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DESIGN AND ANALYSIS OF A 5-MW VEKTlCAT,-FLUTED-TUBE 
CONDENSER FOR GEOTHERMAL APPLICATIONS 

G .  H. Llewellyn 

ABSTRACT 

This r e p o r t  covers  t h e  des ign  and a n a l y s i s  done a t  t h e  
Oak Kidge Nat ional  Laboratory of an  i n d u s t r i a l - s i z e d  v e r t i c a l -  
f l u t ed - tube  condenser. The condenser is  used t o  condense 
superheated isobutane vapor discharged from a power t u r b i n e  
i n  a geothermal t es t  f a c i l i t y  ope ra t ed  f o r  t h e  U.S. Department 
of Energy. The 5-MW condenser has  1150 coo lan t  tubes i n  a 

ass c o n f i  u r a t i o n  wi th  a t o t a l  hea t  t r ansEer  area of 
725 ""'-3 m (7800 f t  !$ ). The u n i t  i s  being t e s t e d  a t  t h e  Geothermal 
Components 'rest F a c i l i t y  i n  the  Imper i a l  V a l l e y  of East Mesa, 
C a l i f o r n i a .  The condenser des ign  is based on previous experi-  
mental  r e s e a r c h  work done a t  t h e  Oak Ridge Nat ional  Laboratory 
on condensing r e f r i g e r a n t s  on a wide v a r i e t y  of s i n g l e  
v e r t i c a l  tubes.  Condensing f i l m  c o e f f i c i e n t s  obtained on t h e  
high-performance v e r t i c a l  f l u t e d  tubes  i n  condensing r e f r i g -  
e r a n t s  are as much as seven t i m e s  g r e a t e r  than those obtained 
w i t h  v e r t i c a l  smooth tubes t h a t  have the  same diameter and 
l e n g t h .  The o v e r a l l  heat t r a n s f e r  performance expected from 
t h e  f l u t e d  tube condenser is fou r  t o  f i v e  times t h e  h e a t  
t r a n s f e r  obtained Erom t h e  i d e n t i c a l  u n i t s  employing smooth 
tubes .  F lu t ed  tube condensers a l s o  have o t h e r  d i r e c t  a p p l i c a -  
t i o n s  i n  t h e  Ocean Thermal Energy Conversion (OTEC) program 
i n  condeiising ammonia, i n  t h e  petroleum i n d u s t r y  i n  Condensing 
l i g h t  hydrocarbons, and i n  t h e  a i r  cond i t ion ing  and r e f r i g e r a -  
t i o n  i n d u s t r y  i n  condensing f luorocarbon vapors.  

1. INTRODUCTION 

The U.S. Department of Energy (DOE) ,  D iv i s ion  of Geothermal Energy, 

asked t h e  Oak Kidge Na t iona l  Laboratory (ORNL) t o  des ign  and e v a l u t e  

a 5-MW (17 x l o 6  Btu/h) v e r t i c a l - f l u t e d - t u b e  condenser based on previous 

experimental  work on condensing r e f r i g e r a n t s  on s i n g l e  f l u t e d  tubes.  

To demonstrate t h e  f e a s i b i l i t y  of ob ta in ing  energy from geothermal 

b r i n e  d e p o s i t s ,  test f a c i l i t i e s  were developed i n  t h e  western states. 

A test loop has  been b u i l t  a t  t h e  Geothermal Component T e s t  F a c i l i t y  

(GCTF) a t  E a s t  Mesa, Cal iEornia ,  by Barber-Nichols Engineering 

Company of Arvada, Colorado. The work has  been under t h e  d i r e c t i o n  of 

Lawrence Berkeley Labora to r i e s  (LBI,) . 



The f a c i l i t y  l o o p  t h a t  normally employs evapora t ive  condensers Eos 

t ubes ide  c-ondensation of i sobutane  i s  being modified t o  psovide! a riieilns 

of t e s t i n g  t h e  ORNL condenser.  The  evapora t ive  condensers will be  used 

t-o provi.de coo l ing  f o r  t h e  ORNL condenser.  

The modiEied t e s t  loop, shown i n  Fi.g. I, pro.vI.des e i t h e r  a system 

f o r  mixing l i q u i d  i sobutane  wi th  h o t  b r i n e  i n  t h e  d i r e c t - c o n t a c t  h e a t  

exchanger (UC-HX) o r  a S u p e r c r i t i c a l  Heat Exchanger Fi-eld T e s t  (SIJEFT) 

u n i t  t o  produce superheated vapor t h a t  d r i v e s  t h e  t u r b i n e ,  t hus  producing 

power. The l:urbi.ne d i scha rges  t h e  superheated isob.ut:aile i n t o  t h e  ORWT, 

condenser,  which desuperhea ts  aEd condenses t h e  i sobutane  vapor .  The 

condensate i s  col lected.  i.n a h o t  w e l l  where w a t e r  (I.ess than  2% by 

weight)  c a r r i e d  over from t h e  DCHX i s  sepa ra t ed  from the  i m m i s c i b 1 . e  

i sobutane .  Tne condensi3te i s  ther. r e tu rned  t o  the  DCHX by a turbopump 

d r iven  by t h e  b r i n e  discharged from t h e  DCHX. \hen  us ing  t h e  SBEFT 

system, t h e  b r i n e  does n o t  come i n  con tac t  wi th  t h e  working f l u i d .  The 

turbogenera tor  d e l i v e r s  0.5 MW of u t i l i z a b l e  e l e c t r i c  power. 

The o b j e c t i v e s  of t h i s  r e p o r t  are t o  p re sen t  t h e  p e r t i n e n t  detai1.s 

of t h e  design,  ana lyses ,  ope ra t ion ,  and a n t i c i p a t e d  performance of t h e  

condenser.  Referenced background material. i s  inel-uded f o r  bo th  t h e  

h i s t o r y  and t iechnical b a s i s  of rbe h igh  performance of  the f l u t e d  tubes.  

F lu ted  tube  condensers are normally designed t o  ope ra t e  a t  low 

approach t:emperatures and l o w  h e a t  fluxes where t h e  performance i s  t h e  

h ighes t .  The f l u t e d  tubes  have a g r e a t  p o t e n t i a l  f o r  use i n  low- 

t e m p e r a t u r e - w a s  t e-hea t -u t  t l i z  a t  ion  s ys  terns t h a t  110rma 1.1,~ opera t e  under 

t h e s e  cond i t ions .  I n  a geothermal power p l a n t ,  about  two-thirds  of t h e  

t o t a l  equipment c o s t  is a t t r i b u t e d  t o  heai: exchange equipment where 

e f f i c i e n c y  of t h e  h e a t  exchangers o f t e n  determines t h e  economic f e a s i b i l - i t y  

of t h e  p r o j e c t .  The m o s t  txonomic condenser i s  t h e  u n i t  t h a t ,  r e g a r d l e s s  

of i t s  e f f i c i e n c y ,  will condense t.he nmst  vapor pe r  t2oll.ar of c o s t  over 

t h e  p1.ant wri te-off  per iod ,  

Art ic les  by K. J. B e l l ’  and Vehara Beuvo2 shed FjOiile l i g h t  on t h e  

s t a t e  of t h e  ar t  of condenser technology, t h e  c u r r e n t  knowledge of hea t  

t r a n s f e r ,  and r e l a t e d  phenomena involved in condensat ion and a p p l i c a b i l i t y  

of s p e c i f i c  condenser types  f o r  v a r i o u s  condensin-g cond i t ions .  Both of 

t h e s e  papers  c i t e  t h e  r o l e  o f  f l u t e d  tubes  i n  condenser technology. 



3 

Tes 

4 . N  .'/MI cy.,< 
! 

iir-nrii cn t t a  111 rsui 

IIWI. IH.HI i w i  

!E%- 
. . . . . 

1 c/r.r 

CMl(ltYSIO 

I 1  

w m m w  HUT 
RCXCHUGI FIELD rfST 

r -  $J 

mutt FeR nimmw 
MTO WfLL 

Fig. 1. Modifications to test loop  at the Geothermal Components 
t Facility at East Mesa, California. 

Recent articles by Jerry Taborek of the Heat Transfer Research 

Insritute (HTRI) concerning the state of the art in heat exchanger 

design? and in design techniques4 were found to be excellent SQUKCeS of 

information. These ideas were used to formulate a design for  the ORNL 

condenser. 

is that: 

The main points gleaned from review of these references 

1. F i l m  condensation of multicomponent mixtures containing immiscibles 

and noncondensables involving vapor shear i s  a very complex problem. 
Even with the aid of the computer, it has been impossible to find 

nonproprietary methods expressing the relationships of all these 

variables. 
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2.  The e f f e c t  of noncondensables is no t  f u l l y  understood, p a r t i c u l a r l y  

w i t h  vapor shear. 

3 .  'Too o f t e n ,  dlhe f a i l u r e  o€ an exchanger is  a t t r i b u t e d  t o  not  using 

t h e  " r igh t "  f o u l i n g  factor  rather than acceptance  of the f a c t  t h a t  

a n  exchanger was poorly designed. 

One o b j e c t i v e  i n  t h e  des ign  of this exchanger i s  t o  o b t a i n  the  

h i g h e s t  a l lowable  tubes ide  and shellside v e l o c i t i e s  us ing  average f o u l i n g  

cond i t ions  whi le  transferring the s p e c i f i e d  heat load. The c o n t r o l l i n g  

f a c t o r  on the thermal d e s i g n  of the coradenser i s  the flow ra te  and p r e s -  

s u r e  d r o p  f o r  t h e  tubes ide  and shel.l.side f l u i d s .  The rnechani-cal. des ign  

i s  c o n t r o l l e d  by  t h e  ope ra t ing  temperature  and p res su re  and the 

p e r t i n e n t  code requirements. 



2 "  s m m y  

Over the p a s t  t h i r t y  y e a r s ,  many types  of f l u t e d  s u r f a c e s  have 

been developed f o r  condensing steam, a m n i a ,  hydrocarbons, and 

f luorocarbons;  t h e s e  surfaces can be custom designed f o r  s p e c i f i c  

vapors. ORNL h a s  done e x t e n s i v e  t e s t i n g  i n  condensing r e f r i g e r a n t s  

on a wide v a r i e t y  of f l u t e d  t u b e s e  

Based on t h i s  t e s t i n g ,  ORNL has  become a c t i v e l y  engaged i n  t h e  

design,  procurement, and t e s t i n g  of v e r t i c a l - f l u t e d - t u b e  condensers 

(VFTC) over  a wide c a p a c i t y  range, Units  c o n t a i n i n g  2, 40, 104, and 

1150 tubes  have been b u i l t  t o  d a t e ,  and a 2500 tube unit is c u r r e n t l y  

be ing  i n v e s t i g a t e d .  Carban steel, alundnum, t i t an ium,  admi ra l ty ,  

cup ron icke l s ,  and s p e c i a l  s a l i n e - r e s i s t a n t  stainless steel a l l o y s  

have been used t o  f a b r i c a t e  t h e  f l u t e d  tubes.  

A s  a p a r t  of the DOE Waste Heat R e j e c t i o n  Program (AM Pr5gram1, 

OKNL has developed, designed, and b u i l t  a 1150-tube VFTC t h a t  w i l l  be 

t e s t e d  and eva lua ted  a t  t h e  GCTF a t  East Mesa, C a l i f o r n i a .  Th i s  r e p o r t  

is  concerned w i t h  t h e  d e t a i l s  of t h e  development and des ign  of t h i s  

1150-tube u n i t .  The U.S. Navy has  r e c e n t l y  i n d i c a t e d  i n t e r e s t  i n  VFTC 
a p p l i c a t i o n  f o r  steam t u r b i n e  condensers,  and t h e  power i n d u s t r y  i n  

Japan i s  also i n v e s t i g a t i n g  p o s s i b l e  a p p l i c a t i o n .  I n c e n t i v e s  de r ived  

from QRNL expe r i ence  us ing  f l u t e d  tubes f a r  s h e l l s i d e  condensation can 
be summarized as follows where enhancements r e f e r  t o  comparison i n  con- 
densing h e a t  t r a n s f e r  c o e f f i c i e n t s  ob ta ined  on v e r t i c a l  f l u t e d  tubes  

t o  those ob ta ined  on v e r t i c a l  smooth tubes.  

* Commercial i n s t a l l a t i o n s  have r e p o r t e d  enhancements i n  condensing 

h e a t  t ra ,ns fer  c o e f f i c i e n t s  as h igh  as 18 when condensing I.igbt 

hydrocarbons a t  h igh  vapor w e l o c i t l e s .  

* The overall  h e a t  t r a n s f e r  from a v e r t i c a l - f l u t e d - t u b e  condenaer i s  

expected t o  be 4 t o  6 t i m e s  t h a t  f ~ r  a h o r i z o n t a l  u n i t  w i th  t h e  

s a m e  t o t a l  l e n g t h  of smooth tubes  at lower vapor v d o c i t f e s .  Addi- 

t i o n a l  performance can be gained by prov-lding c l o s e r  b a f f l e  spac ing  

a t  t h e  expense of h ighe r  c o s t  and s h e l l s i d e  p r e s s u r e  drag. The 

m j o r i t y  of t h i s  enhancement 4s a t t r i b u t e d  to t h e  f l u t e d  tubes.  

5 



@ C o s t  p e r  u n i t  l eng th  of f l u t e d  tubes  l s  1.25 t o  4 t i m e s  h igher  

than  f o r  smooth titbes and depends on t h e  tube  niatewinl used. With 

m a s s  product ion,  it i s  conceivable  t h a t  f l u t e d  tubes could be  

produced a t  a c o s t  p t - e m i m  of less than  25%. 

* The c o s t  o f  a ve r t i ca l  condenser with carbon s t ee l  f l u t e d  cubes 

can be as much as 40% h ighe r  than  a hoPizontal-smooth-tube 

unit b u t  would t r a n s f e r  about 6 tirws the  beat, 

@ Vert ica l - f lu ted- tube  condensers can  be b u i l t  a t  40 t o  50% of t h e  

cos t  of horizontal-smooth-tube u n l t s  having t h e  s a m e  h e a t  load .  

0 Custom-made f l u t e s  can be  f a b r i c a t e d  into s tandard-s ized  tub ing  

using most commercially a v a i l a b l e  mal leable  metal o r  metal a l loys ; .  



3. HISTORY OF FLUTED TUBES 

The h igh  performance of t h e  f l u t e d  tubes  employed on tkese  exchangers 
i s  p r i m a r i l y  due t o  t h e  Gregorig e f f e c t ,  i n  which t h e  s m f a c e  tension 

f o r c e s  move t h e  condensate from t h e  c r e s t  of the f l u t e  i n t o  t h e  t roughs 

where i t  d r a i n s  by g r a v i t y  (shown i n  F ig .  2 ) .  

In 1957, R .  Gregorig’ obtained i n c r e a s e s  i n  condensing coeff i  cierits 

of 2 t o  8 t i m e s  i n  condensing steam on v e r t i c a l - f l u t e d  s u r f a c e s  compared 

w1t.h ver t ical-smooth s u r f a c e s .  Gregorig,  however, d i d  n o t  p r e s e n t  a 

formulat ion f o r  des ign  i n  t h i s  d i s c l o s u r e  and l e f t  t h i n g s  r a t h e r  vague 

as t o  op t imiza t ion  of the des ign  s u r f a c e .  

R. L. Webb6 of Pennsylvania S t a t e  Un ive r s i ty  r e c e n t l y  developed a 

method of opt imizing t h e  Gregoric  condensing s u r f a c e  b u t  based h i s  ca l cu la -  

t i o n s  on i d e a l  cond i t ions .  Webb concluded from his s t u d i e s  t h a t  each 

condensable has  an optimum f l u t e  p a t t e r n  based on t h e  p h y s i c a l  p r o p e r t i e s  

of t h e  condensate,  

I n  1965, T. C .  Carnavos7 r e p o r t e d  o b t a i n i n g  condensing enhancements 

from 4.5 t o  7.  Alexander and Hoffman8 i n  1971 ob ta ined  enhancements 

i n  t h e  o v e r a l l  h e a t  t r a n s f e r  as high as 7 i n  condensing stearn. 

I n  1968, ID. G, Thomas’ ob t i aned  condensing enhancement f a c t o r s  

as h igh  as 9 using l o o s e l y  clamped w-lres and l o n g i t u d i n a l  f i n s  a t t ached  

t o  t h e  tubes.  As a r e s u l t  of h i s  experiments,  Thomas w a s  convinced 

t h a t  h ighe r  enhancements could be ob ta ined  w i t h  p rope r ly  designed, 

c l o s e l y  spaced f i n s  than  wi th  s i n u s o d i a l  f l u t e s .  

Most of t h e  p rev ious ly  mentioned experimental  work on s i n g l e - f l u t e d  

tubes  has  been done i n  condensing steam on t h e  e x t e r i o r  s u r f a c e  of t h e  

tube.  Recent surveys of d a t a  on s ingle-phase h e a t  t r a n s f e r  experiments 

i n  condensing ammonia on ver t ical  f l u t e d  tubes  have been made by 

A .  E. Rergles  and M. K. Jensen’l and were d i r e c t e d  toward Ocean Thermal 

Energy Conversion (OTEC) a p p l i c a t i o n .  S .  K.  Combs of ORNL has  done 

experinlental  work i n  condensing ammonia on t h e  e x t e r i o r  s u r f a c e  of both 

vertical12 and inc l ined ’  f l u t e d  tubes .  

Panchal and B e l l 1 ’ +  have analyzed i so the rma l  f low and g r a v i t y -  

c o n t r o l l e d  flow on v e r t i c a l  f l u t e d  s u r f a c e s  f o r  Nusselt-type condensation 

7 
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COOLANT (TUBESIDE ) 

Pig. 2, Fluted tube slaowirng the eregor ig  e f fec t .  

and presented a method of predicting a f lood ing  Reynolds number. 

areicl-e also relates the pitch and amplitude of the flutes t o  the 

Nusse l t  uvrriber and correlates these aaaly LicaS predictions with 

experimentaP data., 

T h i s  

Optimizations of condensing per fomance  Qil vertical f l u t e d  surfaces 

have been determined by Y. Mori sild K. IIijikati from the  Tokyo Institute 

o f  TecRao!.ogy and b y  Hirasawz and W, Nakayamo of Hitaehi L ~ C I . ~ ' ~  These 

researche-s used K-11.3 to ehcck analytical p r e d i c t i o n s  of condensation 

ratcs w i t h  f i a  shape, tube l eng th ,  and pitch. This paper shows a definfte 

p-referenc-e for t h e  flat-bottom, g r w m d  f i n  that provides  significantly 

larger drainage area f o r  t he  condensate. The p a p e r  reinforces the 

a u t h r ' s  thoughts and I:hose of D. (T. Thomas at ORNL. This type  of f i n ,  

.ch resembles a gear shape. and has come t o  be known as t h e  K-I~ube at 

ORNL9 has produced s u p e r i o r  r z s u l t s  on coildensing isobutane (R-60Qa) ~ 



9 

It is  thought p o s s i b l e  that t h i s  des ign  might be optimized even 

fur ther :  w i t h  a d d i t i o n a l  experimental  work. 

The f a c t o r s  t h a t  determine t h e  l i n e a l  condensation rate on a v e r t i c a l  

f l u t e d  tube  a t  given vapor and coo lan t  c o n d i t i o n s  are sunmarizedr 

condensate p r o p e r t i e s ,  

f l u t e  c o n f i g u r a t i o n ,  

b a f f l e  spacing,  

vapor contaminants ( o i l ,  water, noncondensables), 

0 tubes ide  f o u l i n g ,  

* s h e l l s i d e  f o u l i n g ,  and 

e- tube material. 

In  h o r i z o n t a l  condensers,  as t h e  number of t h e  tube  rows is increased, 

t h e  condensate i s  s u c c e s s i v e l y  dumped on t h e  lower row of t u b e s  causing 
a t h i c k e r  condensate f i l m  t o  b u i l d  up, consequently i n c r e a s i n g  t h e  

thermal r e s i s t a n c e .  This phenomenon is known as inundat ion.  Carryover 

c a l l e d  " r a in"  a s s o c i a t e d  w i t h  a v e r t i c a l  tube bundle is  p r e s e n t ,  bu t  is: 

does no t  e x h i b i t  t h e  pronounced r educ t ion  i n  hea t  t r a n s f e r  observed 

i n  l m r i z o n t a l  u n i t s .  The f l u r e s  c u r t a i l  s t r i p i n g  of t h e  condensate from 

t h e  tubes and reduce t h e  amount of r a i n  generated i n  v e r t i c a l  u n i t s -  

"he r a t i o  of s h e l l s i d e  cundensing h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  a. 

s i n g l e  smooth h o r i z o n t a l  tube t o  an equa l  l eng th  (L) smooch ver t ical  t abe  

is 0.77 (T, /D)1/ /4 ,  where D i s  t h e  tube diameter .  The r a t i o  of condensing 

c o e f f i c i e n t s  ranges from 1.5 t o  2.5 f o r  commercial-sized condensers. 

Inundat ion can reduce the  t o t a l  condensation ra te  on h o r i z o n t a l  

u n i t s  by f a c t o r s  up t o  one-third depending on whose co r - r e l a t ion  i s  being 
used ~ t h e  noncondensible,  t h e  v e l o c i t i e s  irivol.ved, and t h e  gas being 

corid ensed . 
The q u e s t i o n  of the economic f e a s i b i l i t y  o f  nlaintaining s h o r t  CQW 

clensation l e n g t h s  by r o l l i n g  each tube i n t o  each b a f f l e  arid tube suppor ts  

w i th  ex tens ion  r o l l e r s  s t i l l  remains t o  be determined. The cost  is 

about  $2 pe r  r o l l ,  and t h e  f e a s i b i l i t y  i nvo lves  t h e  r i s k  of overexpanding 

t h e  tube and t h e  c o s t  of having to plug t h e  tube  .if i t  is  ruptured i n  

t h e  p rocess  of expanding it. 
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If a11 these factors are taken i n t o  account and the designs compared, 

a vertical.-E~u%led-tube corzdenser r e q u i r i n g  18300 rn (SOK f t >  o f  l.@-in. - 
diam tubing could conceivably rep3-ac.e a horizontal-  stnoath tube unit 

raquiring 91,400 m (300K ft) of 1.0-in, -diam t u b i n g  consider ing e q u a l  

fouling on bath units. 



4 .  INDUSTRIAL APPLICATIONS 

Union Carbide Corporation has  commercially f a b r i c a t e d  hundreds of 

v e r t i c a l - f l u t e d - t u b e  condensers through development work by 

6 .  F. Gottzmann and P .  S .  O ' N e i l l  of  t h e  Linde Di.vision, l'onawanda, 

N. Y . ,  and P. E. Minton of t h e  P las t ics  Div i s ion ,  South Charleston,  

W, V a . l G  

The h igh  performance condensers u t i l i z e  f l u t e d  s u r f a c e s  on t h e  

s h e l l s i d e  f o r  condensing hydrocarbon vapors and employ a pa ten ted  Linde 

porous m e t a l l i c  s u r f a c e  t o  promote ni ic leate  b o i l i n g  on t h e  i n s i d e  of 

t h e  tubes.  These u n i t s  have been used commercially t o  condense ethane 

and butane on t h e  s h e l l s i d e  wh i l e  b o i l i n g  propylene on t h e  tubes ide  

s u r f a c e ,  which r e s u l t s  i n  enhancement f a c t o r s  i n  t h e  o v e r a l l  hea t  

t r a n s f e r  as  h igh  as f i v e .  

Linde Div i s ion  has  designed most of t h e l r  "UC-High Flux" exchangers 

wi th  an approach temperature  of 2.8K (S'F) , l 7  al though approach tempera- 

t u r e s  as l o w  as 1 . l K  (Z°F) have been used. The UC exchangers a lso 

o p e r a t e  w i t h  p r e s s u r e  drops as high as 2 MPa (300 p s i )  w i t h  corespond- 

i n g l y  high vapor v e l o c i t i e s .  

3400 W/m2*K (600 Btu/h* f t2* 'I?) have been obtained18 i n  condensing hydro- 

carbons w i t h  est imated condensing f i l m  c o e f f i c i e n t  as h igh  as 5675 W/rn2*K 

(1000 B t u / h = f t 2 * " F ) .  

Actual  o v e r a l l  c o e f f i c i e n t s  as h igh  as 
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Cur ren t ly  t h e r e  are only a few f a b r i c a t o r s  i n  t h e  world i n t e r e s t e d  

i n  o r  a c t i v e l y  engaged i n  t h e  product ion of Eluted tubes.  Ttiere are 

several .  f a c t o r s  t o  cons ide r  i n  s e l e c t i n g  a des ign  f o r  f l u t e d  tubes.  

Designs are enhanced by eiuploying s h o r t  t ube  l e n g t h s  that  c a l l  

f o r  s e a l i n g  t h e  tube a t  each b a f f l e .  I f  t he  tubes are t o  be r o l l e d  

into t h e  b a f f l e s ,  s k i p s  must be provided i n  the f l u t i n g ,  a procedure 

t h a t  is p r a c t i c a l l y  impossible  t o  accomplish du r ing  a drawing o p e r a t i o n .  

I f  g l u e  o r  a braze  is  used to make t h i s  seal, t h e r e  i s  the problem of 

excess  material running down t h e  f l u t e  and plugging it. Gromets  were 

considered,  b u t  t h e  number involved on l a r g e  exchangers (1000 tubes 

o r  more) make one look f o r  more e x p e d i t i o u s  means. P l a s t i c  b a f f l e s  

w i t h  O-ring seals w e r e  s e r i o u s l y  considered b u t  dropped when development 

c o s t s  w e r e  considered.  Another conceivable  method of attachment i s  
t a  p a r t i a l l y  m e l t  o r  deform p l a s t i c  b a f f l e s  t o  obtairt  t h e  seal by 

h e a t i n g  t h e  tubes t o  t h e  me l t ing  p o i n t  of t h e  p l a s t i c .  

