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ABSTRACT 

OPTIMIZATIONS OF GEOTHERMAL CYCLE SHELL AND TUBE EXCHANGERS OF VARIOUS CONFIGURATIONS 
WITH VARIABLE FLUID PROPERTIES AND SITE SPECIFIC FOULING 

W.L. Pope, H.S. Pines, L . F .  Silvester, P. A. Doyle, R. L. Fulton & M. A. Green 

Lawrence Berkeley Laboratory 
University of California 
Berkeley, California 94720 

A new heat exchanger design program, SIZEHX, is 
described. 
tiparameter cost optimizations on single phase 
or supercritical exchanger arrays with variable 
properties and arbitrary fouling for a multitude 
of matrix configurations and fluids. 
uses a simplified form of Tinker's method for 
characterization of shell side performance; the 
Starling modified BWR equation for thermodynamic 
properties of hydrocarbons; and transport prop- 
erties developed by NBS. 
clude results of four parameter cost optimiza- 
tions on exchangers for specific geothermal ap- 
plications. The relative mix of capital cost, 
pumping cost, and brine cost ($/Btu) are deter- 
mined for geothermal exchangers illustrating 
the invariant nature of the optimal cost distri- 
bution for fixed unit costs. 

This program allows single step mul- 

SIZEHX 

The report will in- 

INTRODUCTION 
Little information exists concerning general 
strategies €or the optimization of heat exchang- 
ers. A few simple cases have appeared''2D3 which 
have one or more of the following drawbacks: 
(1) solutions are based on constant properties, 
(2) wall and fouling resistances are ignored or 
treated as constant, and (3) shell side pressure 
drop is based on ideal, pure cross-flow, fric- 
tion data. Leakage (or bypass) factors must be 
assumed apriori. 
In geothermal applications, specifically super- 
critical binary power plants using light hydro- 
carbons as secondary fluids in a Rankine cycle, 
the forgoing exchanger optimization schemes are 
seriously limited. For example, on even the most 
easily exploited, moderate temperature, low sal- 
inity (<20,000 ppm TDS) resources (1) brine seal- 
ing rates can change as much as a factor of thir- 
ty over the temperature and velocity range of 
economic interest,4 and (2) the working fluid 
specific heat, density, thermal conductivity, and 
viscosity can change by factors of about three or 
more in the primary heat exchanger. These result 
13 a sarkedly nonlinear overall heat transfer co- 
efficient distribution. Because the working flu- 
id in most supercritical Rankine cycles operates 
just slightly above the critical pressure, asslimp- 

tions of linearity in these properties betweenter- 
minal conditions can lead to significant errors. 
In addition, more complex fluids; i.e., mixtures 
of light hydrocarbons are being seriously consid- 
ered4 as "solutions" to problems of reservoir tem- 
perature decline for binary cycle power plants. 

On Heber brine, the fouling resistance dominates 
at the exchanger cold end, and thus can have a de- 
cisioe influence on the brine injection tempera- 
ture and therefore the cycle design energy cost 
and resource utilization efficiency. Increasing 
the "design fouling factor" increases the optimum 
injection temperature, and therefore it must be 
prudently "selected" to ensure economically feas- 
ible designs. Obviously, one needs site specific , 

scaling data to make good system design decisions. 
In addition, because exchangers are traditionally 
purchased based on customer specified terminalt'em- 
peratures and fouling factors, the geGtheK~~d custoin- 
er needs efficient heat exchanger design aids. 
problem in many cases is that suitable codes are 
proprietary. Another problem is which code touse. 
A th ird  problem is that the optimum injection tem- 
perature depends also on exchanger cost and these 
costs are not very well known, 

