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ABSTRRCT 

During Phase I1 of this research program, the following 

elements of research have been performed: (1) improvement in 

the conventional geothermal binary cycle sixdulation computer 

program, ( 2 )  development of a direct contact brine heat exchanger 

algorithm for the cycle simulation program, ( 3 )  development of 

a preheater algorithm for the cycle simulation program, ( 4 )  modi- 

fication of the basic simulation program to incorporate the staged 

flash binary cycle, (5) development of a parameter optimization 

algorithm to aid cycle evaluation studies ( 6 )  sensitivity analysis 

of cost factors, (7) comparison of pure hydrocarbon and binary 

mixture cycles. 

, 

i t  
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L. OVERVIEW 

1.1 Sta t emen t  of O b j e c t i v e s  

T h i s  r e s e a r c h  p r o j e c t  a d d r e s s e s  t h e  problem o f  t h e  

se lec t ion  o f  a working f l u i d  and s u i t a b l e  o p e r a t i n g  c o n d i t i o n s  

f o r  optimal geo the rma l  b i n a r y  c y c l e  performance and minimum c a p i t a l  

cos t  p e r  k i l o w a t t  of p l a n t  g e n e r a t i n g  c a p a c i t y .  I t  is  b e l i e v e d  

t h a t  m i x t u r e s  o f f e r  p o s s i b l e  a d v a n t a g e s o v e r p u r e  compounds f o r  u s e  

as working f l u i d s  i n  geo the rma l  b i n a r y  c y c l e s .  T h e r e f o r e ,  b o t h  

p u r e  f l u i d s  and m i x t u r e s  a r e  b e i n g  c o n s i d e r e d  a s  working f l u i d s  i n  

t h e  e v a l u a t i o n  of a l t e r n a t i v e  c y c l e s .  

T o  s a t i s f a c t o r i l y  c a r r y  o u t  t h e  e v a l u a t i o n  e n g i n e e r i n g  

s t u d i e s  r e q u i r e d  t o  e v a l u a t e  t h e  p o t e n t i a l  of  m i x t u r e s  a s  

working f l u i d s  i n  geo the rma l  b i n a r y  c y c l e s  and c o n s i d e r  t h e  e f f e c t s  

of v a r y i n g  o p e r a t i n g  c o n d i t i o n s  on r e s o u r c e  u t i l i z a t i o n  f o r  

a l t e r n a t i v e  c y c l e s ,  a computer s i m u l a t i o n  of geo the rma l  b i n a r y  

c y c l e s  c a p a b l e  of u s i n g  b o t h  p u r e  f l u i d s  and m i x t u r e s  a s  working 

f l u i d s  m u s t  b e  u t i l i z e d .  The e v a l u a t i o n o f  m i x t u r e  c y c l e s  r e q u i r e s  

t h a t  t h e  s i m u l a t o r  u t i l i z e  a thermodynamic and p h y s i c a l  p r o p e r t i e s  

package capable of accura te  p r e d i c t i o n  of n o t  only p u r e  f l u i d  b u t  

m i x t u r e  p r o p e r t i e s .  

The ongoing r e s e a r c h ,  which i s  Phase  I1 of a p lanned  

th ree -phase  o v e r a l l  geo the rma l  p r o j e c t  a t  t h e  U n i v e r s i t y  of 

Oklahoma i n c l u d e s  t h e  f o l l o w i n g  e l e m e n t s :  (1) development  of a 

geo the rma l  b i n a r y  c y c l e  s i m u l a t i o n  computer  program c a p a b l e  of 

m i x t u r e  and p u r e  f l u i d  c y c l e  s i m u l a t i o n ,  ( 2 )  i n c o r p o r a t i o n  i n  t h e  

s i m u l a t o r  of  an  a c c u r a t e  thermodynamic p r o p e r t i e s  computer  program 
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package ( i n c l u d i n g  hydrocarbon m i x t u r e s  and p u r e  f l u i d s ) ,  

( 3 )  development  of a l t e r n a t e  c y c l e  o p e r a t i o n a l  s t r a t e g i e s ,  

i n c l u d i n g  a p r e h e a t e r ,  s t a g e d  f l a s h  b i n a r y  c y c l e ,  and d i r e c t  

c o n t a c t  h e a t  exchange r s ,  ( 4 )  development  of d e s i g n  c r i t e r i a  f o r  

maximizing geo the rma l  resource u t i l i z a t i o n  i n  b i n a r y  c y c l e s ,  

( 5 )  e v a l u a t i o n  of t h e  a d v a n t a g e s  and  d i s a d v a n t a 5 e s  of t h e  u s e  

of m i x t u r e s  a s  working f l u i d s  i n  geo the rma l  b i n a r y  c y c l e s ,  

( 6 )  comparison of m i x t u r e  and p u r e  f l u i d  c y c l e s ,  i n c l u d i n g  

r e l a t i v e  equipment  s i z i n g  and economics.  

1 . 2  S i m u l a t i o n  C a p a b i l i t i e s  

I n  o r d e r  t o  accompl i sh  t h e  a fo remen t ioned  o b j e c t i v e s ,  

a computer  s i m u l a t i o n  of t h e  geo the rma l  b i n a r y  c y c l e  ene rgy  

c o n v e r s i o n  p r o c e s s  w a s  deve loped .  S i n c e  a v a r i e t y  of c y c l e  

a l t e r n a t i v e s  w e r e  i n c l u d e d  i n  t h e  i n v e s t i g a t i o n ,  a series of 

s i m u l a t i o n  sys t em o p t i o n s  were d e s i g n e d  t o  p e r m i t  c o s t - e f f e c t i v e  

u t i l i z a t i o n  o f  a v a i l a b l e  computer  f a c i l i t i e s  and t o  al low sys t em 

f l e x i b i l i t y  f o r  t h e  chang ing  r e q u i r e m e n t s  of a r e s e a r c h - o r i e n t e d  

i n v e s t i g a t i o n .  Development of  t h e  s i m u l a t i o n  sys tem o p t i o n s  w a s  

a l s o  d i r e c t e d  toward computer  program a c c e s s i b i l i t y  i n  o r d e r  

t o  p r e p a r e  f o r  e v e n t u a l  u s e  by geo the rma l  sys t em d e s i g n  e n g i n e e r s .  

The geo the rma l  s i m u l a t i o n  sys tem o p t i o n s  c a n  be c l a s s i f i e d  

i n t o  f i v e  p r i n c i p a l  c a t e g o r i e s ;  (1) C y c l e  Process System, 

( 2 )  Thermodynamic P r o p e r t y  E s t i m a t i o n ,  ( 3 )  Equipment S i z e  

D e t e r m i n a t i o n ,  ( 4 )  O p t i m i z a t i o n  o f  Process O p e r a t i n g  C o n d i t i o n s ,  

and ( 5 )  Economic E s t i m a t i o n .  
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Table I presents an overview of the primary features 

of the geothermal process simulation. The solid circles indicate 

current operational features. The open circles indicate addi- 

tions originally planned for Phase 111. The Phase I11 plan origi- 

nally contained the documentation of all of the GEO simulation 

options, as noted by the open circles in Table I. 

1.2.1 cycle process system 

The major elements of the conventional geothermal binary 

power plant are shown in Figure 1.1. The process consists of 

the following major units: 

1. Brine Heat Exchanger 

2. Turbine-generator 

3 .  Condenser and Cooling System 

4 .  Cycle Pump 

5 .  Wells and Gathering System 

6 .  Auxiliary Plant Equipment 

The nodal points indicated in Figure 1.1 correspond to the process 

state points calculated in the simulation system. However, due 

to the possibility of temperature pinch points within the heat 

transfer units, each heat exchanger is subdivided during the cal- 

culation. 

The direct contact brine heat exchanger option noted in 

Table 1 utilizes the same basic cycle. Rather than indirect heat 

transfer using a shell-and-tube heat exchanger, the working fluid 

is vaporized in direct contact with the geothermal brine. 

The use of a working fluid preheater is suggested when 

excessive superheat remains in the turbine exhaust. Simulation 
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PRIMARY FEATURES OF THE GEOTHERMAL PROCESS SIMULATION SYSTEM 

GEO 
10 

0 

0 

0 

0 
0 

0 

0 

0 - 

SIMULATOR SYSTEM OPTION 

CYCLE PROCESS SYSTEM 
1. Conventional 
2. With preheater 
3 .  Direct contact 
brine heat exchanger 
4 .  Staged flash 
binary 
5. Dual boiler 

~ ~ ~~~~ 

THERMODYNAMIC PROPERTIES 
1. Pure working fluid 
2. Mixtures 

EQUIPMENT SIZE 
1. Selected heat 
transfer coefficients 
and pressure drops 
2. Heat exchanger 
design 

1. Sequential search 
2. Flexible tolerance 
(multiparameter) 

OPTIMIZATION 

ECONOMICS 
1. Capital cost model 
2. Unit energy cost 

Listing Available 
Card Deck Available 

. Documentation Available 

GEO 
1 

0 

0 
0 

GEO 
2 

0 
0 

0 

GEO 
3 

0 

0 
0 

0 

0 
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of  t h i s  sys tem r e q u i r e s  a m o d i f i c a t i o n  of t h e  b a s i c  c y c l e  a s  

shown i n  F i g u r e  1 . 3 .  

For p a r t i c u l a r l y  c o r r o s i v e  or h i g h  s a l i n i t y  geo the rma l  

b r i n e s ,  t h e  s t a g e d  f l a s h  b i n a r y  c y c l e  has  been proposed t o  u s e  

o n l y  t h e  f l a s h e d  vapor  p o r t i o n  of t h e  geothermal  b r i n e  t o  h e a t  t h e  

working f l u i d ,  a s  shown i n  F i g u r e  1 . 2  The cascade  o r  s t a g e d  h e a t  

exchangers  can a c c e p t  t h e  ene rgy  t r a n s f e r  from t h e  b r i n e  w i t h  

a reduced  f o u l i n g  p o t e n t i a l  and more e f f i c i e n t  h e a t  t r a n s f e r .  

The d u a l  b o i l e r  sys tem shown i n  F i g u r e  1 . 4  r e p r e s e n t s  

an a t t e m p t  t o  i n c r e a s e  t h e  resource u t i l i z a t i o n  of a modera t e ly  

l o w  t e m p e r a t u r e  b r i n e .  

1 . 2 . 2  thermodynamic p r o p e r t y  e s t i m a t i o n  

The e s t i m a t i o n  of t h e  thermodynamic p r o p e r t i e s  o f  

t h e  working f l u i d  a s  i t  p r o g r e s s e s  th rough  t h e  power c y c l e  i s  

a n  e x t r e m e l y  i m p o r t a n t  f a c t o r  i n  p r o c e s s  e v a l u a t i o n .  The 

HSGC program, documented i n  Repor t  ORO-4944-2  ( 1 1 ,  u s e s  t h e  

Starling-Benedict-Webb-Rubin e q u a t i o n  of s t a t e .  The HSGC 

program i s  c a p a b l e  of p r e d i c t i n g  t h e  p r o p e r t i e s  of  mixed hydro- 

ca rbons .  

Tab le  I1 p r e s e n t s  a l i s t  o f  t h e  working f l u i d s  which 

a r e  a v a i l a b l e  i n  t h e  thermodynamic e s t i m a t i o n  sys tem and have 

been used a s  working f l u i d  c a n d i d a t e s  i n  t h e  c y c l e  s i m u l a t i o n  

sys tem.  The a s t e r i s k  i n d i c a t e s  t h a t  t h e  component can  be  used  

i n  a m i x t u r e  working f l u i d .  The components i n  p a r e n t h e s e s  may 

be a v a i l a b l e  a t  a l a t e r  d a t e .  
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TABLE I1 

WORKING FLUIDS AVAILABLE 

I N  THE CYCLE SIMULATION 

Propane * R - 1 1  

n-Butane * 
i-Butane * 
n-Pentane * 

R-114  

R-113 

R-152A 

n-Hexane * R-22 

Ammonia 

Water 

Toluene 

( F l u o r i n o l )  
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1-2.3 equipment size selection 

In order to simplify the task of detailed process unit 

specification, the selection of heat transfer coefficients and 

process pressure drops can be made apriori. 

the designer relative freedom from mechanical detail, yet fur- 

nishes sufficient data to make rational design decisions. A heat 

exchanger (shell-and-tube) design routine is also available in 

This option permits 

order to provide a more detailed description of the required 

process unit. The calculational details of the heat exchanger 

design routine are described in Report ORO-4944-3 ( 2 ) .  

1.2.4 optimization of process operating conditions 

Using a performance function such as  the minimum capital 

cost per unit generating capacity, the cycle simulation system 

can select the optimal process operating conditions for a selected 

brine inlet temperature and selected working fluid. 

Two methods of optimization are available--the sequential 

search and the more complex flexible tolerance method. These 

methods are described in more detail in a subsequent section of 

this report. 

1.2.5 economic estimation 

The cost of each of the major process units is obtained 

by available process size/cost correlations. The total plant 

cost is then obtained through the use of the factored-estimate 

cost estimation system, as described in detail in Report ORO-4944-5 (3). 

The unit energy cost model is currently under development. 

This methodology will permit an estimation of the unit energy cost 

by including energy accounting principles. 
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2 . 0  IMPROVEMENTS TO THE GEOTHERMAL B I N A R Y  CYCLE SIMULATOR 

Based on  e n g i n e e r i n g  a n a l y s i s  o f  t h e  p r e l i m i n a r y  r e s u l t s  

o f  t h e  c y c l e  s t u d i e s  u s i n g  t h e  geo the rma l  b i n a r y  c y c l e  s i m u l a t o r ,  

s e v e r a l  improvements were made t o  i n c r e a s e  t h e  f l e x i b i l i t y  o f  

t h e  s i m u l a t i o n  program. The d e t a i l s  c o n c e r n i n g  t h e  s i m u l a t o r  

improvements were documented i n  r e p o r t  ORO-4944-5 ( 3  1 .  I n  

a d d i t i o n  t o  t h e  a fo remen t ioned  m o d i f i c a t i o n s ,  s e v e r a l  computer  

sys t em m o d i f i c a t i o n s  w e r e  i n s t i t u t e d  t o  p e r m i t  c o s t - e f f e c t i v e  

e v a l u a t i o n s .  

The a d d i t i o n  o f  severa l  o p t i o n s ,  i n c l u d i n g  a p r e h e a t e r ,  

d i r e c t  c o n t a c t  h e a t  exchange r ,  s t a g e d  f l a s h  b i n a r y ,  and  

o p t i m i z a t i o n  r o u t i n e s ,  are d i s c u s s e d  i n  s u b s e q u e n t  s e c t i o n s  of 

t h i s  r e p o r t .  

The d e s i g n  b a s i s  p a r a m e t e r s  used  w i t h  t h e  c o n v e n t i o n a l  

geo the rma l  b i n a r y  c y c l e  s i m u l a t o r  a r e  d e t a i l e d  i n  Appendix A .  

A sample  o u t p u t  o f  t h e  c y c l e  s i m u l a t o r  i s  p r e s e n t e d  i n  Appendix B. 
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3.0 PREHEAT BINARY CYCLE SIMULATION 

The preheat binary cycle simulation capability was accom- 

plished by adding a preheater subroutine and by making some addi- 

tional changes to the GE04 simulator. The preheater serves as a 

medium for heat exchange between the superheated vapor from the 

turbine exhaust and compressed liquid from the cycle pump. Thus, 

the superheat of the working fluid from the turbine exhaust is used 

to preheat the working fluid before entry into the brine heat cx- 

changer. 

