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Abstract Test Beat Exchanger8 

Final test results are reported for the five 
1 NJt shell-and-tube heat exchangers teeted at 
Argonne National Laboratory. These five heat ex- 
changers are the Union Carbide flooded-bundle evap- 
orator, the Union Carbide sprayed-bundle evaporator, 
the Union Carbide enhanced-tube condenser, the 
Carnegie-Hellon vertical fluted-tube evaporator, 
and the Carnegie-Hellon vertical fluted-tube con- 
denser. Performance parameters measured include 
the overall heat transfer coefficient (Uo), the 
water-side pressure drop, and the vapor quality. 
Also measured were.operationa1 characteristics of 
the heat exchangers such as repeatability of re- 
sults and the dependence of Uo on heat duty, 
ammonia flov rate, and subcooling. Individual 
vater-side and ammonia-side coefficients vere 
deduced using the Wilson Plot method. 

Introduction 

The Ocean Thermal Energy Conversion (OTEC) test 
program at Argonne began in 1977 vith the specific 
purpose of measuring the heat transfer performance 
of OTEC heat exchangers. Preliminary test results 
for tvo of the five shell-and-tube heat exchangers 
vere reported at the Fifth OTEC Conference in 
Miami Beach, Florida. In this paper, the final 
experimental results for all five 1 HWt shell-an?- 
tube heat exchangers are reported. These five heat 
exchangers are the Union Carbide flooded-bundle 
evaporator, the Union Carbide sprayed-bundle evap- 
orator, the Union Carbide enhanced-tube condenser, 
the Carnegie-Hellon vertical fluted-tube evapora- 
tor, and the Carnegie-Mellon vertical fluted-tube 
condenser. Perfomance parameters ~easured include 
the overall heat transfer coefficient (Uo), the 
water-side pressure drop, and the vapor quality. 
A160 measured were operational characteristics of 
Zhese heat exchangers such as repeatability of re- 
sults and the dependence of Uo on heat duty, 
m o n i a  flow rate, and subcooling. Individual 
vater-side and ammonia-side heat transfer coeffi- 
cients vere deduced using the Wilson Plot method. 

The material in this paper is presented in four 
'parts. First, brief descriptions of the five shell- 
and-tube exchangers tested are given. Second, the 
experimental facility and inetrumentation are de- 
ocxibed. Third, the formulation and methods used 
'to deduce the .overall. and individual heat transfer 
coefficients and their possible errors are die- 
cussed. Finally, the experimental results for the 
five shell-and-tube heat erchangera are preeented. . . 

The five 1 XWt shell-and-tube heat exchangers 
that have been tested are: 

1. A flooded-bundle evaporator supplied by the 
Linde Division of Union Car3ide Corporation. This 
unit is a horizon:al three-?ass shell-and-tube . 
hear exchanger containing 279 tubes each 1.5 in. OD ' 

by 75 in. long. The tubes are made of titanicn and . '  

are coateZ vith a porous alrninum High Flux surface 
on the amonia side. Vater fiovs through the tubes, 
vhich are circular and unenhanced on the inside. 

2. A horizontal sprayed-5undle.evaporator sup- 
plied by Union CarbideILinde and containing titaniu~ 
tuSes coated with :he porous aluminuo. High Flux sur- 
face. Liqu?d a m n i a  is sprzyed onto the outside 
surface of the tubes by means of perforated feed 
tubes in the top row of the tube bundle. Vater 
flovs through the tubes. vhich are unenhanced on the 
vater side, in a four-pass arrangement. This unit 
has 388 tubes each 1.5 in. OD by 55 in. long. 

3. A horizontal enhanced-tube condenser provided 
by Union Carbide/Linde containing e l m i n n  tubes 
with internal axial fins on the water side and a 
thin-film promoter on the ou:sile to enhance the 
condensation of amonia (Fig. 1). This unit has , , 

147 tubes each 1.5 in. OD by 155 in. long. . C, . ..  - .  " 
4 .  A vertical fluted-tu3e evaporator designed 

by Carnegie-Hellon University (C-MU). This heat 
exchanger contains 240 fluted alofnt.cn tubes, 1 in. 
in diameter (nominal) by 172 in. long. The'tubes 
are fluted on both the inside and outside. Amonia 
is fed in a thin film onto the outside of the tops 
of the tubes., and vater flovs dovnward on the in- 
side. 

5. A vertical fluted-tube condenser, also desigw 
.ed by Carnegie-Mellon. This unit is identical in all 
respects to the fluted-tube evaporator described 
above, except that the external (ammonia-side) sur- 
face of each tube contains 33 flutes, rather than 
42 (Fig. 2). 

* 
T h e . ~ r k  ~ponaored by DOE'B Ocean Systems Branch, , 
Divieion of Central Solar Technology, uae perfom-: i Pig. 1 Linde condenser.tube with ' , 

ed under Contract No. 09ENC38 with the University . internal axial fins and external 
vrapped .wire enhancement. of Chicago, operator of Argonne Hational LabormrY. 



1.178 DIA. 

Fig.  2 Cross  s e c t i o n  of C-HU f l u t e d  
condenser tube  ( a l l  dimensions i n  
inches) .  

. . .  

'Future p l a n s  i n c l u d e  t e s t s  of t h e  fol lowing h e a t  
exchangers: t h e  Applied Phys ics  Laboratory folded- 
tube evapora tor  i n  vh ich  t h e  amnonia i s  on t h e  in-  
s i d e  of t h e  tubes ,  an aluminum p l a t e - f i n  evapora tor  

. b u i l t  by t h e  Trane Company, and t h e  Var i f lux  con- 
cen t r ic - tube  evapora tor  developed by Rockvell 
I n t e r n a t i o n a l .  \ 

o r a t o r s  and condensers s i r e d  t o  handle a n o b l  
b e a t  d u t y  of  3.2 o i l l i o n  Btufhr. 'Ihe f a c i l i t y  i s  
designed f o r  s teady-s ta te  opera t ion  over  cr r m g e  o f  
t empera tures  and flow r a t e s  of  varm and co ld  v a t e r .  
ehovn i n  Table 1. A de ta i leC d e s c r i p t i o n  of  t h i s  
f a c i l i t y  i s  repor ted  c l a e ~ b e r e . ~  e 2  Provis ion  i s  ' ' - 

e d e  f o r  c o n t r o l  o f  t enpera turea  and f l w  r a t e s  a t  
p r e s e l e c t e d  valuea and f o r  measurment  of a l l  quan- 
t i t i e s  necessary  f o r  c a l c u l a t i o n  of t h e  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  and va te r - s ide  p r e s s u r e  d r o p s  
o f  t h e  test u n i t e .  The opera t ing  c o n d i t i o n s  of  t h e  
h e a t  exchangere dur ing  t h e  t e s t  a r e  t f i f c a l  i n  a l l  . 

r e s p e c t e  o f  t h o s e  e ~ e c t e d  of a c t u a l  OTEC p l a n t s  
excep t  t h a t  deionized v a t e r ,  c h e ~ i c a l l y  t r e a t e d  t o  
i n h i b i t  t h e  e f f e c t s  o f  b i o f o u l i n g  and cor ros ion ,  i s  
used  i n s t e a d  of  ocean v a t e r .  The d a t a  ob ta ined  on 
clean-tube.perfornance,  c o o b i ~ e d  wi th  i n f o r n a t i o n  on 
t h e  e f f e c t s  of b iofou l ing ,  p rsv ide  a  means f o r  pre-  
d i c t i a g  t h e  per fomance  of s i z i l a r  evapora tors  and 
condensers  i n  an ocean e n v i r o m e n t -  

The accuracy g o a l s  f o r  t h e  ~ e a s u r e ~ e n t s  charac- 
t e r i z i n g  t h e  o v e r a l l  p e r f o m a x e  of  t h e  t e s t  u n i t s  
a r e  23% f o r  t h e  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 s  
and ' 5 %  f o r  t h e  water-side p r e s s u r e  drops a c r o s s  
t h e  h e a t  exchangers. The e q u i p e n t  used f o r  making 
t h e s e  measurements is described i n  t h e  Data Reduc- 
t i o n  s e c t i o n .  I n  genera l ,  t h e  a c t u a l  peasurenea t  e 

accuracy f a r  exceeds t h e  accuracy g o a l s  o f  t h e  t e s t  
p rogras .  