Extruding t h e  Cubes through a dye r e q u i r e s  c o n t r o l l i n g  the t o l e r a n c e  

to less than 0.025 mm ( 1  m i l )  and c o n t r o l l i n g  t h e  l e n g t h  of the draw.  

The e x t r u s i o n  a l s o  r e q u i r e s  t h e  a b i l i t y  t o  draw c e r t a i n  materials. 

Copper, copper-base a l l o y s ,  and aluminum can r e a d i l y  be used f o r  t h i s  

purpose. A d i sadvan tage  of drawing tubes is t h a t  t h e  tube has t o  be 

"def luted" on t h e  ends t o  r o l l  i t  i n t o  t h e  tubesheet .  

There are companies i n  North America t h a t  can f u r n i s h  cont inuously 

drawn f l u t e d  tubing t o  s p e c i f i c a t i o n  i n  Lengths up t o  6 m (20 f t >  . 
These i n c l u d e  the  Teledyne Tubular Products  Corporat ion,  t h e  Noranda 

Tubing Company, and Southwest Alloys.  Noranda can f u r n i s h  tub ing  

wi th  f l u t e s  on e i t h e r  o r  both t h e  i n s i d e  o r  o u t s i d e  i n  e i t h e r  s t r a i g h t  

o r  s p i r a l  c o n f i g u r a l i o n s .  

Yorkshire  I n d u s t r i e s ,  Ltd. , of Leeds, England, can f u r n i s h  sk ips  

b u t  o n l y  two pi tch-spacing o p t i o n s  are a v a i l a b l e  for  f l u t i n g  configura- 

t i o n s .  Maximum enhancements i n  o v e r a l l  h e a t  t r a n s f e r  of no b e t t e r  than 

t w o  are expected from t h e s e  rubes in condensing steam a t  a c o s t  of about 

20% h ighe r  than  f o r  smooth tubes.  The cor ruga ted  tubes are a v a i l a b l e  

1.3 
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i n  copper,  bronzes,  b r a s s e s ,  aJ.uminum b r a s s ,  and copper-nickel. Tmigt'ns 

up t o  1.8 m (60 f t )  can be o b t a h e d .  

Toshiba Metal Products  of Tokyo Japan,  produces Fluted tubes  i n  
t i t an ium by r o l l i n g  f l a t  p l a t e  with the desi-red f l u t i n g  conf igu ra t ion ,  

bending t h e  p l a t e  around a mandri l ,  and seam welding the tube p a r a l l e l  

t o  t he  axis  (Fig. 3 )  . The cost: of t i . t a n : i . u m  f l u t e d  tub ing  was about  

$26/m ($8 / f t ) ;  change of material t o  carbon s teel  d i d  not s i g n i f i c a n t l y  

reduce the c o s t .  Tosbiba built :  and supp l i ed  condensers f o r  the  Sunshine 

Geothermil Pro;ject  at Sapporo, .Japan. 

Grob, Inc. ,  o f  Grafton,  Wisconsin, was t h e  only corripany t h a t  could 

f l u t e  the tubes f o r  the East. Mesa condenser a t  a r easonab le  cos t  

$4.92/in ( $ 1 , 5 0 / f t )  w i t h i n  s p e c i f i c a t i o n .  The work done by Grob us ing  

a r o l l i n g  ope ra t ion  wa,s p r e c i s e  and of e x c e l l e n t  q u a l i - t y .  The Croh 

method i s  suitable f o r  r o l l i n g  even o r  odd numbers of uniform teeth 

spaced on a c y l i n d r i c a l  blank. 

O W L - D W G  84-43095 

ROLLER WITH THE 
TlVAltllblM PLATE CONTOURED SURFACE TI6 WELDIMG 

ROLL FORMING H l Q H  HEAT 
AND WLOlWB FLUX TUBE 

ROLLINQ 

( A I  PITCH: d.Omm, DEPTH: O.Srnm 
(33 mi ld  (20rnils) 

Fig.  3 .  Product i on  method used by ToshiLba Metal Products Div i s ion ,  
Tokoyo, Japan showing t y p i c a l  flute paterns .  
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According t o  Crob, any d u c t i l e  material can be r o l l e d .  The tubes 

must be uniform i n  d u c t i l i t y  and c r o s s  s e c t i o n  t o  produce an a c c u r a t e  

form. Work hardening depends on material composition, t he  hardness 

b e f o r e  r o l l i n g ,  t h e  t o o t h  depth,  and t h e  feed rate. Some material 

work hardens so f a s t  t h a t  i t  fs impossible  t o  form a deep tooth, 

The Grob r o l l i n g  machine is shown i n  Fig. 4. The f i g u r e  shows a 

rod being f l u t e d ,  but a tube can b e  f a b r i c a t e d  i n  the s a m e  manner 

depending on t h e  w a l l  t h i ckness .  One o r  more p a i r  of p l a n e t a r y  r o l l e r s  

p e n e t r a t e  a t u b u l a r  bank €or a s h o r t  p a r t  of t h e i r  cyc le .  The r o l l e r s  

t hen  l e a v e  t h e  blank f o r  t h e  rest of t h e  c y c l e ,  during which t i m e  the 

blank indexes.  A new r o l l e r  c o n t a c t  is  then made. The blank is con- 

t i nuous ly  l o n g i t u d i n a l l y  advanced. 

shapes i n  t h e  c o n t a c t  area as t he  f i n i s h e d  blank has. Each f l u t e  

p a t t e r n  r e q u i r e s  a d i f f e r e n t  set of r o l l e r s .  

can be r e i n f o r c e d  w i t h  mandri ls  t h a t  have t o  b e  e x t r a c t e d  a f t e r  t h e  

f l u t i n g  o p e r a t i o n  a t  a d d i t i o n a l  c o s t .  The work i n p u t  i n t o  the. process  

depends on t h e  amount of m e t a l  that is  moved. The minimum tube-wall 

t h i c k n e s s  t h a t  (:rob recommends is governed by the  s t r e n g t h  of t he  tubing 

and t h e  f i n  depth.  Grob used 25-mm- (1.0-in.)-outside diameter by 1.65-m- 

(65-mil)-wall low-carbon steel tubing f o r  producing f l u t e d  tubes f o r  t h e  

East Mesa Condenser. These tubes (Fig.  5 )  have an o u t s i d e  diameter 

of 25.6 mm (1.01 i n . )  and an i n s i d e  diameter of 22 mm (0.862 i n . ) .  

The r o l l e r s  have the exact nega t ive  

Tubes having t h i n  walls 

A t  p r e s e n t ,  Grob o f f e r s  no q u a n t i t y  d i scoun t s  and bases  t h e  c o s t  

per l i n e a l  f o o t  on t h e  m e t a l  moved dur ing  t h e  f l u t i n g  o p e r a t i o n ,  which 

can be r e l a t e d  to t h e  number and s i z e  of t h e  f l u t e s .  

A photomicrograph of a c r o s s  s e c t i o n  of a carbon steel  f l u t e d  tube 

r o l l e d  by Grob i s  shown i n  Fig.  6 -  This f i g u r e  w i l l  g i v e  t h e  r e a d e r  

some i d e a  of t h e  p r e c i s i o n  involved. There i s  s p e c u l a t i o n  t h a t  t h e r e  

are German companies t h a t  produce f l u t e d  tubes on s p e c i a l  o r d e r ,  b u t  as 

y e t  they have not. been l o c a t e d .  
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ORNL-Photo 3340-81 
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Fig. 4 .  Tube-roll ing machine developed by Grob, Inc . ,  Graf ton,  
Wisconsin. 
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ORNL-DWG 8M5093 

\ 

Fig. 5 .  Design s p e c i f i c a t i o n s  f o r  t h e  manufacture of t h e  E-tube. 

ORNL-DWG 84-15255 

Fig. 6 .  Photomicrograph of a c r o s s  s e c t i o n  of a carbon steel 
E-tube produced by Grob, Inc.  





6 .  EXPERIMENTAL WORK AT ORPSI, 

Recent experiments a t  ORNL by S. K. Combs, G.  S. Mailen and 

R. W.  Murphy19 i n  condensing r e f r i g e r a n t s  on a v a r i e t y  of vertticak 

2.5-mm (1.0-i.11.) d i m  f l u t e d  tubes have provided enough data co make 

o p t i m i z a t i o n s  and p r e d i c t i o n s  of heat t r a n s f e r .  They used Wflson p l o t s  

t:o e s t a b l i s h  the  condensing f i l m  m e f f i c i e n t  on t h e  tube w a l l  as a 
f u n c t i o n  of t h e  hea'i f l ux .  

Combs e t  a1 made tests on  a v a r i e t y  of e x t e r n a l  s u r f a c e s  on 25-m 
diani tubes having h e a t  t r a n s f e r  areas up to 3 . 2  tl.rmes (J-tube.) t h e  area of 

t h e  smooth tube of equal  l eng th .  R-11, K-21, R-22, R-113, R-1.14, R-115, 

arid R-600a ( isobutane)  r e f r i g e r a n t s  were condensed on the tubes by them 

t o  o b t a i n  t h e  experimental  da t a .  From t h i s  d a t a  i t  w a s  concluded that 

the tnost promising tube w a s  t h e  alumiau-m E-tube, w h i c h  provided more 

condensate pe r  u n i t  l e n g t h  than any of t h e  o t h e r s  f o r  condensing 

isobutane.  

A comparison of the c h a r a c t e r i s t i c s  of t h e  s t anda rd  A-tube, the 

gear-shaped E-tube, and t h e  f lute-shaped F-tube are shown i n  Table 1. 

It w i l l  be  noted tha t  t h e  ratio of i n t e r n a l  t o  external .  heat tratnsfer 

area i s  the g r e a t e s t  f u r  t h e  E-tube. Table 2 shows t h e  p e r t i n e n t  

p r o p e r t i e s  of each of t h e  r e f r i g e r a n t s .  

The test by Combs e t  a1 d i d  no t  i nc lude  condensing each of the refrig- 

e r a n t s  on a l l  of t h e  tubes.  Additionas data w e r e  provided on t:he F-tube i n  
condensing R-11 on tubes wi th  d ra inage  s k i r t s  spaecd a t  0.15, 0.30, 0.61, 

1.22 m ( 6 ,  1 2 ,  24, and 48 i n . ) .  To t r y  t o  c o r r e l a t e  t h i s  d a t a ,  enhance- 

ment f a c t o r s  w e r e  c a l c u l a t e d  comparing condensing f i l m  caefficients 

€ O K  t h e  f l u t e d  tubes wi th  t h e  condensing f i l m  c o e f f i c i e n t s  f o r  a smooth 

ver t ica l  tube.  These comparisons were tilade f o r  various h e a t  fl.uxes. 

Figure  7 shows t h e  enhancement factors as a f u n c t i o n  of heat flux 

i n  condensing R-115 wi th  va r ious  skirt spac ings  f o r  the F-tube compared 

w i t h  a 1.22-m E-tube wi th  no s k i r t s .  A t  low heat fluxes [around 

6300 W/m2 (2000 B t u / h - f t 2 ) ,  it w i l l  be  noted t h a t  t h e  E-tube w i t h  

s k i r t s  spaced 1.22 m a p a z t  bas about t h e  same enhancement as the F-tubs 

w i t h  s k i r t s  spaced 0.15 m a p a r t .  The maximum enhancement obtai.ned with 

19 



Table 1. Characteristics of A-, E-, and F-tubes 

Humber of 
flutes 

Flute diameter Inside diameter External area Ratio 

cm in. cm in. m2/m ft2/ft Ao/Ai 
Tube type Configuration 

A Srnooth 2.540 1.000 2.261 0.870 0.0243 0.2618 1.1494 0 
n Gear 2.565 1.010 2.189 0.862 0.0391 0.4208 1.8647 60 
F Sine wave 2.540 1.000 2.286 0.900 0.0258 0.2775 1.1777 48 

Table 2. Camparison of refrigerant properties at 311 K (100'F) 

Property Units R-ll K-21 R-22 R-113 R-114 R-115 R-600a R-717 H20 

Sat.Jration 
pressure 

conductivity 

viscosity 

Thermal 

Dynamic 

Density 

lieat o f  
va?orizatlon 

capacity 

tension 

Heat 

Surf ace 

Cost 

~~ ~ 

23.46 
O.161E 
0.049 
0.084 

0.894 
3.700 
90.20 
1445.0 
75.20 
1.749 
0.210 
895.0 
0.00114 
0.0167 
0.470 
1.034 

40.04 
0.2761 
0.056 
0.097 
0.690 
2.840 
83.40 
1335.0 
95.10 
2.211 
0.260 
1090.0 
0.00112 
0.0163 
G.540 
1.186 

210.6 
1.452 

0.047 
0.082 
0.440 
1.840 
71.20 
1141.0 
72. eo 
1.693 
0.310 
1310.0 
0.00044 
0.0065 
0.870 
1.914 

10.46 
0.073 
0.042 
0.073 

1.380 
5.700 
95.80 
1534.0 
64.50 
1.498 
0.230 
971.0 
0.00117 
0.0171 
0.720 
1.564 

45.85 
0.3161 
0.035 
0.061 
0.710 
2.900 
sa. 40 
1416 .O 
52.90 
1.230 
0.250 
1040.0 
0.00072 
0.0171 
0.810 
1.782 

182.73 
1.260 
0.027 
0.046 
0.400 
1.650 
76.00 
1217.0 
35.60 
0.832 
0.300 
1259 I 0 
0.00026 
0.0105 
13.750 
3.850 

72.04 
0.4967 
0.059 
0.102 
0.350 
1.450 
33.40 
535.0 
133 .1  
3 .  C94 
0.630 
2623.0 
0.00057 
0.0084 
I. 000 
2.203 

212.0 
1.461 
0.261 
0.452 
0.300 
1 .230  
36.40 
583.1 

11.10 
1.160 
4845,O 
0.00120 
0.0175 
0.250 
0.550 

477. a 

0.95 
0.007 
0.363 
0.628 
1.580 
6.530 
62.00 
993.2 
1037.0 
24.10 
1.000 
4175.0 
0.00480 
0.0699 
0.010 
0.322 
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Fig. 7.  Enhat-cement  f a c t o r s  for condensing R-115  on E- and P-tubes 
compared wi th  smooth tubes  w Z t h  no drainage skir ts  as f u n c t i o n s  of 
h e a t  flux. 

R-115 is aobut 3.75. T h e  skirt: spac ing  w i t h  R-115 seems more e f f e c t i v e  

at l o w  h e a t  fluxes wi th  an i n c r e a s e  t-n enhancement of about 1 .6;  a t  

h igh  fluxes t h e  i n c r e a s e  i s  reduced t o  1.3. 

F igu re  8 s h o w s  t h e  s a m e  r e l a t i o n s h k p s  when condensing R-113 

r e f r i g e r a n t  where t h e  rnaxdmum enhancement is  6.75 w i t h  t h e  0.15-m skdr t  

spacing on the  F-tubes. 

could ach ieve  about t h e  s a m e  enhancement as the F-tubes wi th  0.15-rn 

spacing. 

by a factor of 1.5 a t  low f luxes t o  2 .7  a t  t h e  high fluxes by reducfng 

t h e  s k i r t  spac ing  from 1.22 xn t o  0.15 rn. 

An E-tube wi th  skirt spaced at 1.22-rn in te rva ls  

a'he enhancement i n  t h e  condensing f i l m  coefffcient i s  inc reased  

Figure 9 shows t h e  r e l a t i o n s h i p s  when condensing R - l l  vapor,  which 

y i e l d s  enhancement factors as h igh  as 8.0 by using 0 .15 -m s k i r t  spacing.  

The effect of s k i r t  spac ing  is not. quite as s e n s i t i v e  here, wi th  t h e  



T’E’ TUBE (No skirts) 

Fig.  8. Enhancement f a c t o r s  €or condensing R-113 on E- and F-tubes 
compared wi th  smooth tubes with no drainage skirts as functions of  
h e a t  f l ux .  

“.) I Z Z m ( 4 8 r n )  

“E’ TUBE [No Shirts1 

F i g .  9. Enhancement factors f o r  condensing R-11 on E- and I?--tubes 
with smooth tubes wi th  no d ra inage  s k i r t s  as f u n c t i o n s  of heat f l u x .  
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i n c r e a s e  ranging f r o m  1.43 t o  2 . 1 1  when dec reas ing  the s k i r t  spacing 

from 1 . 2 2  m t o  0.15 m. 

about t h e  same enhancement a s  the F-tube wi th  the same spacihg. 

The E-tube wi th  1.22-m s k i r t  spacing produces 

F igu re  10 shows the relative enhancement i n  condensing various 

r e f r i g e r a n t s  on E-tubes with 1.22-in (48-in.) s k i r t  spacitxgs. The 

f luorocarbon e x h i b i t i n g  t h e  most s i m i l a r  enhancement t o  i s a b u t a n e  vapor 

(R-600A) is  R-11. It  is q u i t e  d i f f i c u l t  t o  ob ta in  permission from t h e  

ORNL f i r e  marsha l l  t o  test hydrocarbons i n  the  laboratory t e s t i n g  

f a c i l i t y ,  which is the main reason why so few runs were made wi th  

isobutane.  Re fe r r ing  t o  R-11 ,  i c  would seem t h a t  20% enhancements 

might bc expected a t  low heat fl-taxes us ing  s k i r t  spac ings  of 0.61 m and 

30% increases with spacings of 0.3 in. No allowances f o r  this i n c r e a s e  

have been considered i n  t h i s  design (see Sec t .  7.3) e 

Fig.  10. Enhancement f a c t o r s  f o r  condensing v a r i o u s  r e f r i g e r a n t s  
on E-tubes as f u n c t i o n s  of h e a t  flux. 
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Figure 11 shows t h e  condensing heat t r a n s f e r  c o e f f i c i e n t  as a 

f u n c t i o n  of e f f e c t i v e  tube length ~ O K  s e v e r a l  t ube  types f o r  high and 

low h e a t  f l u x e s  as given i n  Ref. 20. Seve ra l  t r e n d s  can be seen from 

t h i s  f i g u r e .  It appears  t h a t  i n c r e a s e s  i n  e f f e c t t v e  tube l e n g t h  reduce 

t h e  condensing h e a t  t r a n s f e r  coe f f i cPen t  more d r a s t i c a l l y ,  p a r t i c u l a r l y  

ai: law f l u x e s ,  €or the smooth tube than i t  does f o r  an e q u a l  l e n g t h  

i n c r e a s e  i n  t h e  f l u t e d  tubes. The condensing c o e f f i c i e n t s  i n  m o s t  

c a ses  s e e m  t o  be reduced more a t  1n:I.gh heat f l u x e s  than  a t  low h e a t  

f l u x e s  f o r  f l u t e d  tubes 

F igu re  12 s h o w s  t h e  e f f e c t  of tube l e n g t h  aa t h e  condensing 

c o e f f i c i e n t s  on an  F-tube f o r  s e v e r a l  s e l e c t e d  r e f r i g e r a n t s .  It can 

be seen t h a t  t h e  l e n g t h  has  pract5caK.I.y no e f f e c t  a t  low h e a t  f l u x e s  

of 9500 w/m2 (3000 B t u / h * f t 2 )  when condensilig amonia (8-717) and only a 

s l i g h t  e f f e c t  a t  h igh  heat f l u x e s  of 28,000 W/m2 (9000 B t u / h * f t 2 ) .  From 
review of a l l  of t h e  r e l a t i o n s h i p s  p e r t a i n i n g  t o  t h e  e f f e c t  of condensa- 

t i o n  l e n g t h  on enhancement a t  l o w  f l u x e s ,  i t  m:Lght g e n e r a l l y  be s a i d  

t h a t  i n c r e a s i n g  tube  l e n g t h  from 0.15 m ( 6  i n . )  t o  1 . 2 2  m ( 4 8  i n . )  

roughly dec reases  t h e  condensing h e a t  t r a n s f e r  c o e f f i c i e n t  by as much 

as 15%. The n e t  r e s u l t  of dec reas ing  the tube length  from 1 . 2 2  m t o  

0.3 m (12  i n . )  r e s u l t s  in i n c r e a s i n g  the t o t a l  heat t r a n s f e r  by 5 t o  10%. 

Conversely, i n c r e a s i n g  t h e  l e n g t h  from 1 . 2 2  rn (4  ft) to 4.88 rn (16 f t )  

could conceivably dec rease  t h e  o v e r a l l  h e a t  transfer by a similar amount. 

Before t h e  des ign  of t h e  11SO-tube unit, a 4.2-m2 (4.5--ft2) 40-tube 

condenser w a s  destgned and tested by OWL a t  t h e  E a s t  Mesa facility.21 

T h e  40-tube condenseir s h o w  i n  Pig.  13 contafras aluminum P--type f l u t e d  

tubes.  The 24-ram (1.0 in . )  P-tube has 48 f h t e s  on t h e  o u t s i d e  t h a t  

resemble a s i n e  wave having ampl.itindes of about 0.25 mm (10 m i l s ) .  

f i e l d  tes t :  r e s u l t s  of t h e  40-tube condenser i n d i c a t e d  an  o v e r a l l  h e a t  

t r a n s f e r  o f  less than  one-fourth of t h e  a n t i c i p a t e d  v l aues  f o r  the  

l a r g e r  E a s t  Mesa condenser currently being i n v e s t i g a t e d .  

The 

T e s t s  were a l s o  made on a 104-vertical-fluten-tube condenser shown 

i n  Ptg.  14 t h a t  w a s  tested a t  the. Geothermal Teat F a c i l i t y  loc.at2d a t  

Raf t  River, Idaho. A s e p a r a t e  r e p o r t  is  being prepared on the t e s t i n g  

o f  t h i s  condenser, which performed considerably be,tter than  the 48-tube 

unit t e s t e d  a t  East Ness. It w i l l  be noted that t h e  104-tube u n i t  has 
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Fig .  11. Effect of l eng th  on condensation c o e f f i c i e n t s  of R-PI on 
F- and A-tubes a t  h e a t  fluxes from 9450 t o  28,000 W/m2 (3000 t u  
9000 Btu/h.f t2) .  
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Fig. 12. Effect of l ength  o f  F-tube on the condensfng coefficient 
f o r  v a r i o u s  vapors a t  d i f f e r e n t  heat f 1-uxes. 
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OWL-Photo 1479-78 

L 

Fig. 13. ORNL 40-tube vertical-fluted-tube condenser tested at the 
East Mesa Geothermal Test Site. 

the vapor supply located at the base of the condenser. 

the pertinent design and operating parameters and compares the perform- 

ance of t w o  ORNL condensers tested to date with the 1150-tube condenser 

being tested at East Mesa. 

Table 3 shows 
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Fig. 14. ORNL 104-tube vertical-fluted tube condenser tested at 
the Raft River Geothermal Test Site. 



Table 3. Comparison of ORNL condensers tested at geothermal test facilities 

Units 40-tube condenser 104-tube condenser 1150-tube condenser 

Test facility 

Heat transferred 

a Heat transfer area 

Heat flux 

LMTD 

Overall U 

Water flow rate 

Water velocity 

Vapor flow rate 

Vapor velocity 

Tube material 

Tube type 

Baffle material 

Baffle attachment 

Downcommers 

Shrouds 

Water vapor 

Noncondensibles 

MW(t) 
Btu/h 

m2 
f t2 

W/m2 
Btu/h- f t2 

K 
O F  

W/m2-K 
Btu/h-f t2* O F  

m3/s 

m/s 
ft/s 

kg/s 

m/ s 
ft/s 

gpm 

lb/h 

East Mesa, Calif. 

0.0586 
200 , 000 
4.46 
48 

13 , 134 
4167 

22-28 
40-50 

450-600 
80-105 

0.006 
90 

1.38 
4.54 

0.190 
1500 

0.806 
2.65 (maximum) 

Aluminum 

F 

Rubber 

Glued 

None 

Yes 

Yes (amount ? ) 

CO2 (amount?) 

Raft River, Idaho 

0.5 
1 , 706 , 500 
52.6 
566 

9471 
3005 

4.26 
7.66 

2205 
392 

0.019 
300 

1.98 
6.5 

1.65 
13 , 000 
1.83 
6.0 

Admiralty 

E 

Carbon steel 

Rolled 

6 

Yes 

Yes 

Ng (amount?) 

East Mesa, Calif. 

5.0 
17,065,000 

688 
7400 

7269 
2306 

4.6 
8.2 

1700-2800 
300-500 (predicted) 

0.221 
3500 

2.04 
6.70 

12.63 
100,000 

3.05 
10.0 

Carbon steel 

E 

Carbon steel 

Rolled 

38 

Yes 

1.37 wt % 

C02 0.16 wt % 

N 
03 

Discounts plugged tube (2 at Raft River and 12 at East Mesa). a 
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The va lues  quoted on t h e  smaller u n i t s  are those involving the 

h i g h e s t  o v e r a l l  heal: transfer c o e f f i c i e n t s  i n  a direct-contact binary 

cycle, For complete d e t a i l s  on the t e s t i n g  oE these units.,  t h e  reader 

i s  r e f e r r e d  eo forthcoming reports on t h e  i d i v i d u a l .  tests. 