Figure 3 . 1  shows the process flow streams and nodes of a 

preheat geothermal binary cycle. The preheater design presently 

utilized is a shell and tube heat exchanger with vapor on the shell 

side and liquid on the tube side. An objective of preheat cycle 

simulation is to define the working fluid state points numbered 

1 through 8 on Figure 3.1, subject to the limitations of fluid 

properties and process unit capabilities. In order to do this, 

t w o  additional pinch point temperature differences were added to 

the simulator input: one at the preheater inlet of the liquid from 

the cycle pump (i-e., AT between state points 4 and 71,  DTPHI, and 

the other at the entrance to the preheater of the vapor from the 

turbine exhaust (AT between state points 3 and 8 ) ,  DTPHO. Non-zero 

input values of DTPHI, and DTPHO key the simulator to make the pre- 

heat cycle calculations. Fixed (input) shell side pressure drops 

are utilized in the preheater and condenser with the tube pitch in 

the preheater and condenser calculated as a floating variable. Heat 

transfer coefficients for  both the shell and tube sides of the pre- 

heater are calculated using the Dittus-Boelter correlation ( 4 ) .  
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In the process of developing the preheat geothermal binary 

cycle simulator, a preliminary evaluation of the preheat cycle 

was performed for the case of  a net 25 MW plant with a 400°F  geo- 

resource and isopentane as the working fluid. Isobutane was not 

considered as the working fluid because there is too little 

superheat at the turbine exit. In the calculations which were 

performed, attention was focused on the following factors which 

can contribute to an advantage of the preheat cycle over the 

conventional cycle. 

(1) Decrease in total heat transfer surface area 
requirements. 

( 2 )  Decrease in cooling water flow rate and cooling 
tower duty. 

( 3 )  Increase in brine exit temperature (thereby 
reducing brine precipitation probability). 

The results of the simulation of the preheat cycle are 

compared with the cycle without preheat in Table 3.1. It can 

be noted that with the preheat cycle there are reductions in the 

heat transfer surface area of 2 . 3 % ,  cooling water flow rate of 

3 . 6 8 ,  and the capital cost of 1.2%. The reduction in the cost 

of the cooling tower for the preheat cycle is 3.8%. Although 

the decrease in total system capital cost is only 1.2%, the 

decrease in electrical energy cost for the preheat cycle would 

be greater because of the reduction in the make-up water requirements. 

In addition, the preheat cycle was not optimized whereas the operat- 

ing conditions for the cycle without preheat are optimized. Thus, 

although the margin is small for the 400°F georesource, the pre- 

heat cycle would offer definite promise if the turbine exit super- 

heat were greater. Using isopentane as the working fluid, the 
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Table 3.1 Comparison of Isopentane Geothermal Binary Cycles 
With and Without Preheat for a 400°F Georesource. 

With 
Preheat 

Net Power Output, MW 25. 

Brine Inlet Temperature, OF 4 0 0 .  

Brine Exit Temperature, OF 217. 

Cooling Water Inlet Temperature, OF 80. 

Cooling Water E x i t  Temperature, OF 1 0 2 .  

Cooling Water F l o w  Rate, lb/hr ~ 1 0 ' ~  26.8 

Turbine Inlet Temperature, OF 272. 

Turbine Inlet Pressure, psia 200. 

Heat Transfer Surface Area, f t2x10-2 

(1) Brine Heat Exchanger 312. 

(2 ) Condenser 1 2 1 6 .  

( 3 )  Preheater 62. 

(4) Total 1590. 

Preheater Minimum Approach Temperature,OF 55. 

Net Thermodynamic Efficiency, % 13.4 

Capital Cost, S/kw 755. 

Without 
Preheat 
25. 

4 0 0 .  

212. 

8 0 .  

102. 

27.8 

272. 

2 0 0 .  

317. 

1309. 

0. 

1627. 

- 

13.0 

764. 
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amount of supe rhea t  a t  t h e  t u r b i n e  e x i t  i n c r e a s e s  as  t h e  georesource  

tempera ture  i n c r e a s e s .  The re fo re ,  it i s  probable  t h a t  t h e  p r e h e a t  

c y c l e  can o f f e r  clear economic advantages  ove r  t h e  c y c l e  wi thou t  

p r e h e a t  a t  georesource  tempera tures  approaching 500'F. 
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4.0 DIRECT CONTACT BRINE HEAT EXCHANGER 

Direct contact heat exchangers can be classified as counter- 

current or co-current. The pipe mixer and free surface tray are 

both examples of co-current equipment. There are other variations 

of co-current devices such as agitated vessels and venturi type 

mixers. For geothermal power production, the co-current direct 

contact exchangers are economically unattractive ( 5 ,  6). 

There are three general types of counter-current direct con- 

tact heat exchangers: (1) spray towers, ( 2 )  perforated tray towers 

and ( 3 )  packed columns. The perforated tray tower contains a series 

of trays which increase the efficiency of the heat transfer per unit 

height. The spray column is merely an empty shell. However, since 

the flow capacity of the perforated tray tower is smaller than that 

of spray column by a factor of 3 to 4, the column diameter of the 

tray tower will be as much as twice that of spray column. The 

packed column resembles the spray tower except that the interior 

of the shell is filled with packing to increase heat transfer effi- 

ciency. One disadvantage of the packed column in geothermal use is 

that the packing would rapidly become fouled by the brine. 

In this study, the counter-current spray column was selected 

as the most promising type of direct contact heat exchanger on the 

basis of (1) higher flow capacity, ( 2 )  simple design and relatively 

inexpensive equipment, ( 3 )  low maintenance due to absence or reduc- 

tion of scale formation, and ( 4 )  the obtainable close temperature 

approach. 

A spray column of the Elgin-type is shown in Figure 4.1. It 

is designated the Elgin-type column because it was developed by Elgin 
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and various co-workers. The paper of Blanding and Elgin (7) de- 

scribes the details of its evolution. Originally, the spray column 

was designed for mass transfer operations such as liquid-liquid 

extraction. This operation depended on the immiscibility and dif- 

ference in density of the two phases. Recently, the spray column 

has been successfully used as a heat exchanger in desalination pro- 

cesses. 

Numerous theories have been proposed to describe the heat 

transfer mechanism between two phases. Sideman (8) has presented 

an excellent review of these theories. The objective of this report 

is not to explore all of these theories, but to size the spray column 

related to t h e  geothermal c y c l e .  

In the design of a spray column, two factors are particularly 

important: the height of column and the column diameter. The column 

diameter is determined by the maximum permissible velocity of the 

phases involved. The column height is determined from heat trans- 

fer considerations. 

As shown in Figure 4.1, the heavier continuous phase, geo- 

thermal brine, is introduced into the column at the top, flows down- 

ward through a straight section and leaves at the bottom of the 

column. The working fluid is dispersed through nozzles as droplets 

at the bottom of the column and rises through the straight section 

to a coalescence screen at the top of the column. The brine is the 

continuous phase and the working fluid is the dispersed phase. 

For a fixed flow rate of the continuous phase, as the flow 

rate of the dispersed phase is increased, the slowly rising droplets 

beneath the coalescence screen increase in concentration within the 
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column to a poinE where more of the dispersed phase cannot be 

forced through the column. The column is completely filled with 

closely-packed droplets. Any additional increase in the flow rate 

of the dispersed phase results in the entrainment of droplets by 

the continuous phase at the bottom of the column with subsequent 

loss of working fluid. When the zone of concentrated droplets fills 

the column, the situation is referred to as a flooded column. The 

droplets cannot escape freely into the coalescence zone and tend 

to accumulate in the straight section with the characteristic ap- 

pearance of closely packed spheres. The column can only operate 

satisfactorily at a lower flow rate. Further, the efficiency of 

heat transfer decreases at flooding. When there is a concentrated 

zone of droplets in one section of the column with the remainder of 

the column being less concentrated, the column is said to be at its 

flooding point. 

The flooding correlation of Sakiadis and Johnson (9) was 

used as the basis for calculating the column diameter. 

The temperature profile within the spray column was calcu- 

lated using the mathematical model proposed by Letan and Kehat (10). 

In the design of spray column heat exchangers for geothermal 

cycles, the direct contacting unit is divided into three different 

heat exchange zones, as shown in Figure 4 . 2 .  In each of the heat 

exchange zones, the heat is transferred from geothermal brine to 

the working fluid by a different heat transfer mechanism: liquid- 

liquid heat transfer (preheater); liquid-liquid-vapor heat transfer 

(boiler) i and liquid-vapor heat transfer (superheater). With this 

arrangement, the working fluid enters the liquid zone as a sub- 

cooled liquid at tl, leaves preheated and enters liquid-liquid- 

0 
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vapor zone at its bubble point temperature t2, leaves the boiler 

and enters the liquid-vapor zone as saturated vapor at its dew 

point temperature t3, and finally leaves the superheater as super- 

heated vapor at the temperature t4. 

superheater at temperature T leaves the superheater and enters 

the boiler at the temperature T3, leaves the boiler and enters the 

preheater at the temperature T2, and finally leaves the preheater 

at temperature T The outlet pressure of the working fluid is 

the same (approximately) as the inlet pressure of the turbine. 

Therefore, the operating pressure of the spray column is chosen to 

be the same as the inlet pressure of the turbine. 

The hot brine enters the 

4 '  

1' 

Several FORTRAN IV subroutine programs for designing spray 

column heat exchangers have been developed for inclusion into the 

geothermal simulation GEO-4 to perform the geothermal cycle calcu- 

lations. The direct contact evaporation sizing module permits the 

use of parallel units in order to keep the tower diameters within 

realistic economic constraints. The cost model for the direct con- 

tact evaporation is based on standard pressure vessel sizing tech- 

niques. 

The results obtained from the simulator are compared with 

the experimental data reported by DSS Engineers (11) in Table 4.1. 



Table 4.1 

1 

I 
Rate of 1 
Working Experimental Predicted 

HEIGHT OF COLUMN Flow 

Fluid Ft. Ft. 

2547 E 6 6.4 

s 

-- 6 0.009 

-- -- -- 

Flow 
Rate of 
Brine 

1 

Heat Transfer REGION 

or 
ZONE Calculated Predicted 

4053 4018.58 Liquid-Liquid 
Region 

Boiler 5 17 000 22.4~10 
Max. 

superheater 5 17 000 19.7~10 
Max. 
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5 .0  STAGED FLASH BINARY CYCLE M O D I F I C A T I O N  

For  p a r t i c u l a r l y  c o r r o s i v e  o r  ex t r eme ly  h i g h  s a l i n i t y  

geo the rma l  b r i n e s ,  t h e  s t a g e d  f l a s h  b i n a r y  h a s  been proposed  

t o  a l l e v i a t e  t h e  problems a s s o c i a t e d  w i t h  h e a t  exchanger  

f o u l i n g .  

The s t a g e d  f l a s h  b i n a r y  h e a t  exchanger  sys tem c o n s i s t s  

o f  s e v e r a l  f l a s h  drums and h e a t  exchange r s .  I n  each  f l a s h  drum, 

t h e  p r e s s u r e  o f  t h e  geo the rma l  b r i n e  i s  reduced  t o  y i e l d  

s a t u r a t e d  s t e a m .  T h i s  s t e a m  i s  t h e n  passed  th rough  a s c r u b b e r  

t o  r e d u c e  t h e  d i s s o l v e d  s o l i d  c o n t e n t s  which are  c a r r i e d  ove r  

w i t h  t h e  s team.  The scrubbed  s t e a m  p a s s e s  th rough  t h e  h e a t  

exchanger  on t h e  t u b e  s i d e  (condens ing  s t e a m )  w i t h  t h e  working 

f l u i d  on  t h e  s h e l l  s i d e .  

F i g u r e  5 . 1  shows t h e  f l o w  s h e e t  f o r  t h e  c a s e  o f  a f o u r  

s t a g e  f l a s h  sys tem.  A minimum of t w o  and a maximum o f f o u r  s t a g e s  

can be  used  i n  t h e  computer program. I f  f i v e  s t a g e s  a re  chosen ,  

t h e n  t h e  f i r s t  t h r e e  s t a g e s  w i l l  serve as  p r e h e a t e r s ,  one  a s  

t h e  b o i l i n g  s e c t i o n ,  and t h e  l a s t  one  t h e  s u p e r h e a t i n g  s e c t i o n  

o f  t h e  working f l u i d .  When no s u p e r h e a t i n g  i s  r e q u i r e d ,  t h e n  a 

minimum of t w o  s t a g e s  can  be  used:  one  d e a l i n g  w i t h  t h e  b o i l i n g  

s e c t i o n  of t h e  working f l u i d  and t h e  o t h e r  a s  a p r e h e a t e r .  

To  d e t e r m i n e  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  

condens ing  steam, t h e  Bokyo-Kruzhlin c o r r e l a t i o n  ( 1 2 )  i s  used .  

For t h e  s i n g l e  phase  working f l u i d ,  t h e  S e i d e r - T a t e  c o r r e l a t i o n  (13) 

is  used .  I n  case of  t h e  b o i l i n g  s e c t i o n  of  t h e  working f l u i d ,  

Chen ' s  b o i l i n g  h e a t  t r a n s f e r  c o r r e l a t i o n  ( 1 4 )  i s  used .  
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6.0 DEVELOPMENT OF SEOUENTIAL OPTIMIZATION ROUTINE 

The initial effort of optimizing geothermal binary cycles 

has included the development of a direct sequential search al- 

gorithm similar to that developed for ocean thermal energy con- 

version (OTEC) cycles by TRW, Inc. (15). This algorithm has been 

used in conjunction with the upgraded Phase I cycle simulator 

developed by the authors (16). 

The objective function which was selected for minimization 

in the optimization algorithm is system capital cost per kilo- 

watt of net plant capacity. Other objective functions which 

were to be added later include cost per kilowatt-hour of net 

plant output, negative of the net plant capacity per lb of brine 

used, negative of the net plant output, and negative of the net 

plant work divided by the availability. 

The simulator can be used in three modes: (1) a "once- 

through" calculation wherein the net plant capacity is calcu- 

lated from an input value of brine flow rate, and heat exchanger 

calculated fluid pressure drops may not be consistant with 

input values: therefore it is the responsibility of the cycle 

designer to resolve the heat exchanger pressure drops external 

to the simulation: ( 2 )  the heat exchanger pressure drops and 

the brine flow rate are adjusted to obtain a desired net plant 

capacity; ( 3 )  the selected objective function is minimized 

with respect to any one or more of six parameters while the 

Steps Of ( 2 )  are repeated for each petturbation of the para- 

meters. 
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The parameters are varied by a fixed step direct search 

performed on the parameters one at a time. Parameters selected 

for analysis include: (1) evaporator working fluid exit approach 

temperature, ( 2 )  evaporator minimum pinch temperature, ( 3 )  con- 

denser working fluid exi-t approach temperature, (4) condenser 

working fluid inlet approach temperature ( 5 )  turbine inlet pressure 

and (6) cooling water exit temperature. The difference in the 

objective function value is checked as each parameter is varied 

in a fixed increment which is an input value for each parameter. 

The incrementation will continue in the direction leading to a 

minimum until the objective begins to increase. If more than 

one parameter is to be varied, the parameter value which yields 

the minimum objective is used in subsequent calculations with 

the other parameters. The sequence of parameter variations is 

essentially in the order as listed above. The uncertainty 

region containing the local minimum with respect to each 

parameter can be reduced by decreasing the various input 

parameter increment values and repeating the search procedure. 

The optimization routine is not a substitute for engineer- 

ing judgement, but rather an effective tool which permits the 

design engineer to evaluate multiple cases with minimal effort. 
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7.0 DEVELOPMENT OF SIMULTANEOUS OPTIMIZATION ROUTINE 

The basic limitation of the sequential optimization routine 

described previously is that the final optimum value of the 

objective function may be different, depending on the order 

of the optimization procedure. A simultaneous optimization 

routine, by definition, would not suffer from this restriction. 

