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ANL/RBC is a FORTRAN computer program which c a l c u l a t e s  cyc le  performance 

and the  s i z e s  and c o s t s  of system components f o r  Rankine Bottoming Cycles. 

This  computer program is an expanded/modified vers ion  of an earlier undocu- 

mented computer program, o r i g i n a l l y  developed by J. L. Krazinski  of ANL and 

used f o r  the comparison s tudy reported i n  Ref. 1. As an opt ion the code can 

be used t o  c a l c u l a t e  performance for a given system €or "off-design" condi- 

t i o n s ,  which are def ined below. The bas i c  system model c o n s i s t s  of a user-  

def ined  Rankine cyc le ,  which e x t r a c t s  heat  from a source gas stream, (e.g., 

the exhaust stream of a prime-mover), and rejects heat  t o  a coolant  stream. 

The gas flow rate and gas I n l e t  temperature a r e  assumed t o  be known f ixed  

q u a n t i t i e s .  Using input  da t a  which de f ine  the  working f l u i d  and cyc le  condi- 

t i o n s  (e.g., t u rb ine  i n l e t  p ressure  and temperature,  condensing temperature ,  

component e f f i c i e n c i e s ,  e t c . )  the code c a l c u l a t e s  the  power output  of t he  

Rankine cycle  and the s i z e s  of t he  hea t  exchangers f o r  the cycle .  An option 

is provided t o  c a l c u l a t e  the c o s t s  of the var ious  system components, using 

c o s t  data suppl ied by the  user.  The code allows a number of cases t o  be run 

at  one t i m e ,  f o r  d i f f e r e n t  condi t ions of t u rb ine  i n l e t  temperature and pres-  

sure .  These d i f f e r e n t  tu rb ine  i n l e t  condi t ions  may be s p e c i f i e d  by the  user  

f o r  each case, or  ca l cu la t ed  automatical ly  f o r  a user  s p e c i f i e d  mesh over 

ranges of pressure  and temperature . 
The power output of the Rankine cycle  is ca lcu la t ed  from the  t o t a l  heat 

which can be ex t r ac t ed  from the source gas stream, sub jec t  t o  two l i m i t i n g  

c o n s t r a i n t s .  The f i r s t  of these  c o n s t r a i n t s  is a user  s p e c i f i e d  minimum 

temperature f o r  the source stream gas, which l i m i t s  the  t o t a l  amount of hea t  

which can be ex t r ac t ed  from the  gas. A common example of t h i s  minimum temp- 

e r a t u r e  is a vapor izer  corrosion condi t ion t h a t  l i m i t s  t he  exhaust gas stream 

t o  a minimum temperature (say 300F). The second c o n s t r a i n t  condi t ion  r e l a t e s  

t o  the "pinch-point" temperature d i f fe rence  between the  gas stream and the  

cyc le  working f l u i d .  I f  the  gas stream temperature is "too c lose"  t o  t he  

working f l u i d  temperature,  a t  the point of the smallest temperature d i f f e r -  

ence,  then the  heat-exchanger a reas  will become excess ive ly  la rge .  The code 

l i m i t s  the pinch-point temperature d i f f e rence  t o  be g r e a t e r  than o r  equal  t o  a 

use r  s p e c i f i e d  minimum value. 
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The Rankine cycle  model a l lows f o r  a number of v a r i a t i o n s  from the  

conventional i d e a l  Rankine cycle .  These v a r i a t i o n s  are descr ibed i n  d e t a i l  i n  

t h i s  report .  The cycle  may be s u b - c r i t i c a l  wi th  a d i s t i n c t  phase change i n  

the vapor izer ,  o r  it may be s u p e r - c r i t i c a l .  The state of t he  working f l u i d  a t  

t h e  turb ine  exhaust may be superheated,  s a t u r a t e d ,  or may be w e t  ( l i m i t e d  t o  

10% wet). I f  the s t a t e  a t  the tu rb ine  exhaust is superheated,  an o p t i o n a l  

regenera tor  may be included i n  the  cycle  t o  t r a n s f e r  energy t o  the  compressed 

l i q u i d  a t  t h e  pump o u t l e t .  The l i q u i d  leav ing  the  condenser may be sub- 

cooled, by a user  s p e c i f i e d  temperature change. Pressure  drops i n  the  hea t  

exchangers may be s p e c i f i e d  i n  terms of f ixed  percentages of t he  nominal 

working pressures .  

The code log ic  is s t r u c t u r e d  t o  c a l c u l a t e  cycle  performance and component 

sizes and c o s t s  for  one or more cyc les  s p e c i f i e d  by the  use r ;  o r  o p t i o n a l l y  t o  

c a l c u l a t e  cycle performance and component s i z e s  f o r  a s i n g l e  cyc le  a t  i ts  

design point  and then c a l c u l a t e  the performance of t h i s  system when operated 

a t  off-design condi t ions.  An off-design poin t  is one where the  temperature 

and/or the mass flow rate of t he  source gas stream is changed from the  design 

poin t .  For an off-design opera t ing  po in t ,  the  heat  t r a n s f e r  rates i n  the  

vaporizer  (and regenera tor ,  i f  used) w i l l  be d i f f e r e n t  from t h a t  c a l c u l a t e d  

f o r  t he  design point. To account f o r  these  d i f f e r e n t  heat  t r a n s f e r  rates wi th  

f ixed  hea t - t ransfer  areas, the mass flow rate of the cyc le  working f l u i d  must 

be changed so tha t  t he  hea t  t r a n s f e r  c a p a c i t y  of t he  vapor izer  (and regener- 

a t o r ,  i f  used) is c o r r e c t ,  using the heat  t r a n s f e r  a r e a s  ca l cu la t ed  f o r  t h e  

des ign  point .  The code a d j u s t s  the  turb ine  i n l e t  p ressure ,  and temperature  i f  

necessary,  t o  f ind a new cyc le  -8s flow rate f o r  which the  heat t r a n s f e r  

areas are co r rec t .  

2. RAUKINE TEERHODYNAMIC CPcLg KIDEL 

Figure A-1 shows a schematic diagram of the  Rankine bottoming cyc le  model 

used i n  the  ANL/RBC. This model inc ludes  an op t iona l  regenera tor  a t  the  

tu rb ine  o u t l e t ,  supplying hea t  t o  the  compressed l i q u i d  at the  pump o u t l e t .  

The heat source for t h i s  cycle  is a source (waste) gas stream, with an assumed 

known mass flow r a t e  and i n l e t  gas temperature. Figure A-2 shows a T-s 

diagram of one version of a Rankine cyc le ,  with the  gas stream superimposed 
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schemat ica l ly  ( t h e  entropy scale f o r  t he  gas would be d i f f e r e n t  from t h a t  f o r  

the working f l u i d ) .  T h e  cyc le  state po in t s ,  l abe led  1-9 s t a r t i n g  with the 

s a t u r a t e d  l i q u i d  i n  the  condenser,  a re  discussed below. The code al lows f o r  

s e v e r a l  v a r i a t i o n s  of t h i s  b a s i c  cycle;  f o r  example, a s u p e r c r i t i c a l  cyc le  

would not  have the  vapor i za t ion  segment (4-5). Likewise,  i f  a regenera tor  is 

not used, then s ta te  po in t s  3 and 8 would degenerate  t o  the  preceding po in t s  2 

and 7. Sub-cooling of the  l i q u i d  i n  the  condenser is allowed, wi th  the state- 

poin t  f o r  t he  sub-cooled l i q u i d  designated 1'. 

For the  cyc le  a n a l y s i s ,  it is assumed t h a t  t he  working f l u i d  p rope r t i e s  

are known f o r  t h e  s a t u r a t e d  l i q u i d  i n  the  condenser (po in t  1)  and a t  the 

t u r b i n e  i n l e t  (po in t  6 ) .  User defined pressure  drops f o r  the  working f l u i d  i n  

the  vapor izer ,  condenser, and regenerator  are included in the a n a l y s i s .  The 

p res su re  drops are s p e c i f i e d  as f r a c t i o n s  (percentages)  of the p re s su re  a t  the  

t u r b i n e  i n l e t  and the condensing pressure.  Thus, the  p re s su re  a t  the  tu rb ine  

e x i t  (po in t  7) is  the  pressure  i n  the condenser (po in t  1) p lus  the  s p e c i f i e d  

pressure  drop i n  the condenser and the pressure  drop on the vapor s i d e  of the  

r egene ra to r ,  i f  a regenera tor  is present .  Likewise, the  pressure  a t  the pump 

e x i t  is ca lcu la t ed  from the  t u r b i n e  i n l e t  p ressure  ( p o i n t  6)  p lus  the  speci-  

f i e d  pressure  drop i n  the vapor izer  . 
Calcu la t ion  of the pressures  a t  the  remaining state po in t s  requi red  some 

modeling approximations. As a f i r s t  approximation, pressure  drops in the  

l i q u i d  phase were neglec ted ,  and a l l  pressure  drops were assumed t o  occur i n  

those po r t ions  of the cyc le  where the f l u i d  is superheated vapor o r  b o i l i n g  o r  

condensing. ( S u p e r c r i t i c a l  cyc le s  are d iscussed  below.) This  assumption 

al lows the p r o p e r t i e s  of the sa tu ra t ed  l i q u i d  t o  be used t o  c a l c u l a t e  en tha lpy  

changes f o r  the  compressed l i q u i d  after the  pump, o r  i f  subcool ing occurs  i n  

the condenser. 

As a r e s u l t  of t h i s  f i r s t  assumption, the  pressure  a t  the  pump-inlet 

(p , , )  is equal  t o  the p res su re  ( p l )  of the  s a t u r a t e d  l i q u i d  in the  condenser,  

and the  p re s su res  of the  compressed l i q u i d  a t  po in t s  2 ,  3, and 4 are equal.  

Also, the  t o t a l  p ressure  drop i n  the vapor izer  (p6 - p4) is app l i ed  i n  two 

p a r t s ;  t he  f irst  p a r t  t o  b o i l i n g  region (p5 - p4) and the  second t o  the 

superheat  region (pr  - p5). The s p e c i f i c a t i o n  of pq r equ i r e s  a model t o  
U 2 
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appor t ion  the  t o t a l  p ressure  drop i n t o  these  two pa r t s .  In  the  code, i t  was 

assumed t h a t  the r a t i o  of these  two pressure  drops a r e  equal  t o  t h e  r a t i o  of 

t h e  heat t r a n s f e r  i n  these two s e c t i o n s  of the  vaporizer :  

C 

where Qsat and Qsup a r e  t he  heat t r a n s f e r  rates i n  the  b o i l i n g  ( s a t u r a t e d )  

region and the superheat region. Aa descr ibed above, p4 and p6 are known. 

I n  Eq. 1, h5 i s  unknown and i s  approximated i n  the  code using the  average of 

the en tha lp i e s  for  the s a t u r a t e d  vapor evaluated at p4 and p6. Figure A-3 

shows a sketch of the  s t a t e - p o i n t s  used in t h i s  averaging process. Point  5a 

is  s a t u r a t e d  vapor on the p4 i sobar .  The 

code approximates the  enthalpy at point  5 by 

Point 5b is  s a t u r a t e d  vapor at p6. 

which is used t o  modify Eq. 1 t o  

which g ives ;  

A t  t h i s  po in t ,  t h e  above process  could be repeated i t e r a t i v e l y ;  t o  

re-evaluate r from Eq. 1 using the  ca l cu la t ed  value f o r  p5 t o  c a l c u l a t e  a 

b e t t e r  estimate f o r  h5. This  is not done i n  the code s ince  the  pressure  drop 

c a l c u l a t i o n  f o r  the vapor izer  is a t  best an approximation, and the  s l i g h t  

improvement i n  determining p5 is not f e l t  t o  be warranted. Given p5, t he  

temperature T5 and the  enthalpy h5 are ca l cu la t ed  by i n t e r p o l a t i o n  of the  

input  da t a  f o r  the s a t u r a t e d  vapor. 

The eva lua t ion  of the  state poin t  pressures  f o r  t he  low pressure  f l u i d  is 

done similar to  the  vapor izer ,  with cons idera t ion  given t o  the  poss ib l e  use of 

a regenerator .  The t o t a l  p ressure  drop is set by user  s p e c i f i e d  values  f o r  

t he  pressure  drop i n  the condenser, and the regenera tor  (if used);  

4 
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AP = (P7 - P J  = AP + APr (5) 
C 

The magnitudes of t hese  pressure  drops are s p e c i f i e d  as f r a c t i o n s  of p l ,  which 

d e f i n e  the  pressures  p7 and p8 ( i f  a regenera tor  is used).  S imi l a r  t o  the 

vapor izer ,  t h i s  t o t a l  Ap is apportioned propor t iona l  t o  the hea t  t r a n s f e r r e d  

i n  the  superheat  region and the  heat t r a n s f e r  by the  condensing f l u i d ;  

I n  Eq. 6 hg i s  unknown and l e  approxiomted as the  average of the e n t h a l p i e s  of 

t he  s a t u r a t e d  vapor a t  p8 and a t  p l ,  similar t o  the  approximation f o r  h5 

descr ibed  above. Using t h i s  average f o r  hg i n  Eq. 6 y i e l d s  

As f o r  the  vapor izer ,  t h i s  process  could be repeated i t e r a t i v e l y  t o  r e f i n e  the  

va lue  of $, using the  ca l cu la t ed  value of pg. This  is a l s o  not  done i n  the  

code. Given pg, then Tg and hg are ca l cu la t ed  by i n t e r p o l a t i o n  of t he  input  

d a t a  f o r  t he  s a t u r a t e d  vapor. 