There are several d i f f e r e n c e s  i n  these condensers t h a t  are tmrrh 

mentioning. The nancondensable gas at East Mesa La carbon dioxide, 

while a t  Raf t  River i t  is  n i t rogen .  The 1150-tube unPt contains  the 

mort;: e f f i c i e n t  E-tubes having 60 f l u t e s ,  about 1 - 5  times the coolant  
v e l o c i t y  o f  t h e  40-tube unit. The 1150-tube u n i t  mainrains a f a i r l y  

c o n s t a n t  vapor v e l a r  i t y  on the s h e l l s i d e ,  which i s  about twice t h e  

maximum v e l o c i t y  as obtained i n  the 40-tube u n i t .  The b a f f l e s  i n  the  

40-tube u n i t  were f a b r i c a t e d  from 0.38-m (1 5 - m i l )  r e s i l i e n t ,  rubber, 

whereas t h e  b a f f l e s  of t h e  l a r g e r  u n i t  are f a b r i c a t e d  from 9.5-mm 

(3/8- in . ) - thick carbon steel plates i n t o  w h i c h  t h e  tubes are rolled. 

The latter arrangement provides  a iimre s t a b l e  f l o w  path for the vapoa- 

and promotes more p r e d i c t a b l e  uniform v e l o c i t i e s .  





7 .  HEAT TRANSFER CALCULATIONS 

The h e a t  t r a n s f e r  c a l c u l a t i o n s  € o r  t h e  condenser i nvo lve  t h e  

p h y s i c a l  p r o p e r t i e s  of t h e  l i q u i d  and vapor phases of t h e  s h e l l s i d e  

f l u i d ,  the p h y s i c a l  p r o p e r t i e s  of t h e  l i q u i d  phase of t h e  tubes ide  

f l u i d ,  and t h e  thermodynamic p r o p e r t i e s  of t h e  s h e l l s i d e  f l u i d .  The 

t o t a l  h e a t  t r a n s f e r  i s  ob ta ined  hy c a l c u l a t i o n  of t h e  tubes ide  h e a t  

t r a n s f e r  c o e f f i c i e n t ,  and e s t i m a t i o n  of the t u b e s i d e  and s h e l l s i d e  

f o u l i n g  f a c t o r s .  The des ign  area o f  t h e  condenser i s  obtaincd from a 

combination of experimental  and c a l c u l a t e d  d a t a  (along wi th  some 

educated guesses)  . The h e a t  t r a n s f e r  and p r e s s u r e  drop r e l a t i o n s h i p s  

have been c o r r e l a t e d  and computerized us ing  a Gibbs-type phase r u l e  

f o r  s e l e c t i n g  t h e  equa t ions  and v a r i a b l e s  f o r  s i z i n g  t h e  condenser. 

7 . 1  P r o p e r t i e s  of Liquid and Vapor Streams 

The de te rmina t ion  of t h e  h e a t  con ten t  of the vapor streams can 

p r e s e n t  problems i n  e v a l u a t i n g  t h e  condenser performance. The a c t u a l  

vapor composition might c o n t a i n  s e v e r a l  l i g h t  hydrocarbons, water 

and some noncondensable gases.  

The Benedict-Webb-Rubin (BWR), Hans-Starling (HS) ,  Redlich-Kwong 

(E) and 'Peng-Robi.nson (PR) equa t ions  of state are a l l  popular contenders  

f o r  a c c u r a t e  means of determining t h e  thermodynamic p r o p e r t k s  of hydro- 

carbon vapors.  N. A. Samurin and J .  R. Shid.ds2-2. of t h e  E l l i o t t  Company 

have compared the BWR, PR, and HS equa t ions  wi th  General E l e c t r i c ' s  

Hark V p r o p r i e t a r y  computer code. 

p r e d i c t  lower s a t u r a t i o n  temperatures  a t  p r e s s u r e s  below 500 ps i - a ,  and 

as much as 5% d i f f e r e n c e  w a s  noted i n  t h e  s a t u r a t i o n  temperature a t  

50 p s i a .  

The EIS c o r r e l . a t i o n  w a s  found t o  

The IIS equa t ions  w e r e  used by t h e  system des igne r s  of E a s t  Mesa 

f o r  evid.uating t h e  thermodynamic p r o p e r t i e s  of gases  f o r  t h e  50Q-kW(e) 

system now o p e r a t i o n a l  a t  t h e  geothermal tes t  si te.  Thermodynamic 

p r o p e r t i e s  of l ight :  hydrocarbons and gases  us ing  t h e  Starl.i.ng-Benedict- 

Webb-Rubin c o r r e l a t i o n  w e r e  conipiled and computereized by R. F. S t a r l i n g .  2 3  

Because of i t s  p o l a r i t y ,  w a t e r  was n a t  included.  

3 1  
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The d e s i r e d  a n a l y t i c a l  scheme i s  t o  e v a l u a t e  t h e  vapor- l iquid 

equ i l ib r ium cons tan t s  from the  f u g a c i t i e s  and u l t i m a t e l y  t o  p r e d i c t  a 

bubble p o i n t  and dew point; as a f u n c t i a n  of p r e s s u r e  (and l o c a t i o n )  

f n  t h e  exchanger. The s i t u a t i o n  i s  f u r t h e r  compljcated f a r  a mixed 

hydrocarbon vapor con ta in ing  bo th  i m i s c i b l e s  and noncandensables. 

De H .  R i e m e r  e6 a1e2Lt of the Unive r s i ty  o f  Utah have a l s o  compiled 

a program us ing  t h e  Starling-Benedict-Webb-Rubin c o r r e l a t i o n  t o  e v a l u a t e  

t h e  pure component thermodynamic p r o p e r t i e s  qf 1 2  l i g h t  hydrocarbons. 

Euentual ly ,  we  would l i k e  t o  use  S t a r l i n g s  computerized d a t a  t ha t  

have been expanded t o  a l low f o r  water composition as a subrou t ine  f o r  

o b t a i n i n g  thermodynamic p r o p e r t i e s  of t h e  mixtures.  

Phys ica l  and thermodynamic p rope r ty  d a t a  f o r  isobutane over t h e  

p e r t i n e n t  temperature  and p r e s s u r e  range are shown i n  Appendix B. These 

d a t a  were obtained from the  American I n s t i t u t e  o f  Petroleum Engineers ( A P l )  

I h t a  Book2'. 

p r e s s u r e ,  and s p e c i f i c  heat as functions of temperature.  Figure B . 4  

shows t h e  enthalpy as a function. of both temperature and p res su re .  

Figure B.5 shows t h e  s o l u b i l i t y  of both  propane and isobutane i n  water as 

func t ions  of temperature,  axid Pig.  B - 6  shows t h e  s o l u a b i l i t y  of both 

propane and and i sobu tane  as f u n c t i o n s  of temperat.ur@, Appeizdi.~ C shows 

t h e  phys ica l  p r o p e r t i e s  of water used i n  t h e  tubes ide  h e a t  t r a n s f e r  COT- 

r e l a t i o n s  t a b u l a t e d  over t h e  a p p r o p r i a t e  temperature  range. These d a t a  

can b e  used f o r  making quick checks on the c o r r e l a t i o n s  employed i n  the  

design. 

Figures  B.l through Fig. B . 3  show t h e  l a t e n t  h e a t ,  vapor 

7.2 Tubeside H e a t  T rans fe r  C o e f f i c i e n t  

The condenser des ign  i s  based on t h e  a v a i l a b i l i t y  o f  0.22 m 3 / s  

(3500 gpm) of coo l ing  water supp l i ed  at  temperatures ranging from 

282 t o  3OOK (50 t o  80°F). A t u b e s i d e  v e l o c i t y  0.09 m/s ( 0 . 3  ft/s) i n  

t h e  E-tubes i s  suf f i c i ent  t o  produce t u r b u l e n t  f l o w  w i t h  a r e s u l t i n g  

t u b e s i d e  h e a t  t r a n s f e r  coefficient o f  about 570 W/m2-K (100 B t u / h * f t 2 * " F ) ,  

b u t  i t  t a k e s  a v e l o c i t y  of 2 . 7  m 3 / s  (8.9 f t / s )  tu o b t a i n  a h e a t  t r a n s f e r  

c o e f f i c i e n t  of 9080 W/m2 *R (1600 Btu/h= f t2-*'F) based on the Di t t u s -  

Boelter  c o r r e l a t i o n .  
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According t o  Kays and Pe rk ins ,  2 6  t h e  m o s t  a p p l i c a b l e  equa t ions  f o r  

c a l c u l a t i n g  t u r b u l e n t  flow i n s i d e  smooth tubes  are the Dittus-Boel ter ,  

Colburn, and t h e  Sieder-Tate c o r r e l a t i o n s ,  

The Di t tus -Boe l t e r  c o r r e l a t i o n  shown i n  Eq. (1) d e f i n e s  t h e  Nussel t  

number, Nu, f o r  hea r ing  f l u i d s  i n  c i r c u l a r  tubes and is recommended 

when t h e r e  i s  less  than  a 5.6K (loop) drop a c r o s s  t h e  water f i lm:  

Nu = 0.023 R e o s 8  h*U/k (1) 

Equation (1) i s  based on e x t e n s i v e  experi.menta1- d a t a  covering ranges i n  

Reynold numbers from l0,OOO t o  120,000, P r a n d t l  numbers from 0.7 t o  

120, and f o r  L/D r a t io s  g r e a t e r  t han  60. 

f i na l  condenser design i s  about 45,000, the F r a n d t l  i s  about. 6.8, and 

the L I D  r a t i o  i s  over 225. The physical p r o p e r t i e s  used i n  Eq. (1) are 

t o  be eva lua ted  a t  t h e  mean bu lk - f lu id  temperature.  The Calhurn 

c o r r e l a t i o n  d e f i n e s  the Nusselt: number €or  both h e a t i n g  and c:oollng 

of f l u i d s  i n  c i r c u l a r  tubes as shorn ia E q .  ( 2 )  

The. Reynolds number i n  the  

and extends t h e  c o r r e l a t i o n  t o  i n c l u d e  t h e  j - f a c t o r  de f ined  i n  several 

ways i n  E q ,  ( 3 )  : 

j = S t  P r 2 j 3  = 0.023 Re-Oo2 = f / 8  ( 3 )  

In  the Colburn c o r r e l a t i o n ,  i t  i s  recommended t h a t  t h e  p h y s i c a l  p r o p e r t i e s  

be eva lua ted  a t  t h e  mean temperature between t h e  average bu lk - f lu id  Ceui- 

p e r a t u r e  and t h e  average tube-wall s u r f a c e  temperature.  T h i s  c o r r e l a t i o n  

a l s o  p rov ides  a method of evaluating t h e  f r i c t i o n  f a c t o r  used i n  t h e  

de t e rmina t ion  of the p r e s s u r e  drop. 

The Sieder-Tate c o r r e l a t i o n  as shown i n  Eq.  ( 4 )  al lows for  radial .  

v a r i a t i o n s  i n  t h e  v l s c o s i t y .  The v i s c o s i t y  r a t i o  t e r m  tends t o  i n c r e a s e  

t h e  tubes ide  heat t r a n s f e r  c o e f f i c i e n t  when the f l u i d  is  being hea ted  

and dec rease  i t  when t h e  f l u i d  i s  being cooled. 



~n approximate tieat Lrarlsfer ~oefficient?~ for the turbulent flow of 

water inside tubes in the  temperature range of 5 to 104K (40  t o  220’F) 

is shown in Eq. (5) and depends o n l y  on the  size o f  the conduit, the 

velocity, and temperature. 

h -I C (1 + O.Olltb) V,0.8 /Do-’  1 ( 5 )  

where in Eqs .  (1 through 5) 

Nu = dimensionless Nusselt number = h*D/k, 

Pr = dimensionless Prandtl number = C u / k ,  

Re = dimensionless Reynolds number = D G / l i ,  

St = dimensionless Staunton number = h/C * G  = Nu/Re*Pr, 

P 

P 
h -I‘ tubside heat transfer coefficient , W/m’ *K(Btu/h - f t’ O F )  , 
D = inside tube diameter, m ( f t > ,  

D l  = inside tube diameter, incks, 

k = thermal conductivity of fluid evaluated at t W/m-K(Rtu/h=ft*°F), b’ 
C = specific heat evaluated at r. J/kg*K(Htu/lb O F ) ,  

p = dynamic viscosity evaluated at t Pas(lb/ft*h), 

= dynamic viscosity evaluated at t Pas(lb/ft*h), 

P b’ m 

by 

% S ’  

5 7  

f = dimensionless Darcy-Weisbach friction factor, 

= inside the tube wall temperature, K(OF) , 
tb = bulk fluid temperature, K(OF) , 
ts = average film temperature = 0.5 (tw -t- tb), Z((’F), 

G = coolant mass velocity = Vp kg/m”s, 3600 Vp lb/ft2h, 

V = fluid velocity m / s  ( f t / h )  

V i  .-‘ fluid veloC.ity, ft/s, 

p = f l u i d  density evaluted at: t kg/m3 (lb/ft3), 

j = dimensionaless Colburn j-factor, 

C = 851.25 f o r  metric units, 150 f o r  English units, 

b’  

Changes in the coolant supply temperature of +5.6K (lO°F) w i l l  

cause a corresponding change from 6 to  9% in cal.cdating the heat 

transfer coefficients in any of the above equations. In midsummer when 

the coolant supply is running hot, the tubeside coefficient will be 
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h i g h e r ,  b u t  so w i l l  t h e  condensing p res su re  and consequently the 

temperature of t h e  i sobu tane  because i t  1s c l o s e  t o  t h e  temperature 

of the condensing su r face .  The small. i n c r e a s e  i n  o v e r a l l  heat transfer 

c o e f f i c i e n t  w i 1 . l  r e s u l t  in a s l i g h t  dec rease  i n  t h e  rise i n  t h e  bulk 

water temperature and t h e  log  mean temperature d i f f e r e n c e .  This r e s u l t s  

i n  the condensing temperature  being s l i g h t l y  below t h e  temperature t h a t  

woiil.d have r e s u l t e d  if t h e  thermal e f f e c t  on the c o e f f i c i e n t  had no t  

been considered. 

The r e l a t i o n s h i p s  f o r  t h e  four c o r r e l a t i o n s  for  t h e  i n s i d e  heat 

transfer c o e f f i c i e n t  are plot;ted as func t ions  of c o o l a n t  f l o w  ra te  a t  a 

temperature of 300K (80'F) i n  Fig. 15. The r e l a t i o n s h i p s  i n d i c a t e  

v a r i a t i o n s  caused by temperature changes for  each correlatTon. Equation 

(1) w a s  used t o  c a l c u l a t e  t h e  tubes ide  h e a t  t r a n s f e r  c o e f f i c i e n t ,  arid i t  

is  assumed to be  a c c u r a t e  w i t h i n  1 to  2%. 

819 0 20 0 2.j 022: 0.23 
FLOW RATE, m3/s 

Fig. 15. Comparison of tubes lde  heat t r a n s f e r  c o r r e l a t i o n s  in 
E a s t  Mesa condenser f o r  t u r b u l e n t  flow as f u n c t i o n s  of f l o w  r a t e  a t  
300 K (80'F). 
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A t  a cons t an t  wall heat  fl i ix,  t h e  thermal e n t r y  l eng th  w a s  

i n v c s t i g a t c d  f o r  a Reynold number of 45,000 and a P r a n d t l  of 6.0;  i t  

t akes  about 6 tube diameters  (0.13 in or  5 i n . )  t o  o b t a i n  f u l l y  developed 

thcrnral f low.  To o b t a i n  f u l l y  developed thermal and hydrau l i c  flows, 

an e n t r y  l e n g t h  of about 30 t ihe  diameters (0.66 m o r  26 in . )  i s  

required. These f a c t s  considered and knowing t h a t  t h e  tube has  an  (L/D) 

r a t i o  of 237, no allowance w a s  made f o r  the diSferences i n  t he  regime 

OF developing flow, 

7 .3  S h e l l s i d e  Heat Trans fe r  C o e f f i c i e n t  

Equation. (6) shows t h e  N u s s e l t  corre1at:ion f o r  c a l c u l a t i n g  t h e  

condensing c o e f f i c i e n t  on t h e  o u t s i d e  of h o r i z o n t a l  rows of smooth 

tubes : 

Equa t ion  (7) shows t h e  b a s i c  Nussel t  c o r r e l a t i o n  f o r  c a l c u l a t i n g  the  

condensing c o e f f i c i e n t  on the o u t s i d e  of 

11 = 0.943 
V 

where 

a s i n g l e  v e r t i c a l  tube: 

(7) 

=I vapor d e n s i t y ,  
PV 

k = l i q u i d  thermal conduc t iv i ty ,  

p = Piquid d e n s i t y ,  

hv = condensing c o e f f i c i e n t  on v e r t i c a l  tube,  

h = condensing c o e f f i c i e n t  f o r  n rows of h o r i z o n t a l  tubes,  h 
X = l a t e n t  h e a t  of condensation (vapor i za t ion ) ,  

g = a c c e l e r a t i o n  due t o  g r a v i t y ,  

u = dynamic v i s c o s i t y ,  
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Do = o u t s i d e  tube  d i awe te r ,  

= s a t u r a t i o n  temperature  of vapor, 

= w a l l  temperature,  
tsat 

tw 
0 = l o s s  factor due t o  inundat ion (Fig.  16), = f (number of rows 

oE tubes), N 

~f Eq.  ( 7 )  i s  a iv ided  by ~ q .  (61, the r a t i o  w, (11 /hh),  i s  slxom 
V 

i n  E q ,  (8): 

Assrmdng an  L/D of 24  for a s i n g l e  tube,  i t  would appear tha t  a 

smooth ver t tca l  tube  could condense only 68% of t h e  vapor that could 

be condensed an  the same t ube  i n  a horizontal pos i t icm.  This is proha'oly 

close to r e a l i t y  f o r  a s i n g l e  tube.  I f  we consider t h e  inundat ion loss 

incurred w l t h  a h o r i z o n t a l  exchanger having as many as 100 tubes  i n  a 

vertical r o w ,  the v e r t i c a l  u n i t  could condense t w i c e  as much vapor. 

Only t e n  rows of tubes a r e  needed b e f o r e  equal condensation i s  expected 

from both unLta based on Q us ing  the Nusselt c o r r e l a t i o n .  I n c r e a s i n g  

t h e  number of vertical  tubes does not signtficantly dec rease  t h e  heat 

transfer p e r  tube.  Shellside condenpation takes on further complexities 

when noncondensables and o t h e r  components a ~ e  added t o  t h e  vapor stream. 

QRNL- BlyG 81-9433 

12 ""3 

I 10 io0 
M-NUMBER QF TUBES I# A VERTICAL ROW 

Fig, 16. Inundation cu~rectian fac tor  f a r  s i n g l e  smooth Lube 
horizontal condensers as a function of t h e  numbcr of vertPca1 rows, 
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There are concen t r a t ion  g r a d i e n t s  and t e m p e r a t u r e  g r a d k n t s  as 

func t ions  of d i s t a n c e  through t h e  condenser i n  t h e  s h e l l s i d e  condensa- 

t i o n  of a multicomponent mixture.  The h ighe r  b o i l i n g  components will 

condense o u t  f i r s t  and i n  higher  concen t r a t ions  i n  t h e  condensate and 

lower  concen t r a t ion  i n  t h e  vapor/gas mixture ,  71fie lower b o i l i n g  corn- 

ponents w i l l  come ou t  f u r t h e r  down the  condenser, 

Q u a n t i t a t i v e l y ,  because o f  the d i f  fusi.on and nonequil.i.brium invol.ved 

t h e  a n a l y s i s  i s  extremely complex and seldom are t h e r e  enough d a t a ,  

e i t h e r  experimental  o r  t h e o r e t i c a l ,  t o  warrant. on exac t  a n a l y s i s .  The 

tkrermodynamies mus t: supply the vapor- l iquid equilibriusu s o  t h a t  a dew- 

p o i n t  and bubble p o i n t  can be determined p re fe rab ly  a t  each row of 

tubes i n  the  condmser ,  Computer codes are r eq id red  f o r  t h i s  purpose 

and u s u a l l y  are o f  a p r o p r i e t a r y  na tu re .  

&search  I n s t i t u t e  (HTRI) a t  Alhambra, C a l i f o r n i a ,  and H e a t  T rans fe r  

and F lu id  Sys t:em (HTFS) , Harwe1.l England have computer codes f o r  

handl ing t h i s  type of problem. W e  have t r i e d ,  without  success ,  s e v e r a l  

o t h e r  p r o p r i e t a r y  codes us ing  t e r n e r y  mixtures  wi th  C 0 2  present as 3. 

noncondensable. 

Bot:h t h e  Heat Transfer  

'The case when noncondensables are p r e s e n t  .in a pure component gas 

h a s  p re sen ted  problems s i n c e  t h e  f i r s t  b o i l e r  went  i n t o  ope ra t ion .  

Other2 '  p r e d i c t e d  i n  1929 t h a t  i n  condensing steam, t h e  candensing 

c o e f f i c i e n t  could be reduced by as much as 50% wi th  as l i t t l e  as 1% 

noncondensable ( a i r )  p r e s e n t  i n  the steam. From h i s  experiments where 

s t a g n a n t  s t e a m  w a s  being condensed olli Q. 23-m (9-in.) diameter t ubes ,  t h i s  

was q u i t e  t r u e .  When the vapor is  moving a t  high v e l o c i t i e s  and trapor- 

shea r  becomes involved, not  only would the  presence o f  1% noncondensable go 

unnot iced,  bu t  t h e r e  a l s o  would be a remarkable i n c r e a s e  i.n the o v e r a l l  

h e a t  t r a n s f e r  due to  t h e  vapor shea r .  

In a recent a r t i c l e  F. C. S t a n ~ l i f a r d ~ ~  demonstrated t h e  e f f e c t s  of 

noncondensables a t  v e l o c i t i e s  ranging from 0.2 t o  2 m / s  (1 t o  7 f t / s )  

are not  n e a r l y  as seve re :  m o r e  l i k e  10% a i r  a t  the vent p o i n t  causing 

a 5% reduc t ion  i n  trhe "air f r e e "  c o e f f i c i e n t  (Fig.  1 7 ) .  H O W W ~ K ,  t h i s  

e f f e c t  appears  t o  be a f u n c t i o n  of t h e  condenser design.  Other sources  

of information i n d i c a t e  t h a t  the e f f e c t  of a noncondensable i s  a l s o  
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Fig .  17. EEfect of a i r  concen t r a t ion  on the condensing c o e f f i x i e n t  
of steam. 

p r o p o r t i o n a l  t o  t h e  r a t i o  of t h e  d e n s i t i e s  o r  t h e  molecular welghts  

of t h e  noncondensable t o  t h e  condensable vapor.  The s t anda rd  t reatment  

for a noncondensable i n  t h e  presence of a s i n g l e  condensable i s  the 

Ccalh.cirn-Houghton3 method. 

C o l l e c t i o n s  of sub rou t ines  have been gathered by G. R. E.  Franks3’ 

t h a t  g ive  t h e  des igne r  t h e  c a p a b i l i t y  of performing a row-by-row 

a n a l y s i s  f o r  s h e l l s i d e  condensation. Franks p re sen ted  a method of 

c a l c u l a t i o n  of t h e  s h e l l s i d e  condensing c o e f f i c i n e t  f o r  multicomponent 

vapor wi th  noncondensables without  cons ide r ing  the presence of w a t e r  

and vapor s h e a r .  

A more r e c e n t  in-depth t reatment  of t h i s  s u b j e c t  has  been covered 

by John P r a u s n i t z  e t  a l . ,  3 3  t h a t  a l lows t h e  thermodynamic c o n t r i b u t i o n  

of w a t e r  t o  be eva lua ted  r e a l i s t i c a l l y  wh i l e  a l s o  cons ide r ing  vapor 

shea r  t h a t  produces much h ighe r  condensing h e a t  t r a n s f e r  c o e f f i c i e n t s .  

The o v e r a l l  hea t  t r a n s f e r  i s  c a l c u l a t e d  i n  t h e  same manner regard- 

I-ess of how t h e  s h e l l s i d e  condensing c o e f f i c i e n t  is eva lua ted ,  so  r a t h e r  



than c a l c u l a t i n g  o r  even estimaking the  e f f e c t  of t h e s e  var iables ,  i t  

wou1.d seem t o  be vbser t o  use the experimental. results obtabfied f o r  

the 1.22-in (4-f fr) E-t-rxbc wit:'si IPO s k i r t s .  llnfs approach i o  be l ieved  t o  

b-, consewatiue. No c r e d i t  i s  taken i n  the East Nesa condenser des ign  

f o r  vapor shear  or the fact thhat the sk i r t  spacing on the  condenser is  

0.61. m (2 Et) or Less- hl1owan::r wits not  milade i n  the East Mesa COLI- 

denser  des ign  f o r  the presence of noncondensable i n  'ci.lr vapor strezm, 

but  previous assumptions should ilkore than. c o c ( i p i ~ ~ ~ s ~ t &  f a r  thi.s omission. 

It i s  planned eventually t o  c o r r e l a t e  the d a t a  from these expexi- 

ments i n t o  b a s i c  equat ions for ca1.culatin.g the a h e l l s i d e  heat t r a n s f e r  

c o e f f i c i e n t .  This ahel  h i d e  correLi2tion might ~ l . t i t t ~ r . ; ~ e l y  invo lve  

s i d e r a t i o n  of t h e  composition, quality; and v e l o c i t y  of the erapox", 

the temperature of the condensing surface aaid the tube conf n'.gurationn, 

To develop s h e l l s i d e  c o r r e l a c i o n s ,  s o m e  degree o f  p r e c i s i o n  muse: be 

maintained in the experiments i n  the eva1.zaa"e.on of the LMTD and the  

i n s i d e  hea t  t r a n s f e r  c o r f f i c i e n t ;  t h e  heat f l u x  is  eas2.e.r t o  evaluate. 

