. Two for each half
26060

8020
8020

29,77 ft.

1.0 in. -

18 Bwg

Phosphorized admiralty

0.004449 sq ft/tube, 35.68 sq ft/pass
None

Expanded at both ends

Revere Copper and Brass.

1061000 K Btu per hour
104000 gpm

605 ft/sec

9O F

3.13 in.



a)

®)

€)

LOUISIANA PUYER & LIGHT COMPANY

STERLINGTCN ST ZLECTRIC STATION

1958 - 210 000 XKW ZXTZLSICN - UNIT NO.6

UEAT BALANCE METHOD OF CAICUJATING CONDENSER HEAT LOAD
200 000 ZW TEST MARCH 8, 1960

Heat Input to Condenser Btu/hr:

Steam from Iow Pressure Turbine
Boiler Feed Pump Gland Return
Vent from LP-1 Heater

Seal Line Vents

Steam Seal Leakage

Drains from Gland Steam Exhauster
Drains from LP-1 Heater

Total

Heat Leaving Condenser Btu/hr:

Condensate Flow

Condenser Heat Ioad Btu/hr:

Condenser Heat Ioad Equal ¢ = a =

868,971 X 1038.45
18,000 X 58
338 X 1134.2
4,66 X 1401.2
1,800 X 1401.2
2,367 X 103
185,905 X 47.5

1,080,647 X 39.6

b

g8 8

g8 a4

902,382,935
1,044,000
383,360
652,959
2,522,160
2,3,801
8,830,488

916,059,703

42,793,621

873,266,082

66” -
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LOUISIANA POWEX % LIGHT CCMPANY
'STERLINGTON STE-t ELZCTRIC STATION
1958 - 210 000 K EATE.SICN = UNIT ] 0.6

"ENERGI BALANCE" METHOD FOR CALCULATING CONDENSER HEAT LOAD

l\
3
it

1 - Heat added to cycle:

(a)
(v)
(c)
(d)

By initial steam

By reheat steam

By enthalpy increase tiun.pumps
By boiler makeup, if any

2 « Heat leaving cyclse not including that to cooling waters

(a)
(b)

1 - (a)

1 = (b)

1 = (e)

Where:

1,244,120
2,53
2076
778.3
0.728

1 =« (d)

2 - (a)’

2 - (b)

Heat equivalent of internal or wheel kilowatts
An allowance for radiation

CAICUIATIONS FOR TEST OF MARCH 8, 1960

= 1,24,,00001481.4 = 419.6) 1,320,879,200 Btu/hr.
= (1,137,748)(1525.6 - 1321.8) = 231,752,042 Btu/hr.

Total from boiler = 1,552,752,242 Btu/hr:
11,532,714 Btu/hr.

0

= 1,244,120 X 2.53 X 2076
778.3 X 0,728

Feedwater Flow .

Feet head per psi. -

Feed pump discharge pressure, psia.
Mechanical equivalent of heat. -
Feed pump efficiency, for this load (see note below) °

None on this test °

= (199111 + 2875)(3412.75) = 689,327,722 Btu/hr where 3412, 75 "
heat equivalent of one kilowatt.

= Assumed cycle radiation loss taken as 0,3% of heat ddded to cycle
by boiler = 1,552,752,242 X 0,003 = 4,658,257 Btu/hr. ---



Condenser load:

1,552,752,242

11.,516,705
= 5,658,257
= 609,327,722

870,282,966, Btu/hr

KOTE:s Gpm per pump = 1,244,100 = 1360
2 X 457.9

Where 457.9 = Pounds per hour/gpm for pump inlet pressure and
temperature conditions during test. Find pump

efficiency at 1360 gpm from characteristic curves for

pumps. .

in

v



8T “DARDS OF TITE "TUAT EXNCALNGE DNSTITUTR 5

-

:Temp srafurg:of

e TS 2

Tabo Wall Gauge
18 Rwg 17 Bwg

Admiralty metal 1.0 98
= Arsenical copper 1.0 .98
96 %4
96 94
. Aluminum bronze .90 .87
= 90-10 Copper nickel 90 87
~70-30 Copper nickel
- Type 304 Stainless steel

- e e e =, e e . -

atera: Di

1Tempsr

Valua' of- *U¥; Baced

Mogn

NS Ty

Fig. SF-2

N<e | oot traneler eneferent (U) hased on CV TEL and on new, clean, brght. and oxmide
@i varovs matessals, gauges and luading, tee paragraphs S-1S through S-lg. ¢ oxida freo tules. For the proper corrections t0 ba used

Note ? Curves opply W condensers serving stearm turbines.
it 3 For condensers serving steam engines, use 83% of sbove walues,

é



IOUISIANA POWER & LICHT COMPANY =73 <
STERLINGTQM ST=\M wLiCT2IC STATILN )
‘ 1958 -~ 210 000 nd EALENSIVN - UNIT NOJO é
CONDENSER TESTS-’
/
1. Date of tests in 1960 Mar 25 Mar 8 May 4 April "2
2s Unit load
{a) Generation * . 235556 199111 176441, 125778
(b) Electrical losses" 2375 2043 1880 1528
(c) Mechanical or fixed losses’ 832 832 832 832
_(d; Total wheel KW 238763- 201986 179156 128138
3. Back pressure using basket type tips . o a4
{(a) In neck 24 in below turbine north i | I~ -
" end . 1089 0.867 1.437 1,274
(b) Ditto south end _1.165 . 0.937 lo4h5 1.279
(c) 30 in above tubes north end 1.045 0.817 l.414 1.256
(d) Ditto south end 1,057 0.813 1.438 1.280
Lo Barometer at center line of turbine ’
corrected to 32 F, Hg in, ° 29.99 30.11 29981 30.03
5 Mercury column corrected to 32 F, )
Hg ino 28.85 29012 28.27 128.69
6. Back pressure (Item 4 - Item 5) l.14 0.99 1.54 1.34
7. Steam temperature entering condenser SRR RN N
from average of Items 3a and 3b - 82,717 75,91 90,41 86559,
8, Net heat added to cycle by boiler and' ~ S -
reheater K Btu/hr ~ 1841067.0 ¥ 1552752.,2 1393694.1 995730.2
9. Heat added to cycle by work of
pumps K Btu/hr - 13681.4 ¥  11532.7 10583.1 7973.6
10. Approximate radiation loss taken L
as 0,3 per cent of net heat added
by boilér and reheater K Btu/hr 5523.2 - 4,658,3 1181.1 2987.
11, Heat equivalent of wheel kilowatts y . -
K BtU/hr 81’4&80[& 689:32707 6111#11‘«16 1&3730300
12, Heat to circulating water equals '
(Iten 8 + Item 9) minus (Item 10 .
+ Item 11) K Btu/hr. This is condenser RN
heat load by "Energy Balance" 1034386.8°  870298.9 788681.5 563413.6
13, Steam to condenser . NTTL - __ -
(a) Lb/hr 1046374 868971 796380 563963
(b) Btu/1b 1032.6 1038.45 1045.2  1047.96
(c¢) K But/hr 1080485.8  902382.9 832376.4  591010.7
14e Other heat entering condenser :
K Btu/hr
(a) From heater drips 12696.2 8830.5 9093, 5. 5271.6
(b) From gland condenser drips 269.3 2,3.8 273.1 231.4
(¢) From BFP gland water return 1742.4 1044,0 1719.0 1582.2
(d) Vent from LP1 heater 505.2 383 .4 396.0 268,3
(e) Steam vent from seal line 653.9 652.9 651,7 651,1
(£) Steam from seals 2525.8 2522.2 2517.5 2515,1
(g) From makeup water 0 o] 0 .0
15, Total heat entering condenser
K Btu/hr 1098878.6 916059 .7 847027,2 601530.4
16, Condensate leaving condenser . ‘ . .‘
~ (a) Lbs/hr 1302144 1080647 964196 679388
+-(b) Temperature, F & 78,7 71.6 88,7 8l,
(C) Bt\.l/lb ‘t6o7 3906 5607 52°b !
(d) K Btu/hr 60810ol lbz793.6 5“66909 3587107

di ,Ll.twun .a(/u-.vV P 7S and coudeniey aé«ufw seV w“;_cf 4.3 F-./r [ &F



17.
18,
19,
2.

239

25,
26,

28,

29,

Condenser heat load from "Heat Balance® ~ 4 :
K Btu/hr (Item 15 Minus Item 15d) 1038068.5 (873266.1  792357.3 565658.7
Free air removed from condenser CFM 3.9 ~——3.5 3.3 3.9
Number of inactive tubes NONE NONE NONE NONE
Condenser surface in use, sq ft . 125000+ .-125000 125000 -~ 125000
Actual heat transfer Btu/sq ft/hr - .
State whether from "Energy Balance" . ‘HB HB HB HB
or "Heat Balance" 305 6986 6338,9 4,525
Temperature of steam entering.:..- . o
Condenser,: F .. g , i
(a) From average of two Zimmerli gages .. . - v L
24, in below turbine joint 82.71 75.91 90.4L4 86.59
(b) From back pressure,(Item 6) 83.06. 78.73 92.56 88,12
Circulating water S
(a) Temperature entering, F 51637 4 4148 - TOLG . 65,44
.(b) Temperature leaving, F 69.80 - 57.44 . 8h8y 82,83
(C) Temperatui’e rise, F N T ;-18.&3.- Lo 15-96 .oty {MQBB 17.39
(d) Initial temperature difference, F.. .- 31.34 - 34.43 .. 19.98 21,15
(e¢) Terminal-temperature difference, F .. .- 12.91:'7" 18.47 . 1,5,60 3.76
(f) log mean temperature difference, F. - ;20,78 25,62 - . :11,31 10,07
v{g) Average of entering and leavi ' . -
~ Temperature, F L. oo 604590 L9bb . 77465 - Th.lh
(h) Arithmetic mean temperatur o : ;o
difference, F 22,12 26,45 12,79 12.45
(1) Specific heat "1.0 1.0 1.0 1.0
(3) Specific gravity Actual weights of water used
(k) Weight, M 1lbs/hr = condenser load
temp rise x sp. ht. 56324.9 54707.L 55101.3 32527.8
(1) Weight/cu ft at entering )
temperature, lbs. 62.41 62.43 62.30 62,314
(m) Volume at entering temperature . -
(1) Cu ft/sec 250.69 21&30&3 2105068 ll;lq..93
(2) oM 112517 109259 110279 65049
Internal or bore area of tubes per .
pass, sq ft. 35.58 35.58 35.58 35.58
Velocity through tubes at inlet water
temperature, ft/sec 7.05 6084 6,91 L,07
Actual heat transfer coefficient,
Btu/hr/sq ft/IMID 399.6 272,67 560.47  L449.38
Design heat transfer coefficient
Btu/sq ft/hr/IMTD. From HEI curves, figure
S=2 for 70F CW temp., clean tubes, and
velocity during test. NOTE: For one inch
18 BWG clean tubes, and for velocities of
8.0 ft/sec or less, use 263 times square
root of velocity in ft/sec. 698.1  687.92 691.11 530,80
Correct item 27 for actual CW inlet
temperature, by use of HEI temperature -
correction curves, figure 5-2 595.5 525,57 692,49 512,22
Zxpected heat transfer coefficient equals
Item 28 times 0.85 506,17  _446.T3 588,62 L35.39
Theoretical exhaust steam temp. from
equations (2) and (3) or by equation (4)
as shown on attached sheet (Methods for
Calculating Condenser Back Pressure)
based on item 29, 78,68 66.43 89.97 86.81

(L



31.~' Expected or theoretical back pressure

32

corresponding to temperature found in

dtem 30, Hg in NOTE: Compare this value

"~ with the average of Ja and 3b to

determine whether performance is hetter

or worse than expecteds

Apparent cleanliness factor

%€ o Item 26 X 100

33
- haxes
. {&) Actual average differential Hg

Item 28

-Pressure drop through tubes and water

cotumn, Hg inches underwater

.:(ﬁv Convert item 33a to feet water:
. {e) Correct item 33b to 104000 gpm,

e

feet water
Guarantee with 90 F CW temp 85% clean
tabes, and 104000 gpm, water fest

0.989

6.1

17.31
18.14

15.50
16.7

0.654

51.9

17.77
18,64

16.89
6.7

10421

80,9

17.11

17492

15,94
16,7

»o-

1.285

87.73,

6a82
T.14

18,25
6.7



METHODS FOX CALCULATING CONDENSER BACK PRESSURE

A Outside area of tubes, sq ft
W = Weight of circulating water, lb/hr
U = Heat transfer coefficient
Ty = Temperature inlet circulating water, F
To = Temperature outlet circulating water, F
Cp = Specific heat circulating water
Tg = Steam temperature entering condenser, F
Tm = log mean temperature difference, F
H = Heat given up per 1b steam times pounds of steam
H = WCp (To = Ty)
ILet Antiloge = AT a P
. Tm
AT = H Iy = H
WCp : UA
T = AT o
;pge Tg = T3
E’pation $22 ‘
P = Ant.iloge UA

Ty

T, + Condenser load
i Wou 1 1

p%Antiloge _‘_’i}

Cp

Look up back pressure corresponding to Tg

-
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COIDENSERS conmanTiAL

AND PERFORMANCE INGERAOLL-RAND COMPANY

11 RROADWAY, NEW YORK

PERFORMANCE CALCULATIONS FOR ANY DESIGN CONDITIONS

D. PCAFONMANCE CALCULATIONS FOR
ANY COi¢DITIONS. \

Foea porlormanvo ralrulalinna an a2 given conflnlno-
or, cr to calzulae tea roquired gurface, citculating
watar quantty and veinaity al any -iegign pand, tho
“# and R’ method expiunnd balow may ke used.
Thais method in considared the simplest and most
fevilile of savoral alternats mottods Al iormulae
arn dorived from lundamental euetions ol heat
tranelor for condansers and the standards of the
Hoat Exchange Institute.

" In making celculations bwo polnts should be kept

Il( nd, as explained in greater detall later.

1), At lower duties condenser performance must be
modifiod because of the limitation of the air re-
moval equipment.

2. The minimum terminal temperalure dilference
(somelimes cailed approach) used in condenser
calculationg is 5.0 F. (Termirai D is the dil-
forence belween the 'inlat stra  temporature
and the outlet circulabag wates temperature.
It ie also equal to ITD - TR).

€ -bols and abbraviations used —
Tube constunt dopanding on tube diameter and
an-n, Vituag are listed in takile 503,
b «Tube iuaiez.a! wnd gage correclion laclor
(table 503)

€ . tubo conatant {varying with tuke- diameter)
vood in detarmining values ¢ U 1ir accordance
with the HEI standards. (Te=ble 5U3).

f  <inlot waler iemp:tature  correction faclor.
{(Curve 13) ’

N vanalble lactor calcvlated fiom other known
factors. '

& o foot of total walez travzl thiough the tubes of
all wuter passrs,  (Effective tuie length 2 no.
of passos).

Coclean . sprcilied or assumed ncrcent of clean
tube heat transier coefiicien t,

R < ratio of teinporainre rise to u.itlal temperature

-
difference. (R = .x:'_HD-)' Also R hag a delinite

relationship lo X (R = l-@ )

> - tutal 83 it of condenser suzlace (includiag the
aurlsce ia the air cooler gection).