A conmion dilemma arises when the customer goes out 
for preliminary exchanger quotes. 
rather than the exception to not only receive 
quotes at a variety of unit costs, but also a var- 
iety of configurations all for the same spec i f i ed  
service, duty, terminal temperatures, and fouling 
factors! On detailed comparison of the various 
proposals, it is also not uncommon to find that 
the design velocities and pressure drops are all 
quite different leading to differences in subse- 
quent operating costs. 
made? How significant are the differences? Un- 
fortunately, even if the significance of the diff- 
erences are not known, the customer usually has 
only two choices - he must either (1) accept the 
low bid (which might be one with the greatestpump- 
ing power requirements, thus compromising the cy- 
cle net power) or (2) throw them all out and go 
back to the drawing board. 
Recent geothermal research activities, -then, have 
revived a multitude of interesting and complicat- 
ed problems in the ostensibly well known area of 
heat exchanger design. Because the exchangers in 
geothermal binary cycles represent the order of 
30% of the total capital cost, it is imperative 

A 

It is the rule 

How is the choice to be 
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they be b u i l t  wi th  a minimum of over-design i n b o t h  
c a p i t a l  c o s t  (a rea)  and opera t ing  cos t  (pressure  
drop) while maximizing b r i n e  u t i l i z a t i o n  e f f i c i e n -  
cy. The problem then becomes a complex mix of 
t rade-offs  between s e v e r a l  competing inf luences.  
Several  opt imizable  parameters can be inves t iga ted  
t o  determine t h e i r  s e n s i t i v i t y  on t h e  des ign  ob- 
j e c t i v e .  The purpose of t h i s  s tudy is  t o  explore  
some of the  t rade-of fs  i n  h e a t  exchanger s e l e c t i o n  
f o r  geothermal b inary  cyc le  power p lan ts .  

THE GEOTHM/SIZEHX PROGRAM 

We have developed a new hea t  exchanger design rou- 
t i n e ,  SIZEHX (Ref. 5,  Sec. 5) which can be  used 
f o r  exchanger conceptual  design and opt imizat ion 
a t  an enhanced l e v e l  of understanding, 
code was developed t o  complement t h e  GEOTHM5 h e a t  
and mass balance r o u t i n e s  and take advantage of 
GEOTHM' s powerful mult iparameter  opt imizat ion6 ca- 
p a b i l i t i e s .  

The SIZEHX code uses  r e l a t i v e l y  complex computa- 
t i o n a l  a lgori thms wi th  none of the  previously men- 
tioned s impl i fy ing  assumptions wi th  regard t o  con- 
s tancy of p r o p e r t i e s  and s c a l i n g ,  We have devel- 
oped a p r a c t i c a l  c o s t  opt imizat ion s t r a t e g y  which 
can be appl ied  t o  geothermal exchangers t o  de te r -  
mine optimum termina l  condi t ions ,  v e l o c i t i e s ,  and 
design c o e f f i c i e n t s  a t  t h e  conceptual level p r i o r  
t o  request ing exchanger quotes, 
permit a d e s c r i p t i o n  of t h e  SIZEHX code here;  how- 
ever ,  r e l a t i v e l y  complete documentation' is avai l -  
a b l e ,  

The SIZEHX 

Space does n o t  

COMPLETE CYCLE CHARACTERIZATION 

Previous s t u d i e s  have shown6 t h a t  t o  determine t h e  
o v e r a l l  optimum, o r  minimum energy c o s t ,  design 
f o r  an assumed conversion process  on an assumed 
resource,  t h e  complete geothermal p lan t  and f i e l d  
must be charac te r ized  and optimized. However, t o  
perform t h e s e  complete cyc le  opt imizat ions,  one 
needs subsystem c o s t s  and o v e r a l l  design hea t  
t r a n s f e r  c o e f f i c i e n t s  as i n p u t ,  
cess, then,  is i t e r a t i v e  i n  na ture ,  and a t  var ious  
poin ts  i n  time, t h e  process  designer  must ge t  up- 
dated h e a t  exchanger and o t h e r  subsystem quotes  t o  
be sure  he is c u r r e n t l y  assuming r e a l i s t i c  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 u n i t  c o s t s ,  