For the e v a l u a t i o n  of t h e  sSidBside condensing coefficient f o r  tihe 

E a s t  Mesa condenser, single tube experimental  da ta  are used that w e r e  

ga the r  by C o m b s  e t  al., i n  co-r~densing isobutane on a 1.22-m (4 - f . r )  long 

~ ~ I M I : ~ . I I ~ I I L I I  E-fsube. ' Similar data acq11l.red hy N. Domi11g0 of ORM., 

i n  condensing R-11 011 both 1.22-m ( h - f t )  long carbon steel and akumilnanna4 

E-tube. The d a t a  (F ig .  18), obtained f r o m  Wilsoii p l o t s  and i ac lud ing  

the w a l l  r e s i s t a n c e ,  were f i t t e d  tro polynomial ~ X ~ K ~ S S ~ O ~ S  f o r  use  i n  

t h e  computer programs. 

C .  E. G i l . m o r ~ ~ ~  of 1.Jnion Carbfde. has c-l.aj-me.3. tha t  foul-ing can be 

reduced ti:, p r a c t i c a l l y  nocbing when tubes  are chrome p l a t e d  intesnslly 

and exce rna l ly  and the vekaci. t i~ss arc kept high. 

The t ubes ide  f o u l i n g  e s t i m a t i o n  f o r  the E a s t  Mesa condenser was based 

oa several. factors .  The tube ma ceria1 T ~ T ~ S  low-.carbon steel wi th  a carbon 

con ten t  of less than 0.10%, ah0s.l: l i k e  Swedish s teel .  The coo lan t  i s  

t r e a t e d  rec.ircd.aI:ed water that: i s  t o  be totaJ-1.y contained w i t h i n  the 
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18. Experimental shellside condensing c o e f f i c i e n t s  o5itained 
f o r  E-tubes. 

p ipes  and never c o m e s  in contact with army geothermal b r i n e s .  
v e l o c i t y  is relatively h igh  a t  about 2.1 m/s (7 f r / s ? .  

The aecr:: 
Ffaxirnum antiri- 

pateci f o u l i n g  from t r e a t e d  cool ing  tower water i s  ~ . 0 ~ ~ 1 $  m 2 - ~ / w  

(0.001 h - f t2*"F /Btu )  and f o r  des ign  purposes 2/13 of t h i s  value will be 

used, o r  0.00012 m2--K/W (0.00066 h*ft '* ."F/Btu) .  

m u l t i p l i e d  by t h e  r a t i o  of the ou t s ide  to i n s i d e  heat Lramsfer area cf 

1.85. 

This va lue  has t o  B e  

The maximum shellside fouling for c l e a n  hydrocarbons i s  taken : 3s  

0.00009 m2*K/w (0.0005 h-  f t2* OF/Btu) ; 50% of this: value QT (s, 000045 mZaXi/w 

(0.00025 h*ft2="F/Btu) w i l l  be used fo r  t h e  design wa.l.ue. 
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A total fouling factor of 0.000259 m2*K/W ( O . O O l 4 7  h-ft2-'F/Ktu) 

is then used in calculating the area requirements for the East Mesa 

condenser, 

and Kern37 and are used by most heat exchanger manufacturers. 

The above mentioned fouling factors are referenced in TEMA36 

7.5 Overall H e a t  Transfer Coefficient 

The overall heat transfer coefficient may be calculated by the 

suinnlation of all t he  component resistances with  correction^ f o r  t h e  

ratios of [:he heat transfer area. A s  in electrical flow, parallel con- 

ductances are additive nnd series resistances are additive as shown 

by combining t-he five component resihtances in series in Eq.  (9) 

where 

u 
A 

Ai 
A 

h. = tubeside heat transfer coefficient W/m2.eK (Btu/heft2*oF>, 

= the overall- heat transfer coefficient w / ~ ~ - K  (~tu/h*ft~oO~), 

= outside area of tube, m' (ft2), 

J; inside area of tube, m2 (ft2), 

= log-mean average tube area, m2 (ft2), 

0 

0 

m 

1 

= tubeside foul.i.ng factor ni2*K/W (h*ft2-OF/Btu) ~ 

= shel.lside heat transfer c o e f f k l e n t  W/m3*K (Btu/h*f 

= shellside f o u l i n g  factor m'=K/W (h*f t2* 'F/Btu) 

k -.' thermal conductivity o f  tube material WJm4K (Btu/h*ft-"F), 

L = tube wall thickness m (Et). 

fi 
h 

f 
0 

0 

Because the experimental data used tu obtain the condensing coef- 

ficient was done us ing  the Wilson plot, which includes the 97al.l resist- 

ance of the tube, the last tern in E q .  (9) will be deleted in the 

calculation. 

(Ao/A,), is 1.850. 

The r a t i o  of the outside to i n s ide  area o f  the E-tube,  

In discussing the enhancement of the fluted tube, it should be 

pointed out that if the tubeside resistance is controlling, improvement 
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i n  t h e  overa l l  h e a t  t r a n s f e r  i s  n o t  as apparent  w i t h  improvement i n  

t h e  s h e l l s i d e  c o e f f i c i e n t .  For t h e  case a t  hand, t h e  coolant  flot7 

rate of 3500 gpm and a f o u l i n g  f a c t o r  of 0,0012 m2*K/W, (0.00066 

h*f t2* 'F /B tu )  r e s u l t s  i n  a t o t a l  t u b e s i d e  r e s i s t a n c e  of 0.000296 mZaK/W 

(0.001681 h*  f t2 * D F / B t ~ )  e Mhen f o u l i n g  i s  neg lec t ed ,  L h e  t u b e s i d e  

r e s i s t a n c e  i s  reduced t o  0,000233 m2*K/W (0.0011324 h * f t 2 * " F / B t u )  (I 

t o t a l  s h e l l s i d e  r e s i s t a n c e  which i n c l u d e s  t h e  w a l l  r e s i s t a n c e  could vary 

from a minimum of 0.000185 m2*K/W (0.000883 ha f t2*0F /Btu )  t o  a maxinium 

of 0.000230 m2*K/W (0.001303 h * f t 2 * ' F / B t u .  A p l o t  of t h e  overall .  h e a t  

t r a n s f e r  c o e f f i c i e n t  as a f u n c t i o n  of t h e  condensing c o e f f i c i e n t  w i t h  

and without  a n t i c i p a t e d  f o u l i n g  i s  shown i n  Figure 1 9 .  It will be 

n o t i c e d  t h a t  t h e  s h e l l s i d e  r e s i s t a n c e  i s  c o n t r o l l i n g  up t o  a s h e l l s i d e  

c o e f f i c i e n t  of 3900 W/m2*K (687 Btu/h*ft'*'F) a t  a cons t an t  coolant flow 

rate  of 0 .2 m 3 / s  (3500 gpm). 

The 

Seve ra l  f a c t s  can be deduced from t h i s  p l o t .  (1) Fouling i s  more 
d e v a s t a t i n g  t o  enhanced exchangers than  unenhanced exchangers. 

( 2 )  Enhancement i s  more apparent  when t h e  f i l m  on t h e  enhanced s u r f a c e  

i s  not  the c o n t r o l l i n g  r e s i s t a n c e .  ( 3 )  To make the s h e l l s i d p  r e s i s t a n c e  
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Pig. 19. Overall h e a t  t r a n s f e r  c o e f f i c i e n t  as  a f u n c t i o n  of  t h e  
condensing c o e f f i c i e n t  f o r  the East Mesa condenser a t  a coolant  f l o w  
rate of 0.22 m3/s (3500 gpm) . 
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c o n t r o l l i n g  r e q u i r e s  i n c r e a s i n g  t h e  t u b e s i d e  v e l o c i t y ,  which is q u i t e  

c o s t l y ,  w i t h  the pumping c o s t  being proporti .onal t o  the cube of cool-ant 

f low rate.  To achieve a c o n t r o l l i n g  r e s i s t a n c e  wi th  a maxtrnum 

a n t i c i p a t e d  condensing c o e f f i c i e n t  of 5820 IJ/rn2-K (1025 Btu/h*ft"*OF) 

a coo lan t  flow r a t e  of 0.322 m3/s (5100 gpm) would be r equ i r ed .  

Fouling can o f t e n  be reduced by t h e  proper s e l e c t i o n  of tube 

material  a d d i t i o n  of i . n h i b i t o r s  t o  the  coolant  ~ and p e r i o d i c  cleanl.ng 

of the tubes.  The tubes ide  r e s i s t a n c e  can be reduced by inc reas ing  

t h e  pumpi.ng c a p a c i t y  of t h e  tubes ide  cool-ant, The s h e l l s i d e  areslstance 

can be reduced by l i m i t i n g  the noncondensables i n  t h e  condenser, but  

i-nsuf f i c i e n t  condensation o E t h e  shel.l.side vapor i n  a given condenser i s  

r a r e l y  improved by inc reas ing  t h e  f l o w  ra te  of t h e  vaporL'. I n  t h e  case  

o f  t h e  East Mesa condenser,  R coolant  E1.o~ r a t e  of 0.322 m 3 / s  w0uld 

r e q u i r e  a 303-hp pump r e q u i r i n g  0.283 Flw of power, which is  57% of t h e  

t o t a l  power produced by the turbo gene ra to r .  

The l o g  mean temperntmi:e d i f f e r e n c e  (LMTD) f o r  a counter-current  

o r  cocur ren t  l i q u i d - l i q u i d  hea t  exchanger i s  c a l c u l a t e d  i n  a straight 

forward mariner. Consider cold f l u i d  on the tubes ide  of a hea t  exchanger 

e n t e r i n g  the exchanger a t  a temperature t .  and l eav ihg  at a temperature 
1. . Hot f l u i d  i s  on t h e  she l l s ide  ent:ering at a temperature 'r and 

i 
l eav ing  a t  T . The average temperature  of t h e  h o t  stream is (T + T . ) / 2 ,  

and  t h e  average temperature of t h e  cold stream i s  ( t  

average temperature d i f f e r e n c e  between t h e s e  two streams i s  the sims of 

t h e  two st-reams (T -t- T . ) / 2  - (t. 3. t ) / 2  r e g a r d l e s s  of whether the 

flow i s  cocur ren t  o r  counter-current  'The LMTD between. t h e s e  streams 

i s  de f ined  f o r  counter-curreut f l o w  i n  Eq.  (10) : 

0 0 I 
+- t i ) / 2 .  The 

0 

0 1 3 0 

LMTD -I (T - i ( T  - 
0 
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I f  t h e  f low is  cocur ren t  t h e  I,MTD i s  calciilatecl as shorn i n  Eel. (111, 

Assuming a c o n s t a n t  condensing temperature  of 307.4K (94"F), a 

w a t e r  supply temperature  of 2 9 9 . X  (80"F),  and a water flow rate o f  

0.221 m 3 / s  (3500 gpm), t h e  rise i n  t h e  coo lan t  temperature  is  5.4413. 

(9.79'F). 
streams of about 5K (9°F) b o t h  t h e  counter-current  and cocur ren t  LMTI) 

i s  4.55K (8.19OF) ~ a d i f f e r e n c e  of IO%, which could mean $3700 i n  tubing 

c o s t .  The four-tube-pass c o n f i g u r a t i o n  f u r  condensation is both 

counter-current  and coeurrent, depending on the pass.  Many inves t iga -  

t i o n s  have been made on c a l c u l a t i o n  of LMTD f o r  mul t ipas s  l i q u i d - l i q u i d  

lieat exchangers,  

With a n  average temperature  d i f f e r e n c e  between t h e  two 

Because we  are d e a l i n g  w i t h  a r e l . a t ive ly  s m a l l  approach temperature 

2.3K (4.2"F) and a small average temperature  d i f f e r e n c e  of 5 K  (9 'F) ,  i t  

s e e m s  unwise t o  u s e  c o r r e c t i o n  f a c t o r s  c o r r e l a t e d  fox- l i q u i d - l i q u i d  

exchangers where t h e  e f f i c i e n c y  i s  e i t h e r  ze ro  or i n f i n i t e  when a cons t an t  

temperature  is employed because the methods d m ' c  a l low for h e a t  transfer 

wi th  a change of phase. Therefore ,  4.55K (8.19'F) LMTD will be used for 

t h e  des ign .  F igu re  20 shows t h e  temperature  d i s t r i b u t i o n s  i n  bo th  

streams as a f u n c t i o n  of t h e  l e n g t h  i n  t h e  exchanger. 

Some exp lana t ion  should be given f o r  t h i s  approach3* because some 

d e s i g n e r s  s t i l l  break t h e  condenser into component parts. Desuper- 

h e a t i n g ,  condensing, and subcooling s e c t i o n s  o r  regimes are o f t e n  

eva lua ted  w i t h  corresponding heat transfer c o e f f i c i e n t s ,  LMTDs, and 

areas f o r  each s e c t i o n .  T h i s  approach provides  from two t o  five times 

t h e  area a c t u a l l y  r equ i r ed .  I n  t h e  East Mesa condenser,  most of t h e  

desupesheat ing being done i s  i n  t h e  f i r s t  h a l f  of the f i r s t  pass ~ ~ . ~ o s s  

t h e  tube  bank. Abouf: 13% of t h e  t o t a l  hea t  is  superheat .  I f  the 

desuperheat ing is  based on a gas  f i l m  c o e f f i c i e n t  of about 285 W/m2*K 

( 5 0  B t u / h * f t 2 e 0 F ) ,  520 m2 (5600 f t 2 )  of h e a t  t r a n s f e r  area is  requ i r ed ,  

which is 72% of t h e  d e s i g n  area of t h e  East Mesa condenser,  LIPUS 
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Fig.  20. TuSeside and s h e l l s i d e  temperature  d i s t r i b u t i o n  as a 
func t ion  of l e n g t h  f o r  the East Mesa condenser.  

l eav ing  i n s u f f i c i e n t  area f o r  condensing ~ Using this method of ca1.- 

c u l a t i o n  would r e q u i r e  a much l a r g e r  condenser. In s t ead  of t h e  t h r e e  

s t a g e s  happening s e p a r a t e l y ,  they  actual.1.y occur  sinniltaneously, w i t i n  

desuperhent ing  r e q u i r i n g  about t h e  same percentage  (13%) of t h e  t o t a l  

s u r f a c e  area or 9 3  m2 (1000 fizz). 



8. PRESSURE DROP CALCULATIONS 

When the  flow rates are inc reased  i n  a given condenser,  t h e r e  are 

u s u a l l y  n o t i c e a b l e  i n c r e a s e s  i n  h e a t  t r a n s f e r  and obviously correspond- 

ing  i n c r e a s e s  i n  p r e s s u r e  drops.  Generally the  h e a t  t r a n s f e r  i s  l i m i t e d  

by t h e  pumping head o r  t h e  a l lowab le  p r e s s u r e  drops a c r o s s  the  tubesi.de 

and s h e l l s i d e  of t he  condenser. I f  t h e  p r e s s u r e  cannot be supp l i ed ,  

i t  must b e  compensated f o r  by adding more h e a t  t r a n s f e r  area wi th  a l o s s  

of e f f i c i e n c y  because v e l o c i t i e s  must be reduced t o  avoid exceeding t h e  

a l lowab le  p r e s s u r e  drops.  

concept ,  most h e a t  exchanger manufacturers w i l l  u s u a l l y  guarantee the 

h e a t  t r a n s f e r  o r  t h e  p r e s s u r e  drop b u t  n o t  both. It is j u s t  as important 

t o  o b t a i n  r e l i a b l e  p re s su re  drop c o r r e l a t i o n s  as i t  is t o  o b t a i n  

r e l i a b l e  h e a t  t r a n s € e r  c o r r e l a t i o n s .  

When i n  doubt about an un te s t ed  o r  new design 

The t u b e s i d e  p re s su re  drops i n  t h e  a n a l y s i s  of t h i s  condenser 

a r e  r e l a t i v e l y  easy t o  c a l c u l a t e  because w e  are d e a l i n g  w i t h  a s i n g l e -  

phase f l u i d  i n  uniform channels.  The s h e l l s i d e  p re s su re  drops are more 

d i f f i c u l t  t o  eva lua te .  lho-phase flow is  involved i n  e v a l u a t i n g  the  

s h e l l s i d e  p r e s s u r e  drop involving a c o n s t a n t l y  changing f l o w  area wi th  

t h e  condensate being c o n s t a n t l y  removed. 

8.1 Tubeside P res su re  Drop 

It is d e s i r a b l e  t o  have a r e l a t i o n s h i p  t h a t  can be  used t o  c a l c u l a t e  

t h e  f r i c t i o n  f a c t o r  f o r  any f l o w  regime as f u n c t i o n s  of t h e  Reynolds 

number and t h e  r e l a t i v e  roughness of t h e  condui t .  S .  IJ. C h ~ r c h i . 1 1 ~ ~  

of the Unive r s i ty  of Pennsylvania has  developed Eq. (121, which 

accomplishes t h i s .  

f = 8.0 [{8/Re)l2 + l . O / ( A  + B) 3/21 0 . 0 8 3 3  

where 

A = [2 .457 I n  (l.0/(7/Ke)0*8 + 0.27 

13 = (37,530/Re)16, 

47 
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R e  = dimensionless Reynolds number, 

E = surface roughness, m (ft) , 
= 1.52 x lo-' rn (5 x f t )  f o r  smooth tubing,  

D = ins"lde tube  diameter ,  m ( f t )  

f dimension-less Ui2rcy-Weishach f r 3  c t i o n  f a c t o r ,  

E = dimensionless re la t ive roughness = E/D. 

Entrance l o s s  f o r   he t ~ . h e e  wl.11  va ry  from a minl .mum of zero f o r  

s p e c i a l l y  rounded openings t o  a m a x i m u m  of 1 / 2  v e l o c i t y  head, V 2 / 4 g .  

be conse rva t ive ,  t h e  maxlimam en t r ance  l o s s  has been assumed fop. des ign  

prirposes based OA t h e  coolant: v e l o c i t y  i n  the tubes.  

To 

The ex i t  l o s s  is expressed as one v e l o c i t y  head m u l t i p l i e d  by 

(1.0-h /A  ) 57here A 

s e c t i o n .  The maximum l o s s  is  incu r red  as A Secomes i n f i n i t e ,  so t h e  

maximum l o s s  5.s one v e l o c i t y  head o r  V2/2g.  Thfs drop i s  independent 

of t h e  shape of t h e  exit:.. There are fou r  s e p a r a t e  !:uhe e n t r a n c e s  and 

f o u r  s e p a r a t e  tube e x i t s  that: m u s t  be accounted f o r  1.n cal.eulat:i.ng the  

total .  t ubes ide  drop. 

i s  t h e  tube area and A i.s the area of the d i scha rge  t s  t S 

S 

There i s  a p r e s s u r e  l o s s  each time t h e  f l u i d  changes d i r e c t i o n .  

'Chis l o s s  can be evaluated by assuming a l o s s  of  one v e l o c i t y  head f o r  

each 90" turn In t h e  f1uI.d of a const;ant v e l o c i t y .  There i s  a t u r n  

w h e n  t h e  eoo lan t  d i r e c t i o n  i s  changed i n  going from the en t r ance  nozzle 

i n t o  t h e  f i r s t  tube pass wi th  a fI.ow area A I .  Two t u r n s  are encountered 

(18O0 turn) a s s o c i a t e d  wi th  area A2- i n  going from t h e  tubes i n  t h e  f i r s t  

p a s s  t o  t h e  tuhes i n  t h e  second p a s s .  Two more t u r n s  are encountered 

4.n t h e  header i n  t h e  c e n t e r  s e c t i o n  in golng from the  second t o  t h e  

t h i r d  pas s  a s s o c i a t e d  w i t h  an a s s o c i a t e d  area A 3 .  Two more turns a're 
encountered 1.12 going f rom .the t h i r d  t o  t h e  fourth p a s s  a s s o c i a t e d  ssi.th 

area A 2 .  Fina l ly ,  t h e r e  i s  on& t u r n  a s s o c i a t e d  1gi.t.h area A i  when t h e  

fl.uld moves f r o m  t h e  tubes in t h e  f o u r t h  pas s  t o  the coo lan t  d i scha rge  

nozz1.e. 

The tiotal t ubes ide  p re s su re  drop, Apt, i n  t h e  condenser i s  obtained 

by summation of t h e  componenl: p r e s s u r e  drops  as given i n  Eq.  (13) f o r  

t h e  miltipass conf igu ra t ion .  
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hPt = P(AP1 + AP2) + APg 4- AP4 f AP5 + APs f hP7 4- APg (13) 

where 

Apt = t o t a l  t ubes ide  p r e s s u r e  drop, m (ft) of f l u i d ,  

fiP1 = maximum pres su re  l o s s  a t  tube  en t r ance  = V 2 / 4 g ,  

AP2 = maximum pres su re  l o s s  a t  tube exit = V2/12g, 

A P ~  = pres su re  l o s s  due t o  f r i c t i o n  = (fL/D) V2/2g, 

AP4 = maximum en t r ance  l o s s  i n  header  = V 2 / 4 g ,  

APg = maximum e x i t  l o s s  i n  header = V ‘ / 2 g ,  

AP6 = t u r n i n g  l o s s  i n  o u t e r  channels of header = 2Y12/2g, 

AP7 = t u r n i n g  l o s s  i n  f l o a t i n g  head = 4 V32/2g ,  

AP8 = t u r n i n g  l o s s  in c e n t e r  header channel = 2 V32/2g ,  

P 

P 

L = l e n g t h  of f l o w  channel,  m ( f t )  = PZ/N,  

Z = l e n g t h  of t ube  i n  a s i n g l e  tube pass ,  m ( E t ) ,  

N = number of tubes,  

P = number of t ube  passes ,  

I3 = i n s i d e  diameter  o f  tube,  m (ft), 

V t u b e s i d e  f l u i d  v e l o c i t y ,  m/s ( f t j s ) ,  

g = a c c e l e r a t i o n  due t o  g r a v i t y  m / s 2  ( f t / s 2 ) ,  

V 

Vn = v e l o c i t y  i n  headers  = W/A,, 

A1 = area of o u t e r  header channels,  m2 (ft’) ,  

A2 = area of channel i n  f l o a t i n g  head, m2 (ft2), 

A3 = area of c e n t e r  header channel m2 (ft2), 

A = area of coo lan t  nozz le  m2 (ft7-1. 

= v e l o c i t y  i n  coo lan t  p i p e  = W/App, m / s  ( f t / s ) ,  
P 

W = coo lan t  m a s s  f low rate, kg / s  ( l b / s ) ,  

P 

8 . 2  S h e l l s i d e  P r e s s u r e  Drop 

In t h e  des ign  of t h e  ORNL VFTC, i t  w a s  recommended tha t  t h e  s h e l l -  

s i d e  p r e s s u r e  drop be k e p t  below 7 kPa (1.0 p s i ) .  

t h e  condenser i s  considered t o  be pressure-drop l i m i t e d .  Design changes 

such as inc reased  tube p i t c h ,  decreased tube l e n g t h ,  o r  use of multiseg- 

mental b a f f l e s  can be  made t o  reduce the  s h e l l s i d e  p r e s s u r e  drop. 

With t h i s  cri teria,  
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F i r s t  of a l l ,  i t  w a s  desi-rable to o b t a i n  soiw i d e a  of the a l lowable  

b a f f l e s  assuming 15% b a f f l e  cut: w i t h  tubes  i n  the w i ~ i d o w  and equa l  

b a f f l e  spacing.  

proposed by 11. G .  Kern,40 which uses  one-half of the pres su re  drop 

c a l c u l a t e d  f o r  t h e  to t a l .  f 1 . 0 ~  of t h e  vapor  through the e n t u r e  she1.l. 

With a vapor fl.ow rate  of 12.63 kg/s  (1.00,OOO l b /h )  i t  w a s  found t h a t  

s i x  e q u a l l y  spaced b a f f l e s  would cause  a p r e s s u r e  drop of 5.9 kPa 

(0.9 p s i )  w h j - l e  seven b a f f l e s  r e s u l t e d  i n  a p r e s s u r e  drop of 8 .9  kPa 

(I.. 3 p s i )  , t h e r e f o r e  exceeding t h e  des ign  requirements .  

These r e l a t i o n s h i p s  w e r e  found i n  an emplr lca l .  equa t ion  

Using s i x  b a f f l e s ,  i t  was decid.ed to r ea r r ange  t h e  s p a e h g  so t h a t  

an  approach t o  a uniform vapor uel .oei ty  could be  obta ined  through each 

shell pass .  A computer program was w r i t t e n  t o  make t h e  fask easier 

by provid ing  a row-by-row anal-ysis  of t h e  presstire drop as shown i n  

Appendix D.  

The program r e q u i r e s  knowledge of t h e  number of 'Lubes on er,ch POW, 

t h e  b a f f l e  spac ing  a t  each pass ,  t h e  area of t h e  scgrruxrtal opening t h a t  

i s  void o f  tiil~es, and t h e  mass flow r a t e  of the vapor.  It is  assumed 

(:hat t h e  condensat ion i s  equa l ly  d i s t r i b u t e d  OVEK the t o t a l  lengiih of 

t ubes  about  8.06 kg/m ( 5 , 4 0  l b / f t ) .  T h i s  assumption does no t  appear  t o  

be  conse rva t ive  because 05 t h e  superhea t  involved,  1%: i s  es t imated  

t h a t  t h e  superheat i s  probably d i s s i p a t e d  i n  t h e  f i r s t  h a l f  of t he  

f i r s t  s h e l l s i d e  pass.  This  assumption would pr0bahI.y r e s u l t  1.n. 

s l i g h t l y  h ighe r  p re s su re  drop i.n t h e  f i r s t  p a s s ,  w i t h  t h e  total .  s h e l l s i d e  

drop remaining about t h e  same. 