« temzarature nisa (deg F ) of zurcilatirg water.

TD-Enthal timparature diflevere betwoen steam

8 condetinar and inle! cuevlaling water, (deg

", Mmperatura cf inlet circulating water (deg ).
. °lemporature of outiet circulating veater « ig ).
8 . Iem_;\arof‘;:v af satura‘ed sfcom corroengading
to tie acy i s pressure. (deq §). (Table 504).
J « ovorall coefficient of heat transter through the
tubes. (Btu per hv pev sa ft par dea. LMTR.)

CALCULATION OF REQUIRED SURFACE

AND CIRCULATING WATER. ,

Bolora t'arting the actual calculations, the design
conditions, a2 wed as a specilic tube st:e, tube length,
number of waler pa-uves, and water velocity, must be =
either specilied or assumed. See Ex. 1, Sheet 20.

1. Determine Ts {from steam tables) corresponding
to the design absolute prossure. (Table 504).

2. Calculate ITD, from following formula:
ITD = Ta-Tt

3. Determine water temperature correction factor
from curve 23, page 18b.

4. Calculate the valuo of K by the lolloewing formula:
L¥Xa % clean '

Note: Use 65%% clean for engine service.

5. Read the valus of R corresponding to K, from
table 506.

8. Determine TR, by lollowing formula:
TR =R X ITD

7. CAUTION: ITD-TR from steps 4 and 8 above,
must not be less than 5.0 F. If the terminal tem-
E@ramra diflerence comes out less than 5.0 deqg.

, then reduce the TR by either increasing the
water velocity, increasing the tube size, or de-
creasing the tuke length unul the resultant ap-
proach is equal to or greater than 5.0 F. If none
of thaese factors can be changed, then the ITD
must be incieased by either increasing the de-
gign absolule pressure, or decreasing the design
water tamperature so that the new ITD will be at
loast eqqual to or greater than TH+5 degq. F.

8. Calculate the gpm of circulating water required,
by the fallowing heet balance formula:

(Ib per hr of steam) X 950
opee TR X 500

@50=—common assumed value for net Btu re-
jected to circulating water per lb of steam
condensed {or turbinas. A value of 970
not BTU 1s oilen used for reheat turbines.

800~1actor for converzon of gpm to lb per bour

o AWERIOSOT SRS TG L SOV IR IR .

P/ B Sl

LIS

£ CLRRTRIRTATIR A2 74

o water.
9. Fad walue of U by following formula:
% clean

The standard valus of U for 70° water and clean
18 BWG Admiralty tubes can also be read from
curve No. 23, but must be corrected for cther
water tomperatures, cleanliness factors, tube
gages and melerials as descnbed above.

10. Celevlzlo the sq B of ourface required, by-

~ K3 aom> 500 o

RO JFPR, - v vie o g~ oo N M T S T

T2 0T L.

N

PERFORMANCE.
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11. Find the numbor of tubes required lo make up
the total surluce.

No.ol  _ S__
tubes  (tubeiength) X (sq ft per hnear it of tubs)
"\

Values for the sq # per linear foot of tube for
diffprent tul e sizes are listed in table 503.

CALCULATION OF THE EXPECTED PER-
FORMANCE OF A GIVEN CONDENSER.

Froquentily it is necessary to calculate the absolute

{- -essure that will be maintained by a given conden-

* _or having a specified or assumed surface and

quantly of circulating water. In this case the method

is similax, but the sequence of steps is different. (See
Ex. 2, Shoet 20)

12. For the specific surface, tube size and tube length
calculate the number of tubes as in step (11)

above. (This can also be obtained from page
2500.40, Shest 4.)

13. For the assumed quantity of water, calculate
the water velocity by,the following formula:
(If the velocity is assumed instead of the gpm,
thon solve for the gpm using the same formula.)

- gpm
{no. tubes per pass) X (gpm per lube @ 1 fpa)

Values of the gpm per tubz at 1.0 ft per sec are
listed in table 503.

\_. 4. Determine watler temperature correction factor
from curve 23, page 18b,

PERFORMANCE CALCULATION FOR ANY DESIGN CONDITIONS

18, Calculale the value of K, using the same formula
as in (1) above,

16. Find R corresponding to K, from Table 506.
17. Find TR by the following heat balancs formula:

TR e (b per hr of steam) X% 950
gpm X 500

930 1s assumed for turbine service,

18. Find ITD, by ITD = 11-

NOTE: Check the terminal TD. If ITD-TR is less
than 5.0 F, then neglect tho value of ITD cal-
culated in step 16, and use the-following for-
mula: I[TD = TR + 5.0,

19, Find Ts, by Ts = ITD+ T\,

20, From steam tables read the absolute pressure
+ corresponding to the saturated steam tempera-
ture determined in step (16).

NOTE:—When the condemser design point is for
clrculating water temperatures below 60°
F, it may be necessary to mcdify the con-
denser performance because of the limita- .
tion of the air removal equipment. If the 1
desiyn absolute pressure falls below the !
cutolt point read from Curve A fig. 24,
a performance curve should be drawn, as |,
described in Paragraph E and the design

pressure taken from the performance curve.

A}
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o ] SURFACE CONDENSERS PLRTORMANCE
BACK OF - i CONFIDENTIAL® -
SHELT 6p8 SELECTION AND FERFORMANCE INGERSOLL-WAND cospsny /B
7. 1694 ST e S J 11 BROADDAY, NEW YORA

TUBE CONBTANTS Table 803
=7 F = SIS T R R AT TS > Tm—— e ; - e ) - Eem—— e
GPYM per fubo VYaoluwo ot "0’ 13 formule 1 Values of *'b" In formula
il \éﬂluo:otl nﬂlgi': plc:r " Lx&xbxﬁK%cleoniz X Lxﬂxbxfx%cloan
Y t 4 nnstan gee, velacily [=3 Y o em———l oy
e I 'gumolu:ff e N 100 | Vv 100
£ D & = e ) S | T -
9, | ok S e e I T8 15 R 15 I
o CV v BWG BWG BWG | Maternl EWG | BWG
ooemT, =7 L = cvzmpamleracs £ ——— e s — :
& 4 Q1636 270 .60 0.68 0.1472 0.1299 Rdm. & Foa. 96 | 1.0
R !. 2 l Cu.
P e T ) e s - - e— —— o e - — ] -
s I .1963 270 . 094 1.94 3126 .1019 A} Brass ¢ 81 | .96
l’ ' & Muntz . .
[ e o - - Y
s I .2201 263 136 3.48 0867 0815 Al Bronze 84 | 80
| & 50: 10
= ‘ Ca, NI, ‘
“ 2618 | 263 | l8s 189 | 0743 0692 70: 30 76 | 83§
: Ca. Ni. o

TEMPE RATURE OF INLET WATER = F°

"0 BO 90

o

m
e
o

o .
BASED ON LOG. MEAN TEMP. DIFF.

ATUTC

. IL} ‘LI’ ILL..L...E -nu ..E‘J

cre e st 750

e A e 1 év—' t!s bt

5 —?“’_"GT'L.":] 76" 6 1% Ca263 i

= 0,6 e BT N Co) R ST A '--'.'.'-'3'470
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EAT _TRANSFER CURVES BASED ON
WWAY FCR VELOCITIZS FRCM 3 TO
“iH O FEET PER SECOND INCLUSIVE.

0 CURVES ARE FOR TURBINE SERVICE .

Lo ] ENR ENGINT SERVICE USE. 6€5% OF
sl ABOVE YALUES.
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| T X PERFORMANCE
) = T v TAN&RITA
ﬁ;ﬁfeox oF ) !\';:% SURL AC‘EJ) CONDLI\T&)}ML\O ' CONFIDENTIAL
BHEET ['3 SELECTION AND PERFORMANCE INGERROLL.RAND Covrany
\, 1004 = 15 PROADWAY, NV .W YORK
\ Table 504
SATURATED STEAM TEMPERATURES |
P Absotute |
elute 1 a0 Y 03 09 86 08 .06 07 08 09 | Presure a
Q. “a! L S P . . S - . _i;- 1
e Y 18,18 36,96 33.09 39.13 40.23 a1, 42.23 43.17 44.08 3}
1 3‘332 458y | 4s'67 | 41,48 | 4328 | 49,08 | 42.80 | 083 | si25 | $1.96 3}
- §2.64 331 s3.08 54,62 55.28 55.88 56.48 37.08 $7.66 $3.24 4 f
9, 39,90 | 60.43 60.96 61.48 | 62.00 62.49 62.99 63.47 S B
T 33?.32 3423 a.go 65.3% 65.81 66.26 66.10 67.13 61.¢ 67.99 6
o ¢ddo | 6882 | .23 | 69.63 | 70.03 n43 | 70,81 71.20 71,58 71.96 g R
. 2.2 72,70 73.06 13.42 13.78 74.13 14.48 74.83 7517 75,51 B H
K- 3.8 16.18 76,31 76.83 1718 17.47 17.79 78.11 18.43 | 78.73 9
19,0 79.3 79.64 79.94 80.23 80.52 80.81 81,10 81,39 81.67 1.0
§:° ;?93 sg,zg ag,;l 82.78 83.06 83.33 8).60 83.87 84.13 84.39 1.1
N 84,65 84,91 8S.17 85.43 83.68 85.93 86.18 86.43 86,68 86.92 1.3,
1.3 81.17 87.41 87.68 87.89 88.12 88.36 88.59 88.83 89.06 89.28 | 1.3
X 89,51 89,74 89.97 90.19 90.41 90.6) 90.88 91.07 91.29 91.50 1.4
1.8 91,72 91,93 92.14 92.35 92.36 92.7? 93.98 93.19 93.39 93.60 1.5
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OPERACION Y CONTROL DE CONDENSADORES, -
El p;'oblema de operacién y control de un condensador puede
ser plonteado fomando en consideracién dos aspectos:
a.= El aspecto econdmico directo, es decir, lo temperature
del vapor de escape & presién del condensador.
b.- El aspecto econdémico indirecto que comprende lo se =
leccién de los mejores métodos para corregir fallas como -
fugas de tubos, limpieza de estos, etc., para aumentar la -

disponibilidad del equipo.

Paro el primer aspecto, es necesario, aumentar el interés y
la habilidad del personal de la Planta para determinar el comportamiento
de fa unidad.- Lo habilidad para diagnosticar debe ser mejorada al punto
que pueda determinarse si el consumo de calor especifico no es el espe-
rado y que parémetro de operacién 6 componente es el que estd causan-

do las pérdidas.

Se ha investigado que la falta de interés y habilidad se ==
deben entre ofras causas a la casi total ausencic de técnicas que puedan
enfenderse y utilizarse facilmente.

Para tener una mejor idea de la importancia del aspecto -
econémico, es conveniente recordar que por cada °C de disminucién de =
temperatura en el vapor de escape se disminuye el consumo de calor en =

AN

0.25% . Esto significa que pare una unidad de 150 000 KW con consumo.

i



z

especifico de 2800 cal/Kw-hr trabajando con un factor de carga de 70%,

con la sole economia obtenida al disminuir 1°C la temperatura del vapor

de escape se pueden generar 6300 Kw-hr/dia; si se considera que el cos-

to es de $0.10/Kw=hr sz tendric una economfa de $630.00/dia/unidad.

Uno formo de determinar la alteracién del consumo del -

calor especifico es midiendo y comparando la presién en el condensador.

Lo desviacién de lo presién de referencia puede deberse a las siguientes

1.= Uno reduccién en la seccién transversal del érea de
paso del agua de circulacién lo cual produciré los si -
guientes efectos:
@) Reduccién en el flujo de agua de circulacién.
b) Aumento de la velocidad en los tubos, resul-=
tando pérdidas de corgo de bombeo y pérdidas de

friceién del flujo.

2.~ Cambio en el coeficiente de transferencia de calor

que resulta de los tubos sucios.

3.= Fugas de aire produciendo un aumento en la presién
del condensador y fuges de agua de circulacién tensién =
de| condensade produciendo un aumento de conductividad

en éste,

4.= Pérdidas causadas por la erosién en la bomba produ-

ciendo uno disminucién en el flujo.

og
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5. Taponeamiento de las rejillas de la succion producien

do un oumento de carga en la succién de la bomba.

Algunes de las maniobros que puede efectuar el operador -
pare eorroglr esta anermelided son les sigulentess

.- Arrenque y operacién de equipo adicionamiento de -

exfiraecién de aire.

2.= finfiltracién del flujo de agua circulacién a través -

del gondensador.

3.= Arronque y operacién de bombas de agua de circula-

cién edicionales.

4.- Operacién y limpieza de los rejillas.

5.= Arronque del equipo de exploracién.

St la desviacién no se corrige deberé informarse al supervi-
sor pora determinar el efecto de esta desviacién en el contumg especifico

de calor y cuanto esté costando.

Los referencias para determinor las desviaciones pueden ob-
tenerse construyendo una fomilic de curvas como lo mostrada en lo figura -
10, los cuales se determinon con datos del Instituto de Intercombio de Co-

lor (HED) y resolviendo la siguiente ecuacidn:

Lo nomenclotura y la obtencién formol de esta ecuacién se da

en el apéndice I .

Las curvas deben consiruirse para cualquier condicién de —

gt
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operacién y presentarse al supervisor los resultados continuamente.

Una olternativa para presentar esta informacién es por me-
dio de una computedora analégica que aproximaria las ecurvas de referen-=
cla de acuerdo con la siguiente ecuacién;

Ps = fi (1) = f2 (h) . ()

an donde: ’

F'., (9.) es una funcién de t; en ei punto 1 en las curvas de la = ==
Fig. 10.

f2 (#;) es uno segunda funcién de # en el punto 2 en las curves -
de la figura 10,

fq es una funcién de la carga témmica del condensador.

El peso siguiente es la determinacién\ del pardmetro de - -
operacién 6 componente que estd causando la desviacién. Del anélisis =
de lo ecuacién 1 se observa que, como el flujo de agua de enfriamiento
normalmente es casi constante, la presién del condensador dependeréd de =
lo siguiente:

1.= De lo temperatura inicial (h) del agus de enfriamiento.

2.- De la cargo térmica del condensador.

3.- Del coeficiente de transferencia de calor K, que a su vez =
vez depende de lo siguiente:

o) de lo calidad del disefio del condensador.

b) De la limpieza de la superficie de transferencia de ==

calor.

e) De la presién porcial del aire en la cémarc de con

¢t
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densacién que depende de la relacién entre la infiltracién de cire y lo =

copocidad de los inyectores,

"Del onglisis del cooficiente de transferenclo de color K ==

pere un condensador dado se tiene que este coeficiente esté formado por

los siguientes diferentes resistencias:

te formos

1.- Resistencio de contacto entre el vopor y lo pared - -
frfa (ki)

2.- Resistencia entre la pelicula de condensado y el aire

eveﬁéual (k2)

3.~ Resistencio o través de la pared metélica del tubo - -
incluyendo una eventual capa de éxido 6 de depésitos ex -
ternos (k3).