A multi-dimensioned steepest descent optimization routine 

based on the flexible tolerance method(17) was developed. This 

algorithm permits the optimization of the defined objective 

function without regard to parameter order. Details of this 

methodology, including computer alqorithm flow charts, are 

available (18). 

The objective function used in this optimization algorithm 

is the system capital cost per kilowatt of net plant generation 

capacity. 

The variables used to minimize the objective function are: 

(1) turbine inlet pressure 

( 2 )  brine inlet approach temperature 

( 3 )  brine heat exchanger pinch point temperature 
difference 

( 4 )  cooling water exit temperature 

( 5 )  condenser inlet approach temperature 

(6) condenser exit approach temperature. 

The composition of the working fluid and the georesource 

temperature are the major independent variables used in this 

study. However, it is not feasible or desirable to include these 

functions within an optimization routine. 
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8.0 COMPARISON OF PURE HYDROCARBON AND MIXTURE WORKING FLUIDS 

Parameter sensitivity studies were conducted usinq the 

geothermal binary cycle simulator to compare pure hydrocarbon 

and mixture working fluids. The cycle working fluids considered 

in this study were isobutane, isopentane, and various binary 

mixtures of these compounds. The cycle operating conditions and 

performance for the working fluids evaluated in this study are 

discussed below. 

The design basis parameters used to conduct this sensitivity 

study are listed in detail in Appendix A. The sequential search 

method was used to determine near optimal values of turbine in- 

let conditions, heat exchanger approach temperatures and cooling 

water exit temperature. The general trends which are noted 

should be correct, although the operating conditions obtained 

from the sequential search routine may be non-optimal in a few 

cases. 

8.1 Total System Cost 

Figure 8.1 illustrates the effect of variations in working 

fluid molecular weight and georesource temperature on the total 

system capital cost, in 1976 dollars. Tables 8.1 through 8.4 show 

the various cycle parameters for the 300" to 500°F georesource 

temperature range. At 3 0 0 ° ,  350" and 400°F three different mixtures 

of iosbutane and isopentane exhibit the lowest total system costs 

compared to either isohutane or isopentane cycles. This is due 

primarily to the higher turbine inlet temperatures and/or larger 

enthalpy change in the turbine attainable for these mixtures com- 

pared to pure isobutane or isopentane. A related factor is that 
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Table 8.1 Comparisons of Cycle Parameters 
f o r  t h e  Georesource Temperature 
of 300°F. 

Compound 

Mol. Weight 

Net Power, MW 

Gross Power, MW 

P l a n t  CosL, $/KW 

Tota l  System C o s t ,  $/1<w 

Turbinc Tnle t  P ,  p s i i i  

Turbine Tnle t  T, P 

Turbine All,  13tu/lb 

Condenser Superheat  AT, F 

Cond. Superheat  AH,l3tu/ll~ 

Condenser Dew Poin t  I > ,  psi: 

Condenser Dew Po in t  T ,  F 

Heat Exch. Bubble Po in t  ,I,: 

Brine Ex i t  T, 1' 

Erine Flow, FPI lb / l i r  
dorking I'luid t o  I 5 r i n c ~  1<31.i1 

Cool. Water t o  P,rinc k i t l o  

N e t  Worlc/AvaIIa1~ilj t y 

Nct Tlic!rmo Efficiency, '% 

Res. Thc~-aal U t i l .  l X f i c .  , 2  

Net P l a n t  Work, B t i i / l h  I ir in 

0 

0 

0 

0 

58.12 

25.00 

31.07 

868 

1453 

300 

220 

19.37 

26.0 

11.95 

78 .1  

08.0 

121.1 

3 2 . 4  
7.525 
0.728 
5.89 

0.31 6 

10.80 

5.81 

11.35 

ic41110 = /!)L 

iCS1ll2 = 25% 

61.626 

25.00 

30.21 

81 7 

14 34 

250 

232 

21.40 

33.2 

1.5.08 

57.7 

116.9 

223.4 

191.8 
7.931 
0.607 
4 .87  

0 . 2 0  9 7 

11.10 

5.47 

10.76 

~~ 

i C  11 = SOX 

iC5H12 = 502 
4 30 

65.133 

25.00 

29.76 

772 

1398 

200 

235 

21.97 

38.9 

17.83 

44.2 

119.0 

224.0 

193.0 
8.060 
0.573 

.a7 

0.2952 

11.10 

5.38 

10.60 

i C  H 5 1 2  

72.146 

25.00 

29.93 

820 

1508 

100 

210 

18.97 

43.4 

19.05 

23.6 

09.0 

19.6 

1 9 2  
8 ,858 
0.608 
6.14 

0.2682 

10.23 

5.02 

9.63 
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Table 8.2 Comparisons of Cyc le  Parameters 
f o r  t h e  Georesource Temperature 
of 350°F 