The sunmation of t h e  component p r e s s u r e  drops on the  s h e l l s i d e  of 

t h e  condenser,  APs, i s  given i n  Eq. (12)  

i t  i t  k t  

APs = t o t a l  s h e l l s i d e  p re s su re  drop,  m ( f t )  of f l u i d ,  

AP1 = rnaximum pressi.aP-r: loss  i n  concen t r i c  expansion from 1 2 - h .  

p ipe ,  t o  24-in. p i p e  = K v I 2 / 2 g ,  
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V1 = v e l o c i t y  i n  12-in. p i p e ,  m/s ( f t / s ) ,  

B2 = (d1/d2)2 = 0.2784, 

K = (1 - @2)2 g 0.5207, 

d l  = i n s i d e  diameter  of 12-111. Sch 40 p ipe ,  m ( f t ) ,  

62 = i n s i d e  diameter  of 24-in. Scb 40 pipe ,  m ( f t ) ,  

V2 = v e l o c i t y  i n  24-in. p i p e  m / s  ( f p s ) ,  

AP2 = maximum en t r ance  l o s s  into condenser = 0.5 Vz2/2g, 

g = a c c e l e r a t i o n  due t o  g r a v i t y  m/s2 (ft/s2), 

APg = pres su re  l o s s  due t o  flow of vapor  through j t h  r o w  of tubes  

and i t h  pas s  having a flow area Aij = f V?./Zg, tj =J 
A =: Bi(Nj -5 1 )  (P - D ) ,  i j  

j 
N = number of  tubes on j t h  row,  

P = tube  p i t c h ,  m (ft), 
D = 0 . D  of tube ,  m ( f r ) ,  

Ri = b a f f l e  spac ing  f o r  i t h  pas s  m ( f t ) ,  

f = dimensionless  Darcy-Weisbach f r i c t i o n  f a c t o r  = %I 

i j  t h  

- O n 2  evalua ted  a t  ith pass  and j rh  row, 
i j 

0.8.Re 

Re = dimensionless  Reynolds number eva lua ted  a t  i pass  and I,, 
r o w  = D W .  , / u A i j ,  

= J  
= mass f l o w  rete of vapor a t  i pass  and j,, t h  T;Ji 

row = (W i+l , j - C i j ) / 2 ,  
C = mass flow of  condensate condensed a t  i pass and j raw, 

AP4 a pres su re  drop a c r o s s  b a f f l e  w i n d o w s  
i j  t h  t h  

= 1 v e l o c i t y  head = 1.0 Vk2/2g, 

Vk = v e l o c i t y  a t  kth b a f f l e  = Wk/pA,, 

= v e l o c i t y  a t  i p a s s  and j row W. . / p A i j ,  

Wk = mass flow ra te  of vapor through k 

= b a f f l e  area = 0.118 m2 (1.28 f t 2 ) ,  

’ij t h  t h  =J 
b a f f l e ,  th 

i = pass  number, 

i t  = t o t a l  number of tube  passes  = 6 (see Fig.  211, 

j = row number, 

j t  = t o t a l  number of tube  rows = 32, 

k = t u r n  number, 
k t  = t o t a l  number of flow reversals ( t u r n s )  = 1-1, 

p = vapor dens i ty ,  kg/m3 ( 1 b / f t 3 ) ,  

p = vapor v i s c o s i t y ,  Paas ( Ib /*f t*h)*  
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Fig, 21. Component shellside pres su re  d r o p s  in the  East:  
condense-. 



5 3  

I n  t h e  c a l c u l a t i o n  of s h e l l s i d e  p re sau re  drop,  t h e  Be l I -De la~a re~~  

o r  T a b ~ r e k ~ ~  methods are normally used. 

o r  leakages  through annual  voids between t h e  b a f f l e  h o l e  and t h e  tubas .  

The East Mesa condenser w a s  f a b r i c a t e d  wi th  a l l  of t h e s e  h o l e s  s e a l e d  

and wi th  shrouds provided to o f f e r  almost p e r f e c t  " c ross  flaw," which 

gives j u s t i f i c a t i o n  for n e g l e c t i n g  t h e  p e r t u r b a t i o n s  cons idered  i n  

t h e s e  c l a s s i c a l  methods. 

These methods a l l o w  EOK streams 

I n  equat ion  1 2 ,  t h e  en t r ance  loss into the condenser,  AP2, is cal- 
c u l a t e d  from r e l a t i o n s h i p s  given in R e f .  43 and the f r i c t i o n  f a c t o r ,  f t j ;  

a c r o s s  any tube  ITOW is given i n  R e f .  4 4 .  

A t a b u l a t i o n  o f  t h e  p r e s s u r e  drop c a l c u l a t e d  a t  each row f o r  each 

of t h e  six passes  of the East  Mesa condenser i s  given i n  Appendix D.1 

through D. 6. 





9. DESIGN VARIABLES AND OPTIMIZATION 

In  g e n e r a l ,  t h e  number af degrees  of freedom in a u n i t  process  

equa l s  the d i f f e r e n c e  between t h e  number of p e r t i n e n t  v a r i a b l e s  and 

the number of independent des ign  r e l a t i o n s h i p s  (equat ions)  . 4 5  

p e r t i n e n t  v a r i a b l e s  is  used because t h e r e  are v a r i a b l e s  i n  t h e  process  

that have no d i r e c t  bea r ing  on the  system Operation o r  are repet i t ive 

q u a n t i t i e s .  These relationships can be simply s t a t e d  i n  Eq. (15). 

The term 

P = V - K  (15) 

where 

F = degrees  of freedom, 

V = p e r t i n e n t  design v a r i a b l e s  (unknowns), 

R = independent design r e l a t i o n s h i p s  ( equa t ions )  , 

and is  ano the r  way of saying f o r  n unknowns you must have n equa t ions .  

The b a s i c  equa t ions  involved i n  t h e  condenser des ign  are: 

Q = w [ A  + c Qt - t , )]  . 
g I:.!? 

Apt: = t ubes ide  p r e s s u r e  drop [see Eq. (1311 . 

APs = s h e l l s i d e  p r e s s u r e  drop [ s e e  Eq. (1411 . 



The f l o a t i n g  v a r i a b l e s  are used in these eq~rations:  

A = the total outa~de h e a t  transfer area of tca~ies, UP' ( f t 2 ) ,  

U = o v e r a l l  h e a t  transfer coeSfPcPenP -r f ( N ,  P ) ,  W / m 2 * K  (Btu/heft2*'P), 

N = number of tubes,  

P = number of tube passes .  

The fol lowing var5.ables are set e i t h e r  by cholce or prevail . lng 

ope ra t ing  cond i t ions :  

W = mass flow rate of vapor 12.55 kg/s (99,400 lb/h) , 
JJ 

tl = maximum coo lan t  supply temperature = 300 K (80°F), 

t 

C 

C 

P = vapor supply pressure  = 493 kPa (71.5 p s i a ) ,  

g 
= mass flow rate of coolant = 220.55 kg/s (1 .747 x lo6  Tb/k),  

c. 

= vapor supply temperature = 333.9 K (t40.6°F), 

= s p e c i f i c  heat of the vapor = 0,000117 .7/kg*K (0.49 Btu/lb*OF), 
= s p e c i f i c  h e a t  of the  coo lan t  =s 0.000239 J/kg*K (1.0 Btu/lb-'F), 

8 

s 
C 

g 
APs = allowable s h e l l s i d e  pressure drop = 6.9  kPa (1.0 psi), 

AP = al lowable tubes ide  pressure  drop = 69 kPa (10.0 p s i ) ,  

= desired condensing temperature = 30'1 K (94"F) ,  
Q = heat load = 4.917 M%J (16.781 x 1.0~ ~ t ~ / h ) ,  

t 

1) --- i n s i d e  diameter of tube = 0.0219 in (0.07183 ft), 

X = tube  p i t c h  = 0.0318 in (1.25 in.), 

z = outside s u r f a c e  area per  u n i t  length of tube = 0.1283 m2/m 

(0.4208 f t 2 / f t ) ,  

1, = exposed length of tubing =- 4.48 m (16 T t ) ,  

= tubeside foul  ing reaistarlce 0.00012 m7- *K/W 
f i  

fi r= s h e l l s i d e  f o u l i n g  resistance = 0.000044 m2*K/W 

=-- (0.00066 h * € t 2 / B t u ) ,  

= (0.00025 h 4 t 2 . " F J B t u ) .  

The foregoing l i m i t a t i o n s  have actually set s o m e  other parameters In 

the system. 

calculated from EQ. (1.4)- 

The coolafit discharge temperature t2 can be directly 



and then the LMTD can be calculated f rom Eq. (19) 

The distribution of the heat load on t h e  condenser is shown in 

Table 4 .  

DCLX mode arr-lves at the condenser at a quality of 68X,  based on 

preliminary calculations. 

The water vapor that i s  discharged f r o i n  the turbine ip., the 

Table 4 .  Heat load on East Mesa condenser using 
direct contact heat exchmger 

__ll.l -_I l..lllllllllll ._..... ^ ._. 

Plow rate Heat 
Perccnt age _._.._.__~I__.__.___._._.__ .ll_-llllll_llll_ll Heat load 

k g / s  Bb/h Mw Btujh 

S u p e r  heat in 

Latent heat in 

isobutane L2.359 97,882 0.6827 2 330,000 13,8844 

isobutane 12.359 97,882 3.9436 13,459,000 815 m 2Ok9 

Latent heat in 
water vapor 

Sensible heat 
water 

Sens ib le  heat 
GO2 

To tal 

0 e 117 930 0.3842 970 000 5 e 7802 

8.055 438 0.0061 20 900 0 L1 1-245 

0 019 155 0.0004 1, 500 0 Y 8883 

in 

in 

1.2.551 99,400 4.917 16,781,400 

Trial calculations f o r  various tube passes are made by asswnisbg 

valiies for the o v e r d l  heat transfer coefficLerit. Based on thfs  

asslimption, a heat transfer area and a heat f lux  are calculated tlmt 

enables the outside heat transfer coeff iclent to be evaluated. With 

the allocated fouling resistance and t h e  X ~ S ~ S ~ ~ I I C ~ S  offered bjr bot% 

f i l m s ,  the overall heat transfer coefficient 2s calculated :iard eomparecj 
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w i t h  the assumed value. This procedure i s  continued u n t i l  the d i f f e r e n c e  

is  n e g l i g i b l e .  

i n  Table 5. The output  inc ludes  the tubes r equ i r ed  and &he p e r t i . x ~ e n t  

v a r i a b l e s  obta ined  using one-., two- four-, and eight- tube passes wi th  

4.48-m- (16--f t ) - long tubes.  

'fie procedure was progrniiimed t o  o b t a i n  t h e  r e s u l t s  shown 

' rable 5. Tube requirements f o r  East Mesa condenser 

(Tube length = 16 ft> 

Passes 

Tubes 

Condensing c o e h f i e i e n t  
W/m2 K 
Btu/h*ft2aoY 

W/m2 K 
Ktu/h*ft'*OF 

IJ/m2 0 K 
Btu/h*ft2*'F 

Clean c o e f f i c i e n t  

Tubeside c o e f f i c i e n t  

Overall coefcicient 

Wlm2 * K 
B t u / h - f t ? *  O F  

m/ s 
f t f s  

Tubeside v e l o c i t y  

'rubeside p re s su re  drop 
kPa 
p s i  

1 

3987 

7326 
1291  

930 
1 7 1  

4 3 1  
76 

488 
86 

0.14 
0.48 

7.10 
1.03 

2 

1654 

6413 
11 30 

3411 
601 

1044 
184 

1430 
252 

0.70 
2.33 

11,86 
1 . 7 2  

4 

1150 

5789 
1020 

7928 
1393 

1504 
265 

2463 
434 

2.01 
6.70 

74.54 
10.81 

8 

968 

5483 
952 

1.5923 
2804 

1782  
314 

3320 
585 

4.78 
15.92 

721.56 
104.65 

It can be  seen from c o n p r i s o n s  made i n  Table 5 that us ing  e ight - tube  

passes makes t he  tubes ide  p re s su re  d r o p  t oo  mu& while  two-tube passes 

do no t  provide s u f f i c i e n t  v e l o c i t y  t o  obcain a reasonably goad t:ubeside 

hear t r a n s f e r  c o e f f i c i e n t .  The four-pass u n i t  seemed t o  o f f e r  a good 

compromise f o r  both t h e  p r e s s u r e  drop and t h e  tubes idc  heat t r a n s f e r  

c o e f f i c i e n t .  Using 968 tubes ,  t he  tubes ide  p re s su re  drop is exceedingly 

h igh  because we w e r e  asked t o  keep the  drop below 69 kPa (10 p s i ) .  
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Using 1654 tubes reduced t h e  p r e s s u r e  drop t o  1 2  kPa (2 p s i ) .  It 

w a s  found t h a t  an  exchanger wi th  1150 tubes could be used and s t i l l  be 

c l o s e  t o  t h e  r equ i r ed  p r e s s u r e  drop a t  the s a m e  time Lncreasing t h e  hea t  

t r a n s f e r .  

Therefore ,  i t  w a s  decided t o  use  1150 tubes  i n  a four-pass con- 

f i g u r a t i o n  having an  e f f e c t i v e  tube  l e n g t h  of 4.48 m (16 f r ) .  The t o t a l  

t ube  l e n g t h  is  obtained by adding the  th i cknesses  of t h e  two-tube 

s h e e t s ,  t h e  b a f f l e s ,  and t h e  tube suppor t s  t o  the e f f e c t i v e  l e n g t h ,  

The 1150 tubes  provide 719 m2 (7743 f t 2 )  o f  enhanced h e a t  t r a n s f e r  

s u r f a c e  r e s u l t i n g  I n  a mean h e a t  f l u x  of 6830 W/m2 (2167 B tu /h* f t ' ) .  

This  choice al lows €or  a p e r m i s s i b l e  f o u l i n g  of 0.000117 m2*K/W 

(0.00067 h * f t 2 * " F / B t u )  on t h e  tubes ide ,  which i s  c l o s e  t o  t h e  assumed 

va lue  of 0.000116 m2K/W (0.00066 h * f t 2 e o F / B t u ) .  

It would seem d e s i r a b l e  t o  have t h e  t u b e s i d e  c o e f f i c i e n t  a t  least 

equa l  t o  t h e  condensing c o e f f i c i e n t  m u l t i p l i e d  by t h e  area r a t i o  of  

t h e  o u t s i d e  t o  i n s i d e  tube areas (1.85), which would n e c e s s i t a t e  a 

maximum t u b e s i d e  c o e f f i c i e n t  of 12667 W/m2*K (2232 Btu/hoft2 -OF) 

r e q u i r f n g  a v e l o c i t y  of 3.67 m / s  (12,03 f p s ) .  A t  t h i s  v e l o c i t y  (and 

n e g l e c t i n g  en t r ance ,  e x i t ,  and t u r n i n g  losses) ,  a t o t a l  l e n g t h  of t ub ing  

of 1 0  rn (32 f t )  could be t o l e r a t e d  t o  keep t h e  p r e s s u r e  drop w i t h i n  t h e  

a l l o c a t e d  range. With a four-pass c o n f i g u r a t i o n ,  t h e  tube l e n g t h  would 

be l i m i t e d  t o  2.5 m (8 f t ) .  

(2000 Btu/h* f t2) where w e  can u t i l i z e  t h e  maxlmum condensing c o e f f i c i e n t  

of 5900 W/m2*K (1040 B t u / h * f t 2 * " F ) ,  w e  need 780 m2 (8390 €t7) of h e a t  

t r a n s f e r  area r e q u i r i n g  2490 tubes 8 f t  long tending toward a "pancake" 

exchanger i n c r e a s i n g  t h e  s h e l l s i d e  p re s su re  drop. 

To keep t h e  h e a t  f l u x  a t  6300 W/m2 

A s o l u t i o n  can not be obtained by a r b i t r a r i l y  assuming a high h e a t  

f l ux .  

(10,000 B t u / h * f t 2 )  would r e q u i r e  on ly  1,216 m (3,988 f t )  of tubes and 

would r e s u l t  in a c a l c u l a t e d  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  of  6930 

W/m2=K (1,221 B t u / h * f t 2 s 0 F )  ob ta ined  by d i v i d i n g  t h e  h e a t  f l u x  by the 

LMTD. The c a l c u l a t e d  o v e r a l l  heat t r a n s f e r  c o e f f i c i e n t  obtained by 

summation of t h e  thermal r e s i s t a n c e s "  i s  only 965 W/m2 OK (170 Btu/h* f t2 OF) 

The a r b i t r a r y  assumptian of a h e a t  f l u x  of 31,500 W/m2 

A 
Rased on a 8-tube pass  c o n f i g u r a t i o n .  
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r e q u i r i n g  8,730 m (28 ,641  f t >  of tubi.ng, o r  about  seven t i m e s  t h e  l eng th  

of t ubes  obta ined  i n  the  o r i g i n a l  assumption, 

i n  one-seventh of t h e  o r i g i n a l  hea t  f l u x  assumption. 

This l e n g t h  however r e su l t s  

The p res su re  d r o p  on t h e  s h e l l s i d e  of t h e  exchanger w a s  d i scussed  

i n  Sec.t. 8.2; t abu la t ed  r e s u l t s  of t h e  row-by-row a n a l y s i s  i s  presented 

i n  Appendix D. 



The conceptual  d e s i g n  oE the ctsndenser evolved from s e v e r a l  

parcmeters t h a t  remained unchanged through t h e  a c t u a l  manufacture of t h e  

u n i t .  These parameters w e r e  t h e  e x t e r n a l  tube  s u r f a c e  area, khe riumbor 

of t ubes ,  and t h e  b a f f l e  spacing. ‘l’here are s e v e r a l  i t e m s  that w e r e  

changed i n  t h e  f i n a l  design of t h e  cotidenser. 

The b a s i s  f o r  procurement was t h e  c o n d i t i o n  t h a t  t h e  manufacCurPr 

( P a t t e r s o n  and Kel ley Company) would assume t h e  mechanical r e s p o n s i b i l i t y ,  

i nc lud ing  adherence t o  v a r i o u s  codes,  arid UCC-ND would assme t h e  

r e s p o n s i b i l i t y  f o r  t h e  thermal flow performance. 

I n  t h e  conceptual  des ign  of t h e  E a s t  Mesa condenser,  s e v e r a l  

l o c a t i o n s  of t h e  vapor i n l e t  nozzle  were considered.  Origit-Lal-ly t h e  

nozz le  l o c a t i o n  w a s  a t  t h e  base of t h e  condenser,  as w a s  done w i t h  the  

K a F t  River condenser. Nitrogen w a s  t h e  noneondensable gas presen t  a t  

t h e  Raft  River test: s i te ,  and i t  w a s  assumed t h a t  t h e  l i g h t  gas would 

accumulate a t  t h e  top  of the condenser where t h e  vent  l i n e  w a s  l o c a t e d  

i n  t h e  tubesheet  of t h e  condenser. I n  t h e  case of t h e  E a s t  Mesa condenser,  

carbon d iox ide  is  t h e  noncondensable gas  expected t o  b e  p re sen t  i n  amounts 

up t o  0.2% by weight. 

almost equa l  t o  i sobu tane ,  presented a d i f f e r e n t  ven t ing  s i t u a t i o n  from 

t h e  Raf t  River condenser. A proper ven t ing  system should provide f o r  a 

continuous v e n t ,  a recovery condenser,  and a recovery cornpressor. A t  

t h e  E a s t  Mesa f a c i l i t y ,  i t  w a s  no t  p o s s i b l e  to provide an  adequate 

compressor f o r  cont inuous ven t ing  because i t  t a k e s  about 1. lip f o r  every 

1 2  kgih (27 l b / h )  of vapor throughput. Therefore ,  t h e  design w a s  changed 

t o  a t o p  vapor i n l e t  so t h a t  t h e  vapor stream con ta in ing  t h e  carbon 

d i o x i d e  has  maximum c o n t a c t  w i th  t h e  condensate t o  f a c i l i t a t e  d i s s o l u t i m  

of t h e  noncondensable isobutane.  The d i s so lved  carbon d iox ide  i s  

Carbon d i o x i d e ,  havi.ng a d e n s i t y  less than  bur 

e v e n t u a l l y  disposed of i n  t h e  isobutane recovery system through t h e  b r i n e  

r e tu rned  t o  t h e  d i r e c t - c o n t a c t  h e a t  exchanger e 

The ORNL VFTC inc ludes  design f e a t u r e s  t h a t  are  somewhat unusual 

and no t  s t anda rd  p r a c t i c e  i n  t h e  indus t ry .  Condensate downcommers des ign  

and f a b r i c a t i o n  methods are covered. The u s e  of shrouds and impingement 



b a f f l e s  i s  a l s o  covered. A v i b r a t i o n a l  a n a l y s i s  w a s  performed on t h e  

condenser,  a l though w i t h  r o l l i n g  t h e  tubes  i n t o  each b a f f l e  t h e r e  seemed 

l i t t l e  need €or  t h i s  t o  be  done l eav ing  unsupported spans of less than  

0.6 m ( 2  f t ) .  The v i b r a t i o n a l  anal-ys'is i n d i c a t e d  t h e  des ign  t o  bc f r e e  

of v i b r a t i o n a l  problems wirh m a x i m u m  vapor ve l .oc i t i e s  of 3 n i / s  (3.0 f t / s ) .  

An :i.dea of how t h e  condenser w i l l  he i n s t a l l e d  a t  t h e  test s i t e  

and t h e  p l ans  f o r  t e s t i n g  is  covered, and finaJ.1.y t h e  in s t rumen ta t ion  and 

d a t a  a c q u i s i t i o n  systim i s  b r i e f l y  covered t o  g ive  some idea  of t h e  

expected accuracy of t h e  forthcoming experiments.  

10 .1  Design Criteria and Code Requirements 

The des ign  c r i l i e r i a  f o r  the Easlr .  Mesa condenser were actual1.y set  

by t h e  s i t e  requirements  a t  t h e  Geothermal Component: T e s t  F a c i l i t y  a t  

E a s t  Mesa, C a l i f o r n i a ,  and by t h e  S t a t e  of C a l i f o r n i a .  

The s h e l l s i d e  des ign  p r e s s u r e  w a s  s p e c i f i e d  a s  1650 kPa (275  p s i g )  

a t  a temperature  of 450 K (350'F). 

690 kPa (100 ps ig)  a t  311 K (100°F). This  w a s  done t o  p r o t e c t  t h e  

condenser i n  t h e  event  of t u r b i n e  dnimge, when the vessel could be  

exposed t o  higher  instantaneous p r e s s u r e s  even though t h e r e  are  p res su re  

r e l i e f  valves i n  t h e  l i n e s .  The normal ope ra t ing  condi. t ions on t h e  

s h e l l s i d e  oE t h e  condenser are 333 K (140.6'F) and 487 kPa ( 7 0 . 6  p s i a )  

w i t h  t h e  tubes ide  cool ing  water suppl ied  a t  temperatures  from 283-300 K 

(50-80"F) a t  a p res su re  of 618 kPa ( 7 5  p s i g ) .  T h e  tube  material  w a s  

s p e c i f i e d  as low-carbon s t ee l  having a carbon content not  exceeding 0.10%. 

The tube  shee t  and s h e l l  material w a s  s p e c i f i e d  as SA 515- Grade 70. 

The tubes ide  des ign  p r e s s u r e  i s  

The des ign  was i n  conformance wi th  t h e  followi.ng codes: (1) Sec t ion  8 ,  

D iv i s ion  1 of t he  ASME Code f o r  Ui i f  i r ed  P res su re  Vesse ls ,  (2) Tubular 

Heat Exchangers Manufacturers Assoc:i.at:i.on (TEK4) Cl.ass B , ( 3 )  Uniform 

Building Code (UBC) f o r  s e i s m i c  zone 4 ,  and ( 4 )  CAL/OSHA Standards Scctj-on. 
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10.2 Design Desc r ip t ion  

A cutaway diagram of t h e  E a s t  Mesa VFTC (Fig.  22)  shows t h e  

arrangement of  

i n s t a l l e d  about 1" o f f  v e r t i c a l  t o  f a c i l i t a t e  d ra inage  a€  t h e  condensate 

i n  t h e  downcomers and o the rwise  has  110 e f f e c t  on t h e  d e s i g n  of t h e  

condenser. This  i n c l i n a t i o n  i s  accomplished by mounting t h e  condenser 

on a s l o p i n g  pad. 

t h e  u n i t  i n  t h e  normal o p e r a t i n g  p o s i t i o n ,  which i s  

The vapor ,  a t  a temperature  of 333 K (140.6"F) and a p r e s s u r e  of 

487 kPa (70.6 p s i a ) ,  e n t e r s  t h e  condenser through a 12-in. supply nozzle  

t h a t  i s  expanded t o  24-in. p r i o r  t o  en t r ance  i n t o  t h e  condenser. The 

vapor s t r i k e s  a p e r f o r a t e d  impingement b a f f l e  f a b r i c a t e d  From 6-mm 

(0.25-in.) s tee l  p l a t e ,  which p r o t e c t s  t h e  tubes from d i r e c t  exposure 

t o  t h e  4.5 m / s  (15 f t / s )  i n l e t  v e l o c i t y  of t h e  vapor stream. 