4.~ Resistencic a trovés de lo capa 6 pelicula interna de-
daepdsitos (k4)

5.- Resistencia de conveccién en la pelicule del aguo de

enfriomiento (k5)

El ceeficiente K se obtiene de los anteriores en lo siguien=

I

~
n

Joy +1 +#1 +1

bk T2 T K B

ke tiene un volor bastante alto del orden de 20 000 o - -
160 000 cal/m2°C .
k2 depende del arreglo fisico de las haces de tubos; de lo

corga témmica, de lo temperatura del agua de enfriamiento

g
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y de ‘la presién parcial del aire.

- : k3 Dependé de lo noturoleza del metal de los tubos y de
SuU espesor,
kd4 Esté relacionado con lo peliculo 6 capa interior de los
tubos.
k5 Depende de lo velocidad del agua en los tubos y no =

cambia cuando el flujo es constante.

Uno vez determinadas las curvas de la fig. 10, cualquier -
desviacién en la presién -que no pueda ser corregida y los maniobras al ==
alcance del operador .se deberé ya sea o k2 6 o k4. Desafortunadamente
no existen métodos sencillos de medicién de estos parédmetros por lo ;que -
serG necesario efectuar pruebas para discriminar la causa y poder corregir

la.

Un método sencillo que puede efectuarse con la unidad en
operacién para comprobar si las infiltraciones de aire son mayores que la
. copocidad de los eyectores, es la prueba del tridngulo del aire que se --
muestra en la Fig. 11, En esta prueba se grafica lo pérdida de vacio --
cuando se desconects el eyector del condensador y enseguida la restaura-
cién del vacio cuando se vuelve a poner en servicio el eyector. Si el -
dngulo  es moyor que el dngulo  significo que las entradas de aire ==
son mayores que la capacidad de los eyectores y serén las entradas de =-
aire el factor que seré necesario corregir. Por ofra parte, si el angulo

es mayor que el ofigulo , entonces no habrd duda que se trata de su -

ciedad inteno de los tubos y se debe proceder a su limpieza para corre

gir le desviecién.
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MATERIALES MAS COMUNES EMPLEADOS EN LA FABRICACION DE

T.=

2.

CONDENSADORES.

Cubierta, cuerpo 6 carcozu.~

Se fabrica de acero especificocién ASTM A-285 Grado C y ASTM A-~70
Cajas de ague y tapas. cajas de ogua. =
Se fabrican yao sea de hierro v-ule acero dependiendo de las caracteristi=
cas del agua de circulacién  de enfriamiento.

El hierro que se emplea es el ASTM especificacién A-48 clase 30 y - -
ASTM 126 Grado A,
El acero que se utiliza es el ASTM especificaciéon A=285 Grado C y - -
ASTM A-70 calidad de bridas.
Placas 6 espejos de los tubos. =

Normalmente se fabrican de metal Muntz rolado 6 de Admiralti, USN = =
46-B-6; Bronce naval rolado y ASTM especificacién B-l7l,

Placas soportes de los tubos.=

Se fabrican ya sea de hierro 6 de acero.= El hierro es el tipo ASTM 126
Grado C y el acero el ASTM especificacién A=285 Grado C y el ASTM
A-70,
Tubos. -
El material empleado para los tubos depende de las caracteristicas del --
agua de circulacion 6 de enfriamiento. Para agua de buena calidad (de -
pozo & servicio municipal) se emplean tubos de metal Admiralty 6 de cobre
con arsénico, prefiriendo este Ultimo donde existen cantidades apreciables
de polucién orgénica en el agua que puedan causar la dezinificacién del

metal Admiral?'y.

44
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En el caso de agua salada el empleo de tubos de bronce = aluminio da resul-
!

/

!

H

tados satisfactorios en instalaciones estacionarias.,

A
i s o ] os 3 .
Cuando las condiciones del aguo de circulacién 6 enfriomiento son bastante

severas por su agresividad se requlere la Instolacién de tubos de aleacién = =

cobre -niquel .
En la Tabla i} se don las coracteristicas 6 composicién de los métodos em -

[y

pleados en la fabricacién de tuberias que quedan dentro del tipo ASTM es -

pecificacién B-lll.
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COMPORTAMIENTO DZ CONDENSADORES,

1+~ CONSIDERACIONES DE OPERACINN,. Iy

1e~ Se reconoce que el cgmportamiento de un condcnsador no puede sef;pre
decido ex@ctanente bajo cualquier ccndicibn posible de operac16n y -
concecuentemente las curvas de comportamiento del condensaQor‘EPn da
das Gnicamente aproxiTadas exepto para uan condicidn especificd "Pun
to de DiseiioY,

2,- Las condiciones comerciales de operacién involucran variaciones meno
res incontrolables en el sistema de aire y capacidad de las bombas -
de vacfo, las cuales sor despreciables bajo condiciones menos seve=--
ras pero es impractica la exacta predicibn del comportamiento del «=-
condensador en condiciones abajo'de 5 grados F. de diferencia termi-
nal de temperatura 6 para cualquier condicién de condensador con con
tenido de bxigeno menor de0,03c.c. por litro. %

3.~ Bajo ciertas condicicnes y una construccién adecuada un contenido de
b6xigeno tan bajo como 0,01 cece por litro, puede obtenerse en la si=
guiente formas '
a)e~ Con presiones del condensador no menores que la mostrada en la-
gr&fica de la fiqgura 2. ;
b)e- E1 aire y los gases no condensables removidos no deben exceder=
el 25% de la capacidad del equipo estractor de aire. Para una tempe{
ratura de entrada de agua de circulacién menor de 50 grados F. el -~
equipo de aire deberd tener una capacidad m{nima de 3 pies clbicos -

por minuto dc aire libre a 5 pulgadas de mercurio de presibén absolu-

ta de su-cibén y una temperatura de 7‘ grados F. abajo de la temperatura

de saturacibn correspondiente a esta presibn de succibn,

c).- Las fugas de aire en el condensador abajo del nivel del conden—

sador del pozo cal_icnte. debert &r cero.-

d).- E1 total de agua entradds al condensacor (¢mbardrserucere) a una

temperatura mis baja de la entrada de vapor no deberi ser mayor del-

5% del vapor que cstd siendo condensado,

e)e~ E1 método para muestra y medicién de 6xigeno deber& estar de —

acuerdo con 1los estandar del Instituto de Intercambio de calor (HEI).

4,- Se reconoce también que velocidades del agua de enfriamiento en los-
tubos del condensador menores de 3 pies por segundo no forman una re
sistencia de flujo en suficiente cantidad para forzar una cantidad -
uniforme de agua atraves de todos los tubos y por lo tanto el compor
tamiento de un coudensador en tales condiciones no puede predecirse,

5¢= Cuando un condensador de superficie se usa en condiciones comerciae--

les de operacién deberd congsiderarse el efecto del aire presente en-

el vapor y la caida de presibn necesaria para establecer el flujo a-
traves del haz de tubos,
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II.~- TRANSFERENCIAS DE CALOR ESFECIFICAS,

1.~ Con objeto de establecer las %ransferencias de calor especificas
que son posibles de obtener baja condiciones comerciales de ope-
racién y disefios ciicientes de condensadores el Instituto de In=-
tercambio de calory Ha realizado pruebas extensas para obtener =
valores que puedanh reperesentar miximos valores limites de dise=-
floo

2.~ Las curvas mostradas. en la figura 3 deberén usarse en el disefio-
de condensadores de superficie, Estas curvas estén basadas en tu
bos nuevos, limpios, brillantes y libre de 6xido.

3¢~ Las curvas de transferencia de calor de la figura 3 estén basa--
dos a una temperatura de entrada de agua de circulacién de 70 ==~
grados F. Para otras temperaturas de entrada de agua de circula-
cién del coeficiente de transferencia de calor bésico deber4 mul
tiplicarse por el correspondiente factor de correccién de tempe-
ratura.

4.~ El coefic%sg%glde transferencia de calor de la figura 3 se basa-
en tubos de'ka Almiralty calibre No. 18BWG, Para cualquier otro-
material y calibre, éstos coeficientes deben multiplicarse por =
el factor de correccibén de la tabla 4,

III.- FACTOR DE LIMPIEZA,

.« Como se establecié anteriormente el coeficiente de transferencia
de calor de la figura 3 estén basados en los tubos nuevos, lime--
pios, brillantes y libres de 6xido; sin embargo debte de recono--
cerse que en condiciones reales de operacibén tanto el agua de --
circulacién como las condiciones de vapor, producen peliculas re
sistentes a la transferencia de calor sobre la superficies de los
tubos las cuales tienen caracteristicas relacionadas con el tipo
de fluido y el maatre.ri g.cde los t bqs.;; osrea.’r",ezg:on‘ptc;:”tambien que los Lubos com
. a1éﬁ%?%ﬁ%gg%f"4ég2?%4g?&gétgéﬂgzﬁa§ég_H€J§§E§EIones de cobre,
por lo tanto, las condiciones de agua y la pureza del vapor y sus
efectos en el material de los tubos deber& considerarse al selec

cionar un adecuado factor de limpieza asi como un coeficiente de
disefio,.

IVe.~ CURVAS DE COMPORTAMIENTO,

Teniendo establecido el correcto coeficiente de transferencia de
calor para un condensador es posible graficar las curvas de com~
portamiento mostrando la presién absoluta para varfas cargas ter
micas del condensador y la temperatura de entrada de agua de cir
culacibn,

T
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Se reconoce que abajas cargas las curvas de comportamiento deberén -

modi ficarse por la limitacién del equipo dé*traccién de aire, La cur

va A de figura 4 muestra el limite superior al cual este efecto es el
factor determinante, excepto cuando la presibn absoluta es limitada-

por la diferencia terminal de temperaturada 5 grados Fe La curva B -

muestra la minima presién absoluta con cero de cargae. En la construg

cién de curvas de comportamiento deber& llevarse una linea recta des

de el punto del 11mif@¢§E:#£§I punto correspondicnte a cero de carga

para cada temperatura de entrada de agua de circulacién,.

b
Ve= PERDIDAS HIDRAULICAS,

1+- Las perdidas hidréulicas (pérdidas de friccidén) a traves del conden-
sador deberén ser tambien consideradas y las curvas de las figuras -
5, 6 y 7 muestran las pérdidas por friccién que pueden esperarse en-
condensadores disetiados apropiadamente con tubos nuevos y limpios,

2.~ Las figuras 5 y 6 indican las pérdidas de ¢arga én_pies.por pies.de-
recorrido a través de tubos nuevos y limpios,. :

3.~ La figura 7 indica las pérdi&as en las cajas de agua tomando en con
sideracién las pérdidas de entrada y salida en los tubos,

- 44= Las pérdidas por friccibén total en condensadores se deterninan su~—
mando los valores de las curvas de la figura 5 § 6 y la figura 7.

VI .~ CALCULOS.

En los calculos de comportamiehto de los condensadores, ka diferen-
cia de Pa temperatura sm medés logaritmicafess=y) se expresa de la =
siguiente forma:

In tg - t1
tS-t2

EN DONDEs

t,= Temperatura de entrada de vapor correspondiente a la presibn de
vapor seco saturado,

t1= Temperatura de entrada del agua de circulacibn,

t2= Temperatura de salida del agua de circulacibn. .
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Note 1: Arat transfer coeficrient (U) based on CV_ VEL and on new. clenn, bright ond enids free tubza. For the proper corrections used
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Note (1): Performance in Figure SF-3 is
based on air removal equipment having a
capacity at ote inch mercury abeolute suc-
{ n pressure. of not less than tnat listed 1n
Tabhle ST-4, and the air and non-condensables
being remuvcd from the system not exceeding
50 per cent of tnose values.

HEi
Qs

il
R

A

L

Note (2): If air removal equipment baving
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ST-4 is used, then condenser performance is
based on actual air and non-condensables re-
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ment 1n opzration.

il

l

iR R

Hirfh

Al




STANDARDS OF THE HEAT EXCHANGE INSTITUTE

h = FRICTION LOSS OF HEAD IN FEET OF WATER PER FOOT OF TRAVEL
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‘ STEAM SURFACE CONDENSERS

h = FRICTION LOSS OF HEAD IN FEET Oi WATER PER FOOT OF TRAVEL
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STANDARDS OF TIHE HEAT EXCHANGE INSTITUTE
PRESSURE LOSS IN WATER BOXES

FOR SINGLE PASS CONDENSERS

o
1
:
T
t
i
-
d i
P
—
7 [
L
L
T 1.
T {
L
!
+
7
-

/-

i..._—-]L
R
i) Sy
s
1
1
i
-
T
I
In
i I
{
= i
[t
D Sym—
t
i
—
T
4
PN,
|y
R 4
Pd
4
b A
C
i
h
—
~——rtp
-y
"y
T
o
'
1
1.
+
I
1
1

e

Sy {___._ e e
v
N Py

4

1=
| b SSub i) RSN
1
o

e il
[ a—
—
T
n
[\
1
Tt
)
—
i -
T
W ho— e
1
ry
o 11‘
T

-

1
T
g
e

p—te

Tk oy Bovmenl
1
-_.——1_____._
+

—f

¥ . [ j 1
I . L
..“ . 1 ! s i ISR ; ; f T
R iU
ML_ OO T AT : g 1 .
i * :.f.k J1H A u RER ._ _1; I Jid440H 1 L
S e e B L L L Rt R
T R e e e e e :
< < R e < < < N < < ° < ™ <
z 2J (o] & cam -— = - - 0 0 o 0 0

SYISNIANOD SSVd FTONIS YO 1334 NI SSO1

10

YELOCITY THROUGH TUBES IN FEET PER SECOND

by multiplying the pressure

-pasy eondensero the total pressure loss in the water boxes is obtained

oas from th2 curve for oinglz paao coedensers by the number of passen.

Note: For oulti

Fig. SF-7
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PRUEBAS DE COMPORTAMIENTO

Los objetivos principales de estas pruebas son los siguientes :

a) Comprobar las garentias ofrecidas por los fabricantes para su -
corregcibén 6 aplicacién de penas en su caso.

b) Conocer lo que razonablemente puede esperarse del equipo.

c) Tener referencias en el historial del equipo para pruebas sub-

secuentes y programar futuros mantenimientos.

I.= TIPOS DE PRUEBAS.-

Las determinaciones que se hacen del comportamiento de un con -

censador son principalmente las siguientes :

1.- La presién absoluta que puede ser mantenida a una carga tér
mica dada del condensador y a un flujo y temperatura del agua
de circulacién con un determinado factor de limpieza.

2.~ La transferencia térmica de la superficie del condensador para
las condiciones indicadas en el punto anterior.

3.~ El sub-enfriamiento del condensado.

4,.- El porcentaje de Oxigeno disuelto en el condensado

.- DESCRIPCION Y DEFINICION DE TERMINOS. -
1.- Carga del{Condensodor.- (g)

Lo rapidez a la cual el calor se transfiere al agua de enfria-
miento. Normalmente se considera la variable independiente en
cualquier prueba de condensador.

2.- Flujo de vapor.- (w; )

La cantidad de vapor entrando al condensador del equipo prima-

.
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3.-

Presién del Condensador.- (P,)

La presién absoluta del vapor en el punto donde este entra al
condensador,

Vacic en el condensador.- (4, )

La diﬂ:sl'a:'encia entre la presién afmosférica y la presién del va-
por donde esta entra al condensador. i
Temperatura de entrada de vapor.- (&)

La temperatura de saturacién correspondiente a la éresién del -

3

vapor entrando al condensador a menos que el vapor este sobre-
calentado. -

Temperatura de condensado. - (¢ )

La temperatura de condensado saliendo del aparato de condensa-
cién. Donde el pozo caliente es parte integral del condensador,
esa temperatura es la lectura del condensado tomado a la sali-
da del cuerpo del condensador y antes de la entrada al almace
namiento del pozo caliente.