Compound 

~~~ ~ _ _ ~  

Mol. Weight 

N e t  Power, MW 

Gross Power, MW 

P l a n t  Cost ,  $/Kw 

T o t a l  System Cost, $/KW 

Turbine  I n l e t  P, p s i a  

Turb ine  I n l e t  T, F 

Turbine  AH, Btu / lb  

Condenser Superheat AT, F 

Condenser Superheat AH, B tu / lb  

Condenser Dew Po in t  P, p s i a  

Condenser Dew Po in t  T ,  F 

Heat Exch. Bubble Po in t  T,  F 

Br ine  E x i t  T ,  F 

Brine Flow, MM Ib/hr 

Working Fluid to Brine  Rat io  

Cooling Water t o  Brine  Ratio 

Net Work/Avai lab i l i ty  

N e t  Thermo E f f i c i e n c y ,  % 

Res. Thermal U t i l .  Eff i c i ency ,  

0 

0 

0 

0 

0 

% 

N e t  P l a n t  Work, B t u f l b  Brine 

iC4H10 

58.12 

25.00 

31.14 

673 

1032 

450 

260 

21.94 

17.5 

8 .24  

86.3 

115.0 

260.2 

186.4 

4.623 

1.048 

7.33 

0.280 

12.15 

7.36 

18.45 

iC4H10 = 50% 

iC5H12 = -50% 

65.133 

25.00 

29.27 

620 

997 

300 

273 

27.10 

48.8 

22.5 

45.6 

122.0 

263.1 

203.8 

4.856 

0.759 

6.510 

0.274 

12.91 

6.99 

17.57 

iC4H10 = 25% 

iC5H12 = 75% 

68.64 

25.00 

28.85 

606 

991 

230 

269 

26.75 

58.30 

26.60 

34.6 

120.0 

262.5 

204.1 

4.947 

0.743 

6.516 

0.268 

12.69 

6.86 

17.25 

iC5H12 1 
i 

72.146 

25.00 

28.49 

593 

1003 

170 

256 

25.1 

61.0 

27.40 

26.2 

115.0 

261.7 

211.7 

5.276 

0.734 

6.196 

0.255 

12.52 

6.41 

16.17 
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Table 8 .3  Comparisons of Cycle Parameters 
€or t h e  Georesource Temperature 
of 400°F 

Compound 

Mol. Weight 

N e t  Power, MW 

Gross Power, MW 

P l a n t  Cost ,  $/KW 

T o t a l  System Cost ,  I KW 

Turbine I n l e t  P, p s i a  

Turbine I n l e t  T, F 

Turbine AH, B tu / lb  

Condenser Superheat AT, F 

Condenser Superhear AH, Btu/ll 

Condenser Dew Po in t  P,  p s i a  

Condenser Dew Po in t  T, F 

Heat Exch. Bubble P o i n t  T ,  F 

Br ine  E x i t  T ,  F 

Br ine  Flow, MM l b / h r  

Working F l u i d  t o  Br ine  Ratio 

Cooling Water to  Br ine  Ra t io  

N e t  Work/Avai lab i l i ty  

N e t  Thermo E f f i c i e n c y ,  % 

Res. Thermal U t i l .  E f f i c i e n c y  

0 

0 

0 

0 

0 

% 

N e t  P l a n t  Work, Btu / lb  Br ine  

iC4H10 

58.12 

25.00 

31.76 

634 

908 

550 

285 

22.88 

12.6 

5.98 

88.7 

117.0 

--- 
195.7 

3.533 

1.34 

9.19 

0.271 

12.52 

7.99 

24.14 

IC4H10 = 75% I iC4H10 = 50% 
I 
i iC5H12 = 50% 
3 

iC5H12 = 25% 

65.133 

25.00 

30.13 

608 

866 

450 

287 

25.68 

26.5 

12.4 

67.3 

127.0 

282.9 

191.5 

3.314 

1.21 

8.50 

0.294 

12.96 

8.44 

25.74 

61.626 

25.00 

29.04 

558 

833 

350 

287 

27.26 

46.9 

21.86 

50.9 

129.0 

279.2 

206.9 

3.544 

1 .03  

7.24 

0.284 

12.99 

7.84 

24.08 

7 

iC5H12 

72.146 

25.00 

28.19 

529 

820 

200 

272 

26.18 

65.3 

29.4 

28.9 

121.0 

277.3 

215.4 

3.749 

0.980 

7.57 

0.266 

12.84 

7.41 

22.76 
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Table 8.4 Comparisons of Cycle Parameters 
for the Georesource Temperature 
of 500°F 

Compound 

Mol. Weight 

Net Power, MW 

Gross Power, MW 

Plant Cost, $/KW 

Total System Cost, $/KW 

Turbine Inlet P, psia 

Turbine Inlet T, F 

Turbine AH, Btu/lb 

Condenser Superheat AT, F 

Condenser Superheat AH, Rtu/lb 

Condenser Dew Point P, psia 

Condenser Dew Point T, F 

Heat Exch. Bubble Point T, F 

Brine E x i t  T, F 

Brine Flow, MM lb/hr 

Working Fluid to Brine Ratio 

Cooling Water to Brine Ratio 

Net WorkIAvailability 

Net Thermo Efficiency, % 

Res. Thermal Util. Efficiency, % 

Net Plant Work, Btu/lb Brine 

0 

0 

0 

0 

0 

iC4H10 

58.12 

25.0 

32.72 

519 

720 

700 

314 

23.4 

19.8 

9.73 

106.3 

130.2 

-- 

228.0 

2.582 

1.85 

10.54 

0.2798 

12.27 

7.95 

33.05 

iC4H10 = 50% 
iC5H10 = 50% 

65.133 

25.0 

29.29 

455 

639 

450 

315 

28.0 

44.9 

21.27 

58.4 

138.0 

306.7 

228.0 

2.366 

1.51 

9.65 

0.3052 

13.25 

8.55 

36.06 

iC5H12 

72.146 

25.0 

27.99 

411. 

598 

250 

294 

25.89 

67.3 

31.42 

36.7 

136.0 

299.8 

222.5 

2.408 

1.53 

8.62 

0.2997 

12.64 

8.35 

3.5.4 
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the net thermodynamic cycle efficiencies of the mixture cycles 

are slightly larger than the pure fluid cycles as noted in Tables 

8.1 through 8.4. The dotted line in Figure 8.1 between the 300'F 

and 500'F georesource temperature represents the locus of optimal 

working fluid molecular weight. This locus of optimal working 

fluid molecular weight is limited to the isobutane-isopentane s y s -  

tem. Moreover, this locus is very sensitive to chanqes in the cost 

models. For example, if the particular site-specific brine system 

cost declines sharply, the locus of optimal molecular weight will 

shift towards the higher molecular weight working fluids. The re- 

verse will be true if power conversion plant costs decrease sharply 

(e.g., due to advances in technology). 

8.2 Power Conversion Plant Cost 

Figure 8.2 shows the effect of variations in working fluid 

molecular wieght and georesource temperature on the power conversion 

plant capital costs. The power conversion plant includes all major 

plant equipment except the brine delivery and disposal systems. The 

power conversion plant capital cost exhibits a minimum for a parti- 

cular molecular weight working fluid at each georesource temperature. 

For a 300°F georesource temperature, a 50% isobutane and 50% i so -  

pentane mixture(molecu1ar weight of 65.13) has lower power conversion 

plant cost, primarily due to lower turbine and cooling tower cost, 

than the pure isopentane cycle. For the georesource temperature 

range of 35O0-50O0F isopentane seems to have a lower power conversion 

plant cost mainly due to lower brine heat exchanger, condenser and 

fluid pumping costs. Since brine heat exchanger and condenser costs 

decrease with increasing working fluid molecular weight, whereas 

turbine costs increase with increasing molecular weight, a trade-off 
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exists between these major cost items in power conversion plant 

equipment. 

8 . 3  Brine System Cost 

Geothermal brine delivery costs are extremely site dependent, 

but for particular geothermal producing areas, the total cost of 

geothermal fluid delivery increases as the required flow rate in- 

creases. For process evaluation purposes, a typical cost of $500,000 

to drill a geothermal well with a flow rate of 5 0 0 , 0 0 0  lb/hr was 

assumed for this study. Additional costs for well-to-plant pipinq, 

as well as indirect costs are added to the well cost to obtain the 

total brine system cos t .  

The brine system cost, which includes the cost of reinjection 

wells (equal number of production and reinjection wells) and pumping 

and piping system requirements, is shown in Figure 8 . 3  as a function 

of georesource temperature and molecular weight. The brine system 

cost increases with working fluid molecular weight for the geore- 

source temperature range of 300°-4000F, but decreases with molecular 

weight for the 500°F georesource temperature. 

8 . 4  Power Conversion Plant Capital Cost Elements 

The cost of geothermal power is mainly affected by the capital 

investment requirement of the primary process units. 

The primary cost elements are: (1) brine heat exchanger, 12)  

condenser, (3) turbine and generator, (4) fluid pumping equipment, 

and (5) auxiliaries. The cost of auxiliaries is proportional to 

the other cost elements. In this section, power conversion plant 

equipment costs will be detailed. 
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8.4.1 brine heat exchanger cost 

Brine heat exchanger cost is primarily dependent on the heat 

transfer surface area required and the design pressure rating. Note 

the design pressure rating must be about 25% higher than the normal 

operating pressure in order to prevent relief valve operation during 

load variations. Heat exchangers designed to accomodate high pressure 

operation require thicker containment, hence substantially increased 

costs are incurred. 

Figure 8.4 shows the effect of georesource temperature and 

working fluid molecular weight variations on the brine heat exchanger 

capital cost estimate. It can be seen from Figure 8.4 that brine 

heat exchanger cos ts  decrease with increasing georesource tempera- 

ture and/or increasing molecular weight. The costs for higher mole- 

cular weight fluids decrease mainly due to the lower operating pres- 

sures and hence lower cost per square foot of heat transfer area. 

8.4.2 condenser cost 

Like brine heat exchanger costs, the condenser costs depend 

primarily on the heat transfer surface area requirement and the design 

pressure rating. It has been assumed here that condensers with design 

pressures (1.25 x operating pressure) between 15-50 psia would have 

the same cost/ft2 of heat transfer surface. 

Figure 8.5 presents condenser costs at various georesource 

temperatures versus working fluid molecular weights. Condenser costs 

follow a pattern similar to that noted for the brine heat exchanger. 

8.4.3 turbine and generator cost 

Turbine cost is a direct function of the last stage diameter 
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a 
of the turbine and the number of exhaust ends on a common shaft. 

Other factors include the blade tip speed and the turbine inlet 

pressure. 

by the Barber-Nichols company of Denver, Colorado (19). The generator 

cost is a direct function of the gross plant power produced ( 2 0 ) .  

The turbine cost estimates are based on a model developed 

The effect 05 variations in working fluid molecular weight and 

georesource temperature on turbine and generator capital costs is 

shown in Figure 8.6. The turbine cost increases with increasing 

molecular weight at a particular georesource temperature. However, 

the turbine cost decreases with increasing georesource temperature 

for a given molecular weight. Only axial flow turbines have been 

considered in the present study. 

8 . 4 . 4  coolinq tower cost 

The cooling towers considered in this study are wet cooling 

towers of the mechanical draft type. Figure 8.7 shows the cooling 

tower cost as a function of georesource temperature and working fluid 

molecular weight. 

8.4.5 working f l u i d  and cooling water p u m p  c o s t  

Figure 8.8 illustrates the working fluid and cooling water 

pumping costs associated with various molecular weight working fluids 

at various georesource temperatures. The isobutane cycle has the 

highest pumping costs, since the isobutane operating pressure is 

higher than other fluids at each georcsource temperature. 

8.5 Energy Conversion Efficiency 

There are several parameters used to evaluate the efficiency of 

the power cycle. The relationships between these various indicators 
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were detailed previously ( 2 ) .  In order to maximize the ability to 

compare the results of this pasameter sensitivity study with the re- 

sults of other work, the most commonly used efficiency inaicators 

are described below. 

8.5.1 resource thermal utilization efficiency 

Figure 8.9 illustrates the effects of variations in molecular 

weight and georesource temperature on the net resource thermal uti- 

lization efficiency (W /QR). The important points to note are: N P  

(1) The net thermal utilization efficiency for a given 

working fluid increases with increasing the georesource 

temperature. Since lower brine and cooling water flow 

rates are required at higher georesource temperatures, 

which result in decreased parasitic power losses, thus 

increasing the net plant work per unit mass of brine. 

( 2 )  For subcritical pressure cycles, the net thermal uti- 

lization efficiency decreases with increasing working fluid 

molecular weight while the opposite trend occurs for super- 

critical pressure cycles (molecular weight of 58-61 at 400'F 

and 58-65 at 500'F). The behavior for subcritical cycles 

occurs in part because the brine heat exchanger duty in the 

boiling range is larger for the higher molecular weight fluids, 

forcing the brine exit temperature to be larger (the bubble 

point temperature is essentially the same for each workinq 

fluid considered). The behavior for supercritical cycles 

occurs in part because the brine heat exchanger operating pres- 

sure decreases with molecular weight, leading to smaller logar- 

ithmetic mean temperature difference, with the net result that 
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the net work per unit mass of brine is increased (reflected 

in Figure 8.9 in an increase in the net resource thermal 

utilization efficiency). 

It can be noted that isobutane-isopentane mixture cycles at 

400°F and 500°F have higher resource thermal utilization efficiencies 

than either the pure isobutane or isopentane cycle. 

. .  8.502 net cycle work/avai- 

Net cycle work to availability ratio defined here can also be 

called resource utilization efficiency. Milora and Tester ( 2 0 )  

refer to this as the resource utilization factor. The term net cycle 

work/availability ratio, vu, is used here to avoid confusion with 
the resource thermal utilization efficiency discussed earlier. It 

may be noted here that vu can be determined for any geothermal energy 
conversion process and therefore process details are not required for 

intercomparisons of processes using this efficiency measure. Other 

efficiency measures, such as thermal efficiency, which is useful for  

intercomparing binary cycles but cannot be defined for total flow 

processes, are inadequate for  broad intercomparisons of geothermal 

energy conversion processes. 

Figure 8.10 illustrates the behavior of for various working 

fluids at various georesource temperatures. The following points 

can be noted: 

(1) The net cycle work/availability ratio for the working 

fluids studied has a maximum in the 350°F to 400°F georesource 

range. 

( 2 )  The net cycle work/availability ratio is greatest for 
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the 7 5 %  isobutane and 25% isopentane mixture, primarily 

due to the fact that this working fluid has the lowest 

brine flow rate at this georesource temperature which re- 

sults in higher net cycle work per unit mass of  brine. 

( 3 )  Since the availability at a specific georesource 

temperature is the same for any working fluid, the net 

plant work per unit mass o€ brine must be increased in 

order to achieve higher values of q . Therefore, smaller 

brine flow rates are desired for maximizing net cycle 

work/availability. 

u 

( 4 )  The maximum value of q for isobutane for the eco- 
U 

nomically optimized cycles considered here occurs at a 

georesource temerpature of 350°F, whereas Milora and 

Tester's maximum q for isobutane for thermodynamically 

optimized cycles occurs at a georesource temperature of 

415OF ( 2 0 ) .  This indicates that economic factors must 

U 

be included along with thermodynamic and process factors, 

to determine the optimum working fluid for a given geore- 

source condition. 

8.5.3 cycle net work per unit mass of brine --- 