The vapor condenses on t h e  co ld  s u r f a c e  of t h e  f l u t e d  tubes and 

f lows down t h e  ver t ical  tube  u n t i l  i t  reaches t h e  top b a f f l e  p l a t e ,  where 

t h e  condensate flows by g r a v i t y  t o  t h e  downcommer tubes l o c a t e d  a t  t h e  

s i t e  of t h e  b a f f l e  p l a t e .  The condensate e n t e r s  t h e  downcomers and i s  

discharged on t h e  s p l a s h  p l a t e  a t  t h e  base  of t h e  condenser. The down- 

c o m e r s  are used t o  remove t h e  condensate from t h e  process  as quickly as 

p o s s i b l e  t o  minimize subcooling. Subcooling i s  a disadvantage i n  

r ecove r ing  h e a t  i n  a geothermal power system because t h e  h e a t  must  be 

made up a t  t h e  d i r e c t - c o n t a c t  h e a t  exchanger during t h e  v a p o r i z a t i o n  

p rocess ,  t h u s  reducing t h e  o v e r a l l  e f f i c i e n c y .  In  a d d i t i o n ,  t h e  down- 

c o m e r s  tend t o  i n c r e a s e  t h e  q u a l i t y  of t h e  two-phase flow by removing 

t h e  condensate from t h e  tube  as soon as p o s s i b l e .  

The des ign  of t h e  b a f f l e  spacing (Sect .  8.2) provides  f o r  s i x  

traverse vapor passages w i t h  b a f f l e  spacings ranging from 1.54 m (60 i n )  

t o  0.33 m (13 i n ) .  

The a n t i c i p a t e d  condensate accumulated a t  each condenser b a f f l e  p l a t e  

was ob ta ined  from Appendix D and s u f f i c i e n t  2.54-cm (1.0-in.) tubes 

were provided t o  a l low f o r  adequate  drainage.  The d r i v i n g  head, pL ,  of 

the condensate  w a s  equated t o  t h e  f r i c t i o n a l  r e s i s t a n c e  i n  t h e  tube t o  

c a l c u l a t e  t h e  number of tubes r equ i r ed  a t  each b a f f l e .  The a l l o c a t i o n  

of t h e  downcommers a t  each b a f f l e  i s  shown i n  Table 6 .  
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Table  6. k l locat ic ln  of downcmmers (DC! on baffles 

Pressure  drop Condensate Head required DC l eng th  Veleci ty  
-1___ Baffle Downcomers 

kg/s l b / h  m ft m ft m/s f P S  Pa P s i  

1 13 1 .894  30,986 0.20 0.64 3.35 11 1 . 4 8  4.86 2482 0.36 
- 

2 9 1.380 22,579 0.23 0.76 2.13 7 1 ,56  5.12 2069 0.30 

3 7 1.043 1 7 , 0 7 1  0.32 1.04 1 . 2 2  4 1 .52  4.98 1517 0.22 

4 5 0.770 12,605 0.35 1.15 0.61 2 1.57 5.15 1379 0.20 

5 4 0.962 9,191 0.50 1 .64  0.30 1 1.43 4.69 965 0.14 
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The b a f f l e s  have a r i d g e  along t h e  edge t o  provi.de a h o l d i n g  area 

f o r  the condensate  and t o  keep t h e  condensate  from s p i l l i n g  over  t h e  

b a f f l e s  and t o  d i scha rge  t h e  condensate  through t h e  downcomers as 

designed.  The condenser was a l s o  provided w i t l - I  3-mm- (0.125-in. -) t h i c k  

v e r t i c a l  shrouds conf in ing  t h e  vapor passage t o  a t r u e  c ros s  F l . 0 ~  p a t t e r n  

where t h e  c r o s s  f low area i s  uniformly d i s t r i b u t e d  ar  each tube r o w  i n  

t h e  condenser t o  minimize vapor bypassing t h e  tube bundle.  The condensate  

i s  c o l l e c t e d  i n  a funnel-shaped tank a t  t h e  base  of the condenser and 

dischargcrl t o  t h e  hot  w e l l  through 3 8-in.  Sch 40 pipe  a t  a v e l o c i t y  of 

1 .65  m / s  ( 5 . 4  f t / s ) .  

To l o c a t e  areas i n  t h e  condenser where t h e  noncondensables c o l l e c t  

and t o  determine t h e  d i s L r i 3 u t i o n  o f  t h e  noncondensables throughout  the 

condenser,  probes w e r e  provided a t  s i x  d i f f e r e n t  l o c a t i o n s .  F ive  of t h e  

probes p e n e t r a t e  t o  t h e  ve r t i ca l  midplane o f  t h e  condenser as shown i n  

F i g .  23, 

of the gas  t o  be extracted from t h e  c e n t e r  of t h e  condenses-; temperature  

and p r e s s u r e  monitors  are provided a~ t h e  e x t r a c t i o n  p o i n t ,  A cont inuous 

o r  i n t e r m i t t e n t  b leed  of noncondensables can be  made a t  any o r  al.1 of t hese  

l o c a t i o n s .  A l l  of t h e s e  p a r t s  were f a b r i c a t e d  from type  316 s t a i n l e s s  

steel. t o  avoid contaminat ion problems i n  t h e  vapor a n d y s i s .  The probes 

are s l ipped  through the area t h a t  i s  incur red  by tube  sepa ra t ion  allowed 

f o r  t h e  f low d i v i d e r s  i n  t h e  header  ant1 t h e  tube  shee t  resu1t.j-ng i n  a 

p i t c h  of 114 ~ I I I  ( 1 . 7 5  i n . )  a t  3 h o r i z o n t a l  l o c a t i o n s .  The probes are 

vertical.1.y pos i t ioned  5 cm ( 2  i n . )  below t h e  b a f f l e s  where the noncon- 

densable  CO2 (MW = 4 4 )  is  expected to accumulate because i t  i s  l i g h t e r  

than t he  i sobutane  (MW = 5 8 ) .  

The probes a re  equipped w i t h  valve s t a t i o n s  that permit  samples 

The tubes w e r e  a t t ached  t o  t he  tubeshee t s  by welding t h e  tubes  t o  

t h e  tubesheets i n  a d d i t i o n  t o  r o l l i n g  t h e  tubes  i n t o  scored ho le s .  T h i s  

method o f  a1:t:achment i s  t h e  most e f f i c i e n t  means o f f e r e d  by tht? manu- 

f a c t u r e r  i n  ob ta in ing  l eak - t igh t  j o i n t s ,  

The water header  is equipped w i t h  f low b a f f l e s  t o  d i v i d e  t h e  header  

i n t o  an i n l e t  s e c t i o n ,  a mixing U-turn s e c t i o n  i.n t h e  center, and a 

d i scha rge  s e c t i o n .  I n  l i k e  manner the. f l o a t i n g  head i s  d iv ided  i n t o  

t w o  U-turn s e c t i o n s .  I n  each of t h e  s e c t i o n s  i n  t h e  f l o a t i n g  head and 
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t h e  c e n t e r  s e c t i o n  t h e r e  is  a complete flow r e v e r s a l ;  i n  t h e  en t r ance  

and e x i t  s e c t i o n s  t h e r e  i s  a 90" change i n  d i r e c t i o n .  

i n  a l l  of t h e s e  s e c t i o n s  have been considered.  

The p r e s s u r e  drops 

The f l o a t i n g  head design w a s  chosen f o r  two reasons.  F i r s t  it 

o f f e r e d  a means of r o l l i n g  t h e  tubes  i n t o  t h e  b a f f l e s  from e i t h e r  end 

w i t h  a 2.5-m (8 - f t )  ex t ens ion  r o l l e r .  It w a s  a l s o  found t o  b e  less 

c o s t l y  than  f a b r i c a t i n g  a U-tube bundle. 

involved added se tup  c o s t s  i n  t h e  f l u t i n g  o p e r a t i o n ,  t h e  c o s t  of s e c t i o n  

welding t h e  tubes ,  and bending c o s t s .  

The c o s t  of t h e  U-tube design 

F igu re  24 shows t h e  tube  bundle of t h e  exchanger during t h e  f i n a l  

s t a g e s  of cons t ruc t ion .  The impingement b a f f l e  can be used t o  o r i e n t  

t h e  bundle wi th  t h e  s h e l l .  The downcomer l o c a t i o n s  can be i d e n t i f i e d  

as t h e  38 plugged h o l e s  t o  t h e  extreme l e f t  of t h e  tubesheet .  The shroud 

between t h e  tubeshee t  and t h e  f i r s t  b a f f l e  has  no t  y e t  been a t t ached .  

OWL-Photo 0203-81 

F i g .  24. Tube bundle of ORNL 5-Mw v e r t i c a l - f l u t e d - t u b e  condenser. . 
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Figure  25 shows t h e  assembled u n i t  and d e t a i l s  of t h e  w a t e r  header.  

The s i x  gas  sample nozzles  can be seen l o c a t e d  on t h e  near s i d e  of t h e  

condenser. 

a cover  gas  during shipment and s t o r a g e  b e f o r e  e r e c t i o n  a t  t h e  East Mesa 

test si te.  

header are a i r  vents on t h e  t h r e e  w a t e r  compartments i n  t h e  header.  

The c y l i n d e r  on t o p  c o n t a i n s  d r y  n i t r o g e n  which w a s  used as 

The valves shown i n  t h e  photograph on t h e  t o p  of t h e  w a t e r  

ORNL-Photo 0205-81 

Fig. 25. E x t e r i o r  view of ORNL 5-MW v e r t i c a l - f l u t e d - t u b e  condenser 
showing header d e t a i l s .  

F igu re  26 shows t h e  f u l l  l e n g t h  of t h e  condenser and g i v e s  a good 

v i e w  of t h e  condensate d i scha rge  nozzle .  

s i te  of t h e  condenser are f o r  a t t a c h i n g  t h e  support  l e g s  and t h e  frame 

on which t h e  condenser is  t o  be mounted. 

des ign  of t h e  frame because t h e  condenser w i l l  b e  ope ra t ed  i n  a seismic 

h igh  r i s k  area. 

The r e i n f o r c i n g  p l a t e s  on t h e  

S p e c i a l  care w a s  taken w i t h  t h e  
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7 1  

10.3 V i b r a t i o n a l  Analysis  

The s ix-pass  design f o r  t h e  East Mesa condenser w a s  analyzed f o r  

p o t e n t i a l  flow-induced vj .brat iona1 problems. Three e x c i t a t i o n  mechanisms 

w e r e  considered:  (1) v o r t e x  shedding, ( 2 )  t u r b u l e n t  b u f f e t i n g ,  and 

(3)  f l u i d  e l a s t i c  i n s t a b i l i t y .  Conservat ive des ign  g u i d e l i n e s  w e r e  used 

t o  check f o r  p o t e n t i a l  t r a n s v e r s e  tube v i b r a t i o n s  and resonant  v i b r a t i o n s .  

The b a s i c  engineer ing approach i s  t o  use  c o n s e r v a t i v e  d e s i g n  

g u i d e l i n e s  t o  prevent  u n d e s i r a b l e  v i b r a t i o n s  from occur r ing .  

g u i d e l i n e s ,  i n  one way o r  ano the r ,  are r e l a t e d  t o  t h e  avoidance of t h e  

synchron iza t ion  of t h e  system's n a t u r a l  frequency w i t h  t h e  e x c i t a t i o n  

f r equenc ie s .  Because t h e  degree of conservat ism i n  v a r i o u s  g u i d e l i n e s  

varies, p reope ra t ion  flow t e s t i n g  i s  e s s e n t i a l  i n  ensuring t h e  performance 

and r e l i a b i l i t y  of a hea t  exchanger. 

The design 

Both tube  v i b r a t i o n  and a c c o u s t i c  resonance v i b r a t i o n  e v a l u a t i o n s  

w e r e  considered f o r  t h e  East Mesa condenser,  and i t  w a s  found t o  be f r e e  

of v i b r a t i o n a l  problems. 

10.3.1 Tube V i b r a t i o n a l  Evaluat ion 

A common approach i s  t o  model each tube  span as an i n d i v i d u a l  beam 

under ze ro  a x i a l  loading and wi th  e i t h e r  clamped o r  hinged (simply 

supported)  end suppor t s .  This approach is  conse rva t ive  and u s u a l l y  

unde rp red ic t s  t h e  fundamental frequency of t h e  tube.  The fundamental 

frequency of t h e  tube  f expressed i n  Hertz  is shown i n  Eq.  ( Z i p 6  n 

f n = k (E I gc/Me)Oa5/2 rL2 

where 

k = a n  e m p i r i c a l  c o n s t a n t ,  

= 9.87 f o r  hinged suppor t s  used i n  t h i s  a n a l y s i s ,  

E = Young's modulus of e l a s t i c i t y  = 6.76 x 108kg/m2 (26 x lo6 l b / i n . 2 ) ,  

I = Moment of i n e r t i a  f o r  t ube  = 3.5 x m4 (0.084 i n . 4 )  , 
= a c c e l e r a t i o n  due t o  g r a v i t y  = 9.81 m / s 2  (32.17 f t / s 2 ) ,  

= e f f e c t i v e  mass/uni t  l e n g t h  = 1.25 kg/m (0.07 l b / i n . ) ,  
gC 

Me 
L = span l e n g t h ,  m ( i n . ) .  
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S u b s t i t u t i n g  t h e  appropr i a t e  span l eng ths  i n  t h e  above equat ion ,  

t he  n a t u r a l  f requencies  f o r  each pass  of t h e  East Mesa condenser w e r e  
c a l c u l a t e d  and t abu la t ed  i n  Table 7. 

Table 7. Natura l  f requencies  i n  tube passes 
f o r  5-MW ORNL E a s t  Mesa condenser 

Natura l  
Pass  Tube Span m ( f t . )  frequency 

(Hz) suppor ts  
~- ~ 

1 2 0.36 (1.71) 165 
2 1 0.57 (1.88) 66 
3 1 0.43 (1.42) 116 
4 0 0.62 (2.04) 56 
5 0 0.47 (1.54) 97 
6 0 0.35 (1.13) 185 

For a given gap flow v e l o c i t y ,  t h e  corresponding c r i t i c a l  tube span 

l eng th  can be ca lcu la ted4’  us ing  Eqs. (22) ,  (23) ,  and (24).  The r e s u l t i n g  

va lues  w i l l  n o t  be equal .  For t h e  E a s t  Mesa condenser,  t h e  vo r t ex  

shedding cri teria g ives  t h e  least  c r i t i c a l  l eng th ,  whi le  t u r b u l e n t  

b u f f e r i n g  g ives  t h e  g r e a t e s t .  

unce r t a in ty  reg ion  when t h e  c r i t i ca l  l eng th  is p l o t t e d  a g a i n s t  t h e  gap 

flow v e l o c i t y .  The des ign  and ope ra t ion  condi t ion  should be below t h e  

unce r t a in ty  region. 

The upper and lower va lues  de f ine  an 

2.rr D 8 V2 

Me oo ’I4 E 1  gc 
= L9.87 KD/V]1/2 [7] [-- 

Me - 
(L) cr 

where 

V = maximum v e l o c i t y ,  

D = t ube  diameter ,  

R = l o n g i t u d i n a l  tube spac ing ,  

t = t r a v e r s e  tube spacing,  

1 / 4  
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K = 0.33, 

R = 0.80, 

0 = 3.05(1 - D/t>2 f 0.28, 

p = gas d m s i . t y ,  

CI = 0,0033, 
0 

s 
f = vor t ex  sh tda tng  freqUEnCy, 

S = St rouh l  number = f D/V. 
S 

These equa t ions  have been used t o  constrenct t h e  tube  v i b r a t i o n  

c r i t e r i a  diagram ( F i g .  27), wl-&l-r can be used t o  p r e d i c t  v i b r a t i o n a l  

problems i n  t h e  E a s t  Mesa condenser f o r  each tube  p a s s  based on t h e  

unsupported tube  l eng th  and cross f l o w  v e l o c i t y .  

CROSS-FLOW VELOCITY ( V s )  
4 8 I2 16 20 24 

40  

38 

Fig. 27. Tube vibration criteria dtagsan, 
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10 .3 .2  Acoustic Resonance Vib ra t ion  Evaluat ion 

When the s h e l l s i d e  f l u i d  i s  a gas ,  t h e  f l u c t u a t i o n s  caused e i t h e r  

by v o r t e x  shedding o r  t u r b u l e n t  b u f f e t i n g  can e x c i t e  t h e  s h e l l s i d e  gas 

column t o  a r e sona t ing  condi t ion.  An a c o u s t i c  resonance w i l l  produce a 

loud n o i s e  and i n c r e a s e  t h e  s h e l l s i d e  p r e s s u r e  l o s s ,  t h u s  a f f e c t i n g  t h e  

performance of t h e  h e a t  exchanger. 

The frequency of an a c o u s t i c  s tanding wave i o  a c y l i n d r i c a l  s h e l l  

(fa) i s  given i n  Eq. ( 2 5 ) :  

f =nc 
a a  

where 

n = a cons t an t  depending on t h e  mode e x c i t e d ,  

c = speed of sound i n  t h e  s h e l l s i d e  gas ,  

a = i n s i d e  she l l  diameter.  

The mode of primary i n t e r e s t  is t h e  f i r s t ,  f o r  which n = 0.5861. Values 

of n for t h e  h ighe r  modes can b e  found i n  Ref. 4 % .  The speed of sound 

is given i n  E q .  ( 2 6 )  : 

d = [zygRT] 

where 

2: = c o m p r e s s i b i l i t y  f a c t o r ,  f o r  isobutane a t  design cond i t ions  = 0.84 ,  

y = s p e c i f i c  h e a t  r a t i o ,  

g = g r a v i t a t i o n a l  cons t an t ,  

R = gas cons t an t  f o r  isobutane,  

T = a b s o l u t e  s h e l l s i d e  gas  temperature. 

A t  t h e  design ope ra t ing  temperature of 307K (94"F),  t h e  speed of sound 

i n  isobutane is  203.8 m / s  (668.7 f t / s ) .  

When t h e  e x c i t a t i o n  frequency is  w i t h i n  +20% of t h e  a c o u s t i c  s t and ing  

wave frequency, t h e  phenomena of a c o u s t i c  resonance is  l i k e l y  t o  occur. 

The equat ions d e s c r i b i n g  t h e  resonant  range are: 

f s  = B fa  

f t = B f  a 
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Eqiiation (27) applies t o  v o r t e x  shedding and (28)  t u  t u rbu len r  b u f f e t i n g .  

For a gi-ven gap f l m w  v e l o c i t y ,  the range of l n s i d e  she.l.1.. diameters  

t h a t  coul.d l e a d  t o  an acoustic reasonance are g-iven by: 

(0.5861) BcLt 
VD 

a -  

where 

0.8 < < 1 . 2  

For a given gap f low v e l o c i t y  V ,  the smallest and largest. i n s i d e  shell 

diameter as c a l c u l a t e d  from Eqs .  (29) and (30) d e f i n e  t'ssc T E T J O ~ R ~ C ~  

region. For a safe design,  the d e s i g n  o p e r a t i n g  cond i t ion  should be 

o u t s i d e  the resonance region. Figure 2 8  is a plat of thp i n s i d e  s h e l l  

diameter against  the gap flow veloci.ry; i t  j.s observed that t h e  East 

Mesa condenser is w e l l  he3 .0~ the  resonance r eg ion  for a l l  s i x  passes. 

10.4 Data AcquisP?c:i.i3jI and Ins t rumen ta t ion  

The condenser i s  f u l l y  equipped w i t h  in s t rumen ta t ion  t o  provide 

sufficient d a t a  to a c c u r a t e l y  determine the heat transfer i n  bo%h the 

vapor and coo lan t  streams, The accuracy sf the i n s t rumen ta t ion  was made 

comeusurate, It is not good l o g i c  o r  economically f e a s i b l e  t o  have 

the c a p a b i l i t y  of determining a temperature  d i f f e r e n c e  t o  withi.n 1-0 1% 

when the flow ra te  i s  determined t o  wrlthin 110%. It w ~ u l d  be mre 

l o g i c a l  t o  have both  the temperature difference and the  fl.cw rate ta be 

wi th in  1% y ie ld ing  a system accuracy of  598% i n  determining the t o t a l  

h e a t  rate. An exc.ellent a r t i c l e  has  been w r i t t e n  by J. F. I d h i t b c ~ k ~ ~  

i n  s e k c t l n g  inatsumentat ion for geothermal heat recovery systems and 

was q u i t e  h e l p f u l  i n  designing the ins t runen , ta t ion  f o r  the 'East Mesa 

condenser. 
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Fig. 28. Acoustic r e s m a n c e  diagram. 

The most a c c u r a t e  iiieans of determining t h e  t o t a l  hea t  t r a n s f e r  

i n  t h e  condenser i s  i n  the coo lan t  stream. It i s  a single-phase f l u i d ,  

t:he pertinent phys ica l  p r o p e r t i e s  are  e s s e n t i a l l y  cons t an t  and r e l . i a b l e ,  

and it. i s  convenient t o  monitor. The l o c a t i o n  of the Ceinperature monitor 

i n  the water s u p p l y  stream r e a l l y  doesn't matter because t h e  f l u i d  i s  

assumed t o  h e  w e l l  mixed as i t  e n t e r s  t he  supply l i n e .  The l o c a t i o n  

of t h e  temperature monitor on the coolant  d i scha rge  w a s  i n t e n t i o n a l l y  

1-ocated downstream of t h e  condenser so t h a t  adequate mixing can occur.  

Res i s t ance  thermometers w e r e  provided t o  monitor the mtnimum, .maximurn, 

and temperature (1ifferenc.e i n  t h e  coo lan t  stream. The flow ra te  i s  

monitored by a c a l i b r a t e d  o r i f i c e  meter. The est imated accuracy at: t h e  

d a t a  logger  used f o r  the d i f f e r e n t i a l  temperature is b e t t e r  than 99.8%. 

The est imated accuracy a t  t h e  d a t a  l o g g e r  f o r  t h e  f l o w  meter d a t a  is  99%. 
The recorded d a t a  t a k e s  i n t o  account t h e  total .  accuracy inclindi.ng the 
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e r r o r s  encountered i n  t h e  instrument  t h e  t ransmiss ion ,  and tlae record ing .  

The aceuracy of a l l  temperature  de te rmina t ions  is  better than 99.8%. 

r e s i s t a n c e  thermometers (RTDS) are i n s t a l l e d  i n  thermowells so t h a t  they  

may be  rep laced  without  having t o  shu t  down t h e  process .  

T h e  vapor s t r e a m  i s  rnoni-tored by a v e n t u r i  t h a t  was i n s t a l l e d  i n  the 

line t o  t h e  e x i s t i n g  system and i s  probably 98% a c c u r a t e  at the r eco rde r .  

T h i s  i s n ' t  t oo  helpfixl. but: can be used f o r  making hea t  ba lances  wi.thin 

22%. The vapor stream p r e s s u r e  and temperature  i s  monitored a t  three 

l o c a t i o n s  i n  t h e  condenser:  the vapor supply l i n e ,  at the midpoint i n  

s h e l l ,  and a t  the condensate  d ischarge .  The d i E f e r e n t i a 1  p re s su re  

measurement i s  also monitored and transmi.tted t o  the d a t a  logger .  The 

expected accuracy of t h e  d i f f e r e n t i a l  p re s su re  t ransmi . t te rs  i s  b e t t e r  

t han  99.8%, The accuracy of t h e  p re s su re  a t  t h e  r eco rde r  i s  b e t t e r  than  

99.5%. 

A l l  

A l i q u i d  hold  up volume is provi.ded i n  t h e  funnel  a t  t h e  base of 

t he  condenser.  A d i f f e r e n t i a l  p re s su re  c e l l  monitors  t h e  l i q u i d  l e v e l  

in the funnel where t h e  d a t a  a re  t r ansmi t t ed  t o  t h e  data logger .  

Dial  thernnorneters w i th  errors of less than  0,6K (1.OF) have been 

provided a t  t h e  s i x  sample p o r t s  on the condensers whose loca t ior i  Can 

he seen i n  Fig. 20. 

w:i.tli e r r o r s  of no g r e a t e r  than 1% of the range o r  14 kPa ( 2  p s i ) .  
a c c u r a t e  e l e c t r o n i c  ins t rumenta t ion  ean be  added at these p o r t s  a s  

warranted.  It i s  intended t h a t  t h i s  irratruinentation be used by the person 

t ak ing  t h e  vapor samples  t o  determine any sudden changes i n  t h e  sampling 

cond. i t ions.  

These p o r t s  are also equipped w i t h  pressrare gages 

More 

The vapor samples are taken i n  1- l i ter  m e t a l  con ta ine r s  equipped 

wi-tlh 6-mn (0.25-in,) sample nozzles .  The samples c o l l e c t e d  w i l l  be  

aiaal.yzsd on s i t e  us ing  a Varian chroniatographic ana lyze r  t h a t  (:an 

provide q u a n t i t a t i v e  ana lyses  on a l l  of t h e  per t i -nent  hydrocarbons,  

oxygen, and carbon d ioxide .  T h e  K a r l  F i sche r  method w i l l  be used to 

o b t a i n  w a t e r  con ten t  i n  t h e  vapor  arid I - icp id  i.sobutane samples I 
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10.5 S i t e  Tes t ing  

The OWL VF'JX was f a b r i c a t e d  a t  Pat terson-Kelley 's  fac tory  a t  East 

Stroudsburg, Pennsylvania,  and shipped by t r u c k  t o  t h e  geothermal t es t  

s i t e  a t  East Mesa, California. The s u p p a ~ t  frame for  t h e  condenser was 

f ab r i ca . t ed  i n  Pal:Cerson-Kelley's factory at M:f.neral We3.18 Texas (. 