Flujo de condensado.~- (24 /

Cantidad de condensado descargado del condensador. Esta puede
incluir drenes si se descargan dentro del pozo caliente pero es-
tas adiciones deben evitarse en lo posible.

Entalpia del vapor de entrada. - (4s)

La entalpia del vapor de entrada al condensador es del equipo -

primario normalmente obtenido de célculos basados en el compor-

tamiento del equipo primario.

L



9.~ Entalpia de condensado, - (he )
La entalpia del liquido de las tablas de vapor para la tempera-
tura del condensado saliendo del condensador.
10.= Temperatura de entrada del egua de enfriomiento.~ (¢:)
La temperatura del agua de enfriamiento entrando al condensador.
11.= Temperatura de salida del agua de enfriamiento. = (t.)
Temperatura del agua de enfriamiento saliendo del condensador.
12.- Elevacién de temperatura.- (44.,)
El aumento de temperatura del agua de enfriamiento desde la -~
entrada a la salida del condensador.
13.~ Calor especifico del agua de enfriamiento. = (Cp)
Calor Especifico del agua de enfriamiento de acuerdo con la ==
temperatura media y con la salinided medida durante la prueba.
14.- Diferencia inicial de temperatura,=- (6'}
Diferencia entre la temperatura del vapor y la temperatura de -
entrada del agua de enfriamiento.
15.- Diferencia terminal .- {HA}
Diferencia entre la.temperatura de vapor y la temperatura de sa-
lida del agua de enfriamiento.
16.- Diferencia media de temperatura, - (901)
La diferencia media logaritmica de temperatura calculada entre -
el vapor y el agua de enfriamiento.
17.~ Superficie de condensacién.- (A)

El 4rea externa total activa de los tubos del condensador inclu-
yendo los enfriadores de aire si se usan. El érea de las placas

#4



18.-

19.-

20. -

2'.-

22, -

23.-

4

de los tubos no deben incluirse. El érea activa excluyé cual -
quier tubo que haya sido taponeado durante la prueba.
Transferencia térmica total.- (v)

Es la cantidad de calor transferida por unidad de tiempo, por
unidad de superficie por grado de diferencia media logaritmica.
En condensadores de superficie esta cantidad es la medicién —
fundameptal en el comportamiento de condensadores.
Transferencic térmica total corregida.- (v')

La transferencia corregida para los condiciones contractuales 6
condiciones promedio de prueba de velocidad y temperatura de
agua y factor de limpieza.

Transferencia de tubos nuevos. - (U")

Transferencia térmica de muestras de tubos nuevos, en la deter-
minacién de factor de limpieza.

Transferencia de tubos viejos.= ()

Transferencia térmica de muestras de tubos viejos 6 'usados, em -
pleados en la determinacién de factor de limpieza.

Factor de limpieza.- (C/)

Relacién entre la transferencia térmica de tubos usados y tubos -
viejos bajo condiciones idénticas de operacién.

Flujo de agua de enfriamiento. - (W)

Cantidad de agua de enfriamiento pasando a través del condensa-

dor por unidad de tiempo.



24,- Densidad del agua de enfriamiento. - (d) K
Densidad del agua de enfriamiento para la temperatura
y salinidad medida durante la prueba.

25.- Velocidad del agua.- (Vw)
Promedio de la velocidad del agua calculada a través
de los tubos. Para condensadores de varios pasos con
diferente nﬁméro de tubos en los diferentes pasos el --
promedio de las velocidades promedios serd el valor que
deberd usarse.

26.- !.'Presién del agua de entrada.- (P,)
Presién estética del agua de enfriamiento cerca de la --
brida de entrada de la caja de agua.

27.- Presién de la salida del agua.- (4,)
Presién estdtica del agua de enfriamiento donde es des -
cargada toda la salida de la caja de agua.

28.~ Carga de friccién del condensador.- (A fl_‘)
La pérdida de presién debido a la friccién en el circui-
to de agua de enfriamiento entre los puntos donde el agua
entra y sale del condensador. Este valor debera incluir
la correccién de cualquier diferencia en elevacién 6 carga
de velocidad entre los puntos de medicién.

29.- Infiltraciones de aire.- (Qa)
Es la cantidad de aire libre descargado por el equipo de
extraccién de aire. Por aire libre se quiere decir, el -
aire a la presién atmésferica y temperatura ambiente.

30.- Temperatura del aire en la salida.- (¢< )/



salida del cuerpo del condensador. .
31.- Presién del aire de salida.- (‘ﬂ_)
Es la presién de aire y mezcla de vapor en el punto de
salida del cuerpo del condensador.
32.- Caida de presién del condensador.- (A ,..)
Es la pérdida de presién entre la entrada de vapor y el

punto de salida de aire.

Ademés de los puntos anteriores, deberédn considerarse algunos
otros que corresponden a diferentes equipos que es necesario comprobar durante

las pruebas de comportamiento.

lll.- PRINCIPIOS GUIAS. -

1.~ Se deberan tomar acuerdos sobre el limite de tiempo des-
pués de su instalacién para efectuar las pruebas. La tem-
perah.;ra del agua de enfriamiento a la cual debe efectuar-
se la prueba, las desviaciones permisibles de flujo y correc
ciones para dicha desviacién y los métodos de operacién del
condensador y equipo primario durante la prueba.

2.- Se recomienda que la prueba no se lleve a cabo hasta -
que las infiltraciones de aire se retengan a menor de 5 pcm.

3.~ Las fugas de agua de enfriamiento no deberdn ser mayores

de los valores siguientes:

Para turbinas menores de 500 KW 1%
500 a 1000 KW 75%
1000 a 5000 KW 5%
— y arriba de 5000 KW 500 Ibs/hr.



4.- El condensador deberd encontrarse en condic_fiones co-
merciales de operacién durante la prueba.

5.; Se haré una corrida preliminar con el propésito de --
clomprobcr todos los instrumentos, entrenamiento de perso-
nal y efectuar ajustes menores.

6.- Cuadlquier condicién cuya variacién pueda afectar los
resultados de la prueba deberd corregirse en lo posible
y mantenerse consfcntt; durante la prueba.

7.~ Se hardn todos los esfuerzos para realizar la prueba -
bajo las condiciones especificadas de velocidad del agua,
carga, etc. con objeto de reducir al minimo la aplica -
cién de factores de correccién.

8.~ La duracién de la prueba normalmente se considera ==
suficiente de 1 hora.

9.- Cuando se efectia una prueba de una hora las tempe-
raturas de agua de enfriamiento se tomarén cada 2 1/2 -
minutos y las demds lecturas cada 5 minutos. ST la du-
racién de la prueba es més de una hora la frecuencia de
la lectura de la temperatura del agua se reducird.

10.~ Coda corrida de prueba se hard de acuerdo con un pro-
grama predeterminado.

11,.- El resultado de las pruebas se reportarén calculadas di-
rectamente de las observaciones durante la prueba, las to-

lerancias aplicadas serén Gnicamente las establecides con -

tractusimente .,
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IV.- INSTRUMENTACION,

1.= La presién de entrada al condensador deberé medirse con ma-
németros de Mercurio 6 por mutuo acuerdo con mandmetros de
presién absoluta. Como una regla empirica el nimero de ma =
németros usados deberd ser cuando menos 1 por cada 16 pies2 -
de succidn de entrada al condensador. La presién deberd me -
dirse cerca 6 a un lado adyacente al punto de conexién de la
turbina y el condensador.

2.~ La presién de salida deberé medirse con manémetros de Mer -
curio 6 por mutuo acuerdo con mandémetros de presién absoluta.
Deberé usarse un mandémetro por cada tuberia de salida del con
densador al equipo de extraccién de aire.

3.~ Para la medicién de la presién atmésferica se usaran baréme -
tros de cristal de Mercurio.

4.~ Los barébmetros y mandmetros de Mercurio utilizados deberdn -
corregirse por temperatura, longitud de la escala, meniscos 6
capilaridad, gravedad y elevacién si el manémetro y el baré -
metro no estédn a la misma altura.

5.~ La presién de vapor auxiliares deberé medirse con manéme -
tros tipo Burdén.

6.~ Las temperaturas del agua de enfriamiento tanto de eq_frada -
como de salida deberén medirse con termémetros de cristal de
Mercurio.

7.- La temperatura del aire de salida y condensado debera me -

dirse con fermémef\ros de cristal de mercurio _ -



termémetros de resisiencia.

8.- La temperatura de vapor de auxiliares deberéd medirse con --

9.-

10.-

11.-

12, -

13.-

14, -

15.-

16.-

17.=

termémetros de cristal de Mercurio 6 termopares 6 termémetros
de resistencia.

El flujo de condensado deberé medirse por medio de tanques y
escalas de pesos, volumétricas & tubos Venturi, toberas é pla =~
cas de orificio segin acuerdo entre las partes.

El nivel en el pozo caliente deberé observarse y anotarse al -
principio y al final de las pruebas.

Lo medicién de vapor auxiliar puede efectuarse por medio de
tubos Venturi, toberas é placas de orificio.

La medicién del agua de repuesto se efectuard separadamente.

La cantidad del aire extraido del condensado se mediré por -
medio de gasémetros, toberas 6 placas de orificio.

La medicién de la caida de presién por friccién entre la en-
trada y salida Je las cajas de agua se efectuard por medio de
manémetros diferenciales de Mercurio.

Las fugas de agua de enfriamiento se calculardn por medio de
la conductividad electrolitica, titulacién con Nitrato de Plata
6 por peso directo,

El tiempo de iniciacién y terminacién de las pruebas se haré
por medio de relojes programadores, relojes sincronados, 6 re=-
lojes individuales de los observadores.

El oxigeno disuelto en el condensado se medira en el lado de

succion de la bomba de condensado.
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V.- CALCULOS. -

1.~ La carga térmica del condensador (g) deberd calcular

se en la siguiente forma:

a.~ Cuando no hay repuestos ni drenes,

q = Ws (hs = he)

b.= Para turbo-generadores con ciclo regenerativo:

Ws hs = Wt (ht - ht) + Ws he + 0.003 ps Wt -

- 34i3 P
Efic. Gen. x Efic.Mec.

Wt =Ws + W ;
c.~ Para turbo-generador con recalentamiento y ciclo
regenerativo:

Ws hs = Wt (ht-hf) + Wr (hr - h"r) + Wshe + 0.003 PfWi-

- 3413 P
Efic.Gen x Efic. Mec.

2.- Flujo de agua de enfriamiento.~
Puede calcularse por medio de un balance térmico igualan-
do el calor cedido por el vapor al calor absorvido por el
agua en la siguiente forma:
Ws (hs - he) =Ww Cp (12 - 1)
de donde:

Ww = Ws (hs =~ he) _ 8

Cp (12 - 1) Cp (2=

3.~ Velocidad del agua a través de los tubos.-
Puede obtenerse dividiendo el flujo de agua entre el --

érea de las secciones de los tubos en cada paso consi -

derando el promedio de las secciones.

##
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4,.- Transferencia térmica total.-

La tra;\sferencio térmica total de la superficie del conden -
sador se calcularé de acuerdo con la siguiente ecuacién que
estd basada en la diferencia media logaritmica de tempera -

tura,

U=WwCp In 1
A o2

5.- Coreccién de la transferencia térmica para una velo -
cidad, temperatura y factor de limpieza dados.
La transferencia térmica varia con una potencia fraccionaria
de la velocidad del agua.
La correccidén por temperatura deberé establecerse por acuer=
do entre las partes.
Si ocurre ensuciamiento de tubos durante las pruebas, la - -
transferencia puede corregirse a un factor de limpieza medio
multiplicando por la relacién del factor de limpieza medio al
factor de limpieza de la prueba.
6.~ Correccién de la Presién del Condensador para una ve -
locidad del agua, temperatura del agua y factor de limpieza -
dados. -
Después de corregida la transferencia de calor, se determina la
presién del condensador, cuya temperatura de saturacién basada
en la diferencia media logaritmica de temperatura es la siguien
te:

Ts =Tl = 4

WwCp (T -1)
“EX




/lz
En donde :

X = U'A/Ww Cp

e = base logaritmos Nepenanos = 2.718

La presién de saturacién (Ps) correspondiente a ésta tempe-=
ratura Ts se obtiene de las tablas de vapor y es la presién
cometa de entrada al condensador.

7.- Diferencia media logaritmica de temperatura.

La diferencia media logaritmica de temperatura entre el --

vapor y el agua se obtiene de la siguiente férmula:

En caso de acuerdo entre las partes puede usarse la dife
rencia media aritmética de temperaturas, debiendo consig -
nar esto en los reportes de pruebas.

8.~ Factor de limpieza.~

El factor de limpieza del condensador se calcularé en la -

siguiente forma:

9.~ Correccién del factor de limpieza por variacién de --

velocidad.

Interpolando o extrapolando de los datos de prueba, es cos-

tumbre considerar que el factor de limpieza varia inversamen
te proporcional a alguna potencia de la velocidad del agua

en los tubos en la siguiente forma:

Los subindices 1 y 2 se refieren a los correspondientes valo-
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V.- PROCEDIMIENTO DE PRUEBAS EMPLEADO POR LA PACIFIC GAS - -
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DOR (LOUSIANA POWER & LIGHT CO. UNIDAD DE 210 000 KW).



C.~ CARACTERISTICAS Y GARANTIAS CONDENSADOR.

/9

No CONCEPTO CARACTERISTICAS GARANTIAS

| Fabricante

2 | Tipo

3 | Node pasos

4 | Almacenamiento pozo coli.ente

5 | Superficie total

6 | No. de tubes M

7 | Longitud tubes

8 | Didmetro tubos o

9 | Espesor tubos
70 Material tubos

| Seccién/tubo

12 | Forma instalacidn tubos
{13 | Fabricante tubos
—

14 | Flujo vapor
‘TS ' Flujo no condensables i
;lb il Carga térmica ;
%? 'L Flujo agua circulacidn i
iTS Velocidad agua circulacion :
19 | Temp. entrada agua circulacion
'270 Procedencia v v i .
ézl Contra=-presion (vacio) l
j?Z Coeficiente transmision de calor i




5

No} CONCEPTO CARACTERISTICAS GARANTIAS

23 | Factor de limpieza -
24 | Caida presion (friccion)

25| Sub-enfriamiento |

26| O3 disuelto en enfriamiento

27

28

29

30




ASME POWER TEST CODES

Test Code for Steam-Condensing Apparatus

SectioN 8, REPorT oF RESULTS

162 The purpose of this table is to provide a convenient form for reporting results of tests.
It is not intended to serve as a guide for determining the readings that should be taken. Some
incidental readings which have no particular significance in appraising the apparatus, but which
may be necessary for the computations, have been omitted. These data may be included, or
other data added, if desired. On the other hand, many of the items will not applv to any one
condenser and shall, therefore, be omitted. The table i1s divided under headings which make it
convenient for selecting those groups of items which are applicable. Standardization of table
forms is of great convenience to those who study or use reports. It is, therefore, recommended
that this table form be used with as few modifications as possible.