The design pro- 

ISOLATING THE HEAT EXCHANGER FOR SUBSYSTEM 
OPTIMIZATION 

For the  purposes of t h i s  hea t  exchanger s tudy,  
then,  assume t h a t  prelfmfnary o v e r a l l  process  eco- 
nomic c a l c u l a t i o n s  have been done and t h a t  w e  can 
simply s i n g l e  o u t  t h e  primary hea ter  of a super- 
c r f t i c a l  i sobutane  b i n a r y  c y c l e  by f fx ing  t h e  re- 
source temperature  and working f l u i d  s t a t e s .  W e  
want t o  i n v e s t i g a t e  i n  d e t a i l  t h e  e f f e c t s  of ex- 
changer geometry, c o s t  per  u n i t  a rea ,  and design 
foul ing  f a c t o r  on t o t a l  annual exchanger opera t ing  
c o s t s  t o  e s t a b l i s h  des ign  U's and opttmum e x i t  
b r i n e  temperatures ,  

S p e c i f i c a l l y ,  w e  suggest  t h a t  i n v e s t i g a t i n g  the 
above e f f e c t s  on s i n g l e  tube pass  exchangers assu- 
ming s i n g l e  segmental b a f f l e s  w i l l  provfde t y p i c a l  
general  performance f o r  any w e l l  designed comer-  
cia1 exchanger. 

We d e f i n e  a s  "Optimum'' an exchanger f o r  which t h e  
fol lowing func t ion  has  been minimized: 

where XA i s  t h e  h e a t  exchanger 

Xpi i s  the c o s t  of tube s i d e  

Xpo is  t h e  c o s t  of s h e l l  

XUF is t h e  u t i l i t y  f l u i d  

t o t a l  c a p i t a l  investment ($/Btu) 

pumping power ($ /Btu) 

s i d e  pumping power ($ /Btu) 

( b r i n e )  c o s t  ($/Btu) 

It i s  important t o  no te  here  t h a t  w e  do not  f i x  
tube  length,  number of tubes,or  v e l o c i t i e s  wfth 
SIZEHX. We s p e c i f y  tubediameter  andmass r a t e ,  and 
the former are determinedby zone hea t  balances and 
momentum ba lances  over t h e  exchanger length  t o  
s a t i s f y  t h e  s p e c i f i e d  pressure  drops. ' These then 
are subsequently optimized along wi th  t h e  pinch 
p o i n t  i n  accordance with t h e  s p e c i f i e d  minimum 
t o t a l  c o s t  o b j e c t i v e ,  Equation (1). 

ASSUMPTIONS FOR THIS STUDY 
For t h e  purposes of t h i s  s tudy,  w e  have assumed 
t h e  resource temperature  is f i x e d  a t  455.37'K 
(360°F), t h e  i sobutane  mass flow rate is known, 
and t h e  i n l e t  temperature  and pressure  and e x i t  
temperature are f ixed  a t  va lues  e s t a b l i s h e d  by 
Ben H ~ l t . ~  These are: 

Tin = 319.26'K (115'F) 

Pin = 45.83 Bars (650 ps ig)  (2) 

Tout  = 422.04'K (300'F) 

I n  t h i s  s tudy,  a l l  cases have assumed a 4/2 series/ 
p a r a l l e l  exchanger a r r a y  with e x t e r n a l  plumbing 
c o s t  and e x t e r n a l  plumbing pressure  drop ignored. 
W e  have normalized t h e  b r i n e  c o s t  ($/Btu) t o  V a l -  
u e s  r e c e n t l y  e s t a b l i s h e d  by Holt4 f o r  t he  same 
b r i n e  flow rate and exchanger duty. 
sume t h e  same tube  s i d e  design f o u l i n g  f a c t o r s  
e s t a b l i s h e d  by Holt  from tests conducted by San 
Diego Gas and E l e c t r i c ,  SDGE,' on b r i n e  a t  t h e  
Heber Resource. For carbon steel tubes ,  H o l t ' s  
design foul ing  f a c t o r  was charac te r ized  by (Ref .4 ,  