P re s su re  drops i n  t h e  vaporizer  are s p e c i f i e d  as a f r a c t i o n  of the  

t u r b i n e  i n l e t  p ressure ,  which may change f o r  var ious  cases, and i n  p a r t i c u l a r  

f o r  c a l c u l a t i n g  off-design performance. For example, f o r  a t u r b i n e  i n l e t  

p re s su re  of 800 p s i a ,  an 80 p s i  drop through the vapor izer  would be ca lcu la t ed  

if t he  use r  s p e c i f i e d  0.1 f o r  the vapor izer  pressure  drop f a c t o r .  For 

mul t ip l e  cases and off-design c a l c u l a t i o n s ,  t h i s  pressure  drop f a c t o r  remains 

f i x e d ,  but t he  pressure  drops are reca lcu la t ed  f o r  each d i f f e r e n t  cycle  . 
Because the pressure  i n  t h e  vaporizer  is r e l a t i v e l y  high,  r a t h e r  s i g n i f i c a n t  

p re s su re  drops can occur i n  the  s y s t e m ,  which can have r a t h e r  s i g n i f i c a n t  

e f f e c t s  on the var ious  s t a t e -po in t  en tha lp ies .  Thus, it was deemed necessary  

t o  c a l c u l a t e  these  pressure  changes for  each d i f f e r e n t  cycle.  

For s u p e r c r i t i c a l  cyc le s ,  t he  pressure drop i n  the vapor izer  is t r e a t e d  

d i f f e r e n t l y .  Since no d i s t i n c t  bo i l i ng  and superheat  reg ions  can be def ined ,  

the t o t a l  p ressure  drop f o r  the  vaporizer  is appl ied  between state p o i n t s  6 

and 3, wi th  pg = p2 if a regenera tor  is used. 
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2.2 CYCLE !mAm p o r n  ENTHALPY VALUES 

The code c a l c u l a t e s  t he  p r o p e r t i e s  of t h e  f l u i d  a t  the var ious  state 

po in t s  using tabula ted  thermodynamic proper ty  da t a  f o r  t he  working f h i d .  The 

inpu t  formats f o r  this t abu la t ed  da ta  are defined i n  Sec t ion  4. A conven- 

t i o n a l  Rankine cycle a n a l y s i s  is performed, us ing  the  convent ional  d e f i n i t i o n s  

f o r  t he  e f f i c i e n c i e s  of the  tu rb ine  and pump (assumed cons t an t ) .  As descr ibed  

above, a l l  the cycle p re s su res  are set by input  da t a  and code models f o r  

pressure  drops. To c a l c u l a t e  cyc le  performance and determine hea t  exchanger 

s i z e s ,  it is necessary t o  determine the e n t h a l p i e s  and temperatures  of the  

var ious  po in t s  . 
A t  po in t  1, hl and T1 are determined by i n t e r p o l a t i o n  of the  input  

s a t u r a t e d  l i q u i d  data a t  pl. I f  the  l i q u i d  is subcooled i n  the condenser,  TlI 

is ca lcu la t ed  by s u b t r a c t i n g  the  inpu t  value of the  subcooling temperature 

drop. The enthalpy a t  1' is determined using a ca l cu la t ed  s p e c i f i c  hea t  

value.  The code eva lua tes  

P (hi+l - hi) 

cp (Ti+l - Ti) 

from the  inpu t  data  f o r  t he  s a t u r a t e d  l i q u i d ,  where the  va lues  Ti and Ti+l 

encompass o r  include t h e  s a t u r a t i o n  temperature a t  pl. Using t h i s  s p e c i f i c  

hea t  gives  

The  s p e c i f i c  volume a t  po in t  1' is then c a l c u l a t e d ,  i n t e r p o l a t i n g  the  inpu t  

proper ty  data f o r  t he  s a t u r a t e d  l i q u i d ,  a t  the temperature T1t. 

The  enthalpy at the pump e x i t  is c a l c u l a t e d  from 

where rl 

requi red  t o  pump the l i q u i d  from p1 t o  p2. 

is the input pump e f f i c i e n c y ,  and (h2* - h l ' )  is t he  i s e n t r o p i c  work P 
This  q u a n t i t y  is evalua ted  as 

c 

where the  determinat ion of v I I  w a s  descr ibed  above. The temperature  and 
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entha lpy  a t  p4 are ca l cu la t ed  from i n t e r p o l a t i o n  of the  s a t u r a t e d  l i q u i d  data .  

T h e  enthalpy and entropy a t  the tu rb ine  i n l e t  are determined by in te rpo-  

The enthalpy a t  the  turb ine  l a t i o n  of the  superheated input  data  a t  p6, T6. 

e x i t  is given as 

where nT is the turb ine  e f f i c i e n c y  and (h6 - h7s) would be the enthalpy change 

i f  the  working f l u i d  expanded i s e n t r o p i c a l l y  t o  p7. The code eva lua te s  h7 

(and T7) by i n t e r p o l a t i o n  of input  property data  along an i soba r  a t  p7. This  

i n t e r p o l a t i o n  inc ludes  provis ion  f o r  cases where state po in t s  7 and 7s may be 

i n  the  w e t  region. Ext rapola t ion  fo r  h7 is a l s o  poss ib l e ,  i f  the  tu rb ine  e x i t  

condi t ions  are ou t s ide  the  range of the input  property data .  

Regenerator e f f e c t i v e n e s s  f o r  a counter-flow heat  exchanger is defined i n  

terms of the  l i m i t i n g  case where an e f f ec t iveness  of un i ty  corresponds t o  the 

s i t u a t i o n  where the o u t l e t  temperature of the  hot stream equals  the  i n l e t  

temperature of the  cold stream. Regenerator e f f e c t i v e n e s s  is defined as the  

r a t i o  of the a c t u a l  temperature change of the hot stream divided by the  theo- 

retical maximum temperature change: 

T7 - T8 
R T 7 - T 2  E =  

I f  T8 could approach T2 i n  the  l i m i t ,  then the  e f f e c t i v e n e s s  would approach 

uni ty .  Assuming a cons tan t  s p e c i f i c  hea t  (C ) f o r  the superheated vapor a t  

t h e  tu rb ine  e x i t ,  t he  regenera tor  e f f ec t iveness  is a l s o  given as 
P 

where % t  is the  enthalpy of the  superheated 

o u t l e t  temperature T2. Given T2 and T7 

vapor a t  p8 eva lua ted  a t  the  pump 

as descr ibed above and a user- 

s p e c i f i e d  E ~ ,  the  temperature T8 a t  the  e x i t  of the  regenera tor  is evaluated 

from Eq. 13. The  enthalpy h8 i s  obtained from Eq. 14 by eva lua t ing  h2, a t  T2 

by i n t e r p o l a t i o n  of proper ty  da t a  along the  i soba r  a t  pg. Given h7 and h8, 

the heat  regenerated is ca lcu la t ed  which y i e l d s  the  enthalpy a t  state poin t  3. 
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2.3 CYCLE MASS €‘LOU BATE AUD PII?CH-POINT 

The Rankine cycle descr ibed above is defined per u n i t  mass flow of the 

working f l u i d .  To c a l c u l a t e  the  system power and s i z e  of the components, t h i s  

u n i t  cycle  mst be matched t o  the  source gas stream. I f  the  mass flow 

rate (& ) and the i n l e t  and o u t l e t  temperatures (T and Tgout) of the  source 

stream were known, then the  mass flow r a t e  of t he  working f l u i d  could be 

determined from the t o t a l  enthalpy change of the  gas stream: 

g g in  

where C is the  assumed constant  s p e c i f i c  heat  of t he  gas stream (assuming Tg 
P8  

I < Tgout). Once the mass flow rate of the working f l u i d  is determined, t he  

s i z e s  of the var ious heat exchangers can be determined. ~ 

A s  a p r a c t i c a l  mat te r ,  it is  not always poss ib l e  t o  spec i fy  the  o u t l e t  

temperature of the gas stream, and the pinch-point temperature d i f f e r e n c e  

between the  gas stream and the working f l u i d  must be considered. A s  shown i n  

Fig. A-2, as heat  is ex t r ac t ed  from the gas stream, the  temperature of t he  gas 

stream decreases.  A t  some poin t  (shown as poin t  X on Fig. A - 2 ) ,  the  tempera- 

t u r e  d i f f e rence  between the  gas stream and the cyc le  working f l u i d  has i t s  

minimum value,  which is  known as the  pinch-point.  This temperature d i f f e rence  

must be g r e a t e r  than zero ,  and t o  achieve reasonable  s i z e s  f o r  the  hea t  

exchangers i n  the  vapor izer ,  a l a rge  pinch-point  temperature d i f f e rence  i s  

of ten  required.  

I n  the  code, t h i s  pinch-point problem and matching the  Rankine cycle  t o  

the gas source stream are t r e a t e d  toge ther  i n  an  i t e r a t i v e  process.  For a 

given gas i n l e t  temperature and flow rate, the  o u t l e t  t empera ture  of the gas 

stream is an unknown. The  code uses the  user  s p e c i f i e d  minimum gas o u t l e t  

temperature t o  ca l cu la t e  an i n i t i a l  es t imated mass flow r a t e  f o r  the working 

f l u i d  from Eq. 15. This es t imated  mass flow rate s e t s  es t imated values  f o r  

t h e  t o t a l  heat t r ans fe r r ed  i n  the  var ious sec t ions  of the  vapor izer  which, i n  

t u r n ,  s p e c i f i e s  the gas stream temperature a t  the  var ious  po in t s  i n  the  

vapor izer .  Given these  est imated gas temperatures and the  cycle  temperatures ,  

t h e i r  d i f f e rences  a r e  compared t o  the user  s p e c i f i e d  minimum pinch-point 

temperature d i f fe rence .  I f  a l l  t he  temperature d i f f e r e n c e s  are above the  

p inch-poin t ,  then the c a l c u l a t i o n  is complete and the cycle  can be operated 

C 
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with  t h e  gas stream e x i t i n g  a t  the minimum gas t empera tu re .  I f  any tempera- 

t u r e  d i f f e r e n c e  (gas t o  cyc le )  is l e s s  than the minimum pinch-point tempera- 

t u r e  d i f f e r e n c e ,  then the  e x i t i n g  gas temperature is i nc reased ,  and t h i s  

i t e r a t i v e  process  is repea ted ,  stopping when the e x i t i n g  gas temperature is a t  

the  lowest l e v e l  c o n s i s t e n t  wi th  the mlnimum al lowable gas stream o u t l e t  

temperature.  

Re fe r r ing  t o  Fig. A-2, the  i t e r a t i o n  process  descr ibed above can be 

considered equiva len t  t o  a r o t a t i o n  of the gas stream temperature l i n e ,  wi th  

t h e  poin t  T f ixed .  The shape of the  l i n e  changes f o r  d i f f e r e n t  i t e r a t i v e  

s t e p s ,  but  i t  is r e l a t i v e l y  easy t o  determine where the pinch poin t  occurs  and 

t o  estimate the  requi red  change i n  Tgout. I n  checking f o r  the  pinch-point,  

temperature d i f f e rences  are ca lcu la ted  a t  the obvious cyc le  po in t s  ( 6 ,  4, and 

3 o r  2). I n  some cyc le s  (e.g., s u p e r c r i t i c a l  or f o r  f l u i d s  with a l a r g e  

v a r i a t i o n  in the l i q u i d  s p e c i f i c  hea t ) ,  the pinch-point may occur between the  

gas  and the  compressed l i qu id .  The code tests f o r  these  cond i t ions ,  using 

input  d a t a  f o r  the en tha lpy  of t he  s a t u r a t e d  l i q u i d ,  i n  the  region between 

po in t s  2 and 4. 

g in  

3. OPTIONAL CALCULATION mDES 

The ANL/RBC code can c a l c u l a t e  cycle performance i n  one of t h r e e  o p t i o n a l  

modes. Examples f o r  these  modes are  given i n  Sec t ions  5.1 through 5.3. I n  

the  f i r s t  (Mode 11, t u rb ine  i n l e t  condi t ione  are spaced over a pressure-  

temperature  g r i d ,  def ined  by the user from the maximum and minimum tu rb ine  

i n l e t  p re s su res  and temperatures ,  and the pressure and temperature grtd 

i n t e r v a l s .  In the  second (Mode 21, c a l c u l a t i o n s  are done f o r  a number of 

cyc les  (< 100) where the  use r  specifies the tu rb ine  i n l e t  temperature(s1 and 

p r e s s u r e ( s )  and o the r  system parameters. I n  the  t h i r d  (Mode 3), off-design 

c a l c u l a t i o n s  are performed f o r  a user-specif ied number of off-design condi- 

t i o n s ,  f o r  a s i n g l e  cyc le  configurat ion.  For Mode 3, t he  use r  s p e c i f i e s  the  

design-point cycle  condi t ions  f o r  a s i n g l e  case, and a number of off-design 

cond i t ions  where the  mass flow and/or i n l e t  temperature of the  source gas 

stream are d i f f e r e n t  from the design point .  I n  t h i s  mode, t he  code c a l c u l a t e s  

t h e  component s i z e s  (heat-exchangers and vapor i ze r )  f o r  the  design po in t  and 

i j n ~ a  these c"m_nnn-n+c r - ------- for the n f f - d e s i g .  ~ 8 8 8 8 .  These three -,=des are 
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mutual ly  ex lcus ive ;  on ly  one mode may be s p e c i f i e d  f o r  a s i n g l e  computer run. 