ONONWNBRW O

General Information

Date Of TeSTeennneeernneeennneennnns ceessarsanne Cecescessesssrsessessecaansasaan
Condenser number (plant des:gnatlon) ........................ sessssscenscscansonns
(a) Manufacturer’s serial number.......cc.co... tessssesscess ceecesssssencssssene
Incatlon .......... #9005 000000000000 080000000 ePaP0C PSSR0 eE00000RdetORRRlRRrINe
O‘mer ................. esascee G0 P @B 800 IR TW PO ID O NSO DO PT R BB ENE GBS S VST S
Manufacturer ......cciivvererevennencccsonnns crecnasans erecececcnnctcssnasaos .
Condenser serves prime mover. No..... Gessans 37 7T eseeeeees..make, etc
ObJect of test lllllll ® 40 000009 OSPLOESLLIEENan S eaeceas 99 0000 E0OCEOPI OO IOIORNEIOSOSISIOEDBSININSIOES

Test COndUCted by €0 00000000000 00C000RC000CR0C000000000000000000000COCORCIOIPROGIOICTOTOTS

Surfaca Condenser

Description, Dimensions, etec.

9
10

i1
12

13
14

15

16
17

Nominal size of unit...c.veieveeinnaeennn. SR ceeccssesessnesssssccacacassssqft
Type of condenser (horizontal or vertical)...c.veeveeeereciacnanees ceesececasssannas
54 Number of passes..c.ceiviirsieiercoreccecassone tesesaveccce teescesccscvscas
b) Special features .. c.viiiitiiiieieiieiaiiiitciiiiststarttncasooas eessesaacssnes
Distance from exhaust flange of prime mover to inlet flange of condenser.............. ft
Area of stsam inlet to condenser. ... . iii ittt ittt i ciricanns cepassecans .sqft
(a) Dm":ur of steam inlet showing location of pressure connections. sescseannss
Elapsed.t::ne _ince condenser was placed 1n service .......... cesens ceeseeee..months
Elapsed time since last cleaning........ Ceriessaas tetectesenanseccsccassasssss.days
(a) Method used to clean tUbeS. v onnneennns teeatecvescssasestctenactscsssnstans
Number of tubes in each pass................... caacensane cestesssecncesesassasana
(ag Aciiz vsangth of tubes between tube sheets..... PP § 4
b) Ourtside diameter of tubes............ S | B
¢) Thickness of tube wall.......... .........................................ng
d) Material of tubes. ... oieiiriiieiiiiereieeeeteasssenccacscnsccssnsans ceaces
e) Number of inactive tubes, i.e., tubes removed or stoppered at tlme of test..... coane
f) General condition of tube SUTEACES. + - veenmemennennnanns etescescsssssssssrassses
g) Kipd of tube packing. ... i iiiiiiiiiiiiiiieaanae Ceveesetcssseretcsscnnans
Description or diagram of tube sheet layout.......... eeccsssescssstenacassssscncstans

§,a) Proportion of tube sheet area occupied by tubes....c.cceeeeceeaeceasea...per cent
roportion of the volume of the shell, below the level of the top row of tubes, occupied by

tUbeS o.-.o...l....o..aou.-.o...ol-o‘cc.ol.o..-.oo....-.oooo.o-.o.o.oper cent

24

/&



t

18

9
20

21

TEST CODE FOR STLAM-CONDENSING APPARATUS 25

Amount of heating surface provid:d for increasing the temperature of the condensate leav+

ing the unit (state whether inzernal or external)...v.veevsserencsncssceseeeh.5q ft
Amount of cooling surface in air cooler (state whether internal or external)..........sq ft
Source of cooling Water SUPPIV....cveviosessussessasacoossssssscsssscscsoasgasonss
(a) Kind of water (fresh, salt, or brackish)..e.eeeeceereisesscacccecseccnoogonsans
Type of seal on atmospheric relief valve...covieiieiiiiiaiiisrennencanscicnecpenenes

Test Data and Results

22
23
24
25

26

27
28

L 3

29

Date and time of runlOI.....I.....l....‘.....'...Q...".ﬂ'....l'.I......I'...l..
Duration of run..... Cheereenscaatensertataaestaesscsensacasacncsascessassacesshl
Condenser 10ad v uiveiieineveeseceecsorsacccacesenssssascsssssassqsss 108 Btu per hr
Quantity of steam entering condenser from prime mover......oceeseeeeecess....lb perhr
ga Steam entering condenser from other sources.....ccccveeesseaneacasa...lb per hr
b) Cooling water leakage into steam space...... Cetesreasesannenestseeannn b per hr
Condenser pressure (i.e., pressure of steam at inlet)........ccc.vv....in. Hgabs at 32 F
(a) Saturation temperature corresponding to steam pressure (from steam tables)..... F
Enthalpy of steam entering condenser.......c.cvveeveenrennns crevecans .....Btu per lb
Barometric pressure (corrected for temperature and elevation)........in. Hg abs at 32 F
(a8) Temperature of barometer............ P
(b) Elevation of barometer with reference to inlet pressure gages...c........ ceasaasldt
Pressure at each air removal point in condenser....e.ccvevveeeeseses..in. Hgabsat 32 F
a) Temperature of the air and vapor at each air removal point....cecveveeeeanecann F
b) Average of the pressures at all air removal points................in. Hz abs at 32 F
¢) Average pressure drop through entire tube bank [Item 26-Item 29 (4)].........
PP 1 W & {- KT 720
%uantity of free air removed from condenser (state room temperature and pressure)...cfm
emperature of condensate leaving condenser. .... P 3
(a) Temperature leaving external heater supplied with steam from condenser..... «..F
%uantity of condensate leaving condenser. .... teesecescesacecsseacesssass...lb per hr
issolved oxygen content of cOndensate. ....oceseasceseessass.CCperliter or ppm by wt
‘%uantity of cooling water used........... DY &
emperature of cooling water entering condenser..... O
(a) Temperature entering other passes of multipass condensers. ..eceescecoceescsassF
Temperaii re of cooling water leaving condenser...ee.eciereeccevressoccensscensncenss F
Pressure o0 cooling water at inlet water box flange. ....... cerescsesasassas.ft water abs
Pressure «§ coohmg water at outlet water box flange..... et ceseoaseseft water abs

Friction head of cooling water circuit in condenser (Item 37-Item 38)........... ft water -

Salinity of cooiing water........ tesseestersnssansasanssssss.per cent total salts by wt
Conden.er leakuge ..oviiieiiiiieenenss tetessssssecsascessessanmeasssesesoPer cent
Overali heat transmittance (uncorrected)...c.cevveue.ee.+...Btu per hr per sq ft per F

Sample Tube Test Data

43 Locations of sample tubes (mark locations on tube sheet diagram)...ccovviiverieninnss
44 Temperature of cooling water supply to sample tubes (state if water is obtained from the
same source as for the entire condenser)..... RS O
45 Velocity of water through sample tubes........... cereeas P § ¢
46 Heat transmittances and cleanhiness factors of sample tubes:
Group designation A B X
Tube number v |2 s a2 s e ]2]s]a
(d) U. -
(») U,
(c) Cr °
d) Average heat transmittance of new tubes................Btu per hr per sq ft per F
e) Averazc heat transmittance of used tubes...............Btu per hr per sq ft per F
47 erall cleanliness factor [Item: 46(e) = Item 46(d)]cceuivrnuereenccceccnnsncnnanns
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26 ASME POWER TEST CODES /¢

Test and Guaranteed Values Adjusted for Comparison *
48 Condenserload .vveeeeieeneeeassasaeocnensss  cieitessscencecsanas 10¢ Btu per hr
49 Quanuty of steam entering condenser (from all sources).....ceccvveivorecnccns Ib per hr
50 Steam condensed per unit area of condensine surface. ... .ioieaiaennn. b per hr per sq ft
51 Quantity of cooling water passing through condenser.....cvviiiiiiereneennans eeos.cfs
52 Average veloaty of water throuqh EUDES. v s reeereeesansennennaenns .......:.....fps
§3 Tempcrature of cooling water entering condenser........oveeeeess tesesecsencsones ve F
54 Over-all cleanliness factor. ....eieeierrrioecsonsaass Ceevesesasasescansesasascsssans
55 Condenscr pressure (i.e., pressure of steam entermg)
¢) Guarantee...... J teveetenieennccrertascacsacsness.in. Hgabsat32 F
fbg Test vonvevesvovanssnssonsnoas tieseevesesecscescssssscscceodn. Hgabsat32 F
§6 QOver-all heat transmittance:’ )
() Guarantee .....ccvvevnns ceenens teeecsecsaans «eeese..Btu per hr per sq ft per F
(B) Test uieniiiieiieiieinintensiaoscnsnaans cesessons Btu per hr per sq ft per F
§7 Temperature of condensate leaving condensing apparatus:
5::) Guarantee .....cceeveeneen ceeeee Ceeevvecesees Ceccecscsscecssrossocsacanans F
b) Test oiuiiiiiiieiiienneasescssnnnanns L
58 Dissolved oxygen content of condensate:
(s) Guarantee ...ocnu.... Gtesetencetnanas ................ccperhterorppmbvwr
(B) TSt cvvrireriiiiieeneeeeueseesoiorosscscosossanes «..cc per liter or ppm by wt
59 Quantity of “free air” removed from condenser:
(a) f;xlmum allowable amount for which guarantees apply ........ teeecseesas.cfm
[ T - P cecesecseecesasescsccsascns cfm
60 Friction head of cooling water circuit in condenser: .
8) GUArANLEE «..vvvecvecoceaossoasssacsncnns eececssnconsesscssesanaanas ft water
gb) oSt o inreireeresesnsoecronnnnesasons Neesesesesescsscsssesassessssft Water
61 Power or steam consumption of auxiliaries:
8) GUArantee .......veeeesnsesoesecncssasronscasas «.+..kw, ihp or Ib steam per hr
b) Test iveieeireenns cesecnsenas ceeressans .............kw,lhporlbsteamperhr
Jet Condenser ’,
Description, Dimension, etc.
62 Elapsed time since condenser was placed inservice....vvvncienens cessessscesss.months
63 Type of condenser (low level or barometric)........... ceseeaann caessscacssarasacans
(a) Special features ... virieeretneerencccncecanccass sececessssasscsrsncacenns
64 Type of water distributor (jet or gravity)............. cectecescane vessessecsssananse
(s) Number and type of injectionnozzles. cvoovveeiveeencenninennas cesecseseneene
65 Approximate volume of space available for condensation........c.v.u.. cesessssssscu ft
(a) Area of stcam inlet to condenser. ... .vvveeuereenireeisacauenrocananas eees.8q ft
65 Distance from exhaust flange of prime mover to inlet flange of condenser.......... N § ¢
67 Mechanical condition of apparatus........ ceecacscsaan [ tesetescsarescsescnrea
68 Source of cooling water supply......coiciiicneranannnss Cetseccecesctessstssasaccoans ‘
(a) Kind of water (fresh, salt, bracklsh) ........... tececesecasvtesatsencsacecaseose
Test Data and Results
69 Date and timeof run......... Ceeeecessseatstcrsssestenssesessastotstsecercnsassss
70 Durationofrun.....ccvveveuen. R T hr
71 Condenserload .......civeivinennennnn Geecraeriesesctecsesasnssnsna 10°Btuperhr
72 Quantity of steam entering condenser. ...... R | 3 T o o1 ¢
73 Condenser pressure:
() Guarantee .........civeeeecenncanss Ceeecscns ceesceccssssacin, Hgabs at 32 F
(b) Test....vvveriernnnennn. cevieeasaterscessssancasesasarasssesi. Hgabsat 32 F
74 Enthalpy of the steam entering condenser. .....cvveeeeeenesencans cteseesans Btu per Ib
75 Barometric pressure (corrected for temperature and elevation)........ in. Hgabsat32 F
(a) Temperaturc of barometer.........ccivviuennnn Cteecesscsnnean R 2

(b) Elevation of barometer with reference to condenser pressure gages.....eeeeesos.ft
76 Quantity of cooling water:
(43 Guarantee ........ PP « 13

(&

TCSI o.noc-oo-oco-oooeecl-tooooooo.-o-o.o-.‘o-o.-o-.-.ooo.aoo.u.!.ooooo.ch‘

IN)



85
86
87

88
—89

91

R
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TEST CODE FOR STEAM-CONDENSING APPARATUS 27

Pressure of cooling water at injection nozzles:

ga) Guarantee .....eeeeierenneeoninnes .........................m Hg abs at 32 F
b Test .i.vvvennn... Jreseeseesenasaas e eeenenereosentcnanns in. Hg abs at 32 F
Differential pressure acrossiinjection nozzles [ Item 77(&) — Item 73(b)]...in. Hg at32 F
Temperature of cooling wa‘ter entering condenser ............... S F
Temperature of coolmv water and condensate mixture l€aVING. ceveeeveericenreotcnas F
(a) Corresponding saturatjon pressure (from steam tables).......... in. Hg abs at 32F
(b) Corresponding enthalpv of saturated liquid.. . .oievvuen. Ceseecsanenns th per Ib
Partial pressure of air in con%znser .
(s) Value on which guarangees are based .. ....ouvnne, Cesrssensaianans in. at 32 F
b) TCS! Valuc [ItCm 73(b) e Item 80(0)] c.uoo.-noo-o...on-oco.oo.-lno }fg at 32 F
éuanm) of air removed from condenser:
a) Guarantee .....cc.c0iivinnnn Ceeecsecnescstcnarsanes teetecccsactneanan ..cfm
2 T -2 S cfm
vel of water in condenser or discharge pipe (referred to datum plane)........... ...ft
Power or steam consumption of auxiliaries:
a) Guarantee ..... Ceessaas P kw, ihp or Ib steam per hr
b) Test eiviiiiiiiaiinnss cesesesecrarcaencnns ceereraene kw, ihp or Ib steam per hr