Rf = .0001 OF/Btu/hrft2 f o r  27o0F<Tg<36O0F 

Rf = .0011 

W e  a l s o  as- 

P -  29): 

I 1  'I 176'F<Tg<27O0F (3)  

Rf = .0033 I 1  I' 148' F c T ~ < 1 7 6 ~ F  

Any dependence of ljrkne v e l o c i t y  Qn t h e  design 
foul ing  f a c t o r  was i'gnooed here in ,  bu t  STZEHX 
could e a s i l y d e a l  w 2 t h t h i s i f  i t  were fac tored  kn, 
A l l  cases assume 1.77 and 1.71 f o r  t h e  exchanger 
d i r e c t  and i n d i r e c t  c o s t  f a c t o r s ,  and a f ixed  
charge rate of 20% t o  e s t a b l i s h  t h e  exchanger 
annual  c a p f t a l  c o a t ,  For pumping power, we have 
assumed p l a n t  power a t  35.2 mills/kwh4 wi th  pump 
a d i a b a t i c  e f f i c i e n c i e s  of 80% and motor e f f i c i e n -  
cies of 95%. 
geometry with a minimum of c o n s t r a i n t s ,  we  assume 

I n  order  t o  i n v e s t i g a t e  exchanger 
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tube and s h e l l  s i d e  pressure  drops and b r i n e  flow 
r a t e  "are mater ia l"  and explore  a v a r i e t y  of con- 
f i g u r a t i o n s  and c o s t s  wi th  t h e  fol lowing as opt i -  
mizable parameters: 

1. The hea t  exchanger pinch p o i n t  d e l t a  T (rc") 
2. The tube s i d e  pressure  drop (BARS) 
3. The s h e l l  s i d e  pressure  drop (BARS) 
4. The tube  outs ide  diameter (m) 

(4) 

r e s u l t i n g  i n  even s h o r t e r  s h e l l s .  A s  t h e  c o s t  per  
square f o o t  increases ,  t h e  c a p i t a l  c o s t  f r a c t i o n  
XA/XTOT i n c r e a s e s ,  of course, bu t  t h e  optimumbrine 
c o s t  f r a c t i o n  XUF/XTOT decreases .  

It should b e  pointed o u t ,  however, t h a t  although 
Case 1 ( a t  D s / R  = 1.0) i s  shown as t h e  l o w e s t t o t a l  
( fouled)  c o s t ,  t h i s  "design" might have t o  be 
thrown out  f o r  s t r u c t u r a l  reasons - t h e  s h e l l  in-  
s i d e  diameter  i s  about 45 inches here  making t h e  
unsupported tube  length  t o  diameter  r a t i o  about 
90/0.75 = 120. (The SIZEHX code c u r r e n t l y  performs 
no tube  n a t u r a l  frequency c a l c u l a t i o n s  o r  o ther  

A l l  cases assume bare  16 gauge carbon s teel  tubes 
(no e x t e r n a l  sur face) .  A l l  cases assume an equi- 
l a t e r a l  t r i a n g u l a r  tube mat r ix  with a tube  p i t c h  

diameter t o  b a f f l e  spacing r a t i o ,  D s / R ,  i s  var ied  
t o  diaIneter ratios SId, Y equal  t o  1-25 ,  The s h e l l  obviously important structural checks). 

between : 

1.0 I Ds/R 5 5.0 

and f o r  reasonable corresponding b a f f l e  c u t  t o  dia- 
meter r a t i o s ,  H / D s ,  we adopt va lues  suggested by 
A.P. Fraas  (Ref. 8 ,  p. 154). 

RESULTS OF SIZEHX HEAT EXCHANGER OPTIMIZATIONS 

Table 1 and Figures 1 and 2 are the  r e s u l t s  of our 
prel iminary opt imizat ions of primary h e a t  exchan- 
gers  f o r  a s u p e r c r i t i c a l  i sobutane  b i n a r y  cyc le  on 
a Heberlike resource. 