The cycle net work per unit mass of brine is another parameter 

which has been used as an optimization parameter, and is a measure 

of geothermal fluid resource utilization. Figure 8.11 illustrates 

the effect of variations in qeoresource temperature and workinq 

f l u i d  molecular weiqht on net cycle work per pound of brine. Since 

the geothermal well system (or brine system) is a major cost element, the 
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maximization of cycle net work per unit mass of brine results in 

the minimum brine system cost for a given cycle. 

Since the cycle net plant work was fixed at 25 Mw for this 

study, it is apparent that cycles with minimum brine flow rate 

would yield maximum cycle net work per unit mass of brine at a 

specific georesource temperature. It can be noted in Figure 8.11 

that for the 300'F and 350°F  georesource temperatures isobutane 

yields the greatest net plant work per unit mass of brine. For the 

400°F georesource a mixture (75% isobutane and 25% isopentane) 

yields the highest net plant work per unit mass of brine. At 500°F 

an equimolar (50-50) yields the maximum cycle net work per unit mass 

of brine. It is interesting to note that in agreement with the 

present work, Ingvarsson and Turner (21) report isobutane to give 

better performance than isopentane in the georesource temperature 

range of 300°-3600F. However, they report that isopentane yields 

better performance than isobutane in the georesource temperature 

range of 380°-4000F, whereas isopentane becomes superior to iso- 

butane at a georesource temperature above 400°F according to the 

present work. 

8.5.4 thermodynamic cycle efficiency 

The thermodynamic cycle efficiency, WN/QH, is a traditional 

measure of the Performance of the working fluid and cycle. This 

efficiency is determined by the operating conditions of the cycle and 

the thermodynamic behavior of the working fluid. From the defi- 

nition of thermodynamic cycle efficiency, it is obvious that for a 

given net plant output it can be increased by two fundamental ways: 

(1) increasing the net thermodynamic cycle work and ( 2 )  reducing 
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the brine heat exchanger load. 

Figure 8.12 shows the net thermodynamic cycle efficiency versus 

georesource temperature and molecular weight. It can be noted in 

Figure 8.12 that isobutane-isopentane mixtures yield higher effici- 

encies than either isobutane or isopentane for all georesource tem- 

peratures studied. The reasons for the behavior of the net thermo- 

dynamic cycle efficiency shown in Figure 8.12 will be made evident 

in the discussion on the working fluid enthalpy change in the tur- 

bines. 

8.6 Near Optimum Cycle Operatinq Parameters 

In order to understand more fully the impact of cycle operating 

conditions on the capital cost and performance of geothermal power 

cycles which use various working fluids, including mixtures, the 

following section details the priniciple cycle operating conditions 

used in the parameter sensitivity study. 

8.6.1 turbine inlet pressure 

The results of the capital cost optimization carried out to 

determine the near optimal turbine inlet pressure for the five 

working fluids (pure fluids and mixtures) at various georesource 

temperatures (300°F-5000F) are presented in Figures 8.13 and 8.14. 

The turbine inlet pressure for near optimal performance can be cor- 

related as follows: 
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where M.W. = hydrocarbon working fluid molecular weight 

PT = turbine inlet pressure, psia 

T = temperature of the geothermal resource, OF 
g 

The near optimal turbine inlet pressure increases with increasing 

georesource temperature and decreasing working fluid molecular weight. 

The increase in turbine inlet pressure with increasing georesource 

temperature is smaller for the higher molecular weight working fluids. 

Another result to note is the fact that the turbine inlet pressures 

of ail three isobutane-isopentane mixture working fluids lie between 

the pure component turbine inlet pressures. 

8.6.2 turbine inlet temperature and enthalpy change in turbine 

Figures 8.15 and 8.16 illustrate the effects of molecular weight 

and georesource temperature on the turbine inlet temperature and work- 

ing fluid enthalpy drop in the turbine. The following points can be 

noted : 

(1) The turbine inlet temperature and enthalpy drop in the 

turbine both increase with increasing georesource temperature. 

This is due principally to the fact that as higher georesource 

temperatures are considered, there is a trade-off between de- 

creased heat exchanger size (due to increased LMTD) and increased 

cycle thermodynamic efficiency (due to increased turbine inlet 

temperature). Because a higher working fluid temperature at the 

turbine inlet results in a greater enthalpy drop in the turbine, 

a lower working fluid flow rate also results. 

(2) The turbine inlet temperature for a given molecular weight 

mixture is greater than the straight line interpolation of pure 
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fluid turbine inlet temperatures (shown as dotted lines in 

Figure 8.15. The enthalpy drop in the turbine behaves in an 

analogous manner (Figure 8.16). 

A comparison between mixture and pure fluid cycle state points 

is given in Figure 8.17 on a superimposed temperature-enthalpy dia- 

gram for isobutane and the 50% isobutane-50% isopentane mixture cycles 

for the case of a 300 OF georesource temperature. The turbine inlet 

temperature and enthalpy for the mixture are both considerably higher 

than for isobutane. However, the mixture has greater superheat and 

a higher enthalpy than isobutane at the turbine exit. Because the 

gain at the turbine entrance exceeds the loss  at the turbine exit, 

the mixture cycle yields more gross turbine work per unit mass of work- 

ing fluid than the isobutane cycle. 

Some of the major differences between pure fluid and mixture 

cycles can be explained by reference to Figure 8.17. First, it can 

be noted that the vaporization and condensation of the mixture is very 

nonisothermal compared to the pure working fluid. Thus, for specified 

cooling water inlet and outlet temperatures, and fixed condenser 

LMTD (logarithmic mean temperature difference) in the condensing 

region, the mixture condensing curve would intersect the pure fluid 

condensing curve (usually near the midpoint). For the binary mixture 

of isobutane and isopentane, the turbine exit superheat would be 

greater than for isobutane and less than for isopentane. Thus, the 

overall condenser LMTD for the binary mixture would be between the 

pure fluid cycle condenser LMTD's. This behavior of the condenser 

LMTD's will be verified subsequently. With respect to the brine 

heat exchanger, the near optimal LMTD for isopentane is lower than 
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for isobutane. This is because the turbine inlet pressure to achieve 

a given turbine inlet temperature is smaller for isopentane that iso- 

butane (by a factor of about one third), leading to lower brine heat 

exchanger cost per unit area and a smaller LMTD for the isopentane 

cycle. This lower cost per unit heat transfer surface area for the 

brine heat exchanger also allows a larger brine exit temperature for 

the economic optimum for the isopentane cycle. For binary mixtures 

of isobutane and isopentane, the near optimal brine heat exchanger 

LMTD's and brine exit temperatures fall between the pure fluid cycle 

values. It is interesting to note that the bubble point temperature 

of the working fluid in the brine heat exchanger is virtually inde- 

pendent of working fluid composition (within a few degrees F) for a 

given georesource temperature (see Tables 8.1-8.4). The fact that 

the isobutane-isopentane mixture vaporization curve is nonisothermal 

then yields a larger enthalpy at the turbine inlet than would be ob- 

tained for pure isobutane (see Figure 8.17). It was noted previously 

with reference to Figure 8.17 that the mixture has a larger enthalpy 

than isobutane at both the turbine inlet and exit, but the enthalpy 

d r o p  i n  t h e  t u r b i n e  i s  g r e a t e r  f o r  t h e  mixture  because t h e  e n t h a l p y  

difference is greater at the turbine inlet. Similarly, isopentane 

has a larger enthalpy than the mixture at both the turbine inlet and 

exit but because the difference is greater at the turbine exit, the 

enthalpy drop for the mixture is greater than for pure isopentane. 

8.6.3 brine heat exchanger and condenser'temperature differences 

The cost optimization studies for the geothermal binary cycle 

(without preheater) demonstrate that optimal brine heat exchanger and 

condenser LMTD's (for counter current flow) vary with georesource 0 
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temperature and molecular weight as in Figure 8.18. The major 

factors leading to the results in Figure 8.18 were explained in 

the previous subsection. The parameters which directly affect the 

exchanger LMTD's are the inlet and exit approach temperatures and 

the pinch point (or minimum) temperature difference. Since the 

approach temperature at the brine inlet (DTHWI) is fixed for a 

specified turbine inlet pressure, while the approach temperature 

at the brine exit is a function of the minimum approach temperature 

or pinch temperature difference (DTHWO), it is obvious that the 

pinch temperature difference is the parameter controlling the brine 

heat exchanger LMTD. On the other hand, the condenser LMTD can be 

controlled by the approach temperature at the working fluid dew point 

(DTCW0)or the approach temperature at the working fluid bubble point 

(DTCWI). The approach temperature at the working fluid dew point 

(DTCWO) is the pinch point temperature difference for pure fluids 

and mixtures for which the working fluid temperature drop is less 

than the cooling water temperature rise in the condensing region. 

The approach temperature at the working fluid bubble point (DTCWI) 

is the pinch point temperature difference for mixtures for which 

the working fluid temperature drop is greater than the cooling water 

temperature rise in the condensing region. 

Figure 8.19 shows the effect of georesource temperature on the 

brine heat exchanger pinch temperature difference for isobutane, iso- 

pentane and three mixture working fluids. It can be noted that the 

pinch point temperature curves for isopentane and mixtures containing 

at least 50% isopentane are concave increasing functions of geore- 

source temperature, whereas the pinch temperature curves for isobutane 

and the mixture containing 75% isobutane are concave below 400°F and 0 
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convex above 400OF. This is due to the fact that above 400°F, 

georesource, the isobutane and 75% isobutane - 25% isopentane 
cycles are supercritical. For subcritical cycles the pinch point 

occurs very near the working fluid bubble point in the brine heat 

exchanger. The pinch point occurs nearer to the brine outlet for 

supercritical cycles than for subcritical cycles. Because the 

working fluid temperature profile in the brine heat exchanger is 

more linear for supercritical cycles, the pinch point temperature 

difference plays a less dominant role in fixing the LMTD for super- 

critical cycles than subcritical cycles. This leads to the de- 

creased slope of the pinch point temperature difference versus 

georesource temperature for supercritical cycles. 

Figures 8.20 and 8.21 show the optimal condenser approach 

temperatures for the georesource temperature range of 300°F to 

5OOOF for various working fluids. Both the approach temperature 

at the working fluid dew point, DTCWO, and the approach tempera- 

ture at the cooling water inlet, DTCWI, increase almost linearly 

with increasing goeresource temperature for a given working fluid. 

For a specified working fluid and georesource temperature, the con- 

denser pinch point temperature difference is the smaller of DTCWO 

and DTCWI. In most instances DTCWO is the pinch point temperature 

difference. It can be noted from Figure 8.20 that DTCWO values 

for mixtures are greater than the pure fluid values, from Figure 

8.21 that DTCWI values for mixture are less than the pure fluid 

values and from Figures 8.18 that mixture cycle LMTD values gen- 

erally fall between the pure fluid cycle LMTD values. 
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Figure 8 . 2 1  Near Optimal Condenser Pinch Temperature, DTCIJI ,  
as a F u n c t i o n  of Ceoresource Temperature and 
Molecular Weizht 
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8.6.4 condenser dew point pressure and temperature 

The variations of condenser dew point pressure and tempera- 

ture with increasing georesource temperature are plotted in Figure 

8.22 for the optimized working fluid at each georesource temperature. 

The dew point pressures and temperatures are almost linear be- 

tween the 300' and 400'F qeoresource temperatures, but increase non- 

linearly above 400'F. The working fluid dew point temperature in 

the condenser is approximately equal to the sum of the cooling water 

exit temperature and the approach temperature at the dew point (DTCWO). 

The fact that the dew point temperature is approximately constant at 

120°F for the optimized cycles in the 300'F to 400°F georesource 

range leads to the decreasing dew point pressure in this range by 

virtue of the fact that the optimum working fluid has an increasing 

molecular weight and therefore a decreasing dew point pressure at 120'F. 

For georesource temperatures above 400°F, the fact that the condenser 

LMTD and cooling water exit temperature for cost optimized cycles both 

increase leads to the upward trend in the workinq fluid dew point 

temperature and pressure in the condenser. 

8.6.5 cooling water exit temperature 

The cooling water exit temperature variation €or the geore- 

source temperature range of 300°-5000F is illustrated in Figure 

8.23 .  The slope of the cooling water exit temperature curve for 

isopentane probably is greater than for isobutane because the amount 

of superheat at the turbine exit increases with increasing georesource 

temperature more rapidly for isopentane. When the superheat at the 

turbine exit is large, both a large condenser LMTD and a large ap- 

proach temperature at the dew point (DTCWO) are possible. 
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8.6.6 brine heat exchanger and condenser duty 

Figures 8.24 and 8.25 illustrate brine heat exchanger and 

condenser duty variations for various georesource temperatures 

versus hydrocarbon working fluid molecular weight. For Rankine 

cycles with efficiences as low as geothermal binary cycles, the heat 

exchanger duties ( for  a specified net work) are roughly inversely 

proportional to the net thermodynamic cycle efficiency. For the 

thermodynamic cycle, the net work (turbine plus cycle pump work), 

is wN 

wN = Q, +- Q, 

where QH is the brine heat exchanger duty and -Q, is the condenser 