' The t e s t  f a c i l i t y  has  a  co=?uter-based d a t a  sys-  
tem t h a t  can, on comand,  read t h e  s o u r c e s  of  d a t a .  
apply c a l i b r a t i o n  and c o r r e c t i o n  f a c t o r s  t o  t h e s e  
d a t a ,  compute hea t  balances aad 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 s ,  and produce hard-copy r e c o r d s  of 
a l l  neasured end c a l c u l a t e d  q u a n t i t i e s .  . . 

T e s t  F a c i l i t y  Data Reduction 

During 1977 a t e s t  f a c i l i t y  v a s  designed and There a re '  t h r e e  inde?ender;: v a y s  o f  d e t e z i n i n g  
cons t ruc ted  a t  Argonne i n  o r d e r  t o  measure t h e  per-  t h e  h e a t  duty (q)  of t h e  hea t  exchangers: a)  f r o ?  
formance of t e s t  h e a t  exchangers  o p e r a t i n g  under t h e  temperature change of the  wate r  pass ing  through 
simulated OTEC c o n d i t i o n s .  The t e s t  f a c i l i t y ,  t h e  h e a t  exchangers; b)   fro^ an energy ba lance  on 
shown i n  F ig .  3, is designed t o  measure h e a t  t rans -  t h e  amnonia s i d e ;  and c)  f r o 3  a n  o v e r a l l  energy 
f e r  r a t e s  and water  pumping requirements  of  evap- ba lance  on t h e  v a r n  v a t e r  a n t  co ld  v a t e r  loops.  

. . 

WARM WATER LOOP AMMONIA LOOP 
3 2 0 0 , g p m  20.5 g p k  

, . '  

COLD WATER LOOP 
3200 gpm 

Fig. 3 OTEC b e a t  exchanger test l oop  



Table 1 T e s t  F a c i l i t y  Operat ing Conditions 

' Parameter  Rominal Value Range 

Heat Duty of  T e a t  Onlta ,  Btu/hr  3.2 n l l l i o n  2.4 mfliLlion-4.0. a i l l i o n  

Warm U a t e r  Supply Temperature, -F 80° 75-85" 

Cold Water Supply Temperature, OF 40° 38-45" 

Water Temperature Change, OF ' 2" 2-4' 

Log-Hean Temperature Di f fe rence ,  OF 7" 4-10' 

Water Flow Rate ,  gpm 3200 1500-5000 

Of t h e s e  t h r e e  p o s s i b l e  methods, t h e  iirst was ATln can be expressed i n  eqr;ation f o m  a s  fol lows:  
determined t o  b e  t h e  most a c c u r a t e  and i s  used 
exc lus ive ly  i n  a l l  subsequent  c a l c u l a t i o n s .  

ATln Ti - To (2) 

Overa l l  Heat T r a n s f e r  ~ o e i f i c i e n t  

Once a  v a l u e  of ' . the h e a t  exchanger h e a t  duty,  q, 4 0 

,G obtained.  t h e  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 ,  
Uo, i s  c a l c u l a t e d  from t h e  conventional  d e f i n i t i o n :  ' vhere: 

(1) T i  - t h e  ammonia te=gerarure ,  - ' 

Ti 
t h e  i n l e t  v a t e r  t e -pera ture ,  and 

where: To - t h e  o u t l e t  v a t e r  t e z 2 e r a t u r e .  

A, = t h e  o u t s i d e  s u r f a c e  a r e a  of t h e  tubes  The instruments  use? t o  zzasure  t h e  water-s ide 
(mean o u t s i d e  s u r f a c e  a r e a  f o r  f l v t e d  p r e s s u r e  drop and t h e  q u a n t i r i e s  requ i red  f o r .  c a l -  
t u b e s ) ,  and c u l a t i n g  t h e  o v e r a l l  beat  t r a n s f e r  c o e f f i c i e a t  a r e  

ATlm - t h e  log-wan  temperature d i f f e r e n c e  shown i n  Table 2 ,  a long with t h e i r  r e s p e c t i v e  
between t h e  wate r  and ammonia s t reams.  a c c u r a c i e s .  With t h e  prese- t  i n s t r u n e n t a c i o n ,  t h e  

Table 2 Instruments  and Xeasurement Accuracy 

Accuracy of  
Quant i ty  Measured Ins t runent ,  H e a s - r e ~ e n t  

Temperature o f :  

Quartz  c r y s t a l  Vate r  i n t o  and o u t  of  h e a t  exchanger -+0.ClOer' 
Ammonia v a p o r . i n  evapora tor  and thermometer 

a f t e r  expansion v a l v e  

Water i n t o  and o u t  of h e a t e r  and ' Copper-constantan ?O.lOP 
c h i l l e r  thermocouple 

P r e s s u r e  o f :  

Ammonia vapor i n  h e a t  exchanger and Quar tz  c r y s t a l  +0.003. p s i a  
s f  t e r  expansion v a l v e  t ransducer  

P r e s s u r e . d i f f e r e n c e  of :  

Water ' i n t o  and o u t  of  h e a t  exchanger S t r a i n  gauge 20.5X of  
Water i n t o  and o u t  of p e p  . t r a n s d u c e r  readbg 
S t a t i c  head o f  l i q u i d  ammonia h i ! 

e v a p o r a t o r  ( l i q u i d  l e v e l )  ' 

Flow r a t e  o f :  

Watcr . t h ~ o u g h  h e a t  exchanger Tvrhf.ne meter 20.151 o f  
Water through h e a t e r  and c h i l l e r  . : read ing  

Liqu id  annuonla f e e d  t o  evapora tor  i Turbine meter 20.5% o f  
I !  read ing  



. , probable e r r o r s  i n  b o t h  t h e  o v e r a l l  b e a t  t r a n s f e r  
c o e f f i c i e n t  and t h e  v a t e r - s i d e  p r e s s u r e  d rop  a r e  
v i t h i n  21%. v e l l  w i t h i n  t h e  accuracy g o a l s  of  t h e  
t e s t  program (see  T e s t  F a c i l i t y  s e c t i o n ) .  

I n d i v i d u a l   eat f r a n s f  er C o e f f i c i e n t s  

Xndividual ammonia-side and va te r -a ide  b e a t  : 
t r a n s f e r  c o e f f i c i e n t s  c a n  b e  determined by t h e  
atandard Wilson procedure. T h i s  procedure ~ L e s  
use  o f  t h e  r e l a t i o n s h i p  be tveen  Uo and t h e  ind i -  
v i d u a l  c o e f f i c i e n t s  t h a t  expresses  t h e  t o t a l h e a t  
t r a n s f e r  r e s i s t a n c e  a s  t h e  sum o f  i t s  s e p a r a t e  
components. T h i s  can  be expressed as:.  