Input va lues  i n  Table 1 were s e l e c t e d  t o  explore  
t h e  e f f e c t s  of (1) s h e l l  s i d e  geometry and tube  
s i z e ,  (2) exchanger c o s t  per  u n i t  area and ( 3 ) t u b e  
s i d e  c l e a n l i n e s s .  
Hol t ' s  design foul ing f a c t o r .  Cases 1, 2, and 3 
cover a broad range of b a f f l e  c u t s  and spacings a l l  
a t  a f i x e d  $6.00 per  square f o o t  and .75 i n  O.D. 
tube diameter .  Cases 2 ,  4 ,  and 5 explore  a range 
of tube O . D . ' s  from t h e  c a l c u l a t e d  optimum, 0.438 
inch O.D. ,  t o  1.0 inch O.D. a l l  f o r  t h e  same b a f f l e  
cut  and spacing r a t i o s  and c o s t  per  square foot .  
Cases 2 ,  7 ,  and 8 i l l u s t r a t e  t h e  e f f e c t  of increas- 
ing exchanger cost  per square f o o t  f o r  f i x e d  b a f f l e  
cut  and spacing r a t i o  and tube  O.D. F i n a l l y ,  cases 
2 and 6 i l l u s t r a t e  t h e  i n f l u e n c e  of tube  s i d e  foul- 
ing f o r  t h e  same f ixed  b a f f l e  c u t  and spacing rat io ,  
tube diameter ,  and cos t .  

Table 1 shows t h a t  matr ix  geometry and tube  O.D. 
have virtuazzy no effect on t h e  optimum b r i n e  e x i t  
temperature. This i s  determined by (1) b r i n e  cost ,  
(2) c a p i t a l  cos t ,  and (3) f o u l i n g  f a c t o r  a lone  f o r  
the  assumed working f l u i d  states. Another i n t e r -  
e s t i n g  poin t  i s  t h a t  t h e  optimum tube s i d e  a n d s h e l l  
s ide  pressure  drops a r e  v i r t u a l l y  t h e  same (cases  
1 ,2 ,3)  f o r  t h e  same tube diameter  and c o s t  per  
square f o o t  regardless of b a f f l e  spacing r a t i o s  
( for  t h e  D s / R  and H/Ds p a i r s  assumed here) .  
The l a r g e r  b a f f l e  spacings and cu tsachieve  higher  
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 fewer tubes 
through higher  optimum b r i n e  v e l o c i t i e s  and s i m -  
p ly  r e s u l t  i n  s h o r t e r ,  more p r a c t i c a l ,  s h e l l s .  
The t o t a l  c o s t  per Btu, X T ~ T ,  decreases  wi th  in- 
c reas ing  b a f f l e  spacing p r i m a r i l y  by reducing t h e  
exchanger c a p i t a l  c o s t  f r a c t i o n ,  XA/XTOT, 

- 

A l l  cases except  Case 6 assume 

It should a l s o  be pointed out  t h a t  our s i m p l i s t i c  
f ixed  u n i t  c o s t  assumption, d o l l a r s  per  square f o o t  
of matrk surface, can be misleading f o r  s i g n i f i -  
c a n t l y  d i f f e r e n t  numbers of tubes  ( d r i l l i n g  and 
r o l l i n g  c o s t s ) ,  s i g n i f i c a n t l y  d i f f e r e n t  lengths  
( b a f f l e  c o s t ) ,  and f o r  s i g n i f i c a n t l y  d i f f e r e n t  
s h e l l  d iameters  ( s h e l l  c o s t ) .  

For a l l  t h e  .75 inch O.D. tube ,  design f o u l i n g f a c -  
t o r  cases  shown here ,  t h e  number of tubes is be- 
tween 1523 and 1674 and t h e  s h e l l  diameters  range 
from 45.7 i n .  diameter t o  47.8 i n .  diameter (both 
r e l a t i v e l y  small ranges) .  For t h e  .438 i n .  O.D. 
"optimum tube  diameter" case  , Case 4 , however, t h e  
number of tubes  is 6687 and t h e  s h e l l  i s  about 
55.5 i n .  O.D. For t h e  1.0 i n .  tube  case,  t h e  num- 
ber  of t u b e s  is 837 and t h e  s h e l l  is  45.5 i n .  i n  
diameter. 