duty. The net thermodynamic cycle efficiency, n ,  is then 

wN 
QH 

n = -  

Thus, the following relations can be written for Q, and Q,, 

Thus, for specified WN, QH is inversely proportional to rl and if 

n is small, -Q, is roughly inversely proportional to rl.  

havior of the brine heat exchanger and condenser duty is illustrated 

clearly in Figures 8.24 and 8.25 when these figures are compared with 

Figure 8.12 for the net thermodynamic cycle efficiency. 

This be- 
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8.6.7 brine flow rate 

Brine flow rates for various georesource temperatures 

versus hydrocarbon working fluid molecular in Figure 8.26. 

are plotted 

It can be 

noted that except for the 500°F georesource temperature, the brine 

flow rate increases with increasing molecular weight. This occurs 

because the brine heat exchanger pressure is smaller for the higher 

molecular weight working fluids, leading to lower heat exchanger cost 

per unit heat transfer surface area, thereby allowing smaller LMTD's 

and higher brine flow rates for the cost optimized cycles. At the 

500'F georesource temperature, most of the difference between operating 

pressures for different working fluids is taken up by the LMTD varia- 

tion, and the brine flow rate is nearly constant, whereas at 300°F, 

most of the difference is taken up by brine flow rate variation and 

the LMTD is nearly constant, as can be noted by consulting Figures 

8.26 and 8.18. 

Figure 8.27 shows the brine flow rate for near optimal working 

fluids versus georesource temperature. It can be seen from this plot 

that for georesource temperatures of 250°F or lower, brine flow rate 

requirements will increase tremendously. This is due mainly to the 

fact that the net extractable energy in the brine decreases sharply 

at lower georesource temperatures, so that large brine flow rates are 

needed to generate the specified power (25 MW in Figure 8.27). 

8.6.8 working fluid to brine flow rate ratio 

Figure 8.28 shows the effects of molecular weight and georesource 

temperature on the working fluid to brine flow rate ratio. For most 

georesource temperatures, the working fluid to brine ratio decreases 
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with increasing molecular weight. Even though the working fluid 

to brine ratio increases with increasing georesource temperature, 

the actual working fluid flow rates are comparatively lower at 

higher temperatures. 

8.6.9 cooling water to brine flow rate ratio 

Figure 8.29 illustrates the behavior of the cooling water to 

brine flow rate ratio versus hydrocarbon working fluid molecular 

weight for the georesource temperatures studied herein. The cooling 

water to brine ratio increases with increasinq georesource temperature 

but shows somewhat erratic behavior with molecular weight. Except for 

the higher molecular weights €or 300° and 400°F, the general trend 

seems to be that the ratio of cooling water to brine flow rate de- 

creases with increasing working fluid molecular weight. The cooling 

water requirements are dependent upon the condenser duty and the 

cooling water temperature rise in the condenser, which in turn are 

dependent upon the condenser approach temperatures and cooling water 

exit temperature. Nonoptimal values o f  these parameters may contri- 

bute to the erratic behavior noted in Figure 8.29 .  

8.7 Working Fluid Selection 

The calculations performed for isobutane, isopentane and iso- 

butane-isopentane mixtures provide enough information for a preli- 

minary correlation of near optimal working fluid characterization 

parameters (for the special case of the hydrocarbon working fluids 

and cost formulas utilized). The characterization parameters con- 

sidered are the molar average molecular weight, MW, critical tempera- 

ture, Tc, critical density, pc,  and acentric factor, w.  These quan- 

tities are calculated using the formulas 
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MW = C Zi(MW)i 

Tc = C Zi Tc 
i 

0 )  = C z .  wi 
1 

where (MW)i, Tc , pci, wi and Zi are, respectively, the molecular 
i 

weight, critical temperature, critical density, acentric factor and 

mole fraction of the ith component and the summations range over all 

components in the mixture (for a pure working fluid, there is only 

one term in the sum). Table 8.5 and Figures 8.30 and 8.31 show the 

values of these characterization parameters for the optimal working 

fluids determined in this study. Although Figures 8.30 and 8.31 can 

be used for working fluid selection and the previously discussed plots 

of parameters such as turbine inlet pressure can be used for operating 

conditions selection for geothermal binary cycles, caution should be 

exercised in such use of these results. The consideration of other 

classes of working fluids (such as halocarbons) will introduce ad- 

ditional factors (such as dipole moment effects) and the consideration 

of different equipment types and/or brine system and equipment cost 

formulas will cause translation and warping of the plots of the various 

parameters studied. Nevertheless, the study presented here provides 

perspective regarding the trends of the various parameters and the 

behavior of binary mixtures compared to pure fluids. 
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Pseudo 
Critical 
Density 

(lb mole/ft ) 

Table 8.5 Near Optimal Working Fluid Parameters fgr 
Georesource Temperature Range 300 F-500 F 0 

Pseudo 
Critical Pseudo 

Temperature Accent r i 
( O F >  F a c t o r  

Georesource 
Temperature Compound Weight 

Mo 1 ec ula r 

0 . 2 2 0 0  
iC4H10 = 50% 

iC5H12 = 50X 
- 

iC4H10 = 257, 
350 68.64 

3 2 2 . 0  0 . 2 0 4 5  

0.20789 354.9  0 .2216 

---I 

0.2027 

i 3 4 5 - 5  
0.2113 

369.0  0 . 2 2 6 0  
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9.0 PRELIMINARY STUDIES OF THE SENSITIVITY OF CYCLE DESIGN 
] 
CORRELATIONS 

Because there are a number of different correlations of the 

thermodynamic properties of working fluids, it is important to 

know the sensitivity of cycle design calculations to variations 

in the correlations used in the calculations. Eskesen (22) found 

that there were relatively small differences in the state condi- 

tions of isobutane in a binary cycle when the calculations were 

performed using the Martin-Hou equation of state with parameters 

determined by Milora (20) and the modified BWR equation of state 

(1, 23) 

Because three sets of MBWR equation parameters for isobutane 

have been reported by the authors of this report, a preliminary 

study was performed in this work to evaluate the sensitivty of iso- 

butane cycle calculations to variations in the MBWR parameters for 

this important working fluid. The three sets of MBWR parameters 

for isobutane are (a) the specific parameters published (23) in 

1973, (b) the parameters obtained from the generalized correlation 

published (23) in 1973 and (c) the specific parameters determined ( 2 4 )  

in 1977. The 1977 parameters (24) most accurately describe the 

properties of isobutane. The generalized parameters are the least 

accurate for prediction of pure isobutane behavior. However, for 

the prediction of mixture behavior, interaction parameters have 

been determined only for the 1973 GMBWR (generalized modified 

Benedict-Webb-Rubin) equation (1, 23). The thermodynamic properties 

computer program presented in Report ORO-4944-2 (1) utilizes the 
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generalized parameters for mixture properties predictions and 

provides the option of use of the generalized or specific para- 

meters for pure fluid calculations. The 1973 and 1977 MBWR 

parameters for isobutane are given in Table 9.1. The GMBWR 

parameters for isobutane can be calculated using the generalized 

correlation (1,23). 

The calculations performed initially in this study were 

unoptimized conventional geothermal binary cycle calculations 

for a 300°F georesource using the same turbine inlet conditions 

and heat exchanger approach temperatures to determine differences 

in other operating conditions, equipment sizes and capital cost. 

The results o f  these calculations are summarized in Table 9.2. 

Because most workers have used the 1973 specific MBWR parameters 

in their calculations, the most important comparison of results 

in Table 9.2 is for the 1973 and 1977 specific parameters. It 

can be noted that the differences in operating conditions, equip- 

ment sizes and capital cost are small. However, comparisons for 

a georesource temperature of 350°F, with comparison of optimized 

cycles are planned for future work, to better analyze the sensi- 

tivity of cycle calculations to equation of state parameter 

variations. 

From this preliminary study, the tentative conclusion i s  

reached that the use of the specific MBWR parameters for iso- 

butane published in 1973 yields geothermal binary cycle simula- 

tions which are essentially equivalent to the use of the MEWR 

parameters determined in 1977. The use of the MBWR parameters 
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Table 9.1. MBWR Parameters for Isobutane Reported in 1 9 7 3  
and 1 9 7 7 .  

MBWR Equation 
of state 

parameters 

BO 

AO 

co x 

Y 

b 

a 

a 

c x 

D x lo-'' 
d x 

Eo x 10-l' 

0 

~~ ~~~ 

Parameter Values in British Engg. 
System of Units 

1 9 7 3  

1 . 8 7 8 9 0  

37264 .0  

1 0 1 . 4 1 3  

7 .11486  

8 .58663 

47990.7  

4 .23987 

406 .763  

85 .3176  

2168 .63  

8408.60  

1 9 7 7  

2 . 0 2 6 1 5 2 7 3 1  

38980.20150 

106 .58145088  

9 .213784536  

6 .707625908  

38864.3892 

6 .877265605  

3 2 8 . 2 1 9 6 7 0 1  

1 4 7 . 0 4 5 9 3 2 7  

618 .3034445  

8981 .524117  
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Table 9.2. Comparison of Isobutane Cycle Calculations for a 
300°F Georesource Using Different MBWR Equation 
of State Parameters. 

1973 
Specific 
Parameters 

25. 

1977 
Specific 

Parameters 

25. Net Power, MW 

Brine Inlet Temperature, O F  300. 300. 

Brine Exit Temperature, OF 

Cooling Water Inlet Temperature, OF 

Cooling Water Exit Temperature, OF 

176.6 179.7 

80. 80.  

98. 98. 

Turbine Inlet Temperature, OF 

Turbine Inlet Pressure, psia 

220. 220. 

300. 300. 

Turbine Outlet Temperature, OF 140.3 141.0 

Turbine Outlet Pressure, psia 

Enthalpy at Turbine Inlet, Btu/lb 

82.4 82.3 

170.9 171.6 

Enthalpy at Turbine Outlet, Btu/lb 

Enthalpy Drop in Turbine, Btu/lb 

Net Thermodynamic Efficiency 

Heat Transfer Surface Area, ft x10m3 2 

(1) B r i n e  Heat Exchanger 

( 2 ) Condenser 

Brine Flow Rate, lb/hr~lO-~ 

Cooling Water Flow Rate, Ib/hr~lO-~ 

Working Fluid Flow Rate, lb/hr~lO-~ 

Capital Cost, $/kw 

151.7 152.3 

19.22 19.32 

10.6 10.6 

105.4 

205.7 

73.4 

455.6 

54.8 

1348. 

102.0 

204.9 

74.8 

451.9 

54.5 

1348. 
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determined from the generalized correlation is not recommended 

for pure isobutane cycle calculations. However, at the present 

time, the generalized parameters should be used for mixture working 

fluids. Improved simultaneous correlation of pure isobutane 

and isobutane-isopentane mixture working fluids will be sought 

in future research. 
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1 0 . 0  CONCLUSIONS 

A computer s imula t ion  program has been developed which 

permi ts  d e t a i l e d  e v a l u a t i o n  of geothermal b inary  c y c l e s .  

complex i n t e r a c t i o n s  between t h e  process  parameters  w i th in  t h e  

power conversion c y c l e  r e a f f i r m  t h e  need f o r  a s imula t ion  program 

i n  order t o  proper ly  e v a l u a t e  t h e  w i d e  range of p o s s i b l e  o p e r a t i n g  

modes. S ince  changing a s i n g l e  parameter ,  such as  h e a t  ex- 

changer LMTD or t u r b i n e  i n l e t  p re s su re ,  r e q u i r e s  corresponding 

changes i n  other c y c l e  process  equipment u n i t s ,  t h e  e f f e c t  o f  

ope ra t ing  cond i t ion  changes on t o t a l  power cost and t h e  thermo- 

The 

dynamic e f f i c i e n c y  is  extremely complex. 

The c y c l e  ope ra t ing  c o n d i t i o n s  f o r  maximum thermodynamic 

e f f i c i e n c y  (Btu per  pound of geothermal b r i n e )  are cons iderably  

d i f f e r e n t  than t h e  c y c l e  ope ra t ing  cond i t ions  which provide  

m i n i m u m  system p l a n t  cost ( $  per  k i l o w a t t ) .  

Using s t r i c t l y  thermodynamic c y c l e  a n a l y s i s ,  t h e  thermo- 

dynamic e f f i c i e n c y  i s  maximized through t h e  u t i l i z a t i o n  of a h i g h  

p res su re  s u p e r c r i t i c a l  cyc le .  For a 400°F geothermal r e source ,  

approximately 55 Btu/ lb  of b r i n e  could be conceivably recovered 

using a set of c y c l e  ope ra t ing  c o n d i t i o n s  which inc luded  a 1000 

p s i a  t u r b i n e  i n l e t  p re s su re .  However, t h e  use  of h ighe r  p r e s s u r e  

equipment r e s u l t s  i n  inc reas ing  process c a p i t a l  cost. When 

minimum t o t a l  system cost i s  t h e  desired goal, a d i f f e r e n t  set 

of c y c l e  ope ra t ing  c o n d i t i o n s  is requ i r ed .  The minimum cost 

system inc ludes  a 500 psia t u r b i n e  i n l e t  p r e s s u r e  and r ecove r s  

on ly  35 Btu pe r  pound of b r i n e ,  a cons ide rab ly  lower thermodynamic 
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e f f i c i e n c y .  Hence, t h e  s e l e c t i o n  of  c y c l e  o p e r a t i n g  p r e s s u r e  

must be a compromise between t h e  desire  t o  maximize thermo- 

dynamic e f f i c i e n c y  and minimize power cos t .  

Minimizing t h e  geo the rma l  b r i n e  e x i t  t e m p e r a t u r e  

s i m u l t a n e o u s l y  a i d s  b o t h  power c o n v e r s i o n  g o a l s ,  thermodynamic 

e f f i c i e n c y  and minimum cos t .  T h e r e f o r e ,  t h e  b r i n e  e x i t  tempera- 

t u r e  can  be  a u s e f u l  pa rame te r  t o  c y c l e  o p t i m i z a t i o n  s t u d i e s .  

Minimum c a p i t a l  cost  u s u a l l y  o c c u r s  when t h e  amount of 

s u p e r h e a t  a t  b o t h  t u r b i n e  i n l e t  and e x i t  i s  minimized.  Minimizing 

t h e  working f l u i d  s u p e r h e a t  a t  t h e  t u r b i n e  i n l e t  means t h a t  t h e  

b r i n e  h e a t  exchanger  i s  op t imized .  Excess ive  s u p e r h e a t  a v a i l a b l e  

i n  t h e  t u r b i n e  e x i t  r e q u i r e s  i n c r e a s e d  condenser  h e a t  t r a n s f e r  

area. S i n c e  d e s u p e r h e a t i n g  t h e  working f l u i d  i n  a condenser  i s  

n o t  e f f i c i e n t  from a h e a t  t r a n s f e r  v i ewpo in t ,  t h e  s e n s i t i v i t y  

of t h e  condense r  s u r f a c e  r equ i r emen t  t o  t u r b i n e  e x i t  s u p e r h e a t  

is a n  i m p o r t a n t  c o n s i d e r a t i o n .  

Although t h e  major p o r t i o n  of  t h e  Phase I1 e f f o r t  w a s  

d i r e c t e d  toward development  o f  t h e  computer  s i m u l a t i o n ,  

parameter  s e n s i t i v i t y  s t u d i e s  w e r e  i n c l u d e d  i n  t h e  computer  