I n  any of the modes, t h e  use r  must spec i fy  the o v e r a l l  cyc le  ope ra t ing  

condi t ions  and a number of input  q u a n t i t i e s .  Table B-1 lists the  cyc le  

parameters /opt ions (wi th  t h e i r  FORTRAN v a r i a b l e  names), which are assumed t o  

be f i x e d  f o r  any s i n g l e  computer run. These inc lude  such th ings  as the  

working f l u i d ,  the condensing temperature ,  the coolant  (a i r  o r  water), t he  

coolan t  i n l e t  and o u t l e t  temperature l i m i t s ,  the  s p e c i f i c  hea t  of the  waste 

gas stream, the  turb ine  and pump e f f i c i e n c i e s ,  t h e  p re s su re  drop c o e f f i c i e n t s ,  

and the  heat t r a n s f e r  c o e f f i c i e n t s  used t o  s i z e  the  hea t  exchanger components. 

I n  a d d i t i o n ,  the use r  must spec i fy  the  t u r b i n e  i n l e t  temperature  and 

pressure ,  the  source gas i n l e t  temperature,  and gas mass flow rate f o r  each of 

t he  cases t o  be ca lcu la t ed .  The input  of t hese  q u a n t i t i e s  w i l l  vary,  

depending on which c a l c u l a t i o n a l  mode is se l ec t ed .  

4. MlBgING K U I D  PROPERTY MTA INPUT 

The thermodynamic p r o p e r t i e s  of the  working f l u i d  are input  t o  the  code 

us ing  fou r  d i f f e r e n t  input  f i l e s ,  descr ibed below. These f i l e s  supply the  

fol lowing da ta :  s a t u r a t i o n  p res su res ,  temperatures  and e n t h a l p i e s  of t he  

s a t u r a t e d  l i q u i d  and vapor f o r  t he  pressure  range of the  Rankine cyc le s ;  high 

pressure  superheat va lues  f o r  temperatures ,  e n t h a l p i e s  and e n t r o p i e s  f o r  the 

range of t u rb ine  i n l e t  p ressures  ; low pressure  superheat  va lues  f o r  tempera- 

t u r e s ,  e n t h a l p i e s  and e n t r o p i e s  f o r  the range of t u r b i n e  e x i t  p ressures ;  and 

condensing temperatures and o t h e r  p r o p e r t i e s  f o r  the  range of condenser 

pressures .  These f i l e s  are s p e c i f i e d  f o r  ranges of p re s su res ,  which must 

encompass the  opera t ing  p res su res  f o r  the  cyc le  state poin ts .  P r o p e r t i e s  f o r  

the var ious  cyc le  state po in t s  are ca l cu la t ed  by i n t e r p o l a t i o n  of t he  inpu t  

da t a ,  with e r r o r  messages if a cycle  poin t  f a l l s  ou t s ide  the  range of the 

input  d a t a  o r  the code's interpolation/extrapolation rou t ines .  For condi t ions  

a t  the  t u r b i n e  e x i t ,  t he  code w i l l  e x t r a p o l a t e  the  given inpu t  da t a ,  i f  

necessary.  
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S a t u r a t i o n  temperature and enthalpy da ta  f o r  the  s a t u r a t e d  l i q u i d  and 

vapor must be suppl ied  i n  t abu la r  form f o r  s a t u r a t i o n  p res su res  which 

encompass the lowest temperatufe for the c a l c u l a t i o n  set (T1,) and the  maximum 

cyc le  p re s su re ,  o r  t h e  c r i t i ca l  p re s su re  i f  s u p e r - c r i t i c a l  cyc le s  are 

included. These va lues  are read from Input F i l e  35 with  a n  unformatted 

FORTRAN READ statement.  This f i l e  must conta in  as a f i r s t  record (e.g., ca rd )  

t h e  i n t e g e r  number of s a t u r a t i o n  s t a t e s  being inpu t ,  followed by the  proper ty  

d a t a  en te red  as pres su re ,  temperature, l i q u i d  en tha lpy  and vapor en tha lpy ,  

(ps, T,, h f ,  h us ing  one record for each pressure .  Table B-2 l ists  these  

d a t a  f o r  RC-1, used f o r  t h e  example problems described i n  t h i s  r epor t .  For 

t h i s  case, the  number of s a t u r a t i o n  po in t s  is given as 18, followed by the  18 

Since an unforrnatted READ is used, t he  r eco rds  g iv ing  p,, T,, hf and h 

format of the numeric va lues  is not impor tan t ,  except t h a t  t h e  fou r  p rope r ty  

va lues  must be separa ted  by blanks or commas, wi th  only four  va lues  per 

record. Because t h e  unformatted READ of the  f i r s t  record s t o p s  a f t e r  reading  

t h e  f i r s t  i n t e g e r  number, FORTRAN ignores  subsequent c h a r a c t e r s  i n  t h i s  

record. Thus, the  f i l e  shown i n  Table B-2 inc ludes  an i d e n t i f y i n g  l a b e l  on 

t h e  f i r s t  record,  which is ignored i n  reading the  data.  This f e a t u r e  of t he  

unformatted READ provides  a convenient way t o  l a b e l  and i d e n t i f y  the va r ious  

f i l e s ,  and records i n  a f i l e .  

g 

g' 

I n  t h e  code, these  da t a  are used f o r  s e v e r a l  purposes. The en tha lpy  

va lues  f o r  l i q u i d  and vapor are used t o  c a l c u l a t e  t he  hea t  t r a n s f e r  and 

component sizes i n  the  vapor izer .  The l i q u i d  en tha lpy  and s a t u r a t i o n  tempera- 

t u r e s  a t  low p res su re  are used t o  c a l c u l a t e  a l i q u i d  s p e c i f i c  hea t ,  which is 

used t o  c a l c u l a t e  t he  temperature rise ac ross  the pump. I f  sub-cooling occurs  

at the condenser, t h i s  s p e c i f i c  hea t  is used t o  c a l c u l a t e  t he  en tha lpy  of t h e  

sub-cooled l i q u i d .  The l i q u i d  en tha lp i e s  and s a t u r a t i o n  temperatures are used 

i n  the  pinch-point c a l c u l a t i o n s ,  t o  determine i f  the pinch-point occurs i n  t h e  

vapor izer .  Because of t hese  va r i ed  u s e s ,  t he  range of t h i s  i npu t  d a t a  should 

inc lude  t h e  lowest p re s su re  t o  be encountered i n  a c a l c u l a t i o n  set (ps a t  

condenser exi t  at T, up t o  a t  least the  h ighes t  p re s su re  (p6 a t  t h e  t u r b i n e  

i n l e t )  f o r  s u b - c r i t i c a l  cyc les .  For s u p e r - c r i t i c a l  c y c l e s ,  t h i s  i npu t  f i l e  

should s t o p  at pc, Tc w i t h  hf = h 

- 

a t  the  c r i t i ca l  point.  
g 
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4.2 CONDENSER PaoPEBTp VALUES 

The code r equ i r e s  an input  f i l e  conta in ing  proper ty  d a t a  f o r  a range of 

pressures  corresponding t o  the p res su re  a t  the condenser e x i t .  These da t a  are 

t h e  pressure ,  temperature,  l i q u i d  s p e c i f i c  volume, l i q u i d  en tha lpy ,  vapor 

en tha lpy ,  l i q u i d  entropy and vapor entropy (pa ,  T,, v f ,  h f ,  hg. sf, and sg). 

Some of these  data  may d u p l i c a t e  da t a  suppl ied  f o r  the  s a t u r a t i o n  p r o p e r t i e s  

descr ibed i n  Section 4.1, so the user  should be c a r e f u l  t h a t  t hese  da t a  are 

cons i s t an t .  The dec i s ion  t o  spec i fy  these  condenser cond i t ions  s e p a r a t e l y  

from the  s a t u r a t i o n  da ta  w a s  based on s e v e r a l  f a c t o r s .  Entropy values  a t  

s a t u r a t i o n  are not needed f o r  a l l  uses  of s a t u r a t i o n  d a t a ,  only f o r  condensing 

i f  the working f l u i d  becomes w e t .  Likewise, only a few low p res su re  condens- 

i n g  states are needed i n  most computer runs ,  but s a t u r a t i o n  e n t h a l p i e s  are 

requi red  over a wide range of pressures .  Thus, i t  was decided t o  r e t a i n  t h e s e  

sepa ra t e  s p e c i f i c a t i o n s  of s a t u r a t i o n  data, t o  provide the  d a t a  needed f o r  t he  

des i r ed  range of condenser cond i t ions ,  without e x t r a c t i n g  these  va lues  from 

those  s p e c i f i e d  for  the  l a r g e r  range of s a t u r a t i o n  condi t ions .  

These d a t a  fo r  condenser p r o p e r t i e s  must be suppl ied  on Input  F i l e  6 5 ,  

s t a r t i n g  f i r s t  with a s i n g l e  i n t e g e r  record spec i fy ing  t h e  number of condenser 

states provided (NCNDt20) .  This  record is followed by N O  records ,  each 

conta in ing  the  seven values  of s a t u r a t i o n  p r o p e r t i e s  p,, Ts, vf , h f ,  hg, s f ,  

and s These d a t a  are a l l  read 

unformatted,  with the  seven numerical values  separa ted  by blanks or  commas. 

Table B-3 shows an example of t h i s  f i l e  f o r  RC-1, f o r  four  s a t u r a t i o n  pres-  

s u r e s  ranging from 4.72 p s i a  t o  10.15 ps ia .  

corresponding t o  each condensing p res su re  p,. 
t3’ 

4.3 HIGH PRESSURE SUPERFIBAT PROPERTIES 

The code requi res  p r o p e r t i e s  f o r  t he  superheated vapor,  r e p r e s e n t a t i v e  of 

t u rb ine  i n l e t  condi t ions.  The requi red  da ta  va lues  are the  p re s su re ,  tempera- 

t u r e ,  enthalpy and entropy of the  superheated vapor. These data must be 

defined on a g r i d  i n  p-T coord ina tes ,  c o n s i s t i n g  of a f ixed  number of tempera- 

t u r e  po in t s  (NT), on a f ixed  number of i s o b a r s  (NP), as shown i n  Fig. A-4. 

For each pressure  pi, t h e r e  must be da ta  va lues  f o r  en tha lpy  and entropy f o r  

each of the temperatures T The d a t a  must be grouped i n  order  of i nc reas ing  

temperatures  f o r  each pressure .  The va lues  f o r  the va r ious  p re s su res  must be 

provided i n  order  of i nc reas ing  pressures .  The i n t e r v a l s  between subsequent 

j* 
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p r e s s u r e s  are a r b i t r a r y .  The temperature i n t e r v a l s  are a l s o  a r b i t r a r y ,  but 

must be the same f o r  a l l  p re s su res .  The code i n t e r p o l a t e s  proper ty  d a t a  f o r  

t u r b i n e - i n l e t  cond i t ions  from th is  inpu t  data.  Thus, t h i s  d a t a  f i l e  must 

encompass the  range of expected tu rb ine - in l e t  cond i t ions ,  but t he  a c t u a l  

t u r b i n e - i n l e t  s tate po in t s  are not required.  

b This  input  f i l e  must start with the two i n t e r g e r  numbers f o r  the  number 

of p re s su re  l i n e s  (NP) and the  number of temperatures (NT) as the  f i r s t  

record.  This must be followed by NT records  f o r  t he  f i r s t  p re s su re ,  wi th  each  

record  conta in ing  fou r  va lues  represent ing  p ,  T, h and s f o r  a s i n g l e  po in t  

f o r  the superheated vapor. For each of t he  p re s su res ,  a f u l l  set of NT 

reco rds  must be provided. Therefore,  t h i s  e n t i r e  f i l e  w i l l  c o n s i s t  of NP*NT+l 

records ;  t h e  f i r s t  g iv ing  the  s i z e s  of t h e  d a t a  g r i d ,  and the  remainder g i v i n g  

the d a t a  f o r  each poin t  i n  t h e  p-T grid.  These va lues  are a l l  read from Input  

F i l e  45, unformatted, so subsequent da ta  va lues  on a given record  need only be 

sepa ra t ed  by blanks o r  commas. Table B-4 gives  an abbrevia ted  example of t h i s  

i npu t  f i l e  f o r  KC-1, f o r  5 p re s su res  wi th  31 temperature va lues  f o r  each f o r  a 

t o t a l  of 155 d a t a  poin ts .  (The code con ta ins  a f i x e d  dimension l i m i t i n g  

NP*NT< 200). 