.could f o u l  t h e  arrronia-side sur faces .  The v a t e r  
a y e t e a  bar, been n a i n t a i c e d  mOer a n l t r o g e n  b l a n k e t  
.mince t h e  initial f i l l a 3 g .  %e v a t e r  i s  cont inu-  
uously f i l t e r e d  d u r b g  o ? e r a t i o r  by high-capaci ty 
f i l t e r a  l o c a t e d  Ln bypass l h e s  around t h e  v a t e r  
ipwzp~. The c l e a n l i n e s s  o f  the 6ynten m d  t h e  e f -  
l fec t fveneee  o f  t h e  c o r r o e i o ~  i n h i b i t o r  l n  scaveng- 
:ing oxygen and prevent* t h e  d e p o s i t  of  hard  c a l -  
c i u a  l e a d  u s  t o  e-ect t h a t  t h e  w g n i t u d e  of t h e  
v a t e r - a i d e  f o u l i n g  r e s i s t a n c e  approaches ze ro .  
Thus i t  is assused t h a t  t h e  l a s t  t v o  t e r n s  in Eq. 3 
a r e  -11 enough t o  be rreglerted i n  d e t e m i n i n g  be 
and h i  by t h e  Wilson procedore. 

Tes t  R e s c l t s  
A 1 A r A  1 A 

Union Carbide FlooreG-S!cndle Evaporator 

vhere  A,, and Ai a r e  s e l e c t e d  a s  t h e  o u t s i d e  and i n -  
s i d e  a r e a s ,  r e s p e c t i v e l y .  (For t h e  f l u t e d  tubes. 
t h e  mean i n s i d e  and o u t s i d e  a r e a s  a r e  employed.) 
The t h i r d  term on t h e  right-hand s i d e  of  Eq. 3 is 
t h e  v a l l  r e s i s t a n c e .  I n  genera l ,  t h e  water-s ide 
h e a t  t r a n s f e r  c o e f f i c i e n t ,  h i ,  is  p r o p o r t i o n a l  t o  
some power, n ,  of  t h e  v a t e r  f l o v  r a t e ,  w. For t h e  
Union Carbide enhanced-tube condenser, n  - 0.66 i n  
accordance w i t h  t h e  e m p i r i c a l  c o r r e l a t i o n  of  Noran- 
da.3 For a l l  o t h e r  h e a t  exchangers t e s t e d  t h e  
s tandard  v a l u e  of  n  0.8 is  employed. I f  a  s e r i e s  
o f  runs a r e  made over  a  range  of v a t e r  flow r a t e s  
under c o n d i t i o n s  vhere  ho is  cons tan t ,  a  p l o t  of 
t h e  v a l u e s  of  u0-l v e r s u s  v-n should f a l l  on a  
s t r a i g h t  l i n e .  E x t r a p o l a t i o n  of t h e  l i n e  t o  t h e  
i n t e r c e p t  a t  v'n - 0 w i l l  y i e l d  a  va lue  of uo-l 
t h a t  i s  e q u a l  t o  t h e  sum of t h e  l a s t  f o u r  terms 
on t h e  r i g h t  s i d e  of Eq. 3. The va lue  of  t h e  
ammonia-side c o e f f i c i e n t ,  ho, can  then be d e t e r -  
mined by s u b t r a c t i n g  t h e  va lues  of t h e  tube v a l l  
and f o u l i n g  r e s i s t a n c e s ,  i f  they a r e  knovn. ,Fi- 
nally,:  t h e  v a l u e s  of t h e  v a t e r - s i d e  c o e f f i c i e n t ,  

. h i .  can be ob ta ined  for each v a l u e  of v .  It should 
be pointed o u t  t h a t  t h e  a m o n i a - s i d e  h e a t  t r a n s f e r  
c o e f f i c i e n t  is  g e n e r a l l y  a  func t ion  of  l o c a t i o n  
v i t h i n  t h e  h e a t  exchanger; consequently,  t h e  ho 
v a l u e  i n  Eq. 3 r e p r e s e n t s  an average va lue .  

C l e a r l y ,  t h e  use  of t h i s  procedure f o r  determin- 
i n g  ho and h i  (v) r e q u i r e s  t h a t  t h e  d a t a  on Uo (v) 
be obtained under c o n d i t i o n s  v h e r e  t h e  average 
v a l u e  of is  c o n s t a n t  and t h e  f o u l i n g  c o e f f i -  
c i e n t s ,  h fo  and h f i ,  a r e  knorm. I n  o r d e r , t o  en- 
s u r e  t h a t  ho remained t h e  same dur ing  t h e  runs  a t  
d i f f e r e n t  wate r  v e l o c i t i e s ,  t h e  h e a t  duty,  q, v a s  
h e l d  c o n s t a n t  a t  t h e  nominal des ign  v a l u e  o f  3.2 
m i l l i o n  Btu/hr ,  and t h e  ammonia feed  r a t e  ( f o r  ' 

t e s t  evapora tors )  v a s  h e l d  cons tan t .  Although t h e  
i n l e t  v a t e r  temperature remained unchanged, t h e  
a m n i a - s i d e  tempera ture  had t o  vary  s l i g h t l y  f r m  
run  t o  r u n  i n  o r d e r  t o  accomnodate t h e  d i f f e r e n t  
va lues  of  Uo. Consequently, t h e  p r o f i l e s  of t h e  
l o c a l  d i f f e r e n c e  be tveea  t h e . v a t e r  and. arrrmonia 
t e ~ p e r a t u r e  a l o n g  t h e  l e n g t h  of  t b e  t u b e s  were n o t  
i d e n t i c a l  f o r  t h e  d i f f e r e n t  f l o v  r a t e s .  Never- i 

t h e l e s s ,  t h e  average  a m n i a - s i d e  c o e f f i c i e n t ,  &, 
remained approximately t h e  same because t h e  b e a t  
duty v a s  h e l d  cons tan t .  

I The repuirement  t h n t  t h e  fa l~l fng ~ ~ n f s t n n t r ~  be , 

kXW'n is  a ~ o m e v h a t  l e s s  c e r t a i n  mat te r ,  p a r t i c u -  ' i 
l a r l y  i n  t h e  c a s e  o f  t h e  v a t e r - s i d e  f o u l i n g  coeffi-.  
c i e n t ,  h f i .  Because o f  p r e c a u t i o n s  t aken  t o  main- ! 
t a i n  t h e  c l e a n l i n e s s  o f  t h e  ammonia system, It 1s 
o d l i k e l y  t h a t  f o r e i g n  m a t e r i d l a  from t h i s  q ' s t e m  

A eunanary of t e s t  r e s u l t s  f o r  t h e  Union CarSiZe . 
flooded-bundle evaporator ,  a %  v e l l  a s  f o r  t h e  o t h e r  
h e a t  exchangers, i s  given i n  Table 3. Under noztinal 
o p e r a t i n g  condit ior .s  (3200 g?z+. v a t e r  flow* 2r.Z 3.2 
m i l l i o n  Btufhr  h e z t  dcry) ,  the  o v e r a l l  h e a t  t rsns ,-  
f e r  c o e f f i c i e n t  (Co) i s  735 3 : u / h r . f t 2 . " ~  a ~ d  :he 
armonia-side and v a t e r - s i t e  c o e f f i c i e n t s  a r e  4300 
~ t u / h r - f t ~ - " ~  and 1400 ~ t u / h r - f t ~ - " ~ ,  r e s p e c t i v e l y .  
The v a t e r - s i d e  p r e s s u r e  d r o p  is  2.7 p s i .  