Prime Mover Data for Computing Enthalpy of Steam Entering Condenser

Toad ...covviviniiiiiiiennnn Cececssassacans Ceeiteccacnetraceeoninnnaas kw or ihp
Steam pressure at throttle valve. .. vvieiieiieiiiiiiiiiiiiiiiiieneeannens eeeep..psia
Steam temiperature at throttle valve. ... i iiiiiitiiiiiiiiiirenateeseseeennnannes F
a) Moisture content of steam (if in the wet vapor region)..ceeeeeveaeeeas... per cent
gb) Enthalpy of steam at throttle......oovveeaiieiees tecesesseceanranas Btu per Ib
Steam flow at throttle valve......... Cetertesteteetinanee cecncasacnns veeceens Ib per hr
Quantity of steam rehecated.....oevviiiiieannan, cereeans cevensenan ceeenian Ib per hr
(@) Pressure leaving turbine.....cvviiviinieioaiiinasens cetrernaes cercaicanee psia
(b) Temperaturelcaving turbine. ..o iiiiieererreetececssererscsacsasosenenanss F
%c) Enthalpy leaving turbine..covveiiieees Cettecececesttatesevesannas ‘Bru per b
d) Pressure atreentrance .....eveen.. ceeeenenae Cetestsseesesresensesoasaneas psia
(e) Temperaturc at reentrance. .cvvveeesenescees tesecerasccianane seerterretaatan
(f) Enthalpy atreentrance...vvevieeeeiersceonctioneinenncorssooasss ...Btu per lb
Steam admutted at secondary admission points of mixed-pressure units....... Ib per hr
(a) Pressure cooiiiiiiiiiiiiiiiiicnaiienaen cereassseseessisssasetasssassasas psia
(b) Temperature ....vvverieesrnseascasassnnes Chesseettanecteceattotttaneannnn
(c) Moisture CONTENT . ...vuueeeeaeestoseassacssssecasscsssassncassansass per cent
Steam extracted at each extraction point.......... Geeecectannaies creneens ...lb per he-
(@) Prossure coevieiiiiiiiiiiiiiiiiiinaens ceseaasontesircosasnsnnns corescvae psia
gb) T EIPETALUIE + o vteiveeiasacsnsssnsossncncssscanensasnsnscaasssnseoscnnnnsss F
€) DMOISTUrE CONTENT v ivtieeeneneoeesosooasecarasassosecscssaccsasasses per cent
(d) Enthalpy ..niniiniiiiiiiit ittt ietaneesaanseesenssoncsnassans Btu per Ib
Quanuty of steam discharged to condenser (same as Item 25)............ eeees b per hr
Dlake-up feed added incondenser. . ..o iiiiiiiiiiiiieniiiiniiieienncnnnnans Ib per hr
(a) Fecd added between condenser and final regenerative heater............... Ib per hr
Feedw.uter leaving final regenerative heater:
(6) Temperature ..v.vviieeerieieeeectecscoesecesooscccanaases ceeesesanae cees.F
gb) Pressure (state whether nominal or measured).......... tesersseraeeriainaas psia
¢) Enthalpy ..o ceeanns ceseee Btu perlb
Increase in enthalpy of the feedwater in final heater.........ccocviiiaatns, Btu per Ib
Mechanical ethciency of prime mover.....cooeveanen. cevessee cesecssasesaas per cent
Generator €fICIBNCY «vvr et ivireriessiosososessesnasass cecesresseassesnasss percent

Enthalpy of steam entering condenser (same as Ttem 27).iiiiiiiiiannsenses . Btuperlb

Auxiliary Equipment

Circulating, Removal, or Injection Pump

99

Pump :\‘0. (plant designation).....-...........-................................-.
(a) Manufacturer’s scrial number. ... ciiiieeeiiniiiisiiecesiioccecsstciotnsasnns
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100
101

102
103

104
105
106

107

108

109
110
111

Manufacturer ... viii.iiieanereneereeiocasncccnnas ceeterseencnns ceeseccnans
Type of pump (rccnprocntmg, centrifugal, impeller, ete.)....cvvuee.. ... sesceevesss ceue
(38) Number of Stages. .cveeeeessatssscssssetocaresscesssscscesssnsecsssscssposcns
(b) Special features ....... 4ssecescsoueseseciencstasoreerrseanntassrastanantntse
Rated capacity .....cciiieeeencenes ceserana S P LT TTT TR TP PPPPPRPRPPRIY. i
Drive (motor, turbine or recxprocatmg engine)...... eecsesrsressesssasssnstansensra

(a) Rating .......cieiivvinnns vetvesenscnons cesssaes .hp
(b) Ratedspeed .....ccivvviieacancnnnes ...................................rpm
Size of inlet and discharge openings (diameter) ........... csessseasrcassacsaceans .in.
Mechanical condition of apparatus......c.e.... T
Quantity of water handled..... Ceiseeasissstesrncens Y £

(a) Specific gravity if water is salty or brack:sh Serseisssesesetssccsscasseseacenias
Inlet pressure (referred to center line of pump):

a; Static pressure veeeeeeceeerees Ceecsecssssecsccecasassscansaneess ft Water abs
b) Vclocity pressure ........ ceenase cescasrnnes ceceesrecerscsssassaasss.ft Water
c) Total pressure c.vivieneeieieesreneesennsans tececensssssasasasssoft water abs
Discharge pressure (referred to center line of pump): .

) Static pressure .....eece.. Ceesecens eeecceccasscssassassessasssss.ft Water abs
b) Velocity pressure ..c.vveveeceaeanas Geseevesssasnnasasssssssassessss it Water
c) Total pressure ......cvonnveeareeeronances cessnns cesesseescssess.ft water abs
Head on pump [Item 108(c) — Item 107(c)]. RN water
3 -1« crececas «es..rpm or strokes per min
Power or steam consumption of driving unit....... eeseessesskw, 1hp or lb steam per hr

(a) Operatxng pressures and TEMPEratureS. coseaacsssoseceossonncasaanssnsscsocssas

Condcnsate Pump

112

113
114

115
116

117
118
119
120
121

122
123
124

Pump No. (plant desiznation).......... taseseseseccsascaasessscsssssssecsvancsons
(a) DManufacturer’s serial number..... cceraacs
Manufacturer ... cceriiiirrriererenacaranenacasses Wescencssasssascessacsasecene

Type of pump (reciprocating, centrifugal, impeller, etc.
(a) Number of stages.....coveveveenns

(b) Special features .............. cesren T
Rated capacity «.ovveivereteocscsecsscescaceacne P | ) per hr or cfs
Drive (motor, turbine, or reciprocating engine)....... P T
(@) Rating .............. R P 1 -
(&) Rated Y 2 cecssccserassseersdavecssas TPM
Size of inlet and discharge openings (dlameter) .......... tecesscasrssnssccsssvoas sl
Mechanical condition of apparatus.....c.ccoeiiiveeneas eseesscancasecasccarnereneonos
Quantity of water handled. .o iveeniniiieneinciocnssenns ............lb per hr or cfs
Height of water 1n hotwell above centerline of pump ....... R | <
Dischaige pressure (referred to centerline of pump):
a) Statl\. PIESSUIE ..vccnvacsee teoece ececcee XXX l.....-l!..o-o......‘t water abs
b) Velority pressure ...eeeccecaes cessansean ceeene ecesesssecsseesenssss it Water
¢) Total pressure ........ P cececsescscee cesssacese S ol 10100 it water abs
Htad on pump ............... Geeeceaseseactenosscsestsnensonssesssresoansenn ftwatel'
Speed -ttt iiercetertacaeaarnean cesaes eeesssesss.Tpm or strokes per min
Power or steam consumption of driving unit......ceceuan «...kw, thp or Ib steam per hr

(s) Operating pressures and tEMPEratureS. .c.cececssseeccrssssssscosssasscaasssase

Steara-Jet A\ir Pump

125
126
127

128
129

Iﬂ-’mllfﬂcturer ------------- 8 8 0060 00000000000000800000000000000000000000RCCOGOIsOLIGIEO

(a) Se[inl number ---------- 0800000000000 0000080000000000000 000000000800 00000e0
“Cype (number of stages, etC.)cueesececcccsccenscacesssccssnscsssosssennns esecesane
!1) Specml features ....veeeee cescns e R AR
Rated capacity (free air)............. cerecsnes tectasevscccessecnsrssecsse eos cfm
(3) Rated capacity is based on an inlet air and vapor pressure of......in. Hg abs at 32 F
Mechanical condition of ApParatuS. . cveveesacecancccoscsoccssscacessssccssosssscans
Number oi nozzles 1n each stage..... P
(8) Size of nozzles (diameter).ceeccccsccsesceesccscssscsssassscrassscscssssacscife

20



TEST CODE FOR STEAM-CONDENSING APPARATUS 3

4

130 Amount of cooling surface: .
a) Precoolcr ---------------------- ssececacsne ......-..-..................Sq ft
b) Intercooler ....covevnnns veeens ceseanee e 1 B 13
c) Aftercooler ... . iiiiiiiiiiiiiiieiiiieictieeeceaans B 1 B 1.
131 Source of water used in coolers (condensate or raw water) ......... secescscaseestsencas
132 Qu:mtxty of cooling water passing through air coolers........ Ceeececcesessencenanns cfs
133 ‘l'emperature of cooling water (entering)..ocessens sesene cecens eeeasecesascenasnens F
134 Steam consumption of PUMP. . i.cevesieececacescssssscrasssssccsescsssasss.lb perhr
a Initialsteampréssure ........ .l-l....l.llﬂ...'.........O........‘..'...I'psla
b Inltlal stedam tcmpcrnturc .'..o.-—-.--..n.------on-u-oooceot-.-o.o-on-o--cotoF
C) I\rfOlSturecontentofSteam -------- R R R KRR pel’ cent
135 Inlet air and vapor pressure........ciiviienaaan. cecsesssssscanssssin. Hg abs at 32 F
136 Inlet atr and vapor temperature. cvoeeeeeeecencceccccancasaseanans cesacans ceeenans F
137 Quantity of free air handled (state room temperature and pressure).......... ceee..cfm
Hydraulic Air Pump
138 Manufacturer ............ ceeene T
(a) Serial number ......c0iiinienn Geceteescsesanssssesetsumnsasssasassasnarensy
139 Type tiviivenneriennoneracnrsccnes etesetteceteatritettrataneittatastonacstase
(a) Size of rotating element (dlameter) ...... R 1
: (b Specmlfe:ltures .............. teeseeetoeecacensssanastoaascesrrtatertnaas oo
140 Rated capacity of pump (free air).....ccocviniaiiaen tetseseseemsttsassatneaanas cfm
(a) Rated capaaty is based on inlct and vapor pressure of . vceveen... in. Hg abs at 32 F
141 Drive (motor, turbine, or reciprocating steam eNgiNe)..ecsececscacosscsccsesassssosnes
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Reciprocating Dry Vacuum Pump
151 hT.’.nufﬂLtUrer ooooooooooooooooo 09 0000 0N 0P 0 000000000800 000000EIRCsE0060C0000ccncoecra
(’L‘) Sl:‘ri:ll number ............... 0000000000t csesncersoseonoNcsesecsseessas KR
152 “1ype (Lorizontual or vertical)....... Geceeeccecsssossassseeeranassaansccansassonnee
(3) Number of s1ages. ... eeeereereecascaceacscens cessases cescscscsssensanens
b) Sizc or cylinders (diameter and stroke) ...cveeevieteereacncsccncessansancosll.
?.:) Special fEATUTES +vvnivtiiieveneesecsseeneescsscsessesmanssasensanes ceseesas
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CONDENSADORES DE VAPOR DE SUPERFICIE.

NOMENCLATURA.
El diagrama mostrado es con el propdsito de establecer una terminologia

standar,.y el esquema es meramente lustrotivo para indicar los nombres -

de las partes,

FIG. 1 .

1.~ Entrada de vapor 6 domo.

2. - Extraccién de aire 6 mezcla aire-vapor.

3.~ Extraccién 6 salida de condensado.

4.~ Entrada de agua de circulacisn (entrada agua fria)

5.~ Salida agua de circulacion. .

6.~ Cajas de agua.



7 .- Cubiertas 6 tapas cajas de agua.

8.~ Cubierta .6 caorcaza del condensador.
9.= Pozo caliente.

10.-Placas é espejos de tubos.

11 .-Tt;bos.

12, -Placas soporte de tubos.

3. -Registros de hombre.

14.~Junta de expansién.



berd, ademds, tener conexiones para presién y temperatura

con objeto de realizar pruebas de acuerdo con Cédigos.

2.-Extraccién de aire.-

La extraccién de aire y gases incondensables durante los --
arranques y operacién normal se efecta por medio de inyec
tores de aire 6 bombas de vacio con objeto de evitar la - -
formacién de presiones parciales y el aumento de la presién
en el condensador.- La extraccién del aire y los gases in =~
condensables se hace por medio de tuberias 6 ductos colec-
tores situados axialmente a lo largo total de los hages de -
tubos, instalados en tal forma que no promuevan disturbios

del vapor, para éste objeto se instalan también mamparas -
con lo cual se evita la formacién de bolsas de aire. . Como
durante los arranques es necesario evacuar répidamente el -
aire, se utilizan extractores de mayor capacidad que los de
operacién normal; las capacidades de los evacuadores de —
aire de arranque y de operacién normal se_dan en las ta -
blas | y Il tomadas del Instituto de Intercambio de Calor -
(Heat Exchange Institute~HEI . Con objeto de facilitar la

extraccién del aire, los colectores se colocan en la parte -
inferior del condensador donde el agua estd mas fria; para -
la misma masa de aire se tendré menor volumen manejado a
mayor enfriamiento. En la Fig. 2 se muestra la disposicién
de un colector de aire instalado en el centro del condensa-

dor.



FUNCIONES DE LAS PARTES PRINCIPALES DE QUE CONSTA UN CONDENSADOR

En los condensadores de superficie, el vapor que sale de -

la turbina es condensado por contacto con la superficie exterior de los ~—
hages de tubos por el interior de los cuales circula agua-de enfriamiento;
el condensado es extraido por medio de una bomba que lo envia al sistema
de calentamiento de agua de alimentacién a través de calentadores cerra-
dos y al deaereador de donde lo toma la bomba de agua de alimentacién
para enviarlo a la caldera y de aqui sale en forma de vapor a la turbina
que después de efectuar su trabajo sale al condensador para repetirse el -

ciclo.

Mientras se condensa el vapor, el aire y los gases inconden
sables son extraidos continuamente del condensador por medio de inyecto-
res 6 bombas de vacio, para evitar la formacién de presiones parciales --

que aumenten la presién en el condensador,

1

Con esta breve introduccidén se iniciard a continuacién la -
descripcién de las funciones de cada una de las partes principales de que

consta un condensador.

V.= Entrada de vapor 6 domo. -

El objetivo principal del domo es el de recibir el vapor
de la turbina y llevarlo hacia los hazes de tubo para su
condensacién., Sus dimensiones quedan fijadas por el ==
flujo 6 masa de vapor, las pérdidas por friccién y por -

las caracterfsticas de la cimentacién de la turbina. Dg



6.-Cajas de agua.-

El -objetivo de las cajas de agua es el de recibir, dirigir y
dist!‘r\i:bufr el agua de circulacién & de enfriamien‘fo mante -
niendo al minimo las pérdidas de presién y evitando distur ~
bios’en el flujo para lo cual se le da la forma y dimensio-
nes adecuadas y complementédndose con mamparas para cum-
plir sus objetivos ; adicionalmente se instalan venteos para
expulsién del aire durante el llenado del sistema de agua -
de circulacién en los arranques. )

Normalmente las cajas de agua estén divididas en tal forma
que pueda seccionarse, mediante el cierre de véalvulas, una
parte para limpieza 6 mantenimiento durante la operacidén -
de la unidad a carga reducida 6 bien tener un sistema para
retrolavado ; no deberén formarse cémaras de aire ni turbu -

lencia en las esquinas para lo cual es necesario que tengan

profundidad y forma adecuada.

7.-Cubiertas o tapas de agua.-
Son las cubiertas o tapas exteriores a las cajas de agua trans
versales a los tubos del condensador, van sujetas a las cajas
con tornillos y se encuentran seccionadas para poderse reti-
rar durante la operacién a cargos reducidas para limpieza é
mantenimiento. Deberé proveerse de los medios adecuados pa

ra el manejo de éstas tapas.

44



. 3.=-Extraccién 6 salida de condensado.-
La extraccién de condensado se efectia por medio de bom-
bas cuya succién se conecta al fondo 6 pozo caliente del -
condansador por medio de una tuberig; normalmenlte se tie=
nen para este objeto 2 bombas F!e 100% de capacidad con =

sus valvulas de aislamiento y filtros individuales.