Th i s  input  format f o r  t he  p r o p e r t i e s  of t he  superheated vapor is 

redundant,  i n  the sense t h a t  t he  equal p re s su res  and temperatures are repea ted  

on t h e  var ious  records.  This was done f o r  ease of i d e n t i f y i n g  and checking 

t h e  v a r i i o u s  records.  With t h i s  format,  any given record  is c l e a r l y  

i d e n t i f i e d .  

4.4 Low PRESSUBE SITPgRHEAT PROPERTIES 

The code r e q u i r e s  proper ty  values of low p res su re  superheated vapor, 

which must encompass the  tu rb ine  e x i t  p ressures .  These d a t a  are read us ing  

the same format as t h e  high pressure  superheat d a t a  descr ibed  above; on a 

given p-T g r i d  wi th  an equal  number of da t a  p o i n t s  a long  each i s o b a r ,  a t  t h e  

same temperature va lues  f o r  each isobar.  

The inpu t  f i l e  s tarts with a f i r s t  record con ta in ing  two i n t e g e r  va lues  

s p e c i f y i n g  the number of i s o b a r s  (NP) and the number of temperature va lues  

(NT). This is followed by NP*NT records spec i fy ing  t h e  p r e s s u r e ,  temperature 

en tha lpy  and entropy of t h e  vapor. Table B-5 gives  an example of t h i s  i n p u t  

ftlc for R.C-!; fnr two pressurea zt - 5 m d  10 p s i s ,  d-th t w m t y  ( 2 2 )  
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temperatures for each p res su re ,  ranging from T = 100 F t o  T = 560 F. 

I n  using these d a t a ,  t he  code genera tes  t a b l e s  of p rope r ty  va lues  on 

i s o b a r s  a t  the  turb ine  ex i t  p re s su re  and at t h e  r egene ra to r  exi t  pressure .  

These t a b l e s  are generated by interpolation/extrapolation of t h e  inpu t  d a t a ,  

so t h a t  t he  a c t u a l  cycle p res su res  may be d i f f e r e n t  from the  inpu t  da ta .  

Also, the code checks these  c a l c u l a t e d  va lues  a g a i n s t  t he  s a t u r a t i o n  tempera- 

t u r e  a t  a given p res su re ,  and d i eca rds  any proper ty  va lues  f o r  temperatures 

less than the  s a t u r a t i o n  temperature. Thus, dummy values may be included in 

t h i s  input  f i l e  for  temperatures below s a t u r a t i o n  i f  t h e  p-T mesh extends i n t o  

t h e  w e t  reg ion ,  which may be requi red  t o  provide a f u l l  r ec t angu la r  mesh of p- 

T values. 

5. EXAMPLE PXOBLlWBmJS 

This s e c t i o n  desc r ibes  t h e  input  and ( p a r t i a l )  ou tput  f o r  Example runs of 

t h e  ANL/RBC code in each of t h e  t h r e e  o p e r a t i o n a l  modes descr ibed  in 

Sect ion  3. The cases run are a l l  cyc le s  pa t t e rened  a f t e r  the RC-1 Organic 

Rankine Bottoming Cycle f o r  an a d i a b a t i c  d i e s e l  engine ,  designed by Thermo 

E lec t ron  Corp. (TECO), (Ref. 2 )  and descr ibed  below. Input  f o r  Mode 1 

c a l c u l a t i o n s  are presented f o r  nine d i f f e r e n t  sets of t u r b i n e  i n l e t  p re s su res  

and temperatures,  using the  mesh genera t ing  c a p a b i l i t y  of t he  code. Input  f o r  

Mode 2 c a l c u l a t i o n s  were made f o r  t hese  same nine cases wi th  the  d i f f e r e n t  

t u rb ine  i n l e t  condi t ions ,  i npu t  f o r  each case. An example of Mode 3 ca l cu la -  

t i o n s  is presented f o r  t h e  TECO des ign-poin t  and e i g h t  off-design cond i t ions  

having d i f f e r e n t  values f o r  the d i e s e l  exhaust temperature and mass flow rate, 

r e s u l t i n g  from d i f f e r e n t  load condi t ions  f o r  the d i e s e l  engine. 

For a l l  these runs ,  t h e  thermodynamic p rope r ty  d a t a  were t h e  same. The 

formats of t he  input f i l e s  f o r  t hese  proper ty  d a t a  are descr ibed  i n  d e t a i l  i n  

Sec t ion  4. As input f i l e s ,  t h e s e  d a t a  f i l e s  must be ass igned  t o  FORTRAN Input  

Uni t s  35, 45, 55 and 65. The code reads these  f i l e s  consequet ive ly  and com- 

p l e t e l y ,  so they may be combined i n t o  one continuous source  f i l e  i f  des i r ed .  

The code reads input d a t a  which de f ine  t h e  cyc le  and problem(s) from inpu t  

F i l e s  15 and 25. For any mode of ope ra t ion  (Mode 1 ,  2 or 3 1 ,  the d a t a  read 

from F i l e  15 would be t h e  same and de f ine  cyc le  parameters such as working 
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f l u i d ,  coolan t  t y p e  and temperature,  component e f f i c i e n c i e s ,  p re s su re  drop 

f a c t o r s ,  etc. The d a t a  read from F i l e  25 def ine  the c a l c u l a t i o n a l  mode and 

s p e c i f i c  cycle ope ra t ing  condi t ions  such as tu rb ine  i n i e t  temperature and 

p res su re  and gas temperatures and flow rates f o r  off-design c a l c u l a t i o n s .  

Thus the data i n  F i l e  25 may be d i f f e r e n t  f o r  d i f f e r e n t  computer runs. 

F igure  A-5 (from Ref. 2) shows a schematic diagram of the  TECO RC-1 

o rgan ic  Rankine system wi th  the  vaporizer heated from the  exhaust stream of an 

a d i a b a t i c  d i e s e l  engine. The design s e l e c t e d  by TECO was a s u p e r - c r i t i c a l  

cyc le ,  with a regenera tor  a f t e r  the  tu rb ine  exit .  F igure  A-6 (from Ref. 2) 

shows T-s diagram of the  design-point cycle.  For t h i s  cyc le ,  t u r b i n e  i n l e t  

cond i t ions  were set a t  p = 800 p s i a  and T = 750F. Pump i n l e t  condi t ions  were 

set a t  p = 7.01 p s i a  and T = 135F. The pressure  drops i n  the  sys t em were set  

as follows: 70 p s i  f o r  the  vapor izer ,  10 p s i  f o r  the  l i q u i d  s ide  of the 

r egene ra to r ,  0.5 p s i  f o r  the condenser and 0.5 p s i  f o r  the vapor s i d e  of t he  

r egene ra to r  . 
A s  d iscussed  in Sect ion  2.1, the p re s su re  drop model i n  ANL/RBC does not 

i nc lude  pressure  drops f o r  the l i qu id  p o r t i o n s  of t he  cycle.  For t h e  ANL/RBC 

model of t h i s  cyc le ,  t hese  l i q u i d  pressure  drops were included i n  the  vapor 

segments, r e s u l t i n g  i n  cyc le  state p o i n t s  which d i f f e r  s l i g h t l y  from those  

used by TECO, and r e s u l t  i n  some d i f f e rences  i n  the  c a l c u l a t e d  performance. 

For the  low-pressure po r t ion  of the  cyc le ,  condensation a t  7.01 p s i a  cor re-  

sponds t o  a s a t u r a t i o n  temperature of 140F. Thus, the p re s su re  a t  the  end of 

the  condensing s e c t i o n  (p,) of the condenser was set a t  7.01 p s i a  and sub- 

cool ing  of 5F was s p e c i f i e d  t o  obta in  the  pump i n l e t  condi t ions  s p e c i f i e d  by 

TECO. As discussed  i n  Sec t ion  2.1,  the pressure  drops i n  the  condenser and 

t h e  vapor s i d e  of the  regenera tor  a re  s p e c i f i e d  i n  terms of percentage f a c t o r s  

of the pump i n l e t  p ressure .  Thus, t o  g e t  Ap = 0.5 p s i  with p1 = 7.01 p s i a ,  

p re s su re  drop f a c t o r s  of 0.07133 were used f o r  the  condenser and r egene ra to r ,  

g iv ing  p8 = 7.51 p s i a  and p7 = 8.01 ps i a .  On t he  high p res su re  s i d e ,  TECO 

s p e c i f i e d  a t o t a l  p re s su re  drop of 80 p s i ,  with 10 p s i  i n  the  regenera tor  and 

70 p s i  i n  the vapor izer .  For the  ANL/RBC model t he  pump o u t l e t  p re s su re  (p2) 

was set a t  880 p s i a ,  us ing  a pressure  drop f a c t o r  of 0.100 f o r  t h e  

vapor izer .  Because of the  assumption of no p res su re  drop i n  the l i q u i d ,  t h i s  

same value  of 880 p s i a  e x i s t s  a t  t h e  l i q u i d  o u t l e t  of the  r egene ra to r ,  and 

along the  l i q u i d  po r t ion  in t he  vapor izer .  (Because t h i s  is a s u p e r - c r i t i c a l  
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I c y c l e ,  t h i s  p = 880 p s i a  is assumed t o  ex i s t  through the  psuedo phase change 

a t  the c r i t i ca l  temperature) . 
TECO spec i f i ed  air coolant f o r  the  condenser, wi th  an a i r  i n l e t  tempera- 

t u r e  of 80F and an  o u t l e t  temperature of 120F. Also, the  exhaust gas stream 

w a s  s p e c i f i e d  w i t h  a gas i n l e t  temperature of 1240F and a mass flow rate of 

2886 l b / h r .  The TECO model 

s p e c i f i e d  t u r b i n e ,  pump and mechanical e f f i c i e n c i e s  of 0.765, 0.500 and 0.926, 

r e s p e c t i v e l y ,  and a r egene ra to r  e f f e c t i v e n e s s  of 0.600. These e f f i c i e n c y  

va lues  =re used i n  the  ANL/RBC model, but the  r egene ra to r  e f f e c t i v e n e s s  w a s  

changed s l i g h t l y .  Using the  TECO value of 0.600 f o r  t he  r egene ra to r  e f f e c -  

t i v e n e s s  r e s u l t e d  in a c a l c u l a t e d  cyc le  mass flow rate which d i f f e r e d  s l i g h t l y  

from the  TECO value of 4350 l b /h r .  This d i f f e r e n c e  was a t t r i b u t e d  t o  the  

small d i f f e r e n c e s  i n  the  c a l c u l a t e d  en tha lpy  va lues  a t  the tu rb ine  e x i t  and 

the enthalpy values of t he  l i q u i d  a f t e r  the  pump. Changing the  va lue  of t h e  

e f f e c t i v e n e s s  t o  0.60535 r e s u l t e d  i n  the  same umss flow rate f o r  the  working 

f l u i d  as ca l cu la t ed  by TECO, and t h i s  w a s  used as a b a s i s  of comparisoh. 

These same values  were used i n  the ANL/RBC model. 

The inpu t  data f o r  Input F i l e  15 de f ine  the  o v e r a l l  system parameters and 

f ixed  cyc le  conditions.  These da t a  are read i n  f r e e  format and the  inpu t  w a s  

designed f o r  i n t e r a c t i v e  use r  responses t o  computer prompts a t  the  te rmina l .  