The t e s t s  on t h e  Linde fioo2ed-bundle evapcra tor  
shov t h a t  t h e  h e a t  t r a 2 s f e r  ? e r f o m a n c e  depenCs i n  
p a r t  on t h e  exchanger's ' i c e i i a t e  p a s t  h i s t o r y  of 
opera t ion .  I n  p a r t i c u i a r ,  conrac t  betveen t h e  
l i q u i d  ammonia an2 t h e  3 igh  F lux  tube s u r f a z e  u n r e r  
nonboi l ing  c o n d i t i o c s  a;?ears t o  d e a c t i v a t e  n c c l e a r e  
b o i l i n g  s i t e s ,  thus  re'zricg t h e  h e a t  t r a n s f e r  cc- 
e f f i c i e n t .  The oSserved r a r e  of d e a c t i v a t i o n  i s  
f a i r l y  r a p i d  a t  firs::  a  b s i l i n g  s toppage of oa ly  
one hour caused a  drop i n  U, f r o n  750 t o  1599 3 t u / h r  
* f t 2 . " ~ .  The race  slc-5 t o  ze ro  over  a  shut?=r-n 
per iod  of  s e v e r a l  h s u r s  a t  t h e  end of v h i c h  t b t  
v a l u e  of Uo has  reacher  i is  u l t i p a t e  ninirn*m cf so=? 
605 3tu /hr . f t2 -OF.  G?%ra:ion of t h e  evaporarc r  c-- 
d e r  b o i l i n g  c o n d i t i o n s  r e v e r s e s  t h i s  e f f e c t ,  b u t  a t  
a  much slower r a t e .  About 100 hours .o f  cont inuous 
b o i l i n g  a t  nominal des ign  o p e r a t i n g  c o n d i t i o n s  a r e  
r e q u i r e d  t o  f u l l y  r e a c t i v a t e  t h e  Bigh Flux s u i f a c e  
t o  a Uo v a l u e  of 785 ~ ~ u / h r . f t ~ . " ~  f r o 3  an i n i t i a l  
v a l u e  of 600 Btu/hr . f tL-"F .  T h i s  behavior  i s  i l l u s -  
t r a t e d  i n  Fig.  4 .  P r e l i n i n a r y  t e s t s  i n d i c a t e d  t h a c  
r e a c t i v a t i o n  could b e  a c c e l e r a t e d  by c i r c u l a t i n g  . 
v a n  v a t e r  v i t h  no l i q u i d  a x o n i a  i n  t h e  evagora tor .  
T h i s  causes  a  r a p i d  v a l o r i z i t i o a  of l i q u i d  a r n n t a  
occluded i n  t h e  p o r e s  of t > e  Eigh F lux  s u r f a c e  an2, 
hence, a  more r a p i d  r e a c t i v a t i o n  t h a n  t h a t  v h i c h ,  
o c c u r s  dur ing  n o n a l  m n i a  b o i l i n g .  

The v a l u e  of L3OO 3:ulhr-f t 2 - . ~  obta ined  f o r  t h e  
a m o n i a - s i d e  c o e f f i c i e o t  ca3  be  compared t o  a  v a l u e  
of  5500 B : u / h r * f t 2 * * ~  x a s u r e d  f o r  c l e a n  High Flux 
t u b e s  i n  a  bench-scale t e s t  a t  Union Carbide Corpor- 
a t i o n .  The smal l  d i f f e r e x e  between t h e s e  NO 

v a l u e s  m y  b e  due t o  t h e  presence of f o u l i n g  on t h e  
t u b e  s u r f a c e s  i n  t h e  exchanser  t e s t e d  a t  Argorwe; a '  
f o u l i n g  f f l m  v i t h  a r e e i ~ t a n c e  o f  o n l y  0.000027 
h r . f t 2 * ' ~ / ~ t u ,  v h i c h  would account  f o r  t h e  d i f f e r -  
ence be tveen  t h e  two v a l u e s  of ho, could  h a v ~  fone:! 
on t h e  t u b e  v a l l s  f r o 3  r e s i d u e s  l e f t  dur ing  c l e a n i n g  
pnd hydro tes t ing .  

 his corresponds t o  t h e  tube-side v e l o c i t y  of  
' m  6.5 f t / e e c ,  excep t  i n  t h e  c a s e  of t h e  LinZe 
condenser  f o r  v b i c h  t h e  v e l o c i t y  i s  5 . 0  f t l e e c .  
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Table 3 Sumnary of Teat Reeul t~  for 1 HWt OTEC Brat h c b q e r s  

'9- 
Tube Haterhl 1.2 ' 1.3 side 

Beat Exchanger Type of Diameter (in.) Do 
$20 

AP 
(psi) fYPe Enhancement Length (in.) Comments 

Linde Flooded High Flux Ti 785 4,800 1400 2.7 .Approx. 100 hr of . 
Evaporator , on NH3 OD - 1.5 (8% higher continuous running 
(horizontal side; no ID = 1.43 than pre- required to reach 
3-pass) enhance- L - 75 dicted by .steady state after . 

ment on . . Sieder- ' ' -  full deactiva:ion 
H20 side Tate) . 

Linde Spray High F l r ~ x  on Ti 760 4590 1295 4 .O Performance. vas in- . 
Evaporator NH3 side; -no OD = 1.5 (5% higher sensitive to recir- 
(horizontal ' enhancement , ID = 1.43 than pre- culation ratio if 
4-pass) on:H20 side L - 55 dicted by great,er than 1.27~ 

Sieder- 
. . 

. . 
. . fate) 

. Linde Conden- Proprietary Al 3003 820 4860 1125 1.8' Within ranges tested 
ser (horizon- enhancement OD 1.5 (enhance- U vas independent 
tal single- on h'H3 side; ID - 1.37 ment ratio 04 heat duty, and 
pass) fins on Hz0 L 155 = 1.6; area hence liquid load- 

side ratio = 1.3)' ing 

C-MU Evapora- Fluted on . A1 6061 ' 8254.' 1730 2610 3.2 Uo repeatable dur- 
tor (vertical both sides OD - 1.21 (enhance- ing any continuous 
single-pass) (40140 ID - 0.91 ment ratio run, but not fro= 

flutes) L - 172 - 1.95; area one run to the next 
ratio - 2.07)~ 

C-Kt? conden- Fluted on Al 6061' 1045 3320 2470 3.3 Performance insen- 
ser (vertical both sides OD - 1.21 (enhance- sitive to inlet 
single-pass) (40/60 ID - 0.91 ment ratio vapor states ranging 

flutes) L - 172 - 2.5; area from 90% quality to 
. .  ratio - 2.07)~ superheated 

. . 
I ~ l l  results it nominal heat duty (3.2 million Btu/hr) and vater flow rate (3200,gpr); Yo and h are in 
~tu/hr.f t2wo~. 

2 ~ o  is referred to tube outer area; for C-HU units Do is based on mean outer area. 
3~alculated via Wilson plot with yo.'. except for Linde condemer vhere v'~-~~ vas used in accordance 
with h'oranda correlation. 

4~ecirculation ratio = mass rate of liquid feed/mass rate of evaporation. 

5 ~ p  is relatively small because the velocity is only 5 ft/sec con~ared to ~6.5 ftlsec for the other 
units. 

6~nhancement ratio is the ratio of the actual h~ 0 to the predicted hy20 (using Sieder-Tate) for a 
Smooth tube; area ratio 1s the ratio of actual inside area to .moth tube inside area. 

'~ecirculetion ratio 1 5. 
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F I ~ .  4 Extended run r e s u l t s  f o r  t h e  Linde flooded-bundle evi2ora:or. 

Ki th  r e s p e c t  t o  o t h e r  m a t t e r s  p e r t a i n i n g  t o  t h e  
per fomance  of  t h e  flooded-bundle evapora tor ,  i t  
was found t h a t  t h e  amount of l i q u i d  d r o p l e t  e n t r a i n -  
ment is  s o  smal l  a s  t o  be  unde tec tab le ;  t h i s  in- 
d i c a t e s  t h a t  t h e  vapor q u a l i t y  i s  >99.92.  It v a s  
a l s o  found t h a t  vary ing  t h e  hea.t duty f r o =  3.2 
m i l l i o n  t o  4 . 6  m i l l i o n  B t u f h r  produced no measur- 
a b l e  changes i n  Uo. 