4.-Entrada de agua de circulacién (entrada agua fria).-
La entrada de agua de circulacién 6 entrada de agua fria -
se hace a un lado y por la parte inferior del condensador -
instaléndose juntas de expansién para absorber las dilatacio-
nes y esfuerzos; las vélvulas son del tipo mariposa y normal
mente motorizadas por tratarse de didmetros grandes . De-
berd tener conexiones para medicién de presién y tempera-

tura del agua.

5.=Salida agua de circulacién. -
La solida del agua de circulacién se hace por la parte su-
rior del condensador; en los de simple paso la salida es por
el lado opuesto a la entrada y en los de doble paso es por
el mismo lado. También se instalan juntas de expansién pa-
ra absorber dilataciones diferenciales térmicas y esfuerzos, y
las vélvulas son del tipo mariposa y normalmente motorizadas
por trotarse de didmetros grandes, ademds de conexiones para

medicién de presién y temperatura.

#e



normalmente no se instala en el cuerpo & carcaza del con-
densador, si sirve para evitar que haya sobre-presiones en -
su interior por lo que es neceserio mencionarla en este pun-

to.

9.-Pozo caliente.~
El pozo caliente se encuentra en la parte del fondo del --
condensador y es donde se colecta el condensado y de donde
lo succionan las bombas; normalmente se instalan uno 6 va-

rios indicadores y controladores de nivel para mantener y -

controlar el nivel del agua @ un valor constante; normalmen
te se instala un filtro a la salida del pozo para evitar arras
tre de materias extrafias al agua condensada.

El pozo es un depésito importante de agua teniendo volumen
para almacenar agua a la méxima carga durante un periodo
de 1 a 5 minutos. La velocidad de salida del agua se dise-
fa para un méximo de 1.2 m/seg. considerando el NPSHJ -

de las bombas de condensado.

10.=Placas o espejos de los tubos.-
Las placas 6 espejos de los tubos son los extremos en donde
van soportados y sujetos estos, se construyen normalmente de
un material similar al de los tubos y de un espesor de 22.2

a 38.1 mm.

##



8.-Cubierta 6 —ureoza del condensador. -

La cubierta 6 corcaza del condensador es una estructura to-

talmente construida de acero y suficientemente fuerte para=-

soportar los tubes, todos los accesorios internos, la presién -

exterior producida por el vacio interior y para prevenir dis -

torsiones durante--el transporte.

A la c-ubierto 6 carcaga del condensador se tienen varias -

conexioﬁes, siendo éstas las siguientes principalmente:

a.-Los drenes de condensado de los calentadores,

b.-Los venteos de los calentadores.

c.-La llegada del agua de repuesto del ciclo.

d.-Purgas de algunas lineas de vapor.

e.-Purga del condensador.

f.-Dren de los sellos de vapor.

g.-Deaereacién de la succién de las bombas de extraccién
de condensado.

h.-Drenes de los inyectores de aire.

i.=Recirculacién para asegurar flujo minimo a inyectores du-
rante los arranques.

j.=Conexiones para instrumentos (indicadores de nivel, con-
troladores de nivel, indicadores de presién, alarma alto -
nivel, etc.)

k.-Deflectores a la llegada dedrenes y purgas que pueden -
ser por medio de cabezales 6 en forma individual.

l.-Pozos para medicién de temperatura.

Aén cuando la vélvula de seguridad por disco de ruptura



registros de hombre tanto en las tapas de las cajas de agua
como en la cubierta 6 cuerpo del condensador; estos regis-
tros deben ir en lugares accesibles que no haya obstruccio~
nes para el refiroc_i_e sus tapas y en ambos extremos y seccig_
nes de las tapas de agua asi como en la cubierta del con-

densador,

14, =Junta de expansién. -
Debido a que durante los arranques, paro y operacién de -
las turbinas se tienen dilataciones y contracciones, y el --
condensador se conecta directamente a la turbina, es nece-
sario proporcionar un medio para que el condensador las - -
absorka; en los condensadores grandes se emplea normalmente
una junta de expansién cerca de la entrada del vapor y en

condensadores pequeflos se soporfan estos sobre resortes.



11, ~Tubos. -
Los tubos son el medio para el paso por su interior del agua
de enfriamiento a una velocidad de unos 2.0 m/seg., estan-
do limitada ésta agua por las pérdidas de carga (normalmente
de 0.3 Kg/cm2-.para un solo paso), limitar la erosidén de los
tubos y el material de estos; el recorrido del agua puede ser
de 1, 2 6 3 pasos.
Los tubos empleados son de un digmetro de 15.9 a 25.4 mm.
y longitudes variables hasta unos 20 m.; el lado de entrada
de agua se mandrila acamp;anéndolo con objeto de facilitar
la entrada del agua y el lado de salida puede ser montado
con empaques, soldados & mandrilados.
El material de los tubos se selecciona de acuerdo a las ca-

racteristicas del agua y a la velocidad de ésta.

12, -Placas soporte de tubos. -
Debido a que se emplean tubos muy largos, es necesario so-
portarlos de tramo en tramo para evitar que se flexionen, ==
pero permitiéndoles su dilatacién y contraccién; el material
puede ser bronce para cojinetes y el espesor igual al diéme
tro de los tubos.- El espacio entre soportes se selecciona en
tal forma de evitar vibraciones alejandose de la frecuencia
natural de vibracién de la mdquina & turbina y de la vibra

cién causada por el flujo de vapor al haz de tubos.

13. -Registros de hombre. -

Con objeto de entrar ol interior para inspeccién se instalan

i n
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ING. CARLOS CASTILLO CRUZ

NOTAS SOBRE _EL DISENO TERMICO DEL NUCLEO DE UN REACTOR NUCLEAR

Para comparar los 6rdenes de magnitud en la generacidn de -~
calor, en combustibles convencionales y combustibles nuclea-

res, examinemos los dos tipos de reacciones siguientes:

La reaccidn quimica de un 4tomo de carbdn con dos atomos de
oxigeno

libera — 4 e.v en forma de calor

- —b
{e.v = (,519 xm?'2 Bftu = 4..44»<m ke br

==

Una de las reacciones de fisidén posibles en un reactor es:

23§ (37 ” 97

)
d i! By
qz_u +o ¥ 56 Ba. +3" r + e "

y si en ella, hacemos un balance de masa entre los productos

y reactivos, vemos que ha "desaparecido” 0.208 a.m.u

(unidades atémicas de masa)

| aom. = 4166 xlo"z‘# qv
y por la relacibén
AE = Awme’
se deduce |

2
l, a.m.M: q-ga XDO e.v-



Por lo anterior, la enesgi liberada en esta reaccibn nu-

: & 2
c. 2088 x49.3) xwo o [.936 Xio e, U

ara que se produzca una fisibn, es necesario que un nucleo
23387~ 2349 233
fisionable (tal como U ) e P }absorba un neu--

L,

trén. Por lo tanto, la rapidez con que se producen las fisio
nes, depende de la poblacidn de neutrones (flujo de neutro-
nes) y de un parfmetro (seccibdn recia macroscdpica), que es-
t4 relacionado con la probabilidad de gue se produzca la ab-

sorcibn de neutrones.
J— L)

4) Cf{uJO de n@u%vowe&) *mew!roanar/@mz S"ﬂ

z' (,Sec. a‘ém Mia (YOS ro/:&(c)' ’/QM

La rapidez de una reaccibn nuclear es

E — Z ¢> Yeac 6/\077 1Y Clm‘; "S(ij

En cada fisibn se libera cierta cantidad de calor, que llama
remos G, cuyo orden de magnitud es la del ejemplo anterior,
pero cuya determinacién mas exacta involucra otras considera
ciones. Por lo tanto, el calor que se genera por unidad de
volumen y unidad de tiempo, en un medio dénde esas reaccio-

nes son posibles, tal como un reactor nuclear, es

?/I’: GZ gé -—»-—-.i



¢> es del orden de /Oé' neu/mnar/@mz' 607 para reac-
tores de entrenamiento y de 10 15 para reactores de poten-
cia e investigacién. Sin embargo, se puede decir que el ni-
vel de qb no estf limitado por razones nuclearee, sino por

razones térmicas.

La parte ocupada por el material fisionable se denomina n{i-

cleo, y esti constituido por elementos combustibles. Estos

elementos los podemos considerar como una "fuente de calor”,
semejante a una resistencia eléctrica., Ellos son de dimen~

siones laterales pequefias y demasiado largos y estén forma-

dos por el combustible propiamente dicho (tal como uranio me
tQlico o una aleacidn del mismo) y una camisa o cladding

que impide que salgan los productos de £fisibn.

A diferencia de una resistencia eléctrica, en donde el calor
generado por unidad de volumen es constante, en un elemento
combustible esto no sucede, pues &l depende de 95’ como he-~

mos visto y 45 varfa (suponiendo un nficleo cilindrico) con

2 YVYr .

Sin embargo, dadas las caracteristicas geométricas de los
elementos combustibles, para uno de ellos sblo es significan
te su dependencia . Esta dependencia se puede expresar -

aproximadamente como sigue



o . . (et R
Vg ) ) 2,

entroda clcl
enfrea dov

FJFS v ﬂ

o=

I
D

s la altura del anficleo -

e o
g’.
N
N
i

on los puntos e /,ﬂ A8 Cero

¢¢, es el valo: wr e &#» @l cual se produce en 2z 0

Por la ecuacidn 4 , wmios que el calor generade por unidad
A

de velumen y unid=d s §iswpo, tendria la misma forma que la

37

7 — -
(;; i ~ <4‘ ['l'ﬁ ‘PJ - — = et 5
i ) 7y
__fré' es el valoy mo.imo da 4 el cual se produce en 250

~fihle nerd removido por el en-



. friador que fluye paralelo al mismo, como se muestra en la

figura 2
Wﬂ/;/ enf,w'aafw
"% J{ Si consideremos un balance de
dz ,-A:-L n tf‘+ f
'T*"“b B R L calor en un elemento del
f
T elemento combustible, como se
' [ muestra en la figura 2, tendre
mos
i
- 9 b= R . - /Il a& . \- . 4
e/eman'/-p/f’_. m€p ‘ﬂéf = ? /46- 2
Comb ush ble
~ en donde:
F(ﬁu ra 2
m flujo de masa del fluido enfriador

€p calor especifico del fluido enfriador
d 6;{- elevacidén de la temperatura del fluido enfriador -
entre Z vy z2+dz

4¢ seccibn recta de un elemento combustible

Si substituimos la ecuacidn 3 en la 4 ¢ integramos entre

Z=-H /z y 2 tenemos

&, j dt, = 4. A, j@f’f? 42

z.
donde é{ Y éf son las temperaturas del enfriadoxr en
’

2--H/2y &2 . Por lo tanto



in . _
é - é of ?_E._..f._{:'{‘? (5’?.&'7 .{*L_%. - Jen !!_’lll ) - 5.
J‘ B f’ TJ—l C/) m < :l Hé? .

La temperatuia de salida del "canal” se obtiene sl hacemos
2= H/z, , esto es:

f'f:sz i 2.9¢ A He  sorn _72__{:/ L
z ’ T Cp o 2 He

Es de interé&s conocer la temperatura exterior del cladciing

Zéc_ . Para ello tenemos en cuenta que en el punto 2 ,
el calor transferido a través de @da , donde e es el
perimet¥0 del elemento combustible, esti dado por la ecua-

cibén

hedz (Ze-b)= 9" Acel

donde Ll es el coeficiente convectivo el cual supondremos

constante. Bajo esta suposicibn vemos que ?”’ es propor-

cional a l{¢~— Z}c » por lo que podemos escribir
-~ e e - -
£, - Zf = <f< éf)c @os T ‘ 7

" perc en el centro del combustible tenemos:
- /]
h@(be-tbs), = 9. Ac - -8

Combinando las ecuaciones 5, 7 y 8 tenemos:

w [he oo 72 10w TH) ke cos T2 ] 9
A: Zfll-?cAC g Cgen e +J€”Q/./@) 4 C He '(

-



La dependencia de @ P g

é se muestra en
y, £$=<j ¢
la figura 3
é
2= 8 — 11
da J1
p-4

Y]
2
|
NI

"yt
Frguve. 3

El valor de & en el que se produce el midximo de éz
la solucibdn de la ecuacibn

CC/ZC _
% —

es

esta ecuacibn nos da

2 = _____‘/;/e Aﬁ-/ Hg
< om

—~ .-~ {0
@P < { L, (Ief;-c:)]«-g
poxr A7 C/@f" C’)

donde hemos substituido C?

siendo
el espesor del cladding

Como el argumento del arco tangente es positivo,

implica que
@l tomara valores entre o

y ﬂﬂél

. Esto significa que



Ze es positive y por lo tanto localizado arriba del pun .

to medio del nficleo.

Procediendo on forma anfloga podemos obtener ?s Y S, ’
buntos donde se producen los valores méximos de As (tempe
ratura de la superficie del combustible) Yy me tempe~
ratura del centro del combustible) respectivamente. Por

ejemplo la expresidn de Z{m es:

rZZi

o, L
‘Zm—- é:f #Q‘A fe (S‘Q‘””&"'S"””// + . geasﬂ_g'?‘

Tcp He R fte %

?'”@[/é @_tc,,_l_' eoc T2 .y

h (PP+c) He

He
m - f | / 2
©,m { —'[‘—- /)1 Al 4 ]f
Pk, " 2Lk TR t;(/?rc)
donde /ef Y éc; son las conductividades térmicas de com

bustible y cladding respectivamente.

La dependencia de éy,;) éc ) LZS y ém se muestran en

la figura 4

- -2
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La ecuacidn 11, puede utilizarse para determinar la rapidez
con que se extrae el calor en el niicleo de un reactor y es

equivalente a la ecuacidn familiar

Q=0A &1  ----- 13

Q rapidez de remocidn de calor

U coeficiente de transferencia de calor total

A 4rea a través de la cual el calor Se transfiere
A'b diferencia de temperatura entre el generador de

calor y el enfriador

n
En nuestro caso vemos que (Ic depende de /2 J b,;} /’L
A (area lateral del combustible) y An — Z%.f

‘Analicemos cada uno de estos parimetros.

/Zf depende del tipo de combustible y de su temperatu-



ra. Existen suficientes datos para los diferentes
i
combustibles usados a las temperaturas que se em-~

plean.

su valor debe ser grande, exigiéndose ademls que
el cladding tenga bajo poder de absorcidn de neu-
tronds, resista altas teméeraturas y resista la ac
cibn corrosiva del fluido enfriador. Los materia-
les que se usan actualmente como cladding son ace-
ro inoxidable, aluminio, zirconio y magnesio. El

espesor del cladding que suministra la méxima trans

b,

- P4+ B
e= R Z

Depende de las caracteristicas fisicas del enfria-

ferencia de calor es

dor y de sus condiciones de operacibn, como es su
velocidad. Existen diferentes correlaciones para
determinar }z , seglin el tipo de enfriador y la
geometria del nQcleo. Para uh nGcleo cilindrico
con elementos cilindricos, la correlacibn que se

recomienda es:

0.8 Y
A/az@ pe ID)’J"" ,4.

donde

Nu = Nenrevo Jl /f/ﬂcfff’// = A Z-)é‘/’é
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Q = /Vurrlé’ro Ae ré)e’dno/&/\j‘ — “A“'«V:fzu.