Table B-6 l ists  a te rmina l  d i sp l ay  of t h i s  i npu t  f i l e  dur ing  execut ion ,  l i s t -  

i n g  the  prompts/questions from the  code (typed i n  upper-case) and the  use r  

input  responses. The prompts are se l f -explana tory  and most of t he  numerical  

i npu t  d a t a  values have been descr ibed  above. The input  i nc ludes  fou r  

i n d i c a t o r  va lues ,  used t o  select whether cos t  func t ions  are t o  be included i n  

t h e  c a l c u l a t i o n s ,  whether a r egene ra to r  is t o  be inc luded ,  and whether t h e  

coolan t  is air  or water. The input  inc ludes  the name of t he  f l u i d ,  which is 

used only  f o r  print-out i n  a page heading and should be 16 o r  less 

characters. The input  inc ludes  f i v e  va lues  f o r  hea t  t r a n s f e r  c o e f f i c i e n t s ;  

t h r e e  f o r  t he  three  s e c t i o n s  of t he  vapor izer  and one each f o r  t he  condenser 

and regenera tor .  A l l  f i v e  of t hese  must be provided, even i f  no r egene ra to r  

is used. The numerical values i n  t h i s  input  are a l l  read i n  f r e e  format and 

decimal p o i n t s  are not required.  Where more than one va lue  is reques ted ,  

t h e s e  must be separated by blanks o r  commas. 
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I n  the  da t a  shown i n  Table B-6, the heat t r a n s f e r  c o e f f i c i e n t s  were a l l  

s p e c i f i e d  as uni ty .  TECO's c a l cu la t ed  r e s u l t s  presented the  var ious  heat 

exchanger s i z e s  i n  terms of UA values,  not the ac tua l  A values.  ANL/RBC 

c a l c u l a t e s  heat exchanger areas from ca lcu la t ed  UA values  using t h e  inpu t  

va lues  of U. Using un i ty  f o r  the  c o e f f i c i e n t s  U r e s u l t s  in f i c t i t i o u s  area 

va lues  which are numerically equal  to  the UA values  f o r  the  heat exchangers. 

This  was done f o r  t h i s  example problem so t h a t  the heat exchanger r e s u l t s  

c a l c u l a t e d  from ANLIRBC could be d i r e c t l y  compared t o  the  UA values  repor ted  

by TECO. This comparison is discussed below i n  t h i s  Section. 

Table B-7 p re sen t s  t h i s  same input  d a t a ,  separa ted  from t h e  computer 

prompts and wi th  i d e n t i f y i n g  l a b e l s  added f o r  each l i n e ,  f o r  a case where 

these  inpu t  d a t a  were not suppl ied  i n t e r a c t i v e l y  from a keyboard te rmina l .  I f  

t h e  input  f o r  F i l e  15 is not provided from the  te rmina l  keyboard, then a f i l e  

con ta in ing  the  da t a  i n  Table B-7 would be requi red  as an input  f i l e ,  and could 

be s e t - u p  and r e t a i n e d  f o r  mul t ip le  computer runs. Because the code uses 

unformatted reads ,  t he  informat ion  i n  t h e  i d e n t i f y i n g  l a b e l s  is ignored. 

Thus, i f  a permanent f i l e  copy of Table B-7 (wi th  the  i d e n t i f y i n g  l a b e l s )  is 

c rea t ed ,  i t  can be e a s i l y  e d i t e d  and used f o r  d i f f e r e n t  problem cases, and 

se rves  as very convenient documentation of the  input  requi red  f o r  F i l e  15. 

Table B-8 p re sen t s  a l i s t i n g  of t he  computer prompts and input  f o r  F i l e  

25. This  input inc ludes  the  ca l cu la t ion  mode, (Mode 11, which s p e c i f i e s  t h a t  

t u r b i n e  i n l e t  condi t ions  are t o  be generated over a s p e c i f i e d  p-T mesh .  The 

next  i npu t  s p e c i f i e s  the  ranges and i n t e r v a l s  f o r  t h i s  mesh; 750F t o  850P i n  

s t e p s  of 50"F, and 700 p s i a  t o  900 psia in s t e p s  of 100 ps i  ( 9  cases  over t h i s  

mesh). The code au tomat i ca l ly  generates these  tu rb ine  i n l e t  condi t ions  and 

proceeds wi th  the  cyc le  c a l c u l a t i o n s  ( 9  cases  f o r  t h i s  example). As with  the  

inpu t  f o r  F i l e  15, t h i s  F i l e  25 input is read using a f r e e  format and can be 

obta ined  from a pre-defined da ta  f i l e  r a t h e r  than from the  te rmina l .  

Table B-9 shows a l i s t i n g  of t h i s  input f i l e ,  without the  input  prompts, which 

could be used i f  F i l e  25 was pre-prepared and not suppl ied  from t h e  

te rmina l .  A s  discussed  above f o r  F i l e  15, t he  i d e n t i f y i n g  l a b e l s  a f t e r  the  

inpu t  d a t a  w i l l  be ignored and t h i s  pre-prepared t a b l e  can be used as 

documentation of F i l e  25 f o r  Mode 1, and e d i t e d  as requi red .  

Tables B-10 and B-11 present  samples of the  code output f o r  two of t h e s e  

cases; T6 = 750F, p6 = 800 p s i a  (which is the  TECO design po in t )  and T, = - 
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850F, p6 = 900 p i a .  The output  summaries inc ludes  the  cycle power and -6s 

flow, hea t  t r a n s f e r  rates, component s i z e s ,  and temperatures a t  var ious  p o i n t s  

i n  the  system. The output is l abe led  with explana tory  d e s c r i p t i o n s  and ends 

wi th  state poin t  property t a b l e  l i s t i n g  the  temperature,  p re s su re  and en tha lpy  

a t  each of t he  t en  state p o i n t s  i n  the  cyc le ,  def ined  i n  Sec t ion  2. 

For purposes of comparison and v e r i f i c a t i o n ,  Table B-12 l ists  s e l e c t e d  

va lues  of t he  r e s u l t s  f o r  t he  des ign -po in t ,  a long  wi th  the corresponding 

va lues  repor ted  by TECO. As can be seen, t he  o v e r a l l  agreement is q u i t e  

good. As noted e a r l i e r ,  the regenera tor  e f f e c t i v e n e s s  was ad jus t ed  s l i g h t l y  

t o  m a k e  t h e  mass flow rates of t he  ANL c a l c u l a t i o n s  agree  wi th  the  TECO 

value.  The ca l cu la t ed  en tha lpy  a t  t he  tu rb ine  ex i t  d i f f e r s  s l i g h t l y ,  which is 

a t t r i b u t e d  t o  probable d i f f e r e n c e s  i n  the  i n t e r p o l a t i o n  methods used t o  

c a l c u l a t e  t he  working f l u i d  p r o p e r t i e s  from the input  da ta .  The c a l c u l a t e d  

power and the heat exchanger UA va lues  appear t o  be i n  accep tab le  agreement. 

The a c t u a l  a reas  requi red  f o r  the heat exchangers can be determined from 

the ca l cu la t ed  UA va lues ,  i f  the hea t  t r a n s f e r  c o e f f i c i e n t s  are known. For 

t h e  vapor i ze r ,  fo r  example, the  hea t  t r a n s f e r  i s  l i m i t e d  by the  gas s i d e  hea t  

t r a n s f e r  c o e f f i c i e n t .  Reference 1 p resen t s  t y p i c a l  va lues  of U f o r  t hese  

cond i t ions  

va lue  of 

671 f t 2 .  

comparison 

2 i n  t h e  range of 5-6 B tu /h r / f t  /F. Using t h i s  va lue  and the  (UAIB 

3.69 x 10 Btu/hr from Table B-12, r e s u l t s  i n  a vapor izer  area of 

TECO did not r epor t  t h e i r  value of vapor izer  area, so no d i r e c t  

is poss ib le .  

3 

5.2 MODE 2 EXAMPLE 

A s  an example of Mode 2 c a l c u l a t i o n s ,  input  f o r  t h e  ( 9 )  nine cases 

d iscussed  above i s  presented ,  where the  va lues  f o r  t he  t u r b i n e  i n l e t  

temperature and pressure f o r  each case are suppl ied  on F i l e  25. The format 

f o r  t he  input  data f o r  the f l u i d  p r o p e r t i e s  ( F i l e s  35, 45, 55 and 65) is 

unchanged. Also, t h e  inpu t  d a t a  f o r  F i l e  15 are not  changed. Thus, the  only 

d i f f e r e n c e  is F i l e  25. 

For t h i s  example t h e  F i l e  25 data must spec i fy  Mode 2 ,  t he  number of 

cases t o  be run (9  i n  t h i s  example) and the tu rb ine  i n l e t  temperature and 

p r e s s u r e  f o r  each case. Table B-13 shows a l i s t i n g  of t he  t e rmina l  d i sp l ay  

inc lud ing  prompts and use r  responses f o r  t h i s  case. As f o r  t h e  o the r  f i l e s ,  

t h e s e  va lues  are read i n  f r e e  format,  decimal po in t s  are not r equ i r ed ,  da t a  
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must be separa ted  by blanks o r  commas and t h i s  f i l e  may be prepared i n  advance 

and suppl ied  from a source o the r  than the te rmina l .  Table B-14 shows a list- 

i n g  of t h i s  input  f i l e  (without the computer promptsj and wi th  d e s c r i p t i v e  

i d e n t i f y i n g  l a b e l s  a f t e r  t he  input  va lues  (which would be ignored in t he  

unformatted READ), f o r  a case where these input  da ta  were pre-prepared  and not 

supp l i ed  from a te rmina l .  A s  f o r  the o the r  modes, these  i d e n t i f y i n g  l a b e l s  

w i l l  be ignored by the  unformatted READ, and documents F i l e  25, Mode 2 ,  and 

can be e d i t e d  t o  produce an input  f i l e  f o r  o the r  runs. 

A s  a f u r t h e r  example of t h i s  Mode 2 opera t ion ,  t h i s  p-T mesh w a s  extended 

t o  c a l c u l a t e  more cyc le  condi t ions .  The d a t a  f o r  F i l e  25 were expanded t o  run 

cyc le  c a l c u l a t i o n s  f o r  t u rb ine  i n l e t  temperatures ranging from 600F t o  lOOOF 

i n  increments of 50F, and f o r  t u rb ine  i n l e t  p re s su res  ranging from 500 p s i a  t o  

900 p s i a  i n  increments of 100 psia. For these  c a l c u l a t i o n s ,  a l l  t h e  

parameters f o r  t h e  TECO system were f i x e d  and only  t h e  t u r b i n e  i n l e t  

cond i t ions  were var ied .  F igures  A-7 through A-10 show some of t he  c a l c u l a t e d  

r e s u l t s ,  g iv ing  the cyc le  power, e f f i c i e n c y ,  exhaust s t a c k  e x i t  temperature 

and t h e  requi red  UA f o r  t h e  vaporizer.  (The curves shown are not smoothed; 

r a t h e r  they are s t r a i g h t - l i n e  segments between po in t s  a t  50F increments.) The 

curves f o r  900 p s i a  and 800 p s i a  have d i s c o n t i n u i t i e s  i n  s lope  f o r  t u rb ine  

temperatures in the range 650-750F. These occur because the  minimum gas temp- 

e r a t u r e  (300F) was reached f o r  t h e  low t u r b i n e  i n l e t  t empera tures ,  as shown i n  

Fig. A-9. For the h igher  t u r b i n e  i n l e t  temperatures,  the  pinch-point AT = 

30F was reached, u sua l ly  a t  the  regenera tor  e x i t ,  which l i m i t s  the  amount of 

hea t  which can be e x t r a c t e d  from the gas stream. This is i l l u s t r a t e d  by t h e  

r e l a t i v e l y  high s t a c k  temperatures shown i n  Fig. A-9, f o r  t h e  higher t u r b i n e  

i n l e t  temperatures.  

P 

The power curves,  shown in Fig. A-7, have p o s i t i v e  s lope  f o r  t h e  high 

t u r b i n e  temperatures,  p r imar i ly  because the  Rankine cyc le  e f f i c i e n c y  i n c r e a s e s  

w i t h  inc reas ing  temperature. However, as the  tu rb ine  temperature is decreased 

the exhaust s t ack  temperature is lowered, r e s u l t i n g  in more energy being 

e x t r a c t e d  from the gas stream. This increased  energy e x t r a c t i o n  more than 

compensates f o r  the  reduced cyc le  e f f i c i e n c y ,  r e s u l t i n g  i n  the  f l a t t e n i n g  of 

t h e  power curves i n  the  range 800-850F, and the  nega t ive  s lope  f o r  lower 

temperatures.  Thus f o r  example the ne t  power f o r  t u r b i n e  i n l e t  temperatures 

of 700F is e s s e n t i a l l y  the  same as t h a t  a t  1000F, and the  TECO design po in t  of 
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750F is probably near ly  optimal.  Figure A-10 shows the  requi red  UA f o r  t he  

vaporizer .  Below 700F, the  s lope  is a f fec t ed  by the  minimum gas temperature  

of 300F. Above 700F, t hese  curves show t h a t  t he  vapor izer  UA is e s s e n t i a l l y  

the  same f o r  a l l  the tu rb ine  i n l e t  pressures .  This  is a consequence of the  

f a c t  t h a t  the enthalpy of the  RC-1 working f l u i d  is a r a t h e r  weak func t ion  of 

the  pressure.  Thus, f o r  a f ixed  tu rb ine  i n l e t  temperature ,  changing t h e  

pressure  has only a s l i g h t  e f f e c t  on the enthalpy changes of the working f l u i d  

i n  the vapor izer ,  r e s u l t i n g  i n  only minor changes i n  the  log-mean temperature  

d i f f e rences .  