F i n a l l y ,  reduc ing  t h e  subcooling o f  t h e  l i q u i d  
ammonia f e e d  t o  t h e  evapora tor  had on ly  a  s l i g h t  
e f f e c t  on thermal  performance. I n  p a r t i c u l a r ,  
r a i s i n g  t h e  l i q u i d  ammonia feed temperature from 
4E°F t o  64OF r e s u l t e d  i n  an i n c r e a s e  i n  Uo o f  on ly  
1 0  Btu1hr.f t 2 - ' ~ .  Consequently. i t  is doubt fu l  
t h a t  t,he u s e  o f  a n  ammonia prehea te r  can  be j u s t i -  
f i e d  on a c o s t  b a s i s .  

Union Carbide Sprayed-Bundle Evaporator 

Under nominal o p e r a t i n g  c o n d i t i o n s  (3200 gpm 
v a t e r  flow, 3.2 m i l l i o n  B t u l h r  h e a t  duty', and 40 gpm 
ammonia feed  r a t e ) ,  t h e  o v e r a l l  h e a t  t r a n s f e r  co- 
e f f i c i e n t  i s  760 Btu/hr - f  t 2 - ' ~  and t h e  a m o n i a - s i d e  
and v a t e r - s i d e  c o e f f i c i e n t s  a r e  4590 B t u / h r * f t 2 * * ~  
and 1295 B t u l h r - f  t 2 - " ~ ,  r e s p e c t i v e l y .  The va te r -  
s i d e  p r e s s u r e  d rop  is 4 .0  p s i .  

A s  v i t h  t h e  flooded-bundle evaporator ,  t h e  p a s t  
h i e t o r y  of t h e  High F lux  s u r f a c e  can  have a  marked 
e f f e c t  on t h e  h e a t  t r a n s f e r  performance of  t h i s  
exchanger. Contac t  be tveen  t h e  l i q u i d  ammonia and ' 

t h e  Bigh F lux  s u r f a c e  under  nonboi l ing  c o n d i t i o n e  
appeara to d e a c t i v a t e  t h e  o u c l e a t i o n  e l t e e ,  reduc ing  
t h e  h e a t  t r a n e f e r  coef f  i c f e n t  t o  ~ 7 0 0  ~ t u 1 h r - f  t 2 . * ~ .  
It v a s  found t h a t  a  d e a c t i v 8 t e d  U g h  F l u  s u r f a c e  . 
could g e n e r a l l y  be  r e a c t i v a t e d  by "drying out" t h e  j 
eur fece  v h i l e  m a i n t a i n i n g  cons tan t  varm v a t e r  f l o v . ,  
Bovever, if t h e  "dryout*' v a m  conducted d e n  t h e  sur -  
f a c e  was a l r e a d y  a c t i v a t e d ,  t h e  b e a t  t r a n e f e r  co-. 

e f f i c i e n t  a c t u a l l y  decrease:; t h i s  v a s  a t t r i 5 u t e 2  
t o  incomplete r e v e t t i = %  of ru5es f o l l o v i n g  t h e  t ry -  
out .  Whereas t h e  tu3es r-::bin t h e  f lood& b u 3 l l e  
a r e  t o t a l l y  h e r s e d  i 3  a = > = i a ,  t h e  tubes  v i t h i n  
t h e  spray  evapora tor  a r e  v t t t e :  by a  t h i n  f a l l i n g  
f i l m  o f  auinonia. R e x e r t i n j  a  d ry  heated s s r f a c e  by  
a  t h i n  l i q u i d  f i l p  i s  k n o ~ x  t o  be very d i f f i c u l t .  

s u r f a c e  becoces cs-.rare? vLzh d r y  pa tches  t h a t  
can  b e  e l imina ted  orrlp by "f loo2ingW t h e  s u r f a c e  o r  
by reducing t h e  surEace t e z a z r a t u r e .  (Once t h e  d r y  
s p o t s  a r e  e l imina ted .  t h e  i i q x i d  f l o v  r a t e  can  be 
reguced t o  a  much l o v e r  va lue  before  d r y  a r e a s  re -  
appear.) These 2:). parches r e p r e s e n t  r e g i o n s  of 
poor h e a t  t r a n s f e r ,  ax? t e = = e  r e s u l t  i n  a  lo=== 
o v e r a l l  h e a t  t r a n s f e r  c o e f i i c i e a t .  

The 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  vzs f o u n l  
t o  be  i n s e n s i t i v e  t o  m a t e  feed  r a t e s  above t h e  
n o n i n a l  (1.e.. up t o  100 g ? ~ ) .  However, a s  s h o ~ n  
Sn Table  4, a t  a  g iven  h e a t  Guiy t h e r e  e x i s t s  a  
minimum ammonia f e e d  r a t e  t e l o w  vhich  Eo dro?s o f f  
eharp ly .  During t h e  -6 a: 3.2 n i l l i o n  Bcu/hr, 
t h e  "break" occurred bctveer! 26 and 2G gpz, inp ly-  
i n g  a  minimum r e c f r c u I a t i 0 3  r a r i o  o f  about  1.27 
t o  m a i n t a i n  f u l l  h e a t  t racsfe:  e f f e c t i v e n 2 s s .  I n  
t h e  t e s t a  a t  4.0  a i l l i o o  S r s l h r ,  t h e  break v a s  be- 
m e e n  30 and 28 g ? ~ ,  a s  553i3 i n  F ig .  5. ihe 

' corresponding r e c i r c u l a t i o ~  r a t i o  v a s  1.17. Also 
i n  Pig.  5, n o t e  t h a t  t h e  b2a t  t r a n s f e r  c o e f f i c i e n t  . .  

i recovered when t h e  f e e d  r a t e  v a s  increased  
t o  52 gpm. A t  2 . 4  n f l l i o r !  B t u h r ,  t h e  break occur- 

.red between 20 end 1 8  gpn a>d t h e  r e c i r c u l a t i o n  
r a t i o  was 1.29. 

' The s h a r p  drop  in Uo a t  t h e  b reakpoin t  in Fig.  5 
!most l i k e l y  r e f l e c t s  t h e  i s i t f a t f o n  o f  d ry  pa tches  
(on t h e  l o v e r  tubes.  A t  t k e  b reakpoin t  f o r  ea:h 
h e a t  du ty ,  Table 4 g17es t b e  corresponding c r i t i c a l  
Iloadins on t h e  b o t t o a  row of tubes .  These * ' local"  
v a l u e e  were reaOi ly  cr:karec! from appropriate heat 



Table  4 Wnlmua Peed Bates and C r i t i c a l  Loodfngs f o r  t h e  Sprayed-Bundle Evaporator 
a t  Varioum B a t  Dut ies  

-- - 

dmtP0nl.a HLnimrm C r i t i c a l  Loadlug 
Nominal Evaporat ion h n L a  KinLmm on Bottou R w  

Heat  Duty Rate Peed h t e  R e c i r c u l a t i o n  o f  Tubes 
( m i l l i o n  ~ t u / h r )  ( g p  l i q u i d )  (w) BBtioa ( l b l h r - f  t) 

a R e c i r c u l a t i o n  r a t i o  mass r a t e  of  l i q u i d  feed /pass  r a t e  of evaporat ion.  

Fig. 5 Determinat ion of  minimum ammonia feed  r a t e  f o r  t h e  Linde sprayed-bundle evapora tor .  

balances on t h e  tube bundle. It can be  seen t h a t  
t h e  c r i t i c a l  load ings  a r e  a l l  i n  t h e  neighborhood 
of  20 l b / h r . f t ,  w i t h  n q a p p a r e n t  dependence on h e a t  
duty.* S ince  t h i s  c r i t i c a l  load ing  is a l o c a l  
l i m i t i n g  v a l u e ,  i t  should apply  t o  essen: ial ly  any 
s i z e  spray evapora tor  having Union Carbide Eigh 
flux tubes.  To e n s u r e  good h e a t  t r a n s f e r  per for -  
mance, i t  i s  necessary  t o  des ign  t h e  f e e d  s y s t e a  
such t h a t  a l l  t u b e s  r e c e i v e  a t  l e a s t  t h e  c r i t i c a l  
load ing  of  20 Ib /hr . f r .  