'The OEM, VFTC was connected t o  t h e  exi.sti.ng system a t  t h e  6-2 

\?ell.hend a t  the test: site ( a s  was SIIOSY'PI in Fig. 1). Test:i.ng i s  planned 

f o r  the winter of 1981. 

The t e s t  s i t e  is l o c a t e d  i n  tiit? d e s e ~ t  region i n  t h e  extreme 

southeastern p a r t  o f  Ca1iforni.a nea r  EIoItvil le.  H o l t v i l l e  i s  i n  the 

Inperial Valley east of E l l  Centro. 

The present  schedule  f o r  t e s t i n g  is t o  7~im t h e  condenser w i th  t h e  

S u p e r c r i t i c a l  Neat Exchanger F i e l d  T e s t  (SNEFT) u n i t  f o r  about two weeks 

and then switch to the D i s e c C  Contact Heat Exchanges (DCHX) f o r  t w o  weeks 
f o r  supply of t h e  working f l u i d .  The advantages of u s ing  the SHEFT u n i t  

i s  that i t  provides  a constant source of r e l a r i v e l y  pure islobutane gas 

wfth a known composition. Wlien the DCHX i s  used, about 1.5% by weight 

of water vapor condenser p l u s  CO2 t h a t  accumulates i n  the  vapor stream 

are c a r r i e d  over i n t o  t h e  condenser. 

The  proposed scheme f o r  evaluati .ng t h e  overall heal: t r a n s f e r  

coef -E ic ien t  of the condenser i n  both  modes o f  opera t ion  i s :  

1. Obtain the temperature drop across the condenser,  (T2 - TI)  f rom 

the d i f f e r e n t i a l  k ransmi t t c r  and i n l e t  and o u t l e t  water temperatures 

'Ti and T2. 

2 .  Obtain the cool.ant water f l o w  rate, . 
3 .  

'"Jw 

Calcu la t e  directly the overal.2. heat transfer as shown i n  Eq. (31.) 

where 
C = constant: s p e c i f i c  h e a t  of water, 

ho = t o t a l  o u t s i d e  heat t r a n s f e r  area of  condenser = 687 m2 (7400 f t 2 ) ,  

T = condensing temperature.  

P 

C 



A second calculacioti can be made t u  check cbe r o t a 1  heat: transfer 

by account ing f o r  the h e a t  on t h e  she1lsi .de.  This  involves knowledge 

of parameters t h a t  are no t  immediately a v a i l a b l e  such as c h e  q u a l i t y  and 

con ten t  of s t e a m  i n  the  vapor s u p p l y .  

The scheme. p re sen ted  f o r  eval.uating the condenser i s  in r e a l i t y  

an e f f o r t  to f i n d  how good our  des.i.gn p r e d i c t i o n s  were and ta s u b s t a n t i a t e  

t h e  s ing le - tube  experimental d a t a .  The design cond i t ions  need  t o  be 

produced whi.ch means a vapor stapp1.y temperature of 333 K (140.6'F) a t  a 

pressure of 487 kPa (70.6 p s i a )  and a coo lan t  s u p p l y  of 0 .221  m"ls 

(3500 gpm) a t  a temperature of 300 K (80OF). 

T h e  p r i r ~ e  o b j e c t i v e  i n  t e s t i n g  t h e  5-MW condenser is  to compare tlris 

f i e l d  tes t  r e s u l t s  with r e s u l t s  ob ta ined  i n  the l a b o r a t o r y .  Lf t h e s e  

f i e l d  test r e s u l t s  are s i g n i f i c a n t l y  d i f f e r e n t ,  reasonable  exp lana t ions  

should be provided t o  account f o r  t h e  d i f f e r e n c e s .  

One of t h e  proposed i i ives Ligat ions concerns noncondensables mainly 

CO2, t h a t  accumulate i n  t h e  working fluid Comp1.ete and a.ccucate fj:d.u- 

b i 1 i . t ~  d a t a ,  equ i l ib r ium c o n s t a n t s  and even compositioa uf the working 

f l u i d  i s  o f t e n  I.acking. S o l u b i l i t y  d a t a  f o r  propane and isoblilraae i n  

water and water i n  propane and i robu tane  can be found LLZ Appendix B.5 

and H,6. The p l o t s  were obta iued  u s i n g  Henry's Law, g iv ing  some i d e a  

of how s o l u b i l i t y  is  a f f e c t e d  by ternpe.rature at; the o p e r a t i n g  pressure o f  

t h e  condenser. 

During nornlal ope ra t ing  c o n d i t i o n s  in. the DCMX inotke, gas samples 

w i l l  be c o l l e c t e d  a t  each of the s i x  sample  p o i n t s  a t  v a r i o u s  t i m e s  t o  

f i n d  ou t  where and i n  what concen t r a t ions  t h e  noncondensabl-es are 

c o l l e c t i n g .  Dnee t h i s  i s  determined, a permanent vent  06 vents may be  

provi.ded, e v e n t u a l l y  equ ipped  wi th  a coo le r  condenser t o  s t s i p  the 

hydrocarbons du r ing  t h e  venei.ag process .  CO2 w i l l  be introduced in ten-  

t i o n a l l y  i n t o  the system t o  br ing  t h e  concentrat ion ta a p o i n t  where i t  

starts t o  have R s i g n i f i c a n t  effect on the heat transfer and f i n d  out  
i f  the vents  provided on the condenser can remove t h e  noweendensable. 

The testing p~ocedures  w i l l  i nvo lve  independently changing c1-w Elow 

rates of t h e  worki.ng f l u i d  and the coolant. Changing the IKISS fbow 

rate of vapor wi.11. cause a p r o p o r t i o n a l  inc.rease o r  dec rease  i n  the heat 



load as w e l l  as t h e  temperature d i f f e r e n c e  i n  t h e  coal.ant. Changing t h e  

m a s s  f l o w  ra te  of t he  coo lan t  should cause a p r o p o r t i o n a l  change i n  both 

t h e  condensing temperature and t h e  coolant  d i scha rge  temperature and 

p res su re ,  a l though t h e  heat load would remain cons t an t .  

It would be d e s i r a b l e  t o  observe t h e  condensing condi r ioas  wi th  

v a r i o u s  amounts of superheat  i n  t h e  vapor using a coilatant coo lan t  flow 

ra te  at: a cons t an t  coolant supply temperature. Whether or  not all the 

planned opera t ions  can be c a r r i e d  O L I ~  w i l l  depend nn t h e  system performance, 

t h e  b r i n e  d e l i v e r y  cond i t ions  and the wetbulb temperature during the 

experimental  o p e r a t i o n  period. 

Af t e r  completing each scheduled test:  w i th  the SHEPT and DCHX u n i t s  

i n  ope ra t ion ,  it:  i s  planned t o  inspect: and photograph t h e  i n s i d e  of t h e  

tubes using a borescope. The 1.0-1.n. vent  v a l v e s  provide s u f f i c i e n t  

room t o  :i.ntroduce the f l e x i b l e  scope i n t o  tubes beneath t h e  valves. 
This procedure w i l l  g ive  compasis0n.s of t h e  r e l a t i . v r  tubes ide  corrosion 

i ncu r red  i.n the two processes .  T h e  borescope wi.l.1 be used t o  observe Khe 

s h e l l s i d e  of t h e  tubes through the vent  ports  t o  v e r i f y  any f o u l i n g  or 

o i l  b u i l d u p s .  Photographs o.E both the i n t e r i o r  and e x t e r i o r  tubes will 

document such problems t h a t  may be encountered. 

S i r n i l a r  procedures have been used i n  c o n t r o l l e d  tests perfosined on 

fI.uted tube condenserss0 i n  condensing ammonia f u r  the OTEC program. 

Work w a s  a l s o  don2 i n  t e s t i n g  a v e r t i c a l - f l u t e d - t u b e  evaporator  i n  

conjuncti.on w i t h  t h e  OTEC p r o j e c t .  51 



11. RELATED PRESENT AND FUTURE WORK 

T h e  t u r b i n e  d i scha rge  condenser fo r  t h e  recent1.y b u i l t  5-MW(e) 

Raf t  River power s t a t i o n  i n  Idaho has  carbon s t ee l  tubes  t h a t  were 

designed based on tbe 'assunip t ion  t h a t  a sou rce  of f r e s h  c o o l a n t  make-up 

water would be  a v a i l a b l e .  The smooth tube  h o r i z o n t a l  U-tube condenser 

has 7900 19-mni (3 /4- ine)  diam tubes  grovid tng  about  5950 m' (64,000 ft2) 

of hea t  t r a n s f e r  su r f ace .  The hea t  f l u x  on t h e s e  tubes  is  about 

6760 W/m2 (2150 Btu/h*ft ' ) .  

695 W/m2*K (122 Btu /h - f t*"F) .  

used as make-up f o r  L I E  cool.ing wa.ter ~ and r e p l x e m e n t  condensers  are 

being  considered f o r  t h i s  u n i t  where sa l t  water r e s i s t i n g  a l l o y s  inust 

he u t i l i z e d ,  

The expected overall c o e f f i c i e n t  i s  about 

A s  i t  t u r n s  o u t ,  geotherma1 b r i n e  must be  

A n  in-depth s tudy  F J ~ S  made by UCC-ND f o r  t h e  replacement condenser 

F i r s t  of all.> manufacturers  oE p1at.e arid frame, spiral, and evapora t ive  

u n i t s  were contac ted .  A l l  bu t  t h e  evapora t ive  manufacturers  dtx:I.ined 

i n t e r e s t  f o r  reasons  of s i z e ,  c o s t ,  o r  materials. Bal t imore A i r  Co i l  

could o f f e r  on ly  s tah less  s teel  tubes and e s t i m a t e d  ,the t o t a l  cosc t o  

be  about $1.6M (1.981); they  allowed f o r  t h e  c o s t  of t h e i r  staitil.ess s tee l  

tubed unit:s t o  be  about  E i m r  t i m e s  the c o s t  of t he  u n i t s  w i t h  carbon 

s t:eel t u b e s  .. 
Using newly developed a l l o y s  such  as SEAC1JR.E (produced by t h e  Trent  

Tube Div i s ion  of Col t  I n d u s t r i e s )  o r  AL29-4C (a compet i t ive  a l l o y  developed 

by Allegheny-Ludlum) 

f o r  t h i s  a p p l i c a t i o n  would c o s t  about $1.8M, 
it  was found t h a t  a h o r i z o n t a l  exchanger desFgned 

A bayonet-type exchanger reqiii.r.i.ng o n l y  2,000 ver t i ca l  f l u t e d  tubes  

provid ing  2346 m3 (25,000 ft2) of  heat t ransfer  s u r f a c e  could do t h e  job  

~ i t h  t h e  cost  es t imated  at: less than  $700 K, A more s t anda rd  unit 

s i m i l a r  t o  t he  mesa condenser i s  es t imated  a t  $900 K. A total. of ei.ght 

s e p a r a t e  des igns  w e r e  i w e s t i g a t e d  and c o s t s  es t imated  us ing  t h e  newly 

developed s a l i n e  r e s i s t a n t  a l l o y s .  

The s tudy  included two h o r i z o n t a l  u n i t s  f o r  d i r e c t  comparison - 

one f i x e d  and t h e  o t h e r  U-tube. U-tube u n i t s  were found t o  be  more 

8 1. 
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expensive because the tubes had to be s e c t i o n  welded as well as  bent .  

Ii i s  more economical t o  use Fixed o r  f l o a t i n g  heads in the large s i z e  

units than  to employ t h e  U-tube design.  

A s tudy  has been made on compat ih le  tubing alloys i n  contact wi%h 

sal t  and b rack i sh  water .  

resistant t o  salt water and a e r a t e d  salt water, which is a inore severe 

case. Grade AS--179 carbon s t e e l  i s  the o n l y  material prcsented ( i n  

F ig .  29) t h a t  is  severely a t t acked  by s a l t  water and is incPbded f o r  

c o s t  comparisons. 

All oE the alloys shown in Fig.  29 are h igh ly  

RELATIVE COST/ FT 

0 1.0 2.0 3.0 4.0 50 6.0 7.0 8.0 9.0 I 
I .--- 

I I 1 

28 MIL W A I L  
T U B I N G  

316 STAINLESS STEEL 3 7 5  

35 MIL WALL 
TUBING 

0 

.., * p i g .  29. Relative cos t  of saline resistant tube  materials 
(March 1 5 ,  1981). 



There remains development work t o  be done on t h e  VFTCs. P las t ic  o r  

rubber  might be u t i l i z e d  f o r  tube suppor t s  and b a f f l e s .  

ought t o  he r e i n v e s t i g a t e d  i n  an e f f o r t  t o  reduce t h e  m s t  of production 

of f l u t e s .  More expedient  m e a n s  o f  a t t a c h i n g  tubes t o  t h e  b a f f l e s  need 

t o  be i n v e s t i g a t e d  

Extrusion methods 

Experimentally, we need t o  modify our  test r i g  t o  extend the 

c a p a b i l i t i e s  f o r  t e s t t n g  tubes up t o  9-m (30-ft)  long 60  fur ther  
i n v e s t i g a t e  the e f f e c t s  of v e r t i c a l  t u b e  l e n g t h s  on eondensing 

performance. 

The e f f e c t  of noncondensables on t h e  o v e r a l l  heat t r a n s f e r  i n  

condensers i s  not ful1.y understood, and i t  is  hoped t h a t  the tes t  runs 

a t  the. East Mesa tes t  s i te  on t h e  OWL condenser w i l l  shed some light 

on this dilemma. W e  h i tend t o  monitor t h e  component gas concen t r a t ions ,  

through t h e  use of a gas chromatography, at s i x  d i f f e r e n t  e l e v a t i o n s  i n  

t h e  condenser via snorke l  tubes t h a t  ga t o  t h e  c e n t e r  of t he  condenser 

t o  f i n d  e x a c t l y  where t h e  noncondensables accumulate and i n  what q u a l i t y .  

W e  w i l l  experimental ly  determine t h e  e f f e c t s  of superheat  coolant  

and vapor f l o w  ra tes  on t h e  condensing pressme, which is  a means of 
evaluaci ng t h e  condenser performance. 

Resis tance thermometers ( R T D s )  have been i n s t a l l e d  on the condenser 

t o  moni tor  t h e  temperature  rise i n  t h e  coo lan t  stream i n  conjunct ion w t t h  

a o r f i c e  meter t o  a c c u r a t e l y  determine the total .  heat  load on the 

condenser Ij 

Recent test d a t a  from t h e  Raft River geothermal test s t a t i o n  an t h e  

l04-tube VFTC h a s  heen y i e l d i n g  o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t  o f  about  

2270 W/m2*K (400 Btu/h-ft2*'P) wlbth the vapor c o n t a i n i n g  9M (25'F) plmi-e 

superheat t h a n  expected. We are trying t o  confirm whether i nc reased  

superheat  tends t o  reduce t h e  e f f i c i e n c y  of t h e  c.ondenser. 

W e  would l i k e .  t o  extend t h e s e  experiments t o  cover condensing 

stearn. This  creates new problems such as c o r r o s i o n ,  f a t i g u e ,  and more 

v i b r a t i o n  a t  h ighe r  v e l o c i t i e s .  

i nc reased  with high pressure steams. 

t o  b e  developed f o r  s t e a m  which has  phys i ca l  p r o p e r t i e s  q u i t e  different 

from isobutane.  

t r a n s f e r  c o e f f i c i e n t s  can be obtained which shou1.d l e a d  t o  more ef f i c ixn t  

condensers.  

Tube w a l l  t h i c k n e s s  might have t o  be 

New tube c o n f i g u r a t i o n s  may have 

There is  some conso la t ion  i n  that  much higher hea t  





12. CONCLUSIONS AND RECO 

We f i rmly  b e l i e v e  t h a t  a VFTC having an o v e r a l l  h e a t  t r a n s f e r  

c o e f f i c i e n t  of g r e a t e r  t han  2840 w/m2-K (500 Btu/h*ft2*"P) can be b u i l t  

f o r  condensing isobutane.  To accomplish t h i s  t a s k ,  both i n s i d e  and 

o u t s i d e  EouZing would have t o  be c u t  t o  a n P n i m u m ,  t h e  exchanger 

ope ra t ed  a t  t h e  optimum h e a t  f l u x ,  maxlmum tribeside velocity achieved, 

and probably most important ,  the. i sobo tane  kept f r e e  of o i l s  rand 

non candensables.  

A r e c a p i t u l a t i o n  of t h e  good p o i n t s  of t h e  VFTC i n c l u d e s  the f a c t  

t h a t  t h e  t u b e  count of a horizontal-smooth-tube u n i t  can be reduced by 

a f a c t o r  oE a t  least f i v e .  An added advantage i s  t h a t  when t h e  number 

of tubes are decreased,  t h e  s h e l l  diameter is  also decreased,  t h u s  

sav ing  both shell .  and s t r u c t u r a l  material, 

V F K s  can be b u i l t  by s t a n d a r d  h e a t  excliangcr manufacturers i f  

one i s  w i l l i n g  t o  accep t  responsib3Lity f o r  t h e  h e a t  t r a n s f e r  performance. 

The manufacturers  w l l l  b u i l d  the u n i t  i n  conformance w i t h  TENA s t a n d a r d s  

and n e g o t i a t e  any necessa ry  d e v i a t l o n s .  

The major t a s k  i n  t h i s  e f f o r t  was the design and procurement of t h e  

f l u t e d  tubes.  The cost of t h e  f l u t i n g  i s  a flat "per foot"  c o s t .  With 

inexpensive tube  material, t h e  f l u t i n g  c o s t  is ,  t h e r e f o r e ,  r e l a t i v e l y  high:  

about 75% of t h e  t o t a l  cost of t h e  f l u t e d  tube;  w i t h  expensive tube  

naterlnl, it  can b e  r e l a t i v e l y  low: about 20% o f  t h e  t o t a l  c o s t .  

The advantage of u s ing  v e r t i c a l - f l u t e d - t u b e  exchangers i s  

o b t a i n i n g  h i g h e r  overall h e a t  t r a n s f e r  c o e f f i c i e n t s  and condensing 

more vapor per u n i t  cost than e i t h e r  h o r i z o n t a l -  or vertical-smooth- 

t ube  exchangers r e q u i r i n g  t h e  same t o t a l  t ube  l eng th .  

are h i g h e r  t ub ing  c o s t ,  c o s t  of s e a l i n g  t h e  tubes  t o  t h e  b a f f l e s ,  and 

having t o  r e s o r t  t o  mztltipa.ssing the coo lan t  t o  ach ieve  the d e s i r e d  

h igh  coo lan t  v e l o c i t i e s .  

a l t e r n a t i v e s  t o  smooth-tube-horizontal h e a t  exchangers f o r  low-temperature 

w a s t  heat: u t i l i z a t i o n .  I f  some of t h e s e  disadvantges  could lie overcome, 

i t  would make the f l u t e d  tube  u n i t s  even more a t t ract ive.  

The disadvantages 

I n  s p i t e  of t h i s ,  f l u t e d  tubes  are at t ract ive 

One means of accomplishing t h i s  o b j e c t i v e  i s  employing a bayonet 

design with the f l u t e d  tube  as t h e  shea th  w i t h  a p l a s t i c  t ube  as a 
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bayonet,  'IJisng t h i s  method, t h e r e  would be less than a 0.05 K (O.E"F) 

temperature  i n c r e a s e  i n  t h e  coolant in the p l a s t i c  tube. T h i s  means 

t.hat t h e  bayonet condenser would be truly counter-current  with the 

condensation s p l i t  evenly between the tubes.  Pl.as tic b a f f l e s  migh t  

be used tha t  could be a t t a c h e d  t o  t h e  tubes by a p p l i c a t i o n  of heat, 

To f a b r i c a t e  the bayonet,  the f l u t e d  tube would have to be provided 

w i t h  a hollow s p h e r i c a l  ttpe These and o t h e r  methods are under 

c u r r e n t  i n v e s t i g a t i o n  as are c o s t  comparisons on va.rious tubing 

materia1.s s u i t a b l e  f o r  use with geotli.ema1 b r i n e s  and b rack i sh  water. 

-4s manufaeturers become more f ami l a r  with f l u t e d  tubes and f l u t e d  tube 

exchangers,  the f a b r i c a t i o n  c o s t s  wi.1.1. be reduced and we shoiild see 

more of these u n i t s  i n  i n d u s t r i a l  usage. 
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Appendix A 

CONVERSIONS (METRIC/ENGLISH, ENGLISH/METRIC) 

All quantities used in this report have been expressed in 

Scientific International (SI) units with the corresponding American 

Common Usage (ACU) units. Table A.l gives the factors to convert from 

ACU units to the corresponding SI units. Table A.2 gives the factors 

to convert from SI units into the corresponding ACU units. 

Table A.l. Factors to convert from American Common 
Usage (ACU) units into Scientific 

International (SI units) 

To convert from To Multfply by 
__ -~~ ~~ 

Btu/h 

Btu/h*ft2 

Btu/h*ft*"F 

Btu/h* f t2* O F  

B tu/lb, 

B tu / lb,* ' F 

ft 

lb/h 

ft2 

fP 

ft/h2 

gpm 

in I 

Ib/h 

lbf/ft 

1hlf t3 
lbm/h*ft 

lb,/h* f t2 

psia 

A ( O F )  

W 

W/m2 

W/m*K 

W/m2 K 

J /kg 

J/kg*K 

m 

kg/s 

m2 

m/s2 

m/ s 

m3/s 

cm 

kg/s 

N/m 

kg/m3 

Pa= s 

Pa*s/m 

Pa 

A ( K )  or ("C> 

0.2929 

2.152 

1.730 

5.675 

2.324 x I O 3  
4.184 x I O 3  
0.3048 

1.263 

0.0929 

2.35 x 10"* 
0.3048 

6.309 x loD5 

2.54 

1.263 x lo4 

14.59 

16.02 

4.134 

1.356 x lom3 
6.895 x LO3 

0.5556 

Temperature conversion: T(K) = 5/9 [T(OF) - 321 + 273.15 
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Table A . 2 ,  Factors to convert from Scientific 
International (SI) u n i t s  i.nto American 

Comon Usage (MU) units 

To convert from 

w Btu/h 3 . 4 1 4  

W/l02 B t u / h *  ft2 0.3173 

W/rnaK Btu/h*ft*QF 0.5780 

W/m2 O K  Btu/h*ft2 * O F  0.1762 

J/kg Btu/ lbm 4.303 10-~ 

J/kg*K B tu / 111, ' P 2.390 10-4 

m ft 3.281 

c1n in. 0.3937 

m2 f $2 10.764 

m / 2  It/h2 4 . 2 5 5  i< IO7 

m/ s ft/s 3.281 

m3/s gP1'1 1.585 x lo-' 

kg/s Ib& 7.920 x lo3 

kg/m3 lb,/ft3 0.0624 

Paas lb,/h* fa- 3.190 x l o 3  

Pa psi .a  1.450 x 10--4 

N/1n l b f / f  t 0.0685 

Pa*s/m lb,/h*ft2 7.375 x IO2 

A(K) or A.("C) AT ( O F )  1.8 

'P'emperature conversions: r(V) 5= [1.8 a("c)] 4- 32 



Appendix H 

Pfg. 3.1. Laterit heat of isobutanc 8s a fuffiction of teapcrature 
at a pressure of B a tm,  

10.5 
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290 300 3 0  320 3x2 
TEUPERATURE. K 

Fig .  B . 2 .  Vapor pres su re  of i sobutane  as a fut ic t ion of temperature .  
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Fig .  B . 3 .  S p e c i f i c  hea t  of i sobutane  gas a t  1 a t m .  
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ew4 

Fig. B.4 .  Enthalpy of isobutane as a function of temperat.ure 
and pressure. 

-CRITICAL POINT 
250 

260 

TWATEO LIQUID WI i- 50 

Fig. B.5. Solubility of propane and isobutane in water as 
functions of temperature. 



F i g .  R.G. S o l u b i l i t y  of water in propane and isobutane as 
functions of temperature. 



Appendix C 

PROPERTIES OF WATER 

Table C . 1  shows t h e  phys ica l  p r o p e r t i e s  of  w a t e r  over  the 

appropr i a t e  temperature  range  of t h e  coo l ing  water. The p r o p e r t i e s  

i nc lude  the d e n s i t y ,  dynamlc v i s c o s i t y ,  thermal  conduc t iv i ty  and 

Brand t l  Number. The s p e c i . f k  heat of water I s  assumed t o  b e  cons tan t  
over  t h e  temperature  range considered.  