}O’Y = /Vu);;e’;fa C@ /?/dﬁé//z — (%/M//é

De diametro equivalente
(? es una constante que depende del arreglo de los

elementos y toma los siguientes valores

@

1

| S )
0,042 = — 0.02¢
D

para un arreglo cuadrado con

= :-g < 1.3

© = o026 -g—— - 0.006

para un arreglo triangular con

< S
/ES es la distancia entre los centros de los elementos

combustibles

Z) el difimetro de los elementos.

/4 Mas que el &4rea lateral de cada elemento combusti-
ble, importa el &rea total que arrojan todoslellos,
pues mientras mis grande sea élla mas calor se pue
de extraer del nficleo. Esta 4rea total depende en

gran parte del tamafio del nlicleo. El tamafio de los



¢

ncleos de los reactores son variables, existiendo
algunos de miles de pies cibiccs y otros de dece-
nas. Es obvio que se debe desarrollar gran ingenio
para obtenor una 8rea tetal do transfarencia:grande

en nficleos pequefios.

Por ejemplo el reactor de gria enfriado por sodio
denomidado Enrico Fermi, tiene un volumen de 11.65
pies clibicos y produce 268 Mw(t), por lo que su den
sidad de potencia es de 23 Mw(t) por pie clbico; su
4rea de transferencia es 1378 pies cuadrados y su
seccibn recta total por donde fluye el enfriador es
de 1.99 pies cuadrados, llevando una veloci@ad de
31.2 pies por segunéo. En cambio los reactores en-
friados por gas tienen una densidad de potencia del
orden de .010 Mw(t) por pie clibico, por lo que un
reactor de este tipo, con la potencia dgl Enrico

Fermi tendria un volumen de 2680 pies clibicos

- éjﬁ debe ser grande. Para ello existen dos

posibilidades.

La primera es reducir 4} , pero ello ocasiona
que disminuya la eficiencia del ciclo de potencia
que genera la energia eléctrica, pues el enfriador
del nficleo cede el calor que remueve de éste, para

generaxr vapor a través de un generador de vapor.
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(Reactores de agua presurizados). Por lo tanto no conviene _

disminuir ‘éf

La séguﬁag es aumentar {n, . Sin embaxgo este aumento esti
iimitado por razones metallirgicas y de "burnup". Por ejem-
plo, una razbn metalfirgica que impide elevar la temperatura
del U met8lico arriba de 1235°F , es que estid temperatura
cambia al métal de la fase & a 1la ‘FB con incremento de su
volumen; sin embargo existe una razbdn de "burnup" para que
la temperatura de este combustible no se eleve a mas de
750 °F y ella consiste en que a esta temperatura disminuye
la resistencia del combustible, permitiendo que los gases de
£fisibn se difundan y formen cavidades microscbpicas dentro
del mismo cémbustible; a medida que se aumenta el coﬁsumo de
U235 ("burnup") estas cavidades aumentan pudiendo ocasio-

nar fallas en el combustible.

con el uso de V02 y UC ge pueden tener temperaturas de
4500 ¢+ para el combustible, pasando a ser el punto de fu~
sidn del cladding,. el determinante para definir el valor m&-

ximo de tws .

En resumen, aqui como en otros campos de la ingenierfa hay con
flicto, en este caso el conflicto radica entre los requisitos
nucleares, metalfixgicos, estructurales, termodinfimicos y de

transferencia de calor.



Pasemos a otro problema, si examinamos la ecuacidédn 6 notamos
ZL . ' .
que &4 es funcidn de ;c , €l cual varia de un elemento com
2
bustible a otro de acuerdo con su situacién en el nficleo. Pa

ra un nficleo cilindrico 9'J es funcibn de r y una aproxima-

cidn adecuada es la siguiente
1" ?m J C;?t/aa )") _____ )&

donde "7"7’: es el valor de ?;” en el centro del nficleo. Ver

figura '

Pl'juw’w 5
Esta situacidn ocasiona que, si'?:’l Yy h son constantes en
todo el nficleo, el canal central genere alrededor del J0 %

mas de calor que el canal alejado 0.25 R del centro.

Bajo estas condiciones y considerxrando z‘f' igual para todos
2ot ... € g

los canales, el valor maximo de l‘.mm se producira enAelemento

central del nicleo pudiendo excederse, este elemento, del 1i

rd
mite de seguridad, mientras que los elementos periféricos
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pueden tener valores miximos de fnmw7 , muy poxr abajo de
aquel limlte. Sumado a lo anterior, tambié&n tendremos que

f} dlsmlnuiré de canal en canal con el radio.

Para remcdiar lo anterior los nficleos se disefian de tal suer
te que exista una reduccibn gradual, del centro a la perife-
rie, del flujo del enfriador, Esta reduccibn se logra aumen
tando la caida de presibn o disminuyendo la seccidn recta de

los canales.

4
La duccidn gradual de ™ puede tener dos objetivos igua-

lar éfz para todos los canales o igualar el valor maximo de

mm para todos los elementos combustibles.

Para el primer objetivo se hace
o 2,405 T - -- 46
- T2
L ]

donde 77%, y ™ son los flujos del enfriador del canal cen
tral y a una distancia Y respectivamente. Con las ecua-

ciones 15 y 16 se tiene

el a2

——
"l

™
y con la ecuacidn 6 se ve que Z?ﬁ, es constante para todos
los canales. Sin embargo, esta distribucibd4n del flujo del
refrigerante hace que fc disminuya con el radio (lo mismo
sucederi con é».). Esto se debe a que Al ., segln la ecua

.8

o
cibébn 14, depende de AEL . por lo que podemos escribir



donde <l es una constante:; teniendo en cuenta las relacio-

nes 17 y 18 en la ecuacidn 9 tenemos:

. 0.2 ——
i f +z}i/:‘_c He(-sﬂ?nrg+59n////)f_@_ﬂ, @COS _’/E;E,].-/g
o | Tep He 2 c >

lo gque nos muestra que todo permanece constante, a excepcidn
del segundo término del paréntesis rectangular y es éste tér
mino, el que ocasiona que fc disminuya con Y° , aun cuan=

-
do mas lentamente que en ausencia de reduccibn gradual de 7

Para lograr el segundo objetivo, esto es para que el méximo
de ’ém sea el mismo en todos los elementos combustibles, se
procede a definir este miximo en el elemento central con ayu
da de las ecuaciones 11 y 12, Una vez definido este m&ximo,
se sigue un procedimiento de tanteos, para cada conjunto de
elementos colocados en la misma posicibn respecto al centro,

;
s

como sigue
o
i) Se supone una ™
ii) Se calcula !1 con la ecuacibn 18

iii) Se calcula £,, con la ecuacibén 12

iv) Se calcula éwm con la ecuacibn 11 en la cual

'” o5 Y
?2’ se ha substituido /Dmf J ('2 4
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Si no coincide con el valor fijado se supone otra

También siguiendo un procedimiento anflogo, se puede unifor-
mizar la calidad del vapor a la salida do los diferentes cana

les en el nficleo de un reactor de ebullicidn.

En seguida nos referiremos a los coeficientes que se usan,en
el disefio del nficleo térmico de un reactox, con objeto de ha

cer seguro su funcionamiento.

Cuando se construye una planta nuclear, obviamente no resulta
exactamente con las especificaciones de disefio. Por ejemplo
las dimensiones de los elementos y espesoxr del cladding; el
enriquecimiento del combustible; la caida de presidn y sec-
cibn recta de los canales; el flujo de neutrones etc., ten-
dri variaciones, pequeﬁas si se quiere, de las especificadas

en el disefio.

Estas desviaciones ocurririn en ambos sentidos de los valores
especificados y 8610 nos interesan aquellas desviaciones que
ocasionen que las temperaturas (del cladding y combustible
principalmente) excedan su valor nominal. Los factores de di
sefio relacionados con estas desviaciones se denominan facto-

res "hot-Spot"

El significado de ellos lo analizaremos a través de un ejem-

plo.



Supongamos que un nficleo na sido disefiado para que todos los
ra
canales tengan una seccidbn recta nominal de An = REm

y que consideramos aceptable una desviacibn de .,0/.5'6‘;772

Como primer paso, determinemos la probabilidad de que /Q
seccibn recta de un canal cualquiera, no exceda el valor Ah

)
donde .

AL;: /:0/5‘434

Para esto ajustamos la distribucibn de las medidas de las
a una distrib\;cién normal o Gaussiana. Para ello medimos
secciones rectas y calculamos la desviacibn standard S

con la expresibn

.,

[2(A--— 2AL) J

"Z_Ab no es necesariamente igual a A aGn cuando sus va-

——

n
lores son muy prbximos si la muestra estadistica es grande.

Supongamos para nuestro caso que
P
S - 0.0/ Cm

La distribucibn normal esti dada por
1 <4 An>

g oy = 2

-



y cuya representacidn gré&fica se muestra en la figura &

g(A

|
|
l
|
0

.. A,
F?Kﬁ 6

La probabilidgd que /¥ exceda a /%h'esté dada por
oo .
PCA>A )= SA g CA) o A

Si definimos la desviacidén standard adimensional y los facto

res adimensionales {3 Yy ﬁl como:

A _'4‘
q:--}; ) §=-A—\i‘ dJ K A

se puede demostrar que

P(A> AL = P (R>$)

El factor:§ usualmente se iguala a una funcibdn linear de la
desviacibn standard § , como

L= 1+ BT

e {’e e
donde B es una constante, frecuente, pero no ncesar:n.amente,

entera.



Para nuestro caso

(= [o15
0l = 005

0= 2

B~ f-! .3
J

B es el nfmero de desviaciones standard Y P ('A >A h)
es la probabilidad de que A sea mayor que A h » Su repre-

sentacidén geométrica se muestra en la figura ¥

4R

P(A>AL)

|
i
|

A e b2 (P3O

F;suva Z

Los valores de { (’A>A&'> se encuentran tabulados en la

tabla siguiente:

No. de Probabilidad Falla % de

Desvia- ‘ probable Limite de
ciones P (A > Ah) en 1000 confiabi~
std. 3 lidad

0 . 500000 500.000 50.0000
0.5 .308538 308.538 69.1462
1.0 .158665 158.655 84.1345

- am em mm em mm om e W oM GE ek em W AR Emm me Eme EE @ mm WM eR ew GB  e  WE Se e e



Para nuestro ejemplo, el nfimero de desviaciones standard es
3 por lo que la probabilidad segtin la tabla es .00135 lo que
significa qde hay posiblemente 1.35 t493 en cada 1000 que ex
ceden de /1L1= '/}0/5'/qn , lo que corresponde a un limite
’de confiabilidad de 99.865% equivalente a 3 desviaciones

,standard.

El coeficiente

:f‘ - |, 01 4~ (para nuestro caso) F_M,q
DY +Va’{—a, Ote Y(’(I-UCCJCL"

representa un subfactor hot-spot de la seccidn recta de los
canales, el cual origina dos factores hot-spot, como veremos

mas adelante.

En la fbérmula de Darcy podemos ver que si la seccibn recta
/\ se reduce, permaneciendo todo constante, a excepcibn de

la velocidad, entonces la velocidad y por lo tanto W tam-~
. Jod

bién se reducen y como ‘?C permanece constante tenemos que

debido a la reduccidp de /% se pueden ocasionar las dos ele

vaciones de temperaturas siguientes:

1) De la ecuacidén 5 y suponiendo que para una # dada se

produce una reduccibébn en &rea, vemos que A{DC(E)-‘-' é{ - tfl

crece y por lo tanto

Cfpc - éﬂ;) ! > (-é;a é‘h>w
A ‘Ec (\P 7 A{:e)gz-) °°°°°° 28

0—



Donde 1la LT y Y1 indican not-spot y nominal respectivamente.

Ccomo { no se altera, =ntonces
)

| (2)
b ) > Gy,

J

Para calcular el factor hot-spot de la temperatura del en-
friador a partir de subfactor hot-spot de las secciones rec-

tas de los canales, procedemos como sigue. De la fbrmula de

Darcy _ 2 ,
Ap = § HIV oo 23
P = 77
e 3¢
ﬁ--= factor de friccidn
F4 = altura del canal

I)e = dif&metro equivalente

\/ = wvelocidad del enfriador,

vemos que los parfimetros afectados por la desviacibdn en el

rea del flujo soﬁ\c De 3-f . los dem&s permanecen constan

tes, Por lo tanto

*
'ﬂ/: = @+€
De

y comparando el caso nominal con el hot-spot tenemos

5

’ 0.5’ 0,
.__V.k'_.z _gﬁ_ <b__<’»>”‘. . 2g
v. \&, Do »

Se sabe que para flujo turbulento y tubos circulares
: - 0,2
¢ 2 (Do)

Tomando esta aproximacidn tenemos



0: V be,L\ Xg - - -- 29

- N a -
Si en la ecuacidn 5 substituimos i :\f A V vemos que
para una 2 dada Yy bajo estas condiciones, todo es constan

te a excepcidn de £§) li(ﬂ 1/_ . Por lo tanto

<£‘f — fac’) /4 YV = @726
o A, ) AV = ete

y comparando el caso nominal con el hot-spot tenemos:

-A(f@,h(2—> _ AM—V;\ _ <A_;Vl>§
A, ) AV A T

Para nuestro caso el factor hot-spot para la elevacidn de la

temperatura del enfriador, debido al subfactoxr hot-spot de



la desviacidén de la scccibn recta de los canales, es

é,{—e,% _ :FC"_:'; Q0/5>/ éé;,, 3
A%Q,m

2) Hemos visto que la reduccidn de la seccidn recta de los
canales, ocasiona disminucibén en M J V . Veamos
ahora como afecta esto la temperatura del cladding.

La ecuacidn 9 puede escribirse en la siguiente forma
"
i ; gc Ac 0z
éc — f — - eos .
hC - He
Para una 2 dada los par@metros afectados por la dis
minucién de Y son t‘,_- ) 'é:’; 3 !/\ . Por lo que
podemos escribir
(-4
o A éf‘ CZ-) h = Qlle
y por lo tanto
3T, ) y
De la ecuacibn 14 y de la definicibn de /Y« podemos
escribir

0.8 ~ 0.8 0.8
Ve D IV

h =
‘ . , 2
De Do’




Substituyendo en la expresidn anterior y teniendo en cuenta

que 1) 0(14 y la ecuacibén 30, tenemos:

‘ 0,8 2
15 Z}f,h ‘LC De h ‘

zﬁ éjL,n V; ‘De171

] '.é ’ 012
De m\ 35 be)h

D h "De.n
1. i
Deyn )3 ._A_v'_. 3

be,l'\ A W

Por lo tanto el factor hot-spot para la elevacibén de la tem
peratura a través de la pelicula del cladding f; . debido

al subfactor hot-spot de la desviacibn de la seccidn recta

de los canales es

/ 4
A]_:f,h _ Z(Y _ Q,015'>3
A'é{_)n s

Vemos que ik: incrementa debido a dos factores hot-spot,

ocasidénados por la misma incertidumbre fisica.

P