1n a d d i t i o n  t o  t h e  foregoing,  vapor  q u a l i t y ,  
h e a t  du ty ,  and a u o n i a  i n l e t  subcool ing  were a l s o  
s t u d i e d .  I n  a l l  c a s e s  t h e  r e a s u r e d  vapor q u a l i t y  
v a s  o f  t h e  o r d e r  of  99:. The 1% l i q u i d  e n t r a i n -  
ment c r e a t e d  s u f f i c i e n t  fog  t o  obscure  one's v i e %  

'o f  t h e  tube  bundle. The o v e r a l l  h e a t  t r a n s f e r  co- 
e f f i c i e n t  v a s  n o t  s i g n i f i c a n t l y  a f f e c t e d  by v a r i a -  
t i o n s  i n  h e a t  duty f r o s  2.4 o i l l i o n  Btu /hr  t o  4 .0  

m i l l i o n  ~ t u / h r  nor  by changes i n  a m o n f a  i n l e t  
temperature i n  t h e  range o f  52°F t o  70°F. 

- ' I t  should be  emphasized t b a t  t h i s  m i n l m u ~  load- Union Carbide Enhanced-Tube Condenser 
i n g  i s  t h e  l i m i t i n g  v a l u e  approached from a c o p  
p l e t e l y  v e t t e d ,  wel l -ac t iva ted  s t a t e .  No t e s t s  Under nominal o p e r a t i n g  c o n d i t i o n s ,  t h e  o v e r a l l  
v e r e  conducted t o  de te rmine  t h e  minimum load ing  b e a t  t r a n s f e r  c o e f f i c i e n t  i s  820 ~ t u / h r - f t ~ . * ~  and 
vhen approached from a n  incompletely wet ted  condi- t h e  a m o n i a - s i d e  and v a t e r - s i d e  h e a t . t r a n s f e r  co- . .  
t i o n ,  b u t  t h e  l o a d i n g  vould probably b e  g r e a t e r .  e f f i c i e n t s  a r e  4860 and 1125 ~ t u / h r * f t ~ = * ~ ,  respec-  

'r : i t i v e l y .  The u a t e r - s i d e  v e l o c i t y  i s  5.0 f t / s e c  and 
' t h e  p r e s s u r e  drop is  1.8 p s i .  

*These r e s u l t s  a g r e e  favorab ly  v i t h  t h e  s ing le - tube  
r e s u l t s  of Czikk e t  al. .  who measured t h e  minimum 
load ing  on High F lux  tubes as a f u n c t i o n  o f  v a y  - 
crossf low v e l o c i t y  and b e a t  f lux .  No d i s c e r n a b l e  
h e a t  f l u x  dependence was found, and a t  low vapor i 
v e l o c i t i e s  t h e  sinlntum load ings  were s c a t t e r e d  tdtb 
in a band ranging  from 15 l b / h r * f t  to 30 lb /hr - f t .  

The va luen  f o r  t h e  ammonia-side and water-eide 
t h e a t  t r a n s f e r  c o e f f i c i e n t s  were o b t a i n e d  us ing  t h e  
IWiloon P l o t  method, but  w i t h  a . v e l o c i t y  pover 'o f  

. 
V-0.66 conforming t o  t h e  h'oranda c o r r e l a t i o n  f o r  
f h n e d  t u b e s  (see Fig.  6). The azmonla-aide h e a t  
t r a n s f e r  c o e f f i c i e n t ,  4860 ~ t u / h r . f t ~ * * ~ ,  i s  about  

' t h r e e  t h e 8  t h e  v a l u e  p r e d i c t e d  by t b e  Nuseel t  ex- 
p r e s e i o n  f o r  condensat ion on a smooth tube. 



Fig. 6 Wilson plot for the iinde 
enhanced-tube condenser. 

In Fig. 7 it can be 'seen that the values of the 
vater-side coefficient are correlated vell by the 
velocity pover based on the Koranda correlation and 
that,they are very close to those predicted by the 
Noranda correlation (about 3% higher). For compari- 
son, .the Sieder-Tate correlation for smooth unen- 
hanced tubes is also plotted in Fig. 7. In the 
present: range of,vater flov rates, the hi values are 
about 1.50 to 1-75 times larger than those predicted 
by the Sieder-Tate equation. This enhancement ratio, 
incidentally, is consistent vith the 1.8 ratio of the 
actual vetted inside surface area to the nominal 
inside surface area. 

aooo 1 I 

Fig. 7 Variation of vater-aide 
coefficient vith vater f l w  I 

rote for the LFnde condeneer. 
. . . . - - - 

It -0 found that the individual coefficients 
8s determined by the Vilson method are very sen- 
sitive to the choice of the velocity eqonent. For 
w z p l e ,  using the conventional -0.8 pover, rather 
than tbe -0.66 pover as Ln tbe Horanda correlation, 
yields an ammonia-side coefficient of 2530 Btu/hr 

. .ft2..~ and a vater-side coefficient of 1410 Btu 
' /hr=ft2-'P. Consequently, the accuracy of the cal- 
culated individual coefficiente ie strongly depen- 
dent on tbe accuracy of tbe exponent ln  the Horanda 
correlation. 

Additional tests vere conducted to study the ef- 
fects of heat duty and noncondensables. The over-. 
all heat transfer coefficient vas not affected when 
the heat duty vas varied from 2.4 million to 4.0 
million Btu/hr. Since the condensate flov rate is ' 

proportional to the heat duty, this implies that 
the amonia-side heat transfer coefficient is es- 
sentially independent of liquid loading within that 
range. Apparently. small a~ounts of noncondensable 
gases vere present throughout the testing, as evi- . 
denced by a 3% increase in the Uo value folloving a . 
purge at the conclusion of the test period. 

C-!-XI Vertical Fluted-Tube Evaporator 

: Under noainal operating conditions (3200 g?n 
vater flov, 3.2 million Btu/hr heat duty, and 100 
g p ~  amonia feed rate), the overall heat transfer 
coefficient is 825 ~tu/hr.ft~:~F and the araonia- 
side and vacer-side heat transfer coefficients are 
1730 Btu/hr-ft2-'~ and 2610 Btu/hr.ft2-OF, respec- 
tively. The vater-side heat transfer coefficient 
of 2610 Btu/hr.ft2*OF represents an enhancezent 
ratio of.1.95. vhich is nearly equal to the area 
'ratio of 2.07. At nocinal operating conditions, 
the vater-side pressure dro? is 3.2 psi. the re- 
circulation ratio ,is 5, the awonia quality ex- 
ceeds 9 9 2 ,  and the aoonia temperature entering 
the evaporator is 67°F- 

The measured Uo values vere found to be stable 
and repeatable Curing any continuous run; however, 
they vere not alvays repeatable from run to run or 
even folloving a brief m o n i a  flow shutdovn. This 
behavior 1s illustrated in Figs. 8 and 9 at heat 
duties of 3.2 oillion Btu/hr and 4.0 million B t u / h ~  
The expected parametric trend in the Uo versus am- 
monia feed rate curve is observed (1.e.. Uo in- 
creases vith feed flov), but the Uo values for the 
runs on December 1 3  and 14 are 20-60% higher than 
those of the previous veek. (All subsequent Uo 
values fellvithin these limits.) Runs at a heat 
duty of 2.4 million Btu/hr exhibited a sicilar 
degree of nonrepeatability from one veek to the .. 
next. These repeatability problems are attributed 
to variations in tube vetting and to the poor design 
of the feed channels by vhich the liquid aoonia 
film is applied to the tops of the tubes; for good 
evaporator perfornance well-vetted tube surfaces 
are essential. It is reasonable to expect that the 
extent of tube vetting is influenced by the initial 
rate at vhich azwonia is fed to the tubes, vhich 
are completely dry before starting up. This nay 
explain the difference in performance from one veek 
to the next that vas observed in Figs. 8 and 9. In 
'the runs on December 5 end 8 the system was started 
,vith a feed rate of 60 gpm, vhile on December 13 
.and 1 4  the initial feed rates vere 100 and 110 gpm, 
respectively. It is likely that In the latter case 