Table C.  1. P r o p e r t i e s  of s a t u r a t e d  w a t e r a  

273 

277 
283 

289 
294 

300 

305 

311 
31.6 

322 
327 

333 

339 

32 

40 
50 
60 
90 

80 

90 
100 

110 
120 

130 
140 

150 

1000 

1000 
999 

999 
998 

996 

99.5 

993 
991 

389 

986 

983 

980 

62.42 0. 00179 

62.42 0,00155 
62.38 0.001.30 

62.34 0.00112 
62.27 0.00098 
62.17 0 e 00086 

62.11 0.00076 

61.99 0.00068 

61.84 0.00062 

61.73 0.00056 
61.54 0.00051 

61.39 0.00Q47 

61.20 0.00043 

4.33 

3.75 
3.1.7 

2.71 
2.37 
2 .OS 
1.. 85 

1.65 

1.49 

1.. 36 
1.24 

1. e 1 4  

1.04 

0 566 

0.574 
0 58.5 

0.595 
0 a 604 
0.614 
0.623 

0.630 

0.637 
0.644 

0.649 

0.654 
0.659 

0.327 

0.332 
0.338 

0.344 
0.349 
0.355 

0.360 

0.364 
0.368 

0.372 

0.375 

0.378 
0.384- 

1.3.37 

11.36 
9.41 

7.88 
6.78 

5.85 
5.13 

4 , 5 2  

4 - 0 4  

3.65 

3.30 

3.01 
2 - 7 2  

I._I-.-. 
a T = temperature ,  Cp = s p e c i f i c  h e a t  = 1.0 Btu/lb*OF or cal/gmeK, 

p = d e n s i t y ,  p = dynamic v i s c o s i t y ,  k = thermal conduc t iv i ty ,  and 
NPr = Prandtl Number (dimensionless) .  
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Appendix D 

SHELLSIDE PRESSURE DISTRIBUTION 

Appendix D shows the p res su re  d i s t r i b u t i o n  i n  t h e  E a s t  Mesa 

condenser.  The vapor v e l o c i t y ,  t h e  amount of condensate obtained on 

each row, t h e  t o t a l  condensate  obta ined ,  and t h e  incu r red  p res su re  

drop are t abu la t ed  f o r  each row of each s h e l l  pass .  Tables B . 1  through 

D . 6  show t h e  d a t a  For the f i r s t  pass  through the s ix th  p a s s  and i n d i c a t e  

t h e  b a f f l e  spacing f o r  each pass .  The following i s  the s a m e  f o r  831 

passes:  b a f f l e s ,  6 ;  t o t a l  tube  l eng th ,  6 ,  6168 m (20,239 f t ) ;  temperature ,  

307.57 K (94.0OF); p re s su re ,  493,68 kPa (71.60 p s i ) ;  gas f l o w  ra te ,  

12.55 kg / s  (99,400 l b / h ) ;  en t r ance  l o s s  t o  be added t o  t o t a l  p r e s s u r e  

drop ,  715.22 Pa (0.1037 p s i ) .  
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Table D . l .  Pressure distribution through the first shell pass of 
che East Me3a condenser with a b a f f l e  spacing of 1.52 rn (60 in.) 

Pressure drop Vapor velocity Condensad/row Total condensed Row Xumber 
number of tubes 

(m/s) (ft/s> (liters/s) (gal/rnin) (liters/s) (gal/min) kPa psi 

1 30 
2 31 
3 32 
4 34 
5 35 
6 36 
7 37 
8 38 
9 40 
10 4 0 
11 40 
12 41 
13 41 
14 41 
15 41 
16 41 
17 41 
18 41 
19 41 
20 41 
21 40 
22 40 
23 40 
24 38 
25 37 
26 37 
27 36 
28 34 
29 34 
30 33 
31 31 
32 30 

3.265 
3.142 
3.021 
2.823 
2.719 
2.620 
2.526 
2.435 
2.291 
2.265 
2.239 
2.160 
2.134 
2.108 
2.082 
2.056 
2.030 
2.004 
1.978 
1.952 
1.573 
1.947 
1.921 
1.993 
2.015 
1.993 
2.020 
2.109 
2.Ob3 
2.118 
2.224 
2.269 

10.73 
10.31 
9.51 
9.26 
8.92 
8.60 
8.29 
7.99 
7.52 
7.43 
7.35 
7.09 
7.00 
6.92 
6.83 
6.74 
6.66 
6.57 
6.49 
6.40 
6.47 
6.39 
6.30 
6.54 
6.62 
6.54 
6.43 
6.92 

6.95 
7.30 
7.45 

6.83 

0.188 
0.194 
0.200 
0.213 
0.219 
0.225 
0.231 
0.238 
0.250 
0.250 
9.250 
0.256 
0.256 
0.256 
0.256 
0.256 
0.256 
0.256 
G. 256 
0.256 
0.250 
0.250 
0.250 
0.238 
0.231 
0.231 
0.225 
0.213 
0.213 
0.206 
0.194 
0.186 

2.573 
3.072 
3.171 
3.369 
3.468 
3.568 
3.667 
3.766 
3.964 
3.964 
3.964 
4.063 
4.063 
4.063 
4.063 
4.063 
4.063 
4.063 
4.063 
4.063 
3.964 
3.964 
3.964 
3.766 
3.667 
3.667 
3.568 
3.369 
3.369 
3.270 
3.072 
2.973 

0.188 
0,381 
0.581 
0.754 
1,013 
1,238 
1.465 
1.707 
1.957 
2.207 
2.457 
2.713 
2.970 
3.226 
3.482 
3.739 
3.995 
4.251 
4.505 
4.764 
5.014 
5.264 
5.514 
5.752 
5.983 
6.215 
6.440 
6.652 
6.865 
7.071 
7.265 
7.453 

2.97 
6.05 
9.22 
12.59 
16.05 
19.62 
23.29 
27.05 
31.02 
34.98 
38.95 
43.01 
47 -07  
51.13 
55.20 
59.26 
63.32 
67.39 
71.45 
75.51 
79.48 
83.44 
87.40 
91.17 
94.84 
98.50 
102.07 
105.44 
108.81 
112.08 
115.15 
118.13 

0.020 
0.039 
0.05E3 
0.071 
0.085 
0.059 
0.111 
0.123 
0.134 
0.144 
0.154 
0.164 
0.173 
0.182 
0.191 
0.199 
0.208 
0.216 
0.224 
0.232 
0.240 
0.248 
0.256 
0.264 
0.272 
0.280 
0.285 
0.298 
0.307 
0.316 
0.326 
0.336 

0.003 
0.006 
0.008 
0. Gl@ 
0.012 
0.014 
0.016 
0.018 
0.019 
0.021 
0.022 
0.024 
0.025 
0.026 
0.028 
0.025 
0.030 
0.031 
0.033 
0.034 
0.035 
0.036 
0.037 
0.038 
0.039 
0.041 
0.042 
0.043 
0.044 
0.046 
0.047 
0.049 



T a b l e  D.2. Pressure distribution th rough t h e  second shell p a s s  of 
t h e  East Mesa condenser  with a baffle s p a c i n g  of 1.11 in (44 in.] 

Vapor velocity Condensed / row T o t a l  condensed P r e s s u r e  d r o p  

(m/ s )  ( E t /  s) (liters / s)  (gaI/min) (li tersl s> (gal/min) kea p s i  

RQW Number 
number of tubes  

1 3G 
2 31 
3 32 
4 34 
5 35 
6 36 
7 37 
8 38 
9 40 
10 LO 
11 40 
12 41 
13 41 
14 41 
15 41 
16 41 
17 41 
18 41 
19 41 
20 41 
21 40 
22 40 
23 40 
24 38 
25 37 
26 37 
27 36 
25 3 L 
29 3L 
30 33 
31 31 
32 30 

3.064 
2.943 
2.828 
2.642 
2.543 
2.448 
2.358 
2.272 
2.136 
2.110 
2.084 
2.009 
1.982 
1.956 
1.930 
1.904 
1.878 
1.852 
1.826 
1.800 
1.818 
1.792 
1.766 
1.830 
1.851 
1.825 
1.848 
1.927 
3.902 
1.931 
2.025 
2.064 

10.05 
9.66 
9.28 
8.67 
8.34 
5.03 
7.74 
7.45 
7.01 
6.92 
6.84 
6.59 
6.50 
6.42 
6.33 
6.25 
6.16 
6.08 
5.99 
5.91 
5.96 
5.88 
5.79 
6.00 
6.07 
5.99 
6.06 
6.32 
6.24 
6.34 
6.64 
6.77 

G .  I38 
0.142 
0.147 
0.156 
0.160 
0,165 
0.170 
0.174 
0.183 
0.133 
0.183 
0.188 
0.188 
0.188 
0.188 
0.188 
0.188 
0.188 
0.188 
0.185 
0.183 
0.183 
0.183 
0.174 
0.170 
0.170 
0.165 
0.156 
0.156 
0.151 
0.142 
0.138 

2.180 
2.253 
2.326 
2.471 
2.544 
2.616 
2.689 
2.762 
2.907 
2.907 
2.907 
2.980 
2.980 
2.980 
2.980 
2.980 
2.980 
2.980 
2.980 
2.950 
2.907 
2.907 
2.907 
2.762 
2.689 
2.689 
2.616 
2.471 
2.471 
2.398 
2.253 
2.180 

7.590 
7.732 
7.879 

8.195 
8.360 
8.530 
8.734 
5.888 
9.071 
9.254 
9 * 442 
9.630 
9.818 
10.006 
10.194 
10.382 
10.570 
10.758 
1G. 946 
11.130 
11.313 
11.495 
11.671 
11.840 
12.010 
12.175 
12.331 
12.487 
12.638 
12.780 
12.918 

6.035 

120.31 
122.56 
124.88 
127.35 
129.90 
132.51 
135.20 
137.96 
140.87 
143.78 
146.69 
149.67 
152.64 
155.62 
158.60 
161.58 
164.56 
167.54 
1?0.52 
173.50 
176.41 
179.32 
182.22 
184.98 
187.67 
190.36 
192.98 
195.45 
197.92 
200.32 
202.57 
204.75 

1.231 
1.248 
1.263 
1.277 
I. 289 
1.301 
1.312 
1.323 
1.332 
1. 341 
1.350 
1.358 
1.366 
1.37A 
1.382 
1.390 
1.397 
1.404 
1.411 
1.418 
1.425 
1.432 
1.438 
1.445 
1.452 
1.459 
1.467 
1.474 
1.482 
1.490 
1.498 
1.507 

0.179 
0.181 
0.183 
0.185 
0.187 
0.189 
0.190 
0.192 
0.193 
0.194 
0.196 
0.197 
0.198 
0.199 
0.200 
0.202 
0,203 
0.204 
0.205 
0.206 
0.207 
0.206 
0.209 
0.210 
3.211 
0.212 
0.213 
0.214 
0.215 
0.216 
0.217 
0.219 



Table  D . 3 .  Pressure distribution through the third shell p a s s  of 
the East Mesa condenser with a baffle s p a c i n g  of 0.86 m (34 i n . )  

Vapor velocity Condensed/row T o t a l  condensed Pressure drop Row k m b e r  
number of tubes 

(m/s> ( f t /  s> (liters / s )  (gal/min) ( 1 i  ters/s) (gal/min) kPa psi 

1 30 
2 31 
3 32 
4 34 
5 35 
6 36 
7 37 
8 38 
9 40 

10 40 
11 40 
1 2  4 1  
1 3  4 1 
1 4  4 1  
15 4 1  
15 4 1  
1 7  4 1  
18 4 1  
1 9  4 1  
20 4 1  
2 1  40 
22 40 
23 40 

25 37 
25 37 
27 36 
28 34 
29 34 
30 33 
3 1  3 1  
32 3 3  

24 38 

2.722 
2.612 
2.507 
2.339 
2 . 2 m  
2 .  I 6 2  
2.079 
2.000 
1.87? 

4.825 
1.756 
1.730 
1 .704  
1.678 
1.652 
1.626 
1.600 
1.574 
1.548 
1 .559  
1.533 
1 .507  
1 .558  
1.573 
1.547 
1.562 
1.625 
I. 599 
1 .619  
1.694 
1.722 

1.851 

a. 93  
8.57 
8 .23  
7.67 
7.38 
7.09 
6.82 
6.56 
6.16 
6.07 
5.99 
5.76 
5.68 
5.59 
5 .51  
5.42 
5 .33  
5.25 
5.16 
5 .08  
5.12 
5 .03  
4.94 
5 .11  
5.16 
5.07 
5.12 
5 .33  
5.25 
5 .31  
5.56 
5 .65  

0.103 
0.107 
0.110 
0.117 
0.120 
0.124 
0.127 
0.131 
0.138 
0.138 
0.138 
0 .141  
0 .141  
0 .141  
0.141 
G.141 
C .  1 4 1  
0.141 
0.141 
0.141 
0.138 

0.138 
3.131 
0.12: 
0.127 
0.124 
0.117 
0.117 
0.113 
0.107 
0.103 

0.138 

1 .635  
1 .690  
1 .744  
1 .853  
1.908 
1 .962  
2.017 
2 .071  

2.180 
2.180 
2.235 
2.235 
2.235 
2.235 
2.235 
2.235 
2.235 
2.235 
2.235 

2.180 

2 .071  
2.017 
2.017 
I. 962 
1 .853  
1.853 
1.799 
1 .690  
1.635 

2.180 

2.180 

2.180 

12 .021  
13.127 
13.238 
13.354 
13.475 
13.599 
13.726 
13.856 
13.994 
14.132 
14.269 
14.410 
14 .551  
14.692 
14 .833  
14.974 
15.115 
15.256 
15.397 

15.676 
15 .813  
15 .951  
16 .081  
16.209 
16.336 
16.460 
16.576 
16 .693  

16 .913  
17 .017  

15 .535  

16. a07 

206.39 
208.08 
209.82 
211.67 
213.58 
215.54 
217.56 
219.63 

223.99 
226.17 

230.64 
232.87 
235 .11  
237.34 

241.51 
24&. 05  
246.28 
248.46 
250.64 

254.89 
256 .91  

221. 81 

228.41 

239.58 

252, 82  

258.93 
260. 89 
262.74 
264.60 
266.33 

269.72 
265.08 

2.398 
2.412 
2.424 
2.435 
2.445 
2.454 
2.463 
2.472 
2.479 
2.456 
2.493 
2.500 
2.506 
2.512 

2.524 
2.530 
2.535 
2 .541  
2.546 
2.551 
2.556 
2.561 
2.566 
2.572 
2.577 
2.582 
2 .588  
2.593 
2.599 
2.605 
2.612 

2.518 

0.348 
0.350 
0.352 
0.353 
0.355 
0.356 
0.357 
0.358 
0.360 
0.361 
0.362 
0.363 
0.363 
0.364 
0.365 
0.366 
0.367 
0.368 
0 .365  
0 ,369  
0.370 
0 .371  
0 .371  
0.372 
0.373 
0.374 
0.375 
0 .375  
0.376 
0.37: 
0.378 
0.379 



Table D.4. P r e s s u r e  distribution through the fourrh shell pass  of 
the E a s t  Mess condenser with a baffle spacing of 0.61 m (24 in.) 

Vapor velocity Condensed/row Total condensed Pressure drop Row Number 
number of tubes 

(m/s> (ft/s) (Siters/s) (gaI/min) (liters/s) (gal/min> kPa Psi 

1 30 
2 31 
3 32 
4 34 
5 35 
6 36 
7 37 
8 38 
9 4 0 
10 40 
11 40 
12 41 
13 41 
14 41 
15 41 
16 41 
17 41 
18 41 
19 41 
20 41 
21 40 
22 40 
23 40 

25 37 
26 37 
27 36 
28 34 
29 34 
30 33 
31 31 
32 30 

24 38 

2.335 
2.239 
2.146 
i.998 
1.917 
1.840 
1.766 
1.695 
1.587 
1.561 
1.535 
1.472 
1.446 
1.420 
1.354 

1.342 
1.316 
1.290 
1.264 
1.268 
1.242 
1.216 
1.252 
1.259 
1.233 
1 . 2 m  
1.284 
3.258 
1.269 
1.321 
1.338 

1.368 

7.67 
7.35 
7.04 
6.56 
6.29 
6.04 
5.75 
5.56 
5.21 
5.12 
5.03 
4.83 
4.74 
4.66 
4.57 
4.49 
4.40 
4.32 
4.23 
4.15 
4.16 
4.08 
3.99 
4.11 
4.13 
4.04 
4.01 
4.23 
4 - 1 2  
4.16 
4.34 
4.39 

0.075 
0.078 
0.080 
0.085 
0.088 
0.090 
0.093 
0.095 
0.100 
0.100 
0,100 
0.103 
0.103 
0.103 
0.103 
0.103 
0.103 
0. LO3 
0.103 
0.103 
0.100 
0.103 
0.100 
0.095 
0.093 
0.093 
0.090 
3.085 
0.085 
0.083 
0.078 
0.075 

1.189 
1.229 
1.268 
1. 348 
1.387 
1.427 
1.467 
1.506 
1.586 
1.586 
1.586 
1.625 
1.625 
1.625 
1.625 
1.625 
1.625 
1.625 
1.625 
I. 625 
1.586 
1.586 
1.586 
1.506 
1.467 
1.467 
1.427 
1.343 
1.348 
1.308 
1.229 
1. 189 

17.092 
17.169 
17.249 
17.334 
17.422 
17.512 
17,604 
17.699 
17.799 
17.899 
17.999 
18.102 
18.205 
18.307 
18.410 
18.512 
18.615 
18.717 
18.820 
18.922 
19.022 
19.122 
19.222 
19.317 
19.410 
19.502 
19.592 
29.678 
39.763 
19 .E45 
19.923 
19. 998 

270.91 
272.14 
273.41 
274.75 
276.14 
277.57 
279.03 
280.54 
282.13 
283.71 
285.30 
286.92 

290.17 
291. PO 
293.42 
295 -05 
296.67 
298.30 
299.92 
301.51 
302.10 
304.68 
306.19 
307.65 
309.12 
310.55 
311.90 
313.2L 
314.55 
315.78 
316.97 

288.55 

3.500 
3.510 
3.519 
3.527 
3.535 
3.542 
3.545 
3.555 
3.560 
3.565 
3.571 
3.575 
3.580 
3.584 
3.589 
3.593 
3.597 
3.601 
3.604 
3.608 
3.612 
3.415 
3.619 
3.622 
3.626 
3.629 
3.633 
3.535 
3.640 
3.644 
3.648 
3.652 

0.508 
0.509 
0.510 
0.512 
0.513 
0.514 
0.515 
0.516 
0.516 
0.517 
0.518 
0.519 
0.519 
e. 520 
0.520 
0.521 
0.522 
0.522 
0.523 
0.523 
0.524 
0.524 
0.525 
0.525 
0.526 
0.526 
0.427 
0.527 
9.528 
0.528 
0.529 
0.530 



Tab le  D.5. Pressure d i s t r i b u t i o n  through the f i f t h  s h e l l  pass  of 
t h e  Eaet Mesa condenser with a b a f f l e  spacing of 0 .41  m (18 i n . )  

Pressure drop Vapor v e l o c i t y  Candensedlrow T o t a l  condensed Row Number 
number of t u b e s  (m/s) (ft/s) ( I i t e r s / s )  (gal/min) ( 1 i t e r s / s )  (ga l /min )  kP a p s i  

1 30 
2 31 
3 32 
4 34 
5 35 
6 36 
7 37 
8 38 
9 40 

10 40 
11 4s 
12  4 1  
13 4 1  
14  4 1  
15  4 1  
16 4 1  
1 7  4 1  
18 4 1  
19 4 1  
20 4 1  
2 1  4 0 
22 40 
23 40 
26 38 
25 37 
26 37 
27 36 
26 34 
29 34 
30 33 
31 3 1  
32 30 

1.754 
1.673 
1.597 
1 . 4 8 1  
1.414 
1.350 
1.289 
1.230 
1.145 
1.119 
1. 093 
1.041 
1.015 
0.989 
0.963 
0.937 
0.911 
0 .885 
G .859 
0.833 
0.827 
0.801 
0.775 
0.?8i; 
0.782 
0.756 
0.750 
0.767 
0.741 
0.736 
0.756 
0.754 

5.75 
5.49 
5.24 
4.86 
4.64 
4.43 
4.23 
4.04 
3.76 
3.76 
3.59 
3.42 
3.33 
3.25 
3.16 
3.07 
2.99 
2.90 
2.82 
2.73 
2.71 
2.63 
2.54 
2.58 
2.57 
2.48 
2.46 
2.52 
2.43 
2.42 
2.48 
2.47 

0.056 
Q. 058 
0.060 
0.064 
0.066 
0.068 
0.069 
0.071 
0.075 
0.075 
0.375 
0.077 
0.077 
0.077 
0.077 
0.077 
fi.077 
0.077 
0.077 
0.077 
0.075 
0.075 
0.075 
0.071 
0.064 
@. 069 
0.068 
0.064 
0.064 
0.062 
0.058 
0.056 

G.692 
0.922 
0 .951  
I. 011 
1 .041  
a .  070 
1.100 
1.130 
1.189 
1.169 

1.219 
1 .219  
l. 219 
1.219 
1.219 
1.219 
1.219 
1.219 
1.219 
1.189 
1.189 
1.189 
i, 130 
1.100 
1.100 
1.070 
1.01: 
1 .011  
0 .981  
0.922 
0.892 

1.189 

20.054 
20.112 
20.172 
20.236 
20.301 
20.369 
20.G38 
70.510 
239.585 
20.660 
23.735 
20.812 
20.889 
20.965 
21.042 
21.119 
21,196 
21.273 
21.350 
21.427 
21.502 
21.577 
21.652 
21.723 
21.793 
21.662 
21.930 
21.993 
22.057 
22.119 
22.117 
22.233 

317.86 
318.78 
319.73 
320.75 
321.79 
322.66 
323.96 
325.09 
326.23 
327.46 
328.65 
329.87 
331.09 
332.31 
333.53 
334.75 
335.97 
337.19 
338.40 
339.62 
340.81 
342 .00 
343.19 
344.32 
345.42 
346.52 
347.59 
348.60 
349.61 
350.59 
351.52 
352.41 

4.535 
4.541 
4.5L7 
4.551 
4.556 
4.560 
4.564 
4.567 
4.570 
4.573 
4.576 
4.578 
4.581 
4.583 
4.585 
4.588 
4.590 
4.591 
4.593 
4.595 
4.597 
4.598 
4.600 
4.601 
4.6C.3 
4.604 
4.606 
4.607 
4.608 
4.610 
4.611 
4.613 

0.658 
0.659 
0.659 
0.660 
0 .661  
0 .561  
0.662 
0.662 
0.663 
0.663 
0.564 
0.664 
0.664 
0.665 
0.665 
0.665 
0.666 
0.666 
3.665 
0.666 
0.667 
0.667 
0.667 
0.667 
0.668 
0.666 
0.668 
0.668 
0.668 
0.669 
0.669 
0.669 



Table D.6.  Pressure distribution through the sixth shell pass of 
the East Mesa condenser with a baff le  spacing of 0.33 rn (13 in.) 

Vapor velocity Condensed/row T o t a l  condensed Pressure drop Row Number 
number of tubes 

(m/s) (ft/s) (liters/s) (gal/min) (liters/§ j (gaI/minj kPa p s i  

1 30 
2 31 
3 32 
4 34 
5 35 
6 36 
7 37 
8 38 
9 40 
10 40 
11 40 
12 41 
13 41 
14 41 
15 41 
16 41 
17 41 
18 41 
i9 41 
20 41 
21 41 
22 40 
23 40 
24 38 
25 37 
26 37 
27 36 
28 34 
29 34 
30 33 
31 31 
32 30 

1.013 
0.956 
0.901 
0.825 
0.776 
0.730 
0.685 
0.642 
0.585 
0.559 
0.533 
0.494 
0.468 
0.44: 
0.416 
0.390 
0.364 
0.338 
0.312 
0.266 
0.267 
0.244 
0.215 
0.199 
0.178 
0.152 
0.130 
D. 111 
0.085 
0.061 
0.038 
0.013 

3.32 
3.14 
2.96 
2.71 
2.55 
2.39 
2.25 
2.10 
1.02 
1.83 
1.75 
1.62 
1.54 
1.45 
1.37 
1.28 
1.20 
1.11 
1.02 
0.94 
0.88 
0.73 
0.70 
0.65 
0.58 
0.50 
G.43 
0.36 
0.28 
0.20 
0.12 
0.04 

0.041 
0.042 
0.043 
3.046 
0.047 
0.049 
0.050 
0.051 
0.054 
0.054 
0.054 
0.056 
0.056 
0.056 
0.056 
0.056 
0.056 
0.056 
0.056 
0.056 
0.054 
0.054 
0.054 
0.051 
0.050 
0.050 
0.049 
0.046 
0.046 
0.045 
0.042 
0.041 

0.644 
0.666 
0.687 
3.73G 
3.751 
0.773 
0.794 
0.816 
0.859 
0.859 

0.880 
0.880 
0.880 
0.980 
0.880 
0.880 
0.880 
0.880 
0.880 
0.859 
0.859 
0.859 
0.816 
0.794 
0.794 
0.773 
0.730 
0.730 
0.709 
0.666 
0.644 

0.859 

22.274 
22.316 
22.359 
22.405 
22.453 
22.502 
22.552 
22.603 
22.65? 
22.712 
22.766 
22.321 
22.877 
22.932 
22.988 
23.043 
23.099 
23. 155 
23.210 
23.266 
23.32C 
23.374 
23.428 
23.480 
23.530 
23.580 
23.620 
23.675 
23.721 
23.765 
23.807 
23.848 

353.05 
353.72 
354.40 
355.13 
355.89 
356.66 
357.45 
358.27 
359.13 
359.99 
360.85 
361.73 
342.61 
303.49 
364.35 
365.25 
366.13 
367.01 
367. 89 
368.77 
369.63 
37@. 49 
371.35 
372.16 
372.96 
373.75 
374.52 
375.25 
375.98 
376.69 
377.36 
378 .OO 

5.492 
5.494 
5.496 
5.498 
5.500 
5.501 
5.502 
5.503 
5.504 
5.505 
5.506 
5.506 
5.507 
5.508 
5.508 

5.5Q9 
5.509 
5.509 
5.510 
5.510 
5.510 
5.510 
5.510 
5.511 
5.511 
5.511 
5.511 
5.511 
5.511 
5.511 
5.511 

5.508 

0.997 
0.797 
0.797 
0.797 

0.798 
0.798 
0.798 
0.798 
0.798 
0.799 
3.799 
0.799 
0.799 
0.799 
0.799 
0.799 
0.799 
0.799 
0.799 
0.799 
0.799 
0.799 
0.799 
0.799 
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