program debugging p l a n .  These p r e l i m i n a r y  s e n s i t i v i t y  s t u d i e s  

were d i r e c t e d  toward i d e n t i f i c a t i o n  o f  t h e  a d v a n t a g e s  and d i s -  

advan tages  of m i x t u r e s  as c y c l e  working f l u i d s .  I t  shou ld  be  

no ted  t h a t  m i x t u r e s  are  t h e  r u l e  r a t h e r  t h a n  t h e  e x c e p t i o n  

when hydrocarbon sys tems a re  under  c o n s i d e r a t i o n .  The cost  of  

o b t a i n i n g  r e a g e n t - g r a d e  p u r i t y  i n  t h e  hydrocarbon working f l u i d  

is  p r o h i b i t i v e .  



91 

Evaluations to date indicate that working fluid mixtures 

can be tailored for particular geothermal resource temperatures 

in order to increase resource utilization; turbine inlet pres- 

sures and heat exchanger LMTD's must be optimized for each mix- 

ture composition. In addition, increasing the cooling water 

temperature rise above 20°F appears to enhance mixture cycles 

to a greater extent than pure fluid cycles. Also, mixtures offer 

the possibility of adjusting the mixture composition and behavior 

to match changes in the geothermal resource. These factors will 

be studied in more detail in future work. 
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APPENDIX A 

DESIGN B A S I S  E N G I N E E R I N G  PARAMETERS 

As n o t e d  p r e v i o u s l y ,  t h e  geothermal  power p l a n t  can  b e  

d i v i d e d  i n t o  s i x  pr imary  p r o c e s s  areas. P r i o r  t o  d e t a i l e d  i n v e s t i -  

g a t i o n  of  t h e  s e n s i t i v i t y  o f  v a r i o u s  p r o c e s s  p a r a m e t e r s  on 

thermodynamic or  economic performance i n d i c a t o r s ,  it i s  

n e c e s s a r y  t o  d e f i n e  a l l  of  t h e  a r b i t r a r y  p r o c e s s  p a r a m e t e r s  

used i n  t h e  basic p l a n t  s p e c i f i c a t i o n .  The d e s i g n  b a s i s  s p e c i -  

f i c a t i o n s  are  s imply  a l i s t  of  s p e c i f i c  p r o c e s s  p a r a m e t e r s  which 

were u t i l i z e d  i n  t h e  p r o j e c t  e v a l u a t i o n .  S i n c e  t h e r e  i s  no 

recommended set of d e s i g n  b a s i s  p l a n t  s p e c i f i c a t i o n s  y e t  

deve loped  by t h e  geothermal  i n d u s t r y  t o  a i d  economic compar ison ,  

t h e  s e l e c t e d  p r o c e s s  d e s i g n  pa rame te r s  f o r  e a c h  major p r o c e s s  

i t e m  are  r e p r e s e n t a t i v e  of  a v a i l a b l e  p r o c e s s  equipment .  

A 2 5  Mw n e t  o u t p u t  w a s  chosen as  t h e  base p l a n t  d e s i g n .  

I n  o r d e r  t o  m e e t  t h i s  p a r t i c u l a r  power o u t p u t  r a t i n g  whole 

e v a l u a t i n g  p r o c e s s  a l t e r n a t i v e s ,  s e v e r a l  key p a r a m e t e r s  a re  v a r i e d ,  

i n c l u d i n g  b r i n e  f low rate ,  c o o l i n g  w a t e r  f low ra te ,  and working 

f l u i d  f low r a t e .  

The basic d e s i g n  pa rame te r s  used  . in  t h i s  s t u d y  to  d e f i n e  

each  major c y c l e  p r o c e s s  u n i t  are  d e t a i l e d  i n  Table A . l .  
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Table A-1 

DESIGN BASIS ENGINEERING PARAMETERS 

I. Brine Heat Exchanger 

Type and Material of Construction: 
shell and tube 
horizontal 
carbon steel construction 

Shell : 
single pass 
ASME design pressure = 1.25 x max. operating 
pres sure 

Tube Bundle: 
1.0 inch tube outside diameter 
14 B.W.G. 
1.4063 inch tube pitch 
single pass 

Other Selected or Assumed Parameters: 
brine in tube side 
working fluid in shell side 
minimum allowable pinch point AT = 10°F 
working fluid fouling factor = 0.0001 
brine fouling factor = 0.002 
velocity of brine through tubes = 7.0 ft/sec 

Heat Transfer Coefficient Correlations: 

1-phase : Dittus-Boelter (1) 
2-phase : Chen's boiling cor ( 2 )  

Pressure Drop Correlations: 
1-phase : Kern 
2-phase : Degance 

( 3 )  
( 4 )  

Friction Factor Correlations; 
1-phase : Moody ( 5 )  
2-phase : Starczewski ( 6 )  

11. Condenser 

Type and Material of Construction: 
Shell and tube 
horizontal 
carbon steel construction 
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Table A-1 (continued) 

Shell : 
single pass 
ASME design pressure = 1.25 x max. operating 
pres sure 

Tube Bundle: 
1.0 inch-tube outside diameter 
14 B.W.G. 
1.4063 inch tiibe pitch 
single pass 

Other Selected or Assumed Parameters: 
cooling water in tube side 
working fluid in shell side 
minimum allowable pinch point AT = 10°F 
working fluid fouling factor = 0.0001 
cooling water fouling factor = 0.001 
cooling water velocity through tubes = 7.0 ft/sec. 

Heat Transfer Coefficient Correlations: 
1-phase : Dittus-Boelter (1) 
2-phase : Nusselt's top tube formula (1,7) 

Pressure Drop Correlations: 
1-phase : Kern ( 3 )  
2-phase : Degance ( 4 )  

Friction Factor Correlations: 

1-phase : Moody ( 5 )  
2-phase : Starizewski (6) 

111. Turbine 

axial flow type 
specific speed = 80 
efficiency of turbine-generator = 86% 

Design Correlations: 
turbine diameter, specific diameter, turbine 
wheel tip speed, RPM (8, 9 )  

IV. Generator 

efficiency of generator = 98% 

V. Working Fluid Pump 

multi-stage centrifugal type 
pump efficiency = 85% 
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Table A-1 (continued) 

VI. Brine System 

equal number of brine production and 
reinjection (or dry) wells 
well casing diameter = 8.0 in. 
brine flow rate per well = 500,000 lb/hr 
brine pump efficiency = 85% 
total brine system piping per 
25 MW net power output = 5000 ft. 

VII. Cooling System 

mechanical draft cooling towers 
wet bulb temperature range = 35-80'F 
cooling temperature range AT = 10°-32'F 
approach temperature = 8'F + variable 
rating factor ( R . F . )  = 0.5 - 1.6 
Design correlation : (10) 

Tower Unit (TU)= G P M  x R . F .  
Fan Horsepower = 0.0125 BIIP/TU 
assumed value of R . F .  = 1 . 0  
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Table A-2 

DESIGN BASIS COST PARAMETERS 

I. Power Plant 

The factored estimate method described by Milora (11) and 
modified later (12) has been used: 

Ct - - ICei (1 + c fi) (1 + c F . )  
3 i i j 

Ct = total capital investment in 1976 dollars 
Ce = cost of major equipment (eg., heat exch., condenser, etc.). 
fi = factors for estimation of direct expenses, such as piping, 

f = factors for estimation of indirect expenses, such as fees, 
control, etc. 

j escalation, etc. 

- 

Cost Estimation Factors for Power Plant Used in GE04  

installation 
instrument/control 
piping/insulation 
electrical 
bldgs/structures/concrete 
fire control 
environment 
land/improvement 
start up 
auxiliaries 

Total Direct (1 + Cfi) 

engineering/legal 
c o n t i n g e n c y  
working capital 
environmental/safety 
overhead/escalation 

Total Indirect (1 + I?.) 
TOTAL 

3 

0 . 5 0  
0.15 
0.75 
0.10 
0.15 
0.05 
0.05 
0.10 
0.05 
0.10 
3 . 0 0  

0.15 
0.10 
0.15 
0.10 
0.15 
1.65 

4.95 

I-a Heat Exchanger and Condenser 

Cost Correlation: 

- B  

where 
for tube side pressure of 200-300 psia, A=0.4383, B=0.1297 
for tube side pressure of 300-1000 psia, A=0.4092, B=0.3744 
for tube side pressure of 1000-2000 psia, A=0.3461, B=1.046 
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Table A-2 (continued) 

2 Note: The cost of condenser in ($/ft ) is same €or shell side 
pressures 50 psia. - 

I-b Turbine 

Turbine cost based on Barber-Nichols Company (14, 13) 

(1.04 Ne ) 
2 3 2.1 

- 0.04 Ne)f (2.4858 x 10 ns fU DT P 
3 2  4.7494 x l o 2  D: + 1.9248 x 10 DT 

where 
= turbine cost in dollars 

= number of exhaust ends 
= number of internal stages (Pr/staqe - 0.7) 
= last stage pitch diameter 
= cost multiplicr €or tip speed, 

f = cost multiplier €or inlet pressure 

‘tur 
Ne 

DT 
fU 

S 

ft/sec * vT I 

P 

+ 

= -2.469 + 0.009 VT - 7.991 x 
fU 

V: + 2.446 x lo-’ VT 3 

+ 0.9707 f = 6.2857 x 10 Pmax -5 
P 

Note: The equation for C is considered to be valid for tur 
h/DT (last stage blade height to pitch diameter) values 
up to 0.11. 

I-c Generator 

Cost equation is a function of yenerator net plant output (11,13) 

= 44893.4 (MWe)0-7 CG 
where 

CG 
MWe = net electrical output of the unit in mega watts 

= generator cost in dollars 

Note: This equation is applicable to power levels of 1 MWe to 
100 me. 

I-d Working Fluid Pump 

Cost correlation is a function of pump power rating (11, 13) 

In ( $ )  = 0.8751 In (MW,) + 11.0 
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Table A-2 (continued) 

where 
MWe = working fluid pump power rating in mega watts. 

I-e Cooling Tower 

Cost of Cooling Tower in dollars = 3 . 3 3  TU (10) 

11. Brine System 

The factored estimate method described by Milora (11) has been 
used : 

CB = total brine system capital investment 
Cw = cost of a geothermal production and/or reinjection well 
qw = number of wells required for a particular size plant 
fw = factor which accounts for piping from the wellhead to 

f* = indirect cost factors, eg., costs associated with 
the power plant 

drilling exploratory holes , contingencies, etc. I 

Cost Estimation Factors for Brine System used in GE04 

piping (wellhead to plant) 
Total Direct (It fw) 

0.24  
1.24 

land acquisition (leasing, legal fees) 0.19 
drilling exploratory holes (1 out of 
4 successful) 0.14 
surface exploration (geophysical- 

contingency 0.13 
1.56 

geochemical) 0.10 

Total Indirect (1 + f;) 
TOTAL 1.934 

well cost: 
a well cost (Cw) of $500,00O/well was used with a 
brine flow rate of 500,000 lb/hr per well. 
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APPENDIX R 

Sample Computer Output 

Basis: 5 0 0 ° F  Georesource 

Working Fluid: Isopentane 
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TC.9 
03.33J3 

C f F T  
3 . 0 6 0 3  

D P I C l Z  
0.3  

o P L r o s  
14.3779 

DTUP12 
0.0 

m e 1  
10.0000 

DISEV 
0.0 

CERINE 
I. 0000 

D Y f  2 
Z ~ 0 . 0 0 0 0  

O I T U B E  
0.0195 

TCUlO 
1 1  3 . J 3 3 0  

LFFC 
0.es 33 

oPur35 
2.2693 

O P L I O T  
5.9927 

OTYC56 
0.0 

DTEV2 
0.2000 

DISCND 
0.0 

CI)STU 
3.3300 

PWFI 
3 0.0000 

O c l l J e E  
0 . 0 5 3 3  

T U b l  I ~ n u 1 2  
S J O . J J 0 3  222.SJ3J 

efFUUP LPfCUP 
3.0533 0.8SJJ 

OPUF56 DPUFTI 
0.0 0.0 

DPSTPU DPZTUB 
16.6542 O . O J l 4  

DTUF78 DTUWl 
0.0 201.0000 

D T S 2  D T 4  I 
8.0000 s.oooa 

CISCRI TP lCU l  
0.0 1.3913 

DPCTP DPFC 
25.0000 0.2000 

DELTAP STRESS 
0 ~ 5 0 0 0 1 3 5 0 0 ~ 0 0 0 0  

FATUBC TPITCH 
0.0030 1.4063 

M T O A S S  h Z X U A S  N S T A G E  ND NID  
1 I 0 I O  5 

rouLev COULC FOULUU FDULCW 
0.0001 0.0001 0.0020 0.0010 

D e D f  I <  11. 1-1 .ND 
0 .5000  0.1500 0.7500 0. 

D I I O F ( r ) .  I * I . N I D  
0.1500 0.1000 O . l S O 0  0.  

O I U I L ( l ) .  I = I * M I *  
0.1900 0.1400 0.1000 0. 

wnw CWJELL DPMAXE 
0.240790 0 1  131.88 0.0 

PC wv 
6 J. 303 3 

V f L U U  

T.3JOJ 

DPUPI I  
3 1  - 2 Z T 9  

OP2S 
16.6442 

OTUWO 
75.0000 

D T S  1 
1.0000 

TPICU2 
1.4362 

DPFE 
0.2000 

COR 

P C Y I O  onul I PUWIZ 
46 11521) 733.3330 h T 8 . 2 5 3 0  

VELCW 
7 - 0 3  > 3  

DPC4 DPC.4 
2.1(15l I l . 1 4 0 6  

DTCUI DTC bO 
52.0000 26.0000 

DTC5 
7.0000 

FRAC FPACND OUUF 
0.1250 0.2500 200.0000 

ULFACT RF 
I .oooo l .OOOO 

P I P L C l  PIPLHU V M I N  
0 . 0  l 0 0 0 ~ 0 0 0 0  S O O O . 0 0 0 0  0.9000 

ASURF espAcc SPACEB C C ~ D T W  
0 -2183  20.0000 30.0000 93.0000 

M 1 U  NTUBCC NTUBCV NYPRCO NWRE I N 
4 0.0 0 0.0 0 

TCRUST GRADIN CUP sspe:o 
0.0 0.0 0.0 8 0 . 0 0 0 0  

000 0.1500 0.0s00 0.0500 0.1000 

0 0 0  0.1s00 

300 

OPMINe OPMAXC CPMINC 
0.0 0 .0  0.0 

GC 
0 . 4 I T O O C  09  

0.0500 0 .  I O 0 0  

1urp 
1 

D T O n l  DTPUD VELUFT DISPM HLFFEC TPICH NTWBPU NOPT 
0.0 0.0 1.0000 0.0 1.0000 1.4063 0 0 

YBASE FIXCHG OPCMG FLOAO PfiMAX C P S U  EPSDPW E P S D P P  
25-00  0.18 0.01 0.85 0-92 0.100-03 0 .50D-01  0-SOD-Ol 

I W O C  IRESRI  
1 1 

EPSD t P s v  FUCERR EPSS STEP 
0 ~ l 0 0 0 0 D - O t  3.23030D-36 0-23JJ30-36 J. l 0 0 1 3 D - 0 5  1.1000 

NC NPC.ASZ IThW ITMAX IPRNT NPRlhT NCOS I D P R N T  
2 4  3> 9 J 0 1 0 

O Y A X  
3.1330 

COUP I O C O M  C M U  TC ACP CD PC T P P  
I SOOEhTANE J 72.1403 369.03) )  J .2263  0.2327 4 9 0 - 4 3 3 3  P 7 . 4 0 0 1  

I so3uTwe 2 3 8 .  I 3 0 0  274.9600 O . I R J O  0 . 2 3 7 J  520.1000 11.0300 
CI 13.2nte >.3063700-01 0.3496310-3J 0 . S 1 6 l O O D - 0 8  -0 .2911 llC-IO O . S J n 6 t I D - 1 4  0 .60QJSO 
C K l J  0.0000 

C I  27.6234 - 0.3 I ~ O ~ O D - O  I 0 . 4 4 w e 4 c ) - o  3 - 0 .  snzn 100-07 0 .  I o 7 9 ~ 5 0 -  I O  - 0  . ~ Q ~ H > O O  - I  s 0 .  c 7  I 9 0 e  

21 ISOPENTAN(: 8 I 0.999993 

Z l I S O B U l l N ~  ) - 0 ~ 1 0 0 0 0 0 D - 0 4  
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****SUMWARY OF CEO-4 INPUT**+* 

TEMPERATURE (DEC F) 

I N L E T  COOLING WATFR 
OUTLET COOLING WATER 
I N L E T  BRINE 
OUTLET BRINE 
CRUSTAL O R  AHaIENT 

--- --- -- --- - -- -- 
TCW9 
T C W l O  
THW 11 
fuw 12 
tC9UST 

PRESSURES ( P S I A  1 

I N L E T  COOLING WATER PCW9 
OUTLET COOLING WPTFR PCWlO 
I N L E T  BRINE P U Y l l  
OUTLET BRINE PHWl2 
WORKING F L U I D  AT @HE OUTLET PWF2 
WORKING F L U I D  AT CONDENSER INLET PkF4 

--- - - - - - - - -- - - 

TEMPERATURZ DIFFERENCES (DEC F I 

WORKING F L U I D  ( W F I  

------------------------------- 
BHE OUTLET AND T U R B I h E  INLET 
CON0 OUTLET AND C Y C  PUMP INLET 
CYC PUMP OUTLET AND 8HC INCFT 

BRINE HE41 EXCHANGE6 ( 8 h E )  
BRINE INLET H I N  APPROCH 
INTERNAL P I  NCH POINT 
SECT I ON 1 t3-t ACH SUB SEC T I O N  
SECTION 2-EACH SUOSCCTION 
SECTION 2-BRINE PND WF 

PRE-HEATR ZNLET M I N  PPPR3ACH 
PRE-HEATR OUTLET M I &  APPPCACH 

COOLING WAT INLET M I N  A P P R O C H  
COOLING WAT OUTLET M I N  P P P R O C H  
SECTION 1-EACH SUBSECTION 
SECTION 2 - E A C H  SURSECTXON 
SECTION 2-WF AND W A L L  

PRE-HEAT ER 

CONOENSER (COND) 

DTWF12 
DTWFSb 
DTYF70 

DTHWI 
DTHWO 
OTB! 
DTEV2 
DTS2 

DT PH I 
D'IPHO 

O T C W I  
DTCWD 
DT41  
D T S l  
DTCS 

PRESSURE DIFFERENCES ( F S I A )  

WORKING F L U I D  (WF) 

-_---_--------------------- 
BHE OUTLET AND TURBIhE INLET DPWF12 
CONDENSER (TOTAL 1 DPWF35 
CCND OUTLET AND C Y C  PUMP INLET DPWF56 
CYC PUMP OUTLET AND 9HE I N L E T  DPWF78 

AHE WF INLET AND BUBeLE 

DEW POINT AND BUBBLE POINT 

SAME AS ABOVE DPOS 
COND INLET AND OEW POINT 

I N S I D E  CON0 OPC4 

BHE (TOTAL) D P r F e l  

POINT I N S I D E  SHE OPL I as 

I N S I D E  BHE DPSTPH 

ao. o o o o  
1 IO. 0 0 0  
S 5 3 .  J33 
222.530 

0 . 0  

C3.333J 
46.1520 
700.000 
C 7 0 . 2 5 3  

33.3353 
2 5 0 . 0 0 0  

0.0 
0 . 3  
0.0 

236. 3 3 3  
7 5 . 0 0 0 0  
10.0000 

0.200000 
0 . 0 0 0 0 0  

0.0 
0 .O 

52.0000 
26.0000 
s.00300 
1.00000 
7.03030 

0 .0  

0 .0  
0 . 0  

2.26930 

31.2279 

19.3779 

16.6542 
16.6542 

2.18510 
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BHE 8 R I N E  INLET A N D  
W F  BUBBLE P O I N T  

W E  8 R I N E  INLET AND 
UF DEW P O I N T  

C O O L I N G  MATER A T  C O N 0  I h L E T  
AN0 C O O L I N G  WATEQ A T  W O R K I N G  
F L U I D  DEW P O I N T  

BHC M A X I  MUM A L L 3 W A e L E  
BHE M I N I  MUM A L L 3 W A 6 l - E  
C O N D  M A X I M U M  A L L O W A B L E  
C O N 0  M I N I M U Y  A L L O W A B L E  
I N C R E M E N T  F O R  U D - D A T I N G  T U R B I N E  