1 I1 flooding" of the surfaces resulted in vcll-vetted 
tubes and high Uo values. On the other hand, in 
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Fig .  8 Uo v e r s u s  ammonia feed  r a t e  a t  
3.2 m i l l i o n  Btu/hr  f o r  t h e  C-XG 
evapora tor .  

t h e  former c a s e  t h e  l o v e r  feed  r a t e  r e s u l t e d  i n  t h e  
formation of  d r y  pa tches  and l o v e r  Uo va lues .  The 
foregoing  s u g g e s t s  t h a t  t o  ensure  s u f f i c i e n t  v e t t i n g  
and good thermal  performance, t h e  system should be , 

s t a r t e d  v i t h  a  h i g h  ammonia feed  r a t e  and then  c u t  
back t o  t h e  d e s i r e d  o p e r a t i n g  value.  . . 

~ e a t " t r a n s f e r  perfo-nce is s t r o n g l y  dependent 
on  proper  d i s t r i b u t i o n  of  l i q u i d  ammonia. One m+a- 
s u r e  of  a p p l i c a t o r  performance i s  t h e  un i formi ty  of  
t h e  l i q u i d  feed around t h e  per iphery  of each tube.  

, It should be  e v i d e n t  t h a t  a  nonuniform feed can 
c o n t r i b u t e  t o  t h e  problem o f  tube v e t t i n g .  Another 
measure of a p p l i c a t o r  performance i s  t h e  degree t o  
vh ich  l i q u i d  ammonia remains on t h e  tubes .  With 
t h e . p r e s e n t  a p p l i c a t o r  d e s i g n  t h e r e  v a s  a  tendency 
f o r  t h e  l i q u i d  ammonia'to run  along t h e  unders ide  o f  
t h e  n e t e r i n g  p l a t e  and down t h e  i n s i d e  s u r f a c e  of 
t h e  evapora tor  s h e l l .  Furthermore, t h e r e  was a 
tendency f o r  t h e  l i q u i d  t o  spray  from t h e  tube  sur -  
f a c e  i n  t h e  r e g i o n  of a p p l i c a t i o n  and then  f a l l  as 
"rain" v i t h i n  t h e  h e a t  exchanger. For  i d e n t i c a l  
o p e r a t i n g  c o n d i t i o n s ,  t h e  amount of  r a i n  observed 
v a r i e d  s i g n i f i c a n t l y .  During t h e  runs  on December 
5 and 8 t h e r e  was c o n s i d e r a b l e  r a i n  (and Uo v a s  
r e l a t i v e l y  l o v ) ;  i n  c o n t r a s t ,  dur ing  t h e  f o l l o v i n g  
veek t h e r e  was o n l y  a l i t t l e  r a i n  (and Uo v a s  r e l a -  
t i v e l y  high) .  T h i s  i n c o n s i s t e n t  behavior  r e f l e c t s  

poorly o p e r a t i n g  a p p l i c a t o r .  I n  o t h e r  tests, 
C-MI has found t h a t  an a p p l i c a t o r  s e c t i o n  v l t h  a 
o leeve  ex tending  down dver. t h e  t o p  of  t h e  f l u t e d  
s e c t i o n  performs much m r e  e f f e c t i v e l y  t h a n  t h e  

'uncovered a p p l i c a t o r  used i n  t h e  evapora tor  t e s t e d  
a t  Argome. 

1 

AS mentioned above, f o r  b e e t  d u t i e e  of 3.2 dl- ! 
i l i o n  and 4.0 m i l l i o n  E t u / h r  Pigs.  8 nnd 9 e x h i b i t  I 

the expected i n c r e a s e  in Uo v i t h  h igher  annonia f e e d  
r a t e s .  l o  maximum $8 observed, vh ich  accord ing  t o  
b t h f u s S  i.8 c b a r a c t e r i e t i c  o f  performance w i t h  

luu:MlA F E E 3  RATE. gDm ' 

Fig .  9 Uo v e r s u s  amonla feed r a t e  a t  
1.0 m i l l i o n  Btu/hr f o r  t h e  C-MI 
evaporator .  

, . 
a p p l i c a t o r  having uncovereZ t runca ted  f l u t e s .  Roth- 
f u s  h a s  focnd t h a t  v i t h  t h e  s l e e v e  conf igura t ion  t h e  
curves  e x h i b i t  a  naxim13 i n  t h e  v i c i n i t y  of t h e  
laminar- turbulent  t r a n s i t i o n .  This  occurs  a t  a 
f i l m  ReynolZs nu,-5er of 1500-2000, v h i c h  corresponds 
t o  a n  a m o n i a  loze ing  of. 3 2 4 2  gpn.. . 

Comparing Figs.  8 and 9 ;  i t  i s  ev iden t  t h a t  t h e  
Uo v a l u e s  increase  v i t h  decreas ing  h e a t  duty. This  

' r e s u l t  v a s  a n t i c i 2 a t e d  becacse a t  l o v e r  h e a t  d u t i e s  
l e s s  a m n i a  is  evaporated,  s o  t h e  amount of a m o n i a  
l i q u i d  on t h e  tubes  i s  g r e a t e r .  . . 

C-FJ V e r t i c a l  Fluted-Tube Condenser 

Dnder no3ina l  o p e r a t i n g  c o n d i t i o n s ,  t h e  o v e r a l l  
- b e a t  t r a n s f e r  c o e f f i c i e n t  is  1045 ~ t u / h r * f t ~ * " F  and 

t h e  a m o n i a - s i d e  and va te r - s ide  h e a t  t r a n s f e r  co- 
e f f  i c i e n t s  a r e  3320 Btu/hr*f  t2**F and 2670 Btu/hr  
- f  t 2 - * ~ ,  r e s p e c t i v e l y .  The v a t e r - s i d e  h e a t  t r a n s f e r  
c o e f f i c i e n t  o f  2470 Btu/hr - f  t 2 * * F  r e p r e s e n t s  an en- 
hancement r a t i o  of 2 . 5 ,  vhich  is about  20% h i g h e r  
than  t h e  a r e a  r a t i o  of 2.07. At nominal o p e r a t i n g  
c o n d i t i o n s .  t h e  va:er-side p r e s s u r e  drop i s  3 . 3  p s i .  
The 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  increased  
s l i g h t l y  vhen t h e  h e a t  duty v a s  v a r i e d  f r o a  2 . 4  
m i l l i o n  Etu /hr  t o  4.0 m i l l i o n  Btujbr .  