A s  an example of Mode 3, input  is presented f o r  t h i s  cyc le ,  ope ra t ing  a t  

I 8 off-design points.  I n  Mode 3, c a l c u l a t i o n s  are performed f o r  a s i n g l e  

Rankine cyc le  system; f i r s t  f o r  t he  des ign -po in t ,  and then f o r  a use r  
I s p e c i f i e d  number of off-design condi t ions .  As i n  the  o t h e r  modes, t he  inpu t  

formats f o r  F i l e  15 and t h e  proper ty  da t a  ( F i l e s  34, 45, 55 and 65) are 

unchanged. 

The da ta  f o r  F i l e  25 inc ludes  the  mode number, t he  number of off-design 

cases, the  values f o r  the  t u r b i n e  i n l e t  temperature and pressure  f o r  t he  

des ign -po in t ,  and then the off-design values  f o r  source gas stream i n l e t  

temperature and mass-flow rate f o r  each off-design po in t .  Table B-15 shows a 

l i s t i n g  of a terminal  d i sp l ay  of the  prompts and responses f o r  t h i s  i npu t ,  f o r  

a case of 8 o f f  -design p o i n t s ,  which are r e p r e s e n t a t i v e  of var ious  par t - load 

condi t ions  f o r  the d i e s e l  engine. As f o r  the  o the r  cases, t h i s  F i l e  25 da ta  

is read i n  f r e e  format ,  and t h i s  f i l e  may be suppl ied  from a prepared 

d a t a f i l e .  Table B-16 shows a l i s t i n g  of t h i s  input  f i l e  pre-prepared f o r  

input  not from the te rmina l ,  with i d e n t i f y i n g  l a b e l s  added f o r  documentation. 

6. USER DEFINED COST FUNCTIONS 

I This  sec t ion  desc r ibes  a module of subrout ines  developed t o  a l low the  

use r  t o  de f ine  cost  func t ions  f o r  use with the  ANL/RBC code. Sec t ion  6.1 

conta ins  a desc r ip t ion  of t he  d e f i n i t i o n s  and conventions used i n  gene ra t ing  

c o s t  func t ions  and the  s t r u c t u r e d  ways i n  which func t ions  may be combined. 
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Sec t ion  6.2 con ta ins  a d e s c r i p t i o n  of t he  inpu t /ou tpu t  and use of t h i s  module, 

e i t h e r  as a stand-alone program t o  genera te  an input  f i l e  f o r  t he  ANL/RBC 

code, o r  o p t i o n a l l y  as p a r t  of the code. Sec t ion  6.3 p re sen t s  four  examples 

of t he  usage of t h i s  module t o  generate actual  cos t  func t ions ,  along with 

inpu t /ou tpu t  l i s t i n g s  of a c t u a l  computer runs f o r  the example problems. 

6.1 COST FUIYCTION DEFINITIONS AND CONVENTIONS 

This s e c t i o n  desc r ibes  the  func t ion  d e f i n i t i o n s  and conventions used t o  

d e f i n e  cos t  func t ions  f o r  use with the  ANL/RBC code. The o r i g i n a l  ANL/RBC 

code had f ixed  cos t  c o r r e l a t i o n s  fo r  s p e c i f i c  components of l a r g e  f ixed-  

s t a t i o n  power p l an t s .  I n  planning t o  modify t h i s  code f o r  o the r  a p p l i c a t i o n s ,  

s e v e r a l  f a c t o r s  became apparent.  F i r s t ,  not a l l  p o t e n t i a l  systems use the  

same components. For example, some sys t ems  u t i l i z e  air-cooled condensers 

while o t h e r s  u t i l i z e  water-cooled condensers. Likewise, components may be 

packaged d i f f e r e n t l y ,  which could a f f e c t  how c o s t s  are determined. An example 

of t h i s  is the  Modular Condenser/Regenerator used by TECO f o r  t h e i r  RC-1 

Rankine Bottoming Cycle f o r  an Adiabatic Diesel Engine. Other f a c t o r s  may be 

how much d e t a i l  is known (o r  requi red)  about component c o s t s  and how sub- 

components are t o  be grouped together.  To accommodate these  v a r i a t i o n s ,  a 

cos t - func t ion  module w a s  developed which is q u i t e  gene ra l  and a l lows  

cons iderable  f l e x i b i l i t y  i n  def in ing  cos t  v a r i a b l e s  and t h e i r  f u n c t i o n a l  

r e l a t i o n s ,  where the  use r  is a b l e  t o  d e f i n e / s e l e c t  cos t  v a r i a b l e s  and t h e  

f u n c t i o n a l  r e l a t i o n s h i p s  between t h e  dependent and independent va r i ab le s .  

This procedure starts with a i n i t i a l  list of independent v a r i a b l e s ,  def ined  by 

NAME and used by VALUE i n  t he  ANL/RBC code. This i n i t i a l  independent v a r i a b l e  

list is given i n  Table B-17, l i s t i n g  the  FORTRAN v a r i a b l e  names used i n  the  

code and t h e i r  phys i ca l  d e f i n i t i o n s .  As discussed  below, t h i s  i n i t i a l  l i s t  of 

independent v a r i a b l e s  is expanded t o  inc lude  the  NAME and subsequent VALUE of 

each new dependent v a r i a b l e  def ined  by the user .  This allows t h e  a d d i t i o n  of 

new cos t  v a r i a b l e s  and the  cons t ruc t ion  of very gene ra l  c o s t  f u n c t i o n s  . 
A set of Funct iona l  Forms w a s  e s t a b l i s h e d  r e l a t i n g  a s i n g l e  dependent 

v a r i a b l e  t o  a s i n g l e  independent va r i ab le .  These Funct iona l  Forms are: 

1: Linear 

2: Quadratic 

y = a + b x  

y = a + bx + cx 2 
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3 3: Cubic y = a + bx + cx2 + dx 

5: Power 

C 
X y = a + bx + - 

y = cxn 

These f i v e  forms are  i d e n t i f i e d  i n  t h e  code as Type 1-5, r e spec t ive ly .  The 

use r  must select the Functional Form Type t o  be used f o r  a given func t ion ,  

select t h e  NAME of the  independent v a r i a b l e  (from the  l ist  of v a r i a b l e  names), 

and d e f i n e  a NAME f o r  the dependent v a r i a b l e  (up t o  24 c h a r a c t e r s ,  wi th  a l l  

v a r i a b l e s  t r e a t e d  as real  FORTRAN v a r i a b l e s ,  not i n t e g e r ,  r e g a r d l e s s  of name). 

Numerical da ta  f o r  the cons t an t s  f o r  a given equat ion  can be suppl ied  i n  

two o p t i o n a l  ways. For Option 1, the  use r  must provide a c t u a l  numerical 

va lues  f o r  the cons tan ts  i n  the  s e l e c t e d  equation. Thus, f o r  Option 1, i f  

Type 2 is s p e c i f i e d ,  t he  user must supply va lues  f o r  t he  c o n s t a n t s  a ,  b, and c 

i n  the  q u a d r a t i c  form. Zero va lues  f o r  any cons t an t s  are acceptab le .  
I 

The code a l s o  inc ludes  the  provis ion  (Option 2) t o  c a l c u l a t e  the  r equ i r ed  

cons t an t s  by leas t - squares  curve f i t t i n g  t o  inpu t  d a t a  poin ts .  For t h i s  
op t ion  t h e  user  must provide the  number of d a t a  p o i n t s  ( < l o )  and the  va lues  of 

t h e  da t a  p o i n t s ,  as x,y p a i r s .  The minimum number of d a t a  p a i r s  r equ i r ed  

depends on t h e  func t iona l  form s e l e c t e d  and is equal  t o  the  number of 

cons t an t s  i n  the  equation. Thus, a l i n e a r  form or a power form r e q u i r e s  a 

minimum of two po in t s ,  and the  quadra t i c  and hyperbol ic  r e q u i r e  a minimum of 

t h r e e  po in t s .  Using these  inpu t  da t a  po in t s ,  the  code gene ra t e s  the  c o n s t a n t s  

r equ i r ed  f o r  the s p e c i f i e d  Functional Form. 

I n  providing d a t a  f o r  s e v e r a l  equat ions ,  each equat ion  is processed 

s e p a r a t e l y  so tha t  d i f f e r e n t  Types and Modes may be used f o r  d i f f e r e n t  

equations.  T h e  code has been s t r u c t u r e d  so t h a t  when the  NAME of a dependent 

v a r i a b l e  is  defined f o r  an equat ion ,  t h i s  new v a r i a b l e  NAME is added t o  t h e  

l i s t  of a v a i l a b l e  NAMES of independent v a r i a b l e s ,  and may be used as an 

independent va r i ab le  i n  subsequent d e f i n i t i o n s .  This allows the  use r  to  l i n k  

d e f i n i t i o n s  toge ther  and t o  build-up more complicated func t ions  i f  needed. 

For example, consider t he  case where the  user has s e v e r a l  c o s t  func t ions  t h a t  

depend on the square of the power. An equat ion  could be def ined  (us ing  t h e  

a r b i t r a r y  n a m e  PSQRD) f o r  t he  dependent v a r i a b l e ,  wi th  POWEK (from Table X-1) 

as the name of the independent va r i ab le .  Spec i fy ing  Type 2 with the cons t an t s  
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a=O, b o ,  and c=l would gene ra t e  the  v a r i a b l e  named PSQRD which would have the  

numerical  value of t he  square  of the power. This new v a r i a b l e  PSQRD could 

then  be used i n  subsequent d e f i n i t i o n s  as an independent v a r i a b l e ,  and would 

pass  t h e  va lue  of t he  square of the power t o  the r e s u l t i n g  c a l c u l a t i o n s .  

A v a r i a t i o n  of the  PSQRD example d iscussed  above demonstrates t he  a b i l i t y  

t o  supply the NAMES and VALUES of new v a r i a b l e s  f o r  cons t an t s  which had not 

been a n t i c i p a t e d / i n c l u d e d  i n  the  programmed l ist  of v a r i a b l e s  (Table B-17). 
I n  Sec t ion  6 . 3  an example for a rather complicated cos t - func t ion  f o r  the  c o s t  

of o rgan ic  working f l u i d s  w i l l  be described. This is a func t ion  of a number 

of c a l c u l a t e d  v a r i a b l e s  and two which are not:  the molecular weight of t he  

f l u i d  and t h e  f l u i d  cos t  per gallon. Each of these  v a r i a b l e  NAMES (FMW and 

CGAL as used i n  Sec. 6 . 3 )  can be in t roduced  as newly defined dependent 

v a r i a b l e s ,  by spec i fy ing  Type 1 f o r  an a r b i t r a r y  independent v a r i a b l e  (e.g., 

POWER), and spec i fy ing  "b" = 0 f o r  the c o e f f i c i e n t  and s e t t i n g  "a" equal  t o  

t h e  numerical va lue  being introduced. Doing t h i s  f o r  both t h e  molecular 

weight and the  f l u i d  cos t  per  ga l lon  would genera te  newly def ined  independent 

v a r i a b l e s  names FMW and CGAL, wi th  the numerical va lues  of t he  cons t an t s  "a" 

used to  genera te  each func t ion .  