P R E S S U Q E  D R O P  IN C O 0 L I ) U G  TOWER 
O U T L E T  P R E S S U A E  

E O U I P M E N T  S P E C I F I C A T I O k S  

T U R B I N F  

----------------- ------_ 
EFF I C E N C Y  
N O  O F  E X H A U S T S  
N O  OF S T A G E S  
WHEFL S P E C I F I C  SPEEO 
W I N  O U T L E T  V A P C R  MOLE F G A C  

C Y C L E - E F F I C I Z N C Y  
B R I N E - E F F I C I E N C Y  
C O O L 1  N G  WATE2 -EFF I C E h C Y  

B R I N E  H E A T  E X C H A N G C Q  ( B M F )  
SWELL I N S I D E  D I A M E T C r f i  ( F T )  
OHE-HALF O F  ( S H E L L  I C  - 
B A F F L E  S P A C I N G  ( F T )  
NO OF TUBES 
U C i R K I N G  F L U I D  F O U L I N G  F A C T O R  

B R I N E  F O U L I N G  F A C T O R  

B R I N E  V E L  I N  TURFS ( F T / S E C )  
PPESSURE D R O P  F A C T O f i  

SHELL I N S I D E  D I A M E T E F ;  ( F T )  
N O  OF T U B E S  

P U M P S  

TUBE B U N D L E  O D )  ( F T )  

( H R  S O F T  D E G  F / S T U )  

( H R  SOFT D E G  F / R T U )  

P R E  -HE A T  E R 

DPL I OT 

D P Z T U B  

D P C W 4  
D P M A X F  
D P Y I N F  
D P M 4 X C  
D P M I Y C  

D E L T A P  
D P C T P  

E F F T  
NE XHA S 
NSTAGE 
S S P F r D  
V H I N  

E F F C  
FFFHWP 
F F F C W P  

D I S E V  

F K A C  
S S P A C C  
N T U B E V  

F O U L F V  

F O U L H W  
VELHW 
DPFF 

D I SPH 
N T U B P H  

Y F  V E L O C I T Y  I N  T U B E S  ( F T / S E C )  V E L W F T  
P R E - H T R  E F F E C T I V E N E S S  ( F R A C o )  H E F F E C  

C O N O E N S E R  ( C C N D )  
S H E L L  I N S I D E  D I A . ( S E C -  I).. F T o D I S C N D  
SHELL I N S I D E  D I A o ( S E C - I I ) . .  F T . D I S C W 2  
O N E - H A L F  OF ( S H E L L  I D  - 

TUBE B U N D L E  OD 1 4 F T )  F G A C N D  
B A F F L E  S P 4 C I N G  ( F T )  S P A C E B  
N O  OF T U B E S  N T U B E C  
W O R K I N G  F L U I D  F O U L I N G  F A C T O R  

C O O L I N G  WATER F O U L I N G  F A C T O R  

C O O L I N G  WATEQ V E L O C I T Y  I N  

P R E S S U R E  DROP F A C T O R  D P F C  

( H R  S O F T  D E G  F / B T U )  F auLc 

( H R  SOFT D E G  F / B T U )  F O U L C U  

TUBES ( F T / S E C )  VELCW 

5 - 9 C Z 7 0  

0-3140000-01 

11 .1496  
0 -0 
0 0 0  
0 00 
9 . J  

0 a 5 0 0 0 Q O  
25.3339 

0 -860000 
1 
0 

00.0000 
0.900000 

3 0 0 5 , 3 3 3 3  
0.850030 
0.050000 

0.0 

0 . 1 2 5 0 0 0  
2 0 . 0 0 0 0  

3 

002000003- 02 
7 r O Q O O O  

0.200000 

3.3 
0 

1 .00000 
1 . 3 3 3 3 0  

0 00 
0.0 

3.253330 
30.0000 

0 

0.1000OOD-02 

7.33333 
0.200 0 0 0  



B- 5 

WELLS 
TOTAL B R I N 5  FLOW A A T E ( L B / H R )  WHY 
BRINE F L O Y  R A T E / W E L L ( L B / S E C )  FPWELL 
NO OF P R O D U C T I O N  NWPROD 
NO OF R E I N J E C T I O N  N W R E I N  
T H E R M A L  G R A D I E h T ( 0 E G  F / l O O O  F T )  G Q A D I N  
Y P L L  FACTOR 

T U B E S  
I N S  ID€ 
P I T C H  
P I  TCW 
P I T C n r  

I N S I D E  
MLTER I 

Pxtcnr 

FLOW A R E A f S O F T )  
I N )  
IN. ( P R E - H E A T E R )  
IN. (C’JNDENSER I )  
IN. (CONDENSE-  X I  1 
S U R F A C E  4 R E A  ( SOFT 9 
L THEQMAL C O N C U C T I  V I  T Y  

( B T U  F T / H R  SOFT DEG. F )  
NO OF PASSES 
I N S I D E  D I A M E T E R  ( F T )  
O U T S I D E  D I A M E T E R  ( F T )  

C O R R O S I O N  A L L O W 4 N C E  ( I N  1 
MAX A L L O W A B L E  S T S E S S  ( P S I )  
C O O L I N G  WATER P I P I N G  L E h G T H  ( F T )  
B R I N E  O I P I N G  LENGTH ( F T )  
R E O U I R E D  P L A N T  N E T  POWEF [ M W )  

PROGRAM CONTROL 

CONVFPGENCE C R I T C R I  ON 
-------------- 

O E N S  I T XES 

F U G A C I T Y  
S E R C H  
WF P R E S S U R E  DRCP 
P L A N T  POWER 
C O O L I N G  WATER AND B k I N E  

FLA sn 

P O L S S U R E  DROP 
ITERATION 

MINXYUW NO F O R  PHASE 
MAXIMUM NO F O Q  THERWODYNAMIC 

M A X I M U M  NO F O R  T U R B I h E  A N D  
S U B R O U T I N E S  

BRINE FLOW Q A T E  
P R I N T  CONTROLS 

I P R N T  .NE. 0-HSGC D E T A I L S  
h P R I N T  .NE. )-HSGC S U M M A R Y  T A B  
NCOS .NE. 0 -HXR P C @ P C R T I E S  
I D P R N T  .NE. 0-HXR P R C P E R T I E S  

EACH C Y C L E  C~LCULATION 
O P T I M I Z A T I O N  CONTROL 

NOPT .LT. 3-84INE F L C U  A N D  
PRESSURE caops 

*EO. 0 - G E 0 3 1  T Y P E  C A L C  
oCT. 3 - ( S A M E  A S  .LT.O) 

WAX M O L A R  D E N S I T Y  ( L B - V C L E / C U F T )  
I N T Z T I A L  F A L S E  P O S I T I O N  S T E P  SIZE 
U F  FLOW RATE OECRCHENT ( L B / H R )  
SHE T Y P ~ [ l = S H E L L - T U B E ~ 2 = O I R  CON)  
RESOURCE T V P E  [ I S B R I N E *  

WLFACT 

F A T U B E  
T P I  TCW 
T P I C H  
T P l C H l  
T P I C H Z  
ASUQF 

CONQTW 
N T P 4 S S  
0 I TUSE 
D O T U B F  
COR 
STRESS 
P I PLCW 
P I P L H W  
WBASE 

E P S D  
E P S V  
F Y G E R E  
EPSS 
EPSDPW 
E P S Y  

E P S D P P  

N P H A S E  

I T N Y  

I TMAX 

I P R N T  
N P Q  I N 1  
NCOS 

I DPRNT 

N O P T  
OFl4X 
STEP 
DYWF 
I P R O C  

0.2407940 07 

3 0 0  
0.0 

I 38 .aeo 

0 00 
1. J J J N  

0.3794000-02 
1 0 4 0 e 2 5  
1.40C25 
1.39133 
1.43C20 

0 - 2  18340 

93.0000 
1 

J 6 95 0 000- 0 1 
0 . 8 3 3 3 3 3 0 - 0 1  
3.0 

1 3 S O O *  0 
1000.00 
53’J3.33 
2 5 . 0 0 0 0  

0.10000OD-06 
0 ~ 2 O O O O O D - 0 6  
00233  33>0-56 
0 . 1 O O O O O D - 0 5  
0 .5000003-01 
30103391D-03 

0.500000D-01 

4 

30 

9 

0 
0 
1 

0 

0 
3 .00000  
1.30339 
2 0 0 . 0 0 0  

1 



B- 6 

2= A N Y  O T H E R  T Y P E  1 I R E S R S  
B R I N E  P U M P  R E O U I R E M F N T  ( 3 = N O )  IHWP 
M A X  P S E U D O - R E D U C E D  PfiESSURE P R M A X  
I N C R E M E N T  F 3 R  r 1 0 9 K I  NG FLUID DMWF 

C O S T  O A T A  --- --- -- 
NO OF MAJ Ea DIQ CC)ST FACTORS 
NO OF P A J  Ea INDIR COST F A C T O R S  
N O  O F  WELL I N D I R F C T  C O S T  F A C T O R S  
G A T H E R I N G  S Y S T E Y S  FACTOR 
D I R E C T  C O S T  F A C T O R S  F O Q  MAJ EO 

I N S T A L L A T  I O N  
1 NS Tf? U YE N 1 / C 0 N T R O L  
P I P I N G / I N S U L 9 T I O N  
E L E C T R I C A L  
BLDGS/STUCTURES/CONCfiETE 
F I R E  C O N T R O L  
E N V  I R O N M E N T A L  
L A N D 1 1  M P A O V E M E N T S  
S T A R T - U P  
A U X I L  I AR I ES 

E N G I N E E R  I N G / L Z G A L  
C C N T I N G Z N C Y  
W O R K I N G  C 4 P I T A L  
E N V I R O N M E N T A L /  S 4  FET Y 
O V F R H E A D / 5 S C A L A T I O N  

L A N D  A C Q U  I S I T  I O N  
E X P L 0 2 9 T O R Y  D R I L L I N G  
SURFACE E X P L O a A T  I O N  
C O N T I  h G C N C Y  

I N D I Q E C T  C 9 S T  FACT’3RS F C R  H A J  EQ 

I N D I R E C T  C O S T  F A C T O R S  F O R  W E L L S  

F I X E D  C H A R G E  F A C T O R  
O P E R A T I N G  A N D  M 4  I N T E N A N C E  F A C T O R  
O P E R A T I N G  T I M E  F A C T O R  
U N I T  C O S T  O F  B R I h E  
UNIT CCST OF C O S L I N G  TCWER 
R A T I N G  F A C T O R  F O S  C O O L I h C  TOWER 

C O M P O N E N T  D A T A  

N O  O F  C O M P J N E N T S  
COMPONENT 1 

- - - --- -- - - - - -- 

N A M F - I S O P E N T A N E  
M O L E C U L A R  WE I GHT 
C R I T I C 4 L  TEMPEQATURE (DEC. R )  
A C E N T R I C  F A C T O R  
C R I T I  C A L  D E N S I T Y  ( L B - M O L E / C U F T  I 
C R I T I C A L  
N O R M A L  B O I L I N G  P O I N T  (DEG. R )  
MOLE F R A C T I O N  
I D E A L  GAS P U L Y N O M I  A L  

P R E S S U R E  ( P  5 I A  1 

N O  
W I D  
M I  W 
F M P  
D E Q F  I 

D I E Q F  

0 I WEL 

F I XCHC 
OPCHG 
FL‘CAD 
C B R I N E  
C O S T U  
R F  

N C  

COMP 
CMW 
T C  
A C F  
C D  
P C  
TBP 
2 
C I  

1 
1 

0.920000 
200.000 

1 3  
5 
4 

0.0 

3.553333 
0.150000 
0.750000 
9 0 1 3 3 3 3 ) D  3 3  
0. 1 S O 0 0  0 
0.5000000-0 1 
0.5000003-01 
0.IOOOOOD 0 0  
3.53339 >3-31 
0.1000003 0 0  

0.153300 
0.1000003 00 
0.153333 
0.1000003 0 0  
0 150000 

0.190000 
0.140000 
0.1000000 00 
0.130000 
3.180309 
0 . 1 0 0 0 0 0 D - 0 1  
0.850000 

1 . 53333 
3.33000 
I .00000 

2 

7 2 . 1 4 6 0  
€!28.690 

0 - 2 2 6  333 
0.202700 

4 9 0 . 4 0 0  
5 4 2 . 3 9 3  

0 0999990 



B-7 

NAME- ISOBUTANE C O Y P  
MOLECULAR WE I cnt c Y Y  
C G I T I C A L  TEHPERATUGE (DEG. R )  TC 734 . tS3  

58.  1200 

A C E N T R I C  F A C T 7 9  A C F  00193000 
C R I T I C A L  D E N S ! T Y ( L B - r C L E / C U F T )  CD 0.237300 
CO I11 CAL PQFSSUR E ( P SI 9 1 PC 529.  1 3 3  
NORMAL B O I L I N G  PCIkT LDEG. R )  T8P 470.720 
MOLE F R A C T I O N  z 0 . 1 0 0 0 0 0 D - 0 4  
I D E A L  GAS POLYNOMIAL C I  

C I ( 2 , l ) Z  1 3 . 2 8 6 4  C I ( 2 . 2 ) '  0.3663700-01 
C I < 2 * 3 ) =  0 0 3 4 9 6 3 1 0 - 0 3  C I C 2 * 4 ) =  0.5361 0 3 2 - 3 8  
C I  ( 2 * 5 ) = - 0 0 2 9 9  I L I C-LO 0 0  5386620-1 4 
C I C 2 * I  1 = 

CI ( 2  *6)= 
0.6 09350 

INTERACTION PAPAHETEQS C K I  J 
C K I J ( L e 2 ) =  O o 8 O O O O O O - 0 3  



STATE POINT L O C A T I O N  TEMPERATUGE PRESSURE ENTHALPY ENTROPY VAPOR D E N S I T Y  
(0EG.F) ( P S I A I  1 BTU/LB)  t BTU/LB-O J t MOLE FP . ) ( L B / F  13) --------------------------------------------------------------------------------------- 

I 

2 

3 

3 

3 

4 

5 

S 

6 

7 

8 

8 

EVAPORATOR OUTLET 

TUReINE I N L E T  

TUR0INE OUTLET 

DEW P O I N T  

CONDENSER INLET 

DEW P O I N T  

CONDEhSER OUTLET 

BUBBLE P O I N T  

CYCLE PUMP I M C T  

CYCLE PUMP OUTLET 

EVAPORATOR I N L E T  

BU98L.E POINT 

294.33 

294.00 

203.32 

139.7s 

203.32 

136.00 

135.621 

135.85 

135.65 

137.3J 

137.33 

299.19 

253.33 

250.00 

38.504 

38.90b 

38.90& 

3 6 . 7 1 8  

36 .L3b 

36 e t 3 4  

36. e34 

28  1.23 

281.23 

266  .a5 

230.73 

208.73 

182.94 

52.83 

82.04 

51 - 4 2  

4.iJ:5 

4 .131  

4 .01S 

1¶.412 

15.472 

122. I7 

1.1922 I . 0 3 3 0  3 .2916  

1.1922 1.0330 3.2916 

1.198t I .oooo 0.42016 

1.1511 

1.1986 

I .  1502 

0 . P  

0 .9 

0 . 5  

0 .b201e  1 .oooo 

949  0.0 

96e  

9 4 9  0.0 

0.919es 0 . 0  

0.51 90s 0.0 

1.3771 

3 t . 4 6 9  

36.469 

36.S90 

36.590 



***e* S U W R V  OF CEO-4 S I * u L A T Q )  RESULTS ***0* 

B A S I S  I HOUR AT 0.240790 07 LWHP B R I N E  

GROSS T U ) a I N L  WORK. NU-HA 

COOLING W'LTER DUMP WRK.  MU-MU 
BRINE PUMP WOfiK. MU-HR 
C O M I N G  TCWR F A N  WORK. MU-HR 
NET TUEKMOOYNAMIC CYCLE WORK. NW 

HEIT I N P U T  TO EVLOOQATOR. BTU 
HEAT RE4ECTED BV CONDENSER. BTU 
TURBINE EFFIC IENCY.  X 
CYCLE PUYO FCFICIENCY.  X 
T U D e l N E  OIAMETLR. FT. 
T U C 9 I N E  r n E E L  T I P  SPEED. FT/SEC. 
T U F B I N E  PPW 
S P E C I F I C  SPEED DC TURBINE 
S O E C I F I C  C I l Y E T E R  OF T W B I N E  
L l O U I t  AT l U R 8 l N E  OUTLET. WEIGHT 
L I O U 1 3  AT T U R e l N E  CUTLET. VOLUML 

CYCLE PUMP WORK. Mu-no 

NET PLANT waac. mw-nq 

I 

I 

I 

I . 
-HA I 

I 

I 

I 

I 
I 

I 

I 

I 

I 

I 

X I  
x =  

?.?.SO9 
1 .57s 

0.80713 
0.I34BS 
0.30972 

26.413 
25.331 

0.713230 
0.623080 

86.000 
as. 000 

B I Q d b  
3065.7 
01.033 

5 . 1 4 ~ 0  

1 . 2 e ~ 4  
0.0 
0.0 

N E T  TnLf iYOOVWMI  C EFF I CIENCV. X I 

N e T  TP'LRYC. CYCLE RESOUACT WIL. EC(...m 
uzsouacc ENERGI EXTRACTION ErCtciewv.w- 

P~U'LSTTIC Powq w F i c I e w v .  s I 

NET W~V~K/AVAILABILITV. e i w e t u  m 

09 PATIO OF CCOLING *ITER TO aawe I 

C S O L I L G  U T C R  FLOW RATE. L W H Q  I 

bORKING FLU10 FLOW RATE. Le/- I 

09 R A T I O  OF W?CKINC C L U I O  TO BQINf  I 

COOLIKG I b T F R  PUYP EFPICIENCT.  X I 

B P I N E  PUMP E C F I C l t N C V .  X I 

C d X I N G  WATER PIPE OIAWETEI.  FT. I 

B Q I Y E  C A R I Y I N G  P I P E  DY'LYETCR. FT. I 

LENGTH CF C C l L l N G  WATER P I P E .  PI .  I 

LEYGTH CF @PIN!! PIPF. FT. I 

CYCLE PUMP D I S C M A a G t  P I P E  DIAMETER. CI.r 
BQINC I N L F T  TCMoEQ4TURE. DFC. F t 

B I l N E  OUTLET TEMPECATURF. DEG. F I 

12.639 
66.063 
8.3498 

0.26436 94. bS3 

o . 1 o ~ s Y )  00 
0.369060 07 

8.6 180 
1.5327 
85.000 
85.000 
I e8126 

0.67629 
1333.0 
5000.0 
2.b466 

1 2 2 . 5 4  
s a ~ . ) a  



SUMMARY Of CEO-4 S I Y U L A T C I  SESWTS ****e 

NET 25.00 M I  H 3 R I Z O N T A L  TUBE B R I N E  HEAT EXCHANGER S P E C I F I C A T I O N S  

T U B E  OUTSIDE OXAWETERs IN- P I .  0000 
r u m  INSIDE DIAMETER. IN. 0 0 . 0 3 4 0 0  
TUBE w i c w  ~TRIANCULAR). IN. a 1.43C3 
NUMBES OF TUBE PASSES = I 
NUWFR w TUBPS I 456 
FLOW \ A R E A .  SOeFT. 1 1.7301 
VELOCITY Tnawcn TUBES. FT/SEC. 0 7.0021 

S H E L L  S I D E  ---------- 
S H E L L  X N S I D E  DIAMETER. F l .  x 2.ti78 
S M L L  O U T S I D F  OIAUETER. FT. * 2.7170 
E O U I V A L E N T  DIA.  FOR HEAT TRANSFER. FT. 0.983790-01 
E Q U I V A L E N T  0 1 A .  FOR PRESSUPE CROP. FT. 0.920160-01 
FLOW 49EA. SO-FT. x 2.5361 

WEIGHTED AVERAGE TUBE S I D E  H E A T  TRANSFER C C E F F I C I E N T .  BTU/HR-FTZ-F  
WEIGHTEI) AVECAGE SHELL S I O C  H E A T  TRANSFER C O E F F I C I E N T .  BTU/UR-FTZ-F  
WEIGHTED AVERAGE OVERALL  HFAT TRANSFER C C E F F I C I E N T e  B T U l  M - F  -2-F 
WEIGFTEO AVEAAGE LOG MEAN TFHPERATUPE OIFFERFNCT. 0EG.F 
T O T A L  n E A T  TRFNSFEG SUPFACE A R E 4 .  SO-FT. 
L E H G T H  O F  HFAT EXCHANGE9 TUBES. FT. 
T O T A L  TUBE S I G E  PAESSUQE DQOP. P S I A  
T O T A L  SHELL  S I D E  PRESSURE DROP. P S I A  

2551.7 
667. I I 
241.20 
79.01 1 
2 3 6 6 2 .  
207.53 
15.605 
14.24 1 

30TS.O 
1694.9 
306.03 
1 3 A . 0 0  
7762.2 
7?.962 

16. e24 
1.8893 

W 
I 
P 
0 

S E C T I O N  3 

3246.9 
854.73 
263.33 

39.547 
0.39721 
0.311680-31 
0.1 9381 

20s. e6 

OVERALL WEIGHTED HEAT EXCHANGER L O G  MEAN TEMPERATURE DIFFERENCE.  CECREES F = 96.878 

OVERALL WEIGHTEG HEAT EXCHANGER H E A T  TRANSFER C C E F F I C I t N T .  B T U / n R - F T 2 - p  P 258.611 



***** SUYYARY OF CEO-4 SlMVLATOft RESULTS * * *e*  

N E T  25.00 UW HCQIZONTAL TUBE CONDENSER S P E C I F I C A T I O N S  

TUBE SIDE ---------- 
SECTION I 

TUBE OUTSIDE DIAMETER. IN. 
TUBE I N S I O E  O I A W E T E Q ~  IN. 
TUBE P I T C H  (TRtANGULAR). IN. 
N$JW'ER OF TU9t PASSES 
NUMBER OF TUBES 
FLOW AREA. SO-FT. 
VELOCITY THROUGt4 TU0ES. FT/SEC. 

SWELL S I D E  ----------- 

I 1.3013 
f 0.83400 
r. 1.3913 
P I 
= 3 49b 
L 13 .Z t4  
I 7.0007 

SECTION 2 -------_- 
l .3300 

0.63400 
1.4362 

I 
34 96 

13.264 
7.0007 

SHELL I N S I D E  DIAMETER. FT. I 7 .  IS86 7.4305 
SMELL OUTS1 OF DIAWETER. FT. I 7.2411 7.47Sl 
E O U I V A L E N T  D I A .  FOP MELT T I A N S F F R O  FT. 5 0.945360-01 O.IO62O 
EOUIVALENT O I A .  FOR PRESSURE DROP. FT. 5.422560-01 1.15356 
FLOW AREA. SO.FT. I ZI -1531 24.300 

SECTION 1 ------- 
WEIGHTED AVEFAGE TUBE S I D E  HEAT TRANSFER COEFFICIENT.  BTU/HR-FTP-F I 

WEIGHTED A V P A G ! ?  SHELL SIC€ MEAT TR4NSFER COEFFICIENT.  BTU/bR--FTZ-F 5 

8EIGHlED A V E F A C P  OVERALL PEAT TRANSFZQ COEFFICIENT.  BTU/HR-F lZ-F  I 

WEIGHTED AVERAGE LOG MEAN TEMPERATUkE DIFFERENCE. 0CG.F a 
TOTAL HEAT TRANSFER SURFACE AREA. SO.FT. I 

LFhGTH OF HEAT FXCHANGER TUBES. FT. I 

T O T A L  TUBE S I D E  PRESSURE OPOP. P S I A  I 

TDTAC SHELL S I D E  PRESSUQE DPOP. P S I A  i 

OVERALL UEIGWTED CDNDEhSER LOG YEAH TEYPEAATURE OIFFEPENCE. DEGREES F - 
OVERALL WElGhTED CONDENSFR HEAT TRANSFER COEFFICIENT.  BTU/HR-FTZ-F = 

1633.6 
132.95 
106.56 
58.0Q6 
IO461 

2.6551 
2.1140 

z4.1es 

44.648 

151.33 

1519.3 
235.71 
162.53 
42.442 
73758.  
95.628 
11.135 

0.830250-01 



B-12 

MUS 
O I R C C T  

0.4198 
0.4273 

0.4557 
014501 
0.01141 
011392 

----e- 

3.0193 

MY S 
INSTALLED 

0.4897 
O . t b 1 0  
0.134Y 
0 . 6 8 3 6  

0.081 I 
0 .20B8 

--------- 

0 . 0 1 ~ 2  

2107S6 3.1133 
.- 

-311-436 
- O . ~ S J P ~ C  oe 
-0.26436 