The p r e s s u r e  o f  t h e  vapor a v a i l a b l e  t o  t h e  
Carnegie-Yellon condenser can be  a d j u s t e d  t o  cor- 
respond t o  t h e  exhaust  p r e s s u r e  expected from a 
t u r b i n e .  The t h e m d y n a r r i c  o t a t e  o f  t h e  super- 
b e s t e d  vapor discharged f r o a  t h e  expansion v a l v e  
$n t h e  t e s t  l o o p  i s  d i f f e r e n t  from t h a t  of  a 
t y p i c a l  t u r b i n e  exhaust .  eince t h e  t u r b i n e  ex- 
h a u s t  Is expected t o  be wet and. t o  have micron- 
$ i r e d  l i q u i d  d r o p l e t s  e n t r a i n e d  i n  t h e  s a t u r a t e d  
+apor. The Pass f l o v  r a t e  of t h e  d r o p l e t s  may 
be s e v e r a l  p e r c e n t  of t h e  t o t a l  mass f low r a t e  
f tor the  tu rb ine .  
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r:' . . . '  :. . . . , . .  
The Argonne t e s t  f a c i l i t y  Ss equipped w i t h  a A c k n w l e d p e n t s  

. . 

spray  t y p e  of desuperhea te r  t h a t  provide8 a vapor ; , 

s t r e a m . c o n t a i n i n g  l i q u i d  ammonia d r o p l e t s .  T h i s  ! f ie a u t h o r s  vish t o  e x p r e ~ s  t h e i r  a p p r e c i a t i o n  

. . .. desuperhea te r  c o n t a i n s  48 spray  n o z z l e s  t h a t  use  t o  0. Despe f o r  h i s  c o n t r i b u t i o n  t o  h s t r u ~ e n t a t i o n ,  
. -  high-ve loc i ty  ammonfa vapor j e t 8  t o  atomize mall t o  If. X a n d e m c k  f o r  superv ie ion  of f a c i l i t y  opera- 

l i q u i d  ammonia j e t s .  The l i q u i d  a m n i a  i s  ob- : tions, and t o  C. Lemberg f o r  h e r  e d i t o r F a l . e f f o r t .  
t a i n e d  from t h e  r e c e i v e r  a t  t h e  bottom of  t h e  ! 

condenser, and t h e  high-veloci ty vapor jets are , 

suppl ied  w i t h  ammonia vapor a t  the.  evapora tor  References 
p ressure .  These spray heads a r e  r a t e d  t o  produce 
90% o f  t h e  f l o v  of  d r o p l e t s  under 1 0  microns i n  1. Sather ,  N.F., et a l . ,  Performance T e s t s  o f  1 HUt 
diameter .  OTEC Beat Exchangers. Proc. F i f t h  Ocean Thermal 

Energy Conversion Conf., Hiami Beach, Fla . ,  
The e f f e c t  o f  vapor q u a l i t y  on t h e  ca rneg i& 1 Vol. 3, Feb. 1978. . . 

Hel lon  condenser v a s  measured dur ing  a  s e r i e s  of 
r u n s  a t  t h e  des ign  h e a t  du ty  of 3.2 m i l l i o n  Btulhr .  2. Levis ,  L.G., and N.F. Sa ther ,  OTEC P e r f o m n c e  
Uo was f i r s t  measured w h i l e  us ing  t h e  superheated T e s t s  of t h e  Union Carbide Flooded-Bundle 
armonia vapor a v a i l a b l e  from t h e  evaporator .  Feed Evaporator ,  Argonne National  Laboratory 
v a l v e s  were then  opened t o  permit a  f low of  2.04 Report ~\;L/OTEC-PS-1, Dec. 1978. 
gpm of  l i q u i d  ammonia t o  t h e  desuperhea te r  spray  

; . nozz les ;  t h i s  produced a  "wet" ammonia feed (90% 3. Jacobs,  H.. h i o n  Carbide Corporation,.  
q u a l i t y )  t o  t h e  condenser.. Values o f  Uo f o r  t h i s  persona l  coc=unication, Dec. 1978. 

The experimental  d a t a  obtained a t  t h e  ~ r g o n n e  
' OTEC t e s t  f a c i l i t y  can be used t o  p r e d i c t  t h e  

p e r f o p a n c e  of o t h e r  u n i t s .  Of course ,  t h e  ex- 
t e n s i o n  of  t h e  r e s u l t s  t o  exchangers o f  a  d i f f e r e n t  
s i z e  and/or geometry must t ake  i n t o  account  t h e  

I 
range and l i m i t a t i o n s  of t h e  t e s t s ,  i n  a d d i t i d n  t o  
o t h e r  cons idera t ions .  For  example, w i t h  t h e  Union 

I ' ; Carbide flooded-bundle evapora tor ,  t h e  s t a t i c  head 
p e n a l t y  must be  considered.  With t h e  Union Carbide 

I sprayed-bundle evapora tor ,  t h e  ammonia d i s t r i b u t i o n  
system must be  designed t o  provide t h e  minimum of  
20 l b / h r - f t  t o  each tube.  I n  t h e  c a s e  of l a r g e  

' 

sprayed bundles  having h i g h  vapor v e l o c i t y ,  t h e  
problem of  v a p o r f l i q u i d  i n t e r a c t i o n  and e n t r a i n -  
ment n u s t  a l s o  be  c ~ n s i d e r e d . ~  For  t h e  Union 
Carbide and C-MU condensers, t h e  i n f l u e n c e  of  h e a t  
d u t y  (and hence l i q u i d  load ing)  ves examined over  a 
l i m i t e d  range,  and any e x t r a p o l a t i o n  beyond t h a t  
range must be made v i a  a sound a n a l y t i c a l  model. 
Of a l l  t h e  u n i t s  t e s t e d ,  t h e  C-MI e v a p o r a t o r  re-  
s u l t s  a r e  t h e  most d i f f i c u l t  t o  s c a l e  up because: 
1) t h e  dependence of Uo on ammonia f e e d  r a t e  v a s  
n o t  measured beyond 110 gpm; 2) u n c e r t a i n t y  e x i s t s  

' 

r e g a r d i n g  t h e  ammonia a p p l i c a t o r  performance; and 
3) a n  a n a l y t i c a l  model d e s c r i b i n g  t h e  fundamental 
mechamism of evapora t ion  on  f l u t e d  t u b e s  i s  lack-  , 

ing . 

I 

. ANL 1s c a r r y i n g  on a n  a c t i v e  a n a l y t i c a l   odel ling 
program aimed a t  e s t a b l i s h i n g  t h e  r e q u i r e d  models . : 

and algorithms f 6 t  scaliag the t e e t  reuulrlr.  me i i 
p rocedures  f o r  s c a l i n g  w i l l  be v e r y  u s e f u l  a s  t h e  
program progresses  i n t o  t e s t s  of  t h e  plate-and-f in : . 
b e a t  exchangers a s  v e l l  a s  t h e  PSD-I and PSD-XI 1 I 
t e s t  a r t i c l e s .  

"wet" c o n d i t i o n  were determined. F i n a l l y ,  t h e  
spray  desuperhea te r  v a s  s h u t  o f f  t o  r e p e a t  t h e  4. Czikk, A.M., e t  a l . ,  F lu id  Dynamic and Heat 
superhea ted  condi t ion .  ' T r a n s f e r  S t u d i e s  of OTEC Heat Exchangers, Proc. , 

F i f t h  Ocean ihermal  Energy Conversion Conf., 
The observed v a l u e  of Uo wi th  90% vapor q u a l i t y  Miami Beach;Fla., Vol. 3, Feb. 1973. 

was s l i g h t l y  l e s s  (about 1 % )  than w i t h  superheated 
.vapor. T h i s  decrease  v a s  of  t h e  same o r d e r  of  5. Rothfus, R., Carnegie-Xellon Univers i ty ,  
nagni tude  a s  t h e  s c a t t e r  i n  t h e  measured v a l u e s  personal  cornunica t fon ,  Dec. 1978. 
of  Uo a t  c o n s t a n t  o p e r a t i n g  condi t ions .  We may, 
t h e r e f o r e ,  conclude t h a t  wet vapor (90% q u a l i t y )  , 6. Yung, D. ,  e t  a l . ,  VaporILiquid I n t e r a c t i o n  
h a s  no s i g n i f i c a n t  e f f e c t  on t h e  condenser perfor-.  and Entrainrent i n  Shell-and-Tube Evaporators ,  

. mance. A S 2  Paper !:a. 78-VAIHT-35, 1978. 