Th i s  concept of l i n k i n g  va r i ab le s  and equat ions  was extended t o  a l low two 

independent v a r i a b l e s  t o  be combined e i t h e r  as a l i n e a r  combination or a 

sca l ed  product. can be combined t o  give 

yn def ined  e i t h e r  as 

Two independent va r i ab le s  xi and x 
j 

o r  

yn = BXi'XJ 

(L inear  Combination Type 6 )  

(Sca led  Product Type 7)  

where the  cons t an t s  a l ,  a2, or B are use r  supplied.  These Funct iona l  Forms 

are def ined  as Type 6 and Type 7 i n  the code. These ope ra t ions  allow the  u s e r  

t o  combine v a r i a b l e s  i n  a wide v a r i e t y  of ways. The a d d i t i v e  form allows t h e  

use r  t o  de f ine  func t ions  of s e v e r a l  independent v a r i a b l e s .  The m u l t i p l i c a t i o n  

form allows products of d i f f e r e n t  independent v a r i a b l e s  (and d i v i s i o n  i f  Type 

4 is s p e c i f i e d  i n  d e f i n i n g  xi or xj).  These combinations may be nes t ed ,  or 
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r epea ted ,  so that very gene ra l  and complicated f u n c t i o n a l  forms may be 

generated . 
While the  a b i l i t y  t o  l i n k  var ious  f u n c t i o n a l  forms toge the r  a l lows  a 

g r e a t  v a r i e t y  of f u n c t i o n a l  forms t o  be genera ted ,  i t  a l s o  provides  a 

mechanism t o  handle special  s i t u a t i o n s  for new o r  unusual components or da ta  

which could not be a n t i c i p a t e d  o r  gene ra l ly  programmed i n t o  the ANL/RBC. For 

example, Ref. 1 p resen t s  cos t  func t ions  f o r  pumps def ined  by two l i n e a r  

func t ions  of flow rate (Q) f o r  two d i f f e r e n t  f i x e d  va lues  of pump-head (H). 
For the  cyc le  t h e  cos t  is  t o  be der ived  by l i n e a r  i n t e r p o l a t i o n  between these  

cos t  func t ions ,  using the  a c t u a l  pump-head and flow rates c a l c u l a t e d  from t h e  

Rankine cyc le  analysis. This l n t e r p o l a t i o n  over pump-head can be def ined  and 

t r e a t e d  as follows: 

Assume t h e  two given cos t  func t ions  are: 

C1 = a1 + b l Q  f o r  a given va lue  of H1 

C2 = a2 + b2Q f o r  a given va lue  of H2 

then the  i n t e r p o l a t e d  cos t  f o r  H1 < H < H2 is 

(H - H1> 
c = c1 + (c, - C1) 

Assuming t h a t  the Functions C1 and C2 have been def ined  as d iscussed  

p rev ious ly  (e.g., Type 1, MDOTF as the  independent v a r i a b l e  us ing  t h e  known 
va lues  f o r  the numerical cons t an t s  a l ,  b l ,  a 2 ,  b2) ,  then t h e  above 

i n t e r p o l a t i o n  can be cons t ruc ted  by def in ing  3 in t e rmed ia t e  func t ions :  

F1 = HEAD - H1 (Type 1, x = HEAD, a = -Hl, b=l )  

F2 = C2 - C1 (Type 6 ,  al = 1, a2 = -1) 

which can be combined t o  g ive  t h e  i n t e r p o l a t e d  cos t  
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C = C1 + F3 (Type 6,  al  * 1, a2  1) 

Thus, without a c t u a l l y  having t h i s  i n t e r p o l a t i o n  rou t ine  in the  FORTRAN code, 

i t  could be included i n  the cos t  eva lua t ion  through t h i s  process of l i n k i n g  

s e v e r a l  v a r i a b l e s  toge ther .  Many other combinations can be made, so i t  should 

be p o s s i b l e  t o  bu i ld  up cos t  func t ions  f o r  many s i t u a t i o n s  not included i n  t h e  

ANL/RBC coding (see Example 4, Sec. 6.3). 

I n  the  above d i scuss ion ,  in te rmedia te  func t ions  were introduced which are 

not a c t u a l  c o s t s ,  and t h e i r  va lues  should not  be included i n  a t o t a l  c o s t  

eva lua t ion .  This is handled i n  t h e  code by a computer prompt ques t ion  dur ing  

i n p u t ,  "Is t h i s  v a r i a b l e  t o  be included i n  the t o t a l  c o s t ?  (Y/N)." A response 

of YES (o r  Y) r e s u l t s  i n  inc lue ion  of t h i s  equat ion  as an a c t u a l  cos t .  A 

response of NO ( o r  N) f l a g s  the  va r i ab le  as an in t e rmed ia t e  v a r i a b l e ,  and i ts  

va lue  and n a m e  w i l l  not be included i n  t he  f i n a l  cos t  summary. 

6.2 COST €UNCTION INPUT/OUTPIJT 

T h i s  s e c t i o n  desc r ibes  usage and t h e  inpu t /ou tpu t  op t ions  of the  Cost 

Function Module. Actual sample input /output  l i s t i n g s  f o r  four  example cases 

are included i n  Appendix B. This  code module was designed around i n t e r a c t i v e  

use as a stand-alone program, wi th  input  from a te rmina l  keyboard and output  

t o  a t e rmina l  d i s p l a y ,  with an output f i l e  w r i t t e n  on a p e r i p h e r a l  device f o r  

later use i n  the  ANL/RBC code. Usage w i l l  be descr ibed  f i r s t  as an i n t e r -  

a c t i v e  te rmina l  s e s s i o n ,  f o r  stand-alone ope ra t ion ,  with the user  responding 

t o  prompts and ques t ions  as d i sp lay  a t  the  te rmina l .  Optional i npu t /ou tpu t  

methods are descr ibed  later. 

To use t h i s  module, t he  use r  must have a set  of func t ions  ( equa t ions ) ,  

and t h e  necessary numerical da t a  (described i n  Sec t ion  6.2) .  These func t ions  

( equa t ions )  should be numbered i n  sequence s t a r t i n g  wi th  1, wi th  the  t o t a l  

number l i m i t e d  t o  30. As described i n  Sec t ion  6.2, each of t hese  equa t ions  

must have a dependent v a r i a b l e  n a m e ,  a t  least one independent v a r i a b l e  name, a 

func t ion  form Type number (1-7) ,  and numerical d a t a  t o  de f ine  the  f u n c t i o n  

us ing  e i t h e r  Option 1 o r  2. The computer w i l l  d i s p l a y  a series of prompts/ 

ques t ions ,  t o  which the use r  responds. 

This  sequence starts wi th  a d isp lay  INPUT DATA FOR EQUATION b l ,  followed 

by **** TYPE DEPENLMNL vAixiMu **** . me use r  should type the  name ass igned  
_ _  
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f o r  the  dependent va r i ab le  f o r  Equation 1. (Dependent v a r i a b l e  names can be 

any cha rac t e r  s t r i n g  inc luding  blanks and punctua t ion ,  up t o  12 c h a r a c t e r s  

long. These names may be d e s c r i p t i v e  and w i l l  be included i n  the  f i n a l  Cost 

Summary produced by the code.) The computer w i l l  then prompt wi th  **** TYPE 

EQUATION FORM (1-7) ****, and the use r  should input  the Type value.  The 

computer w i l l  then prompt wi th  the message **** TYPE DATA INPUT OPTION: 1 = 

INPUT CONSTANTS, 2 = CURVE-FIT ****, and the  use r  should type the  s e l e c t e d  

option. The computer w i l l  then prompt with **** TYPE INDEPENDENT VARIABLE 

****. The use r  should respond wi th  the n a m e  of the independent v a r i a b l e ,  

which must be typed exac t ly .  I f  Option 1 is s e l e c t e d ,  the  computer w i l l  

prompt with the  func t iona l  form f o r  t he  s p e c i f i e d  Type and reques t  numerical  

va lues  f o r  the  ind iv idua l  cons tan ts .  For example, i f  a q u a d r a t i c  form 

( y  = a + bx + cx ) is  s p e c i f i e d  the computer would d i sp lay :  2 

FUNCTIONAL FORM FOR "dependent v a r i a b l e  name" 

Y = A + B*X + C*X**2. 

**** TYPE COEFFICIENT A **** , 

and the use r  should type t h e  numerical  va lue  of t he  cons tan t  term a. t h i s  

process  is repeated f o r  a l l  t h e  cons t an t s  requi red  f o r  t he  s p e c i f i e d  

f u n c t i o n a l  form. (The input  of these  cons t an t s  is a l s o  free-format us ing  any 

FORTRAN designat ion f o r  a real cons tan t .  A decimal poin t  is not requi red . )  

I I f  the  equation had been s p e c i f i e d  f o r  input  as Option 2 ,  then the use r  

w i l l  be prompted t o  provide the  input  da t a  va lues  f o r  cu rve - f i t t i ng .  The 
I computer w i l l  prompt 

**** INPUT DATA FOR CURVE-FIT **** 
**** TYPE # OF DATA POINTS **** , 

t h e  te rmina l  prompt w i l l  appear and the  use r  should type the  number of d a t a  

po in t s  a v a i l a b l e  for  t h i s  func t ion .  This must be an i n t e g e r  va lue  t10 ,  and is 

i npu t  i n  free-format. After t h i s  t he  computer w i l l  prompt 

**** TYPE X,Y PAIRS FOR N DATA POINTS **** , 

followed by a ? f o r  each x,y pa i r .  The user  should type the  x and y values  
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f o r  each data poin t .  (These cons tan ts  are input  i n  free-format,  s epa ra t ed  by 

blanks o r  a comma, and the decimal point is not required.)  

A t  t he  end of t he  above s t e p s  f o r  a given equat ion ,  the  computer w i l l  

prompt 

**** I S  THIS VARIABLE TO BE INCLUDED I N  TOTAL COST? Y/N **** , 

and the use r  should respond YES (or Y) o r  NO ( o r  N)  s t a r t i n g  i n  the  f i r s t  

typ ing  pos i t i on .  As  descr ibed  i n  Section 6.2, some equat ions  may be def ined  

as in t e rmed ia t e  v a r i a b l e s  and t h e i r  names and va lues  are not p a r t  of the  f i n a l  

Cost Summary. These v a r i a b l e s  should be excluded by answering NO (o r  N). 
Afte r  responding t o  t h i s  last  prompt, the code increments t he  equat ion  number 

and r e p e a t s  t h e  above sequence fo r  t he  next equation. This i npu t  loop is 

terminated by typing DONE as the  name of the  dependent va r i ab le .  As descr ibed  

i n  Sec t ion  6.2, func t ions  may be defined as combinations of two Independent 

v a r i a b l e s  (Types 6 and 7 ) .  In such cases ,  t h e  prompts are somewhat d i f f e r e n t ,  

but self-explanatory.  Independent v a r i a b l e  names must be typed e x a c t l y ,  and 

numerical  cons t an t s  are in f ree-f ormat. 

Upon completion of t h i s  te rmina l  i npu t  process ,  an output  f i l e  is w r i t t e n  

(on l o g i c a l  u n i t  36). This is an exac t  copy of the  te rmina l  input  and is 

genera ted  f o r  an a l t e r n a t e  input  f i l e  t o  the  RBC code, t o  e l i m i n a t e  the  need 

t o  type  a l l  t he  input  information each t i m e  i f  mu l t ip l e  computer runs are t o  

be -de. An opt ion  has been provided in t he  inpu t  module t o  read t h e  Input 

from a source o the r  than the  terminal keyboard. When the  inpu t  module is 

executed, it f i r s t  prompts t h e  user f o r  the  input  source with the  ques t ion  

**** IS THE INPUT FROM THE KEYBOARD? (Y/N) ****. I f  the  u s e r  responds by 

typ ing  YES (or  Y) , then input  from t h e  t e rmina l  keyboard is t o  be provided, as 

descr ibed  above. I f  t he  response i s  NO ( o r  N), input  is t o  come from another  

device  (def ined  as FORTRAN uni t  75 in t h e  code). Thus, t h e  output  f i l e  

genera ted  on u n i t  36 dur ing  one execution may be used as an inpu t  f i l e  on u n i t  

75 f o r  subsequent runs, e l imina t ing  the need t o  type a l l  t h e  inpu t  in format ion  

f o r  each computer run. Also, t h i s  f i l e  may be modified independently,  f o r  

example t o  change v a r i a b l e  names o r  numerical cons tan ts .  

The d e s c r i p t i o n  above a p p l i e s  t o  execut ion  of t he  inpu t  module as a 

stand-alone program which genera tes  a da t a  f i l e  (on u n i t  36) f o r  i npu t  t o  t h e  
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ANLIRBC code. Actua l ly ,  t h i s  i npu t  module has been inco rpora t ed  in t h e  RBC 

code, wi th  va r i ab le s  and da ta  in shared COMMON blocks ,  and a f t e r  input  of t h e  

c o s t  func t ion  data t h e  code can proceed wi th  a Rankine cyc le  a n a l y s i s .  To 

allow f o r  usage without proceeding, an op t ion  has been provided t o  s t o p  a f t e r  

t h e  above input  process has been completed. The computer w i l l  prompt with the  

ques t ion  **** DO YOU WANT "0 CONTINUE FOR RBC ANALYSIS? ( Y / N )  ****. I f  the  

use r  responds w i t h  YES ( o r  Y), the  computer w i l l  proceed wi th  the  RBC 

ana lys i s .  I f  the response is NO ( o r  N) the computer w i l l  s t op .  It should be 

noted t h a t  t h i s  l a s t  response is not included in t h e  f i l e  genera ted  on Unit 

3 6 .  In t e s t i n g  the response t o  t h i s  prompt, the computer w i l l  accept  an end- 

o f - f i l e  as equiva len t  t o  a yes. Thus, i f  t h e  inpu t  is being read (on Unit 75) 

from a previous ly  prepared f i l e ,  the  computer w i l l  proceed i n t o  the  RBC 

a n a l y s i s  unless a NO ( o r  N) is added t o  the  end of t h i s  f i l e .  

6.3 ExAEIpL& COST FUNCTION INPUTS 

This  s e c t i o n  desc r ibes ,  by four  examples, t he  use of this  code module t o  

genera te  cos t  func t ions  f o r  t he  ANL/RBC code. These examples, taken from Ref. 