From t h e  forgoing ,  then,  t h e  case with t h e  most 
"opt imist ic"  c a p i t a l  c o s t  h e r e  is  c l e a r l y  Case 4 
which i s  only  of academic i n t e r e s t  any way from 
t h e  poin t  of view of s c a l e  removal. 

CONCLUSIONS 

A new s h e l l  and tube hea t  exchanger design routine 
SIZEHX' h a s  been used with s imple cos t  assumptions 
t o  demonstrate t h e  inf luence  of matr ix  geometry, 
tube diameter ,  fou l ing ,  and c o s t  per  square f o o t  
on t h e  optimum t o t a l  annual c o s t ,  i n j e c t i o n  temp- 
e r a t u r e ,  and b r i n e  v e l o c i t i e s  on s u p e r c r i t i c a l g e o -  
thermal exchangers optimized a t  a f ixed  b r i n e  c o s t  

The b r i n e  c o s t  is found t o  dominate a l l  o ther  con- 
s i d e r a t i o n s  i n  geothermal h e a t  exchangers. A 2% 
reduct ion  i n  X T ~ Q  can achieve a $4M savings over 
t h e  l i f e  of each 50MWe (ne t )  geothermal binary 
power p l a n t  a t  1976 b r i n e  c o s t s  i n  the  primary 
exchanger/f ie ld  subsystem a lone .  

The SIZEHX/GEOTHM' program has  performed complex 
mult iparameter  opt imizat ions bel ieved t o  be im-  
p r a c t i c a l  wi th  previously documented codes. 
specified des ign  foul ing  f a c t o r  w a s  used i n  t h i s  
work; however, SIZEHX is capable  of determining 
t h e  opt* design fouling factor, o r  optimum 
cleaning frequency, given t h e  cleaning c o s t s  and 
t h e  c o s t  of plant-down time, assuming constant  

A 

In  a d d i t i o n ,  as t h e  c o s t  per  square f o o t  increases  
(cases  2 ,  7 ,  and 8)  , t h e  optimum pinch p o i n t  (mean 
d e l t a  T) and the  tube s i d e  and s h e l l  s i d e  pressure  
drop i n c r e a s e  obtaining h igher  economically j u s t i -  
f l e d  design 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 s  and 
even fewer tubes through increased V e l o c i t i e s ,  

s c a l i n g  rates. 
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'brine 
(-1 

(CO) (B/hrftz0F) ( f t / s ec  

17-02 271.1 4.891 

17.05 238.6 4.795 

17.03 202.1 4.637 

17.18 247.5 4.676 

17-01 223-5 4.745 

13.12 315.2 5.052 

17.68 263.0 5.156 

20.04 273.6 5.379 

(ft) (OF) ( x )  ( x )  ( X )  (S/Btu) ( x )  

66.8 150.5 .093 .0180 .889 .632 -1105 

74.4 150.5 .lo4 .0176 .878 .640 -1092 

85.0 150.6 .121 .0164 ,862 -652 .1114 

29.3 150.5 .lo0 .0156 .884 .635 .0961 

115. 150.6 .111 .0178 .872 .645 .1111 

80.9 139.6 .lo7 ,0205 .873 -613 ,1218 

69.1 1154.1 1.1661 02181.812 I .703 t;,;; 
59.3 161.8 .196 .0207 .783 ,757 

XBL 783-7866 I Assumes .0~01''F/Btu/hr f t z  fouling factor on tube side - virtually clean. 
* Specified parameter fdr these runs. 
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FIGURE.l Typical T/Q plot (Case 2) illustrating 
change of brine temperature profile and pinch point 
shift in SIZEHX optimization. 
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