1 are f o r  c o s t s  of components f o r  large (> 500 kW) f i x e d  s t a t i o n  systems, and 

the numerical cos t  va lues  are not appropr i a t e  f o r  t r a n s p o r t a t i o n  s i z e d  systems 

(< 50 kW). However, these  f u n c t i o n a l  forms are a v a i l a b l e  and documented and 

can be used t o  i l l u s t r a t e  t he  usage of t h i s  code c a p a b i l i t y .  For the  smaller 

systems, d i f f e r e n t  numerical va lues  would be a p p r o p r i a t e ,  but t he  i n p u t  

process t o  the code would be t h e  same. 

as a 

The f i r s t  example is a s h e l l  and tube r egene ra to r  wi th  t h e  c o s t  ($ )  given 

func t ion  of the regenera tor  hea t  t r a n s f e r  area (+ in f t  ) by 2 

For t h i s  example, the Funct iona l  Form is the exponen t i a l  form, (Type 51, and 

it  was assumed tha t  t he  numerical va lues  of t he  c o e f f i c i e n t  and exponent are 

t o  be i n p u t ,  using Option 1. The  dependent v a r i a b l e  is t he  r egene ra to r  c o s t ,  

which f o r  t h i s  i l l u s t r a t i o n  was named REGENERATOR. The independent v a r i a b l e  

is the  regenera tor  area which is one of the predef ined  v a r i a b l e s  (AREGEN) in 

Table B-17. 

During inpu t  t he  use r  would respond t o  a series of prompts with 5 f o r  the  
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Funct iona l  Form, 1 f o r  the  da t a  input op t ion ,  REGENERATOR for the  dependent 

v a r i a b l e  name, AREGEN f o r  t he  independent v a r i a b l e  name, 43.16 f o r  the  

c o e f f i c i e n t  and ,85 €or  the  exponent. This  series of prompts and responses is 

i l l u s t r a t e d  i n  Table B-18,  which is  a p r i n t o u t  of t h i s  p a r t  of the prompting 

and inpu t  from an a c t u a l  run of the  ANL/RBC code, 

As a second example, t h i s  same func t ion  was input  using Option 2, wi th  

numerical  d a t a  p o i n t s ,  r a t h e r  than using the  known cons tan t s  as i l l u s t r a t e d  

above. Assume the  user  has the  fol lowing t a b l e  of cos t  d a t a ,  with the  

assumption that % = K(A~P. 

1000. 15,313.75 

1500. 21,615.19 

2000. 27 ,603 .04  

(These values  were generated from the o r i g i n a l  cos t  func t ion ,  and f o r  t h i s  
f u n c t i o n a l  form only two d a t a  points  are required.  The use of seven s i g n i f -  
i c a n t  f i g u r e s  is only t o  i l l u s t r a t e  t h a t  t he  c u r v e - f i t t i n g  procedure can 
reproduce the  o r i g i n a l  cons tan ts . )  

I n  the  input  f o r  t h i s  i l l u s t r a t i o n ,  t he  dependent v a r i a b l e  was named REG2 

and the  user  response was 5 f o r  t he  Funct ional  Form, 2 f o r  the  input  op t ion ,  3 

f o r  t he  number of data po in t s  i n  t h i s  example, and then t h e  t h r e e  x,y p a i r s  of 

da t a  va lues ,  from the  t a b l e  above. Table B-19 is a p r i n t o u t  of the  execut ion  

f o r  t h i s  mode, which inc ludes  the p r i n t i n g  of the  c o e f f i c i e n t s  A(2) and A(3) 

ca lcu la t ed  from a least squares  f i t  of the data .  For the  power form A(2) is 

t h e  log  (10 )  of the  c o e f f i c i e n t  and A(3) is the  exponent. Since the  th ree  

d a t a  po in t s  f i t  the  func t ion  exac t ly ,  the ca lcu la t ed  cons t an t s  agree  with 

those  i n  the  o r i g i n a l  f u n c t i o n a l  form. 

A t h i r d  example, Ref. 1 cites the cos t  of a x i a l  flow tu rb ines  (> 500 kW) 
as 

-3 2 
= 31167 + 23.58 P - 3.66 x 10 P ct 

where P is the  power. Assume the  user s p e c i f i e s  a quadra t i c  form y = a + bx + 
cx , has th ree  da t a  p o i n t s ,  2 
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x = P  1 v = c  

500 42,042 

1000 51,087 

1500 58,302 

(which f i t  the o r i g i n a l  equat ion  t o  the nea res t  $1). For t h i s  component, t h e  

independent va r i ab le  w a s  POWER, which is one of the  predefined v a r i a b l e s  i n  

Table B-17. The  dependent v a r i a b l e  was the  tu rb ine  c o s t ,  which w a s  named 

TURBINE f o r  t h i s  example. This  case was input  with Funct iona l  Form 3, Option 

2, the  number of da t a  po in t s  as 3 and the th ree  x,y p a i r s  from the  t a b l e  

above. Table B-20 lists a p r i n t o u t  f o r  t h i s  case, where the c o e f f i c i e n t s  

A ( 2 ) ,  A ( 3 ) ,  and A(4) d i f f e r  s l i g h t l y  from those i n  the  o r i g i n a l  equat ion  

because of s l i g h t  round-off i n  the  a r i t hme t i c .  

The f o u r t h  example is more complicated,  chosen t o  i l l u s t r a t e  how a very  

gene ra l  cos t  func t ion  can be generated as a func t ion  of s e v e r a l  v a r i a b l e s ,  

using the c a p a b i l i t i e s  incorpora ted  i n  the code module EQNS and in t e rmed ia t e  

v a r i a b l e s  def ined by t h e  user .  Reference 1 presen t s  a development of a 

func t ion  f o r  c a l c u l a t i n g  the  cos t  of the  working f l u i d ,  as a product of t h e  

u n i t  cos t  ( $ / g a l )  and the  working f l u i d  inventory  ( g a l ) .  A s  descr ibed  i n  Ref. 

1, the f l u i d  volume is a funct ion  of the  s i z e  of the  economizer s e c t i o n  of t h e  

b o i l e r ,  the  size of the  r egene ra to r ,  t he  flow rate of the working f l u i d  and 

the  f l u i d  molecular weight,  given as 

0.02 Asub + 0.08 A + 1.2 Q + 414 Q/M 
"F reg 

( f o r  t he  geometries considered i n  Ref. l ) ,  where VF is t he  volume of working 

reg  f l u i d ,  ASUb is the su r face  area of the  economizer s e c t i o n  of t he  b o i l e r ,  A 

is t he  su r face  area of the r egene ra to r ,  Q is the  volume flow rate of the  

working f l u i d  and M is the molecular weight. The f l u i d  cos t  is then given as 

CF - cg.vF 

where Cg is t he  u n i t  cos t  of the  f l u i d .  This  cos t  func t ion  c o n s i s t s  of a 

l i n e a r  combination of t h r e e  v a r i a b l e s ,  as w e l l  as a term with the  r a t i o  of two 

v a r i a b l e s ,  a l l  mul t ip l ied  by a f i n a l  var iab le .  

A cos t  funct ion f o r  t h e  f l u i d  w a s  bui l t -up by de f in ing  4 in t e rmed ia t e  

func t ions  and combining them, using the  a d d i t i o n  and m u l t i p l i c a t i o n  capabi l -  

i t i e s  of the code module EQNS. The above express ion  f o r  f l u i d  cos t  can be 

genera ted  by the  following s t e p s  : 
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: Linear  Combination (Type 6) 
reg (1) f l  - 0.02 Asub + 0.08 A 

( 2 )  f 2  = 1.2 + 414/M : Hyperbolic Function (Type 4)  

(3) f 3  f2.Q : Product Combination (Type 7)  

(4) fq  = f l  + f 3  : Linear  Combination (Type 6) 

(5) cF = Cgof4 : Product Combination (Type 7) 

The independent v a r i a b l e s  i n  Steps 1 and 3 are the  predefined v a r i a b l e s  from 

Table B-17 (ASUB, AREGEN, and MDOTF). The independent v a r i a b l e s  i n  Steps 2 

and 5 (M and Cg) are not i n  Table B-17, and i t  i s  assumed t h a t  these  have been 

pre-defined as the  v a r i a b l e s  FMW and CGAL as descr ibed  previous ly  i n  

Sec t ion  6.2. For s i m p l i c i t y ,  t he  dependent v a r i a b l e  names f o r  t h e  above 

func t ions  were labe led  Fl,....F4 and FLUID, the last  being the f i n a l  f l u i d  

c o s t  (Step 5 ) .  Each of these  intermediate  func t ions  (Steps 1 through 4) was 

def ined  sepa ra t e ly ,  spec i fy ing  the appropr ia te  Funct ional  Form, and supplying 

t h e  numerical  c o e f f i c i e n t s  as required when prompted. A t  Step 3, when the  

Product Operation is s p e c i f i e d  (Type 7)  the computer w i l l  prompt f o r  the  names 

of t he  va r i ab le  f ac to r s .  The responses f o r  Step 3 should be MDOTF and F2 

( e i t h e r  order ) .  S imi l a r ly  a t  Step 4, when the  Addition Operation is s p e c i f i e d  

(Type 6) the  computer w i l l  ask for  t he  v a r i a b l e  terms, and the responses  

should be F1 and F3. Completion of t hese  f i v e  s t eps  w i l l  produce the des i r ed  

c o s t  func t ion ,  f o r  t h i s  r a t h e r  complicated form. Table B-21 p resen t s  a 

p r i n t o u t  of t h i s  e n t i r e  process ,  for  t h i s  example. It should be noted t h a t  

only t h e  last s t e p  (5) produces an  a c t u a l  d o l l a r  cost .  Thus, f o r  Steps 1-4, 

the "cost"  should not be included i n  the  To ta l  Cost ,  which is accomplished by 

responding NO t o  the ques t ion  "Should This Variable  Be Included i n  the  To ta l  

Cost?". For Step 5, the  response is  YES. 

I n  bui lding-up a func t ion  i n  t h i s  process ,  t he  independent v a r i a b l e  can 

be any v a r i a b l e  from the  predefined list or  any v a r i a b l e  t h a t  has been def ined 

by a previous f u n c t i o n a l  d e f i n i t i o n .  Thus, i n  the  above example, Steps 1 and 

2 can be done i n  any o rde r ,  but  Step 3 must come a f t e r  t he  d e f i n i t i o n  of F2. 

Likewise,  Step 4 mst come a f t e r  the d e f i n i t i o n s  of F1 and F3. Also, once an  

in te rmedia te  func t ion  has been defined f o r  a given component, it remains i n  

t h e  l i s t  of v a r i a b l e s  and can be used f o r  subsequent components i f  des i red .  
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Table B-1. C y c l e  V a r i a b l e s  F i x e d  f o r  Each Computer Run 

FORTRAN 
N a m e  

CPGAS 

DTSUB 

FLUID 

EMECH 

EPUMP 

ETURB 

EREGEN 

FFB 

FFC 

FFR 

ICOOL 

MDOTG 

TCOND 

TGIN 

TGMIN 

TPMIN 

UCOND 

UREGEN 

UVAP 1 

UVAP 2 

UVAP 3 

D e f i n i t i o n  

-___ - -- 

S p e c i f i c  h e a t  o f  source gas ( B / l b )  

S u b - c o o l i n g  t e m p e r a t u r e  drop a t  c o n d e n s e r  ( F )  

N a m e  o f  work ing  f l u i d  

M e c h a n i c a l  e f f i c i e n c y  o f  Rankine  s y s t e m  

Pump e f f i c i e n c y  

T u r b i n e  e f f i c i e n c y  

Regenerator e f f e c t i v n e s s  

B o i l e r  p r e s s u r e  d r o p  f a c t o r  (decimel < 1) 

Condenser p r e s s u r e  d r o p  f a c t o r  (decimel  < 1) 

Regenerator pressure  d r o p  f a c t o r  (decimel < 1) 

I n d i c a t o r  f o r  coo lan t  ( l = A i r ,  2 = W a t e r )  

Mass f l o w - r a t e  o f  s o u r c e  gas  ( l b / h r )  

S a t u r a t i o n  t e m p e r a t u r e  i n  c o n d e n s e r  ( F )  

S o u r c e  gas i n l e t  t e m p e r a t u r e  ( F )  

M i n i m u m  o u t l e t  gas  temperature  ( F )  

M i n i m u m  p i n c h - p o i n t  t e m p e r a t u r e  d i f f e r e n c e  ( F )  

Condenser U value ( B / h r / f t  s q / F )  

Regenerator U V a l u e  ( B / h r / f t  s q / F )  

Economizer  U va lue  ( B / h r / f t  s q / F )  

Vaporizer  U value ( B / h r / f t  s q / F )  

S u p e r h e a t e r  U v a l u e  ( B / h r / f t  s q / F )  

Notc 

2 

3 

3 

-- 

NOTES: 1. A l l  c o s t - f u n c t i o n  da ta  f i x e d  f o r  e a c h  r u n .  
2 .  F o r  Mode 3 ,  e f f c c t i v n e s s  w i l l  v a r y  €rom i n p u t  v a l u e .  
3 .  For  Mode 3 ,  variable! i n p u t  v a l i i c ~ s  arc' used .  
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T a b l e  B-2, RC-1 S d t u r a t i o n  P r o p e r t i e s  I n p u t  Data  

18 :RC-l SATURATION PROPERTIES (E'ILE35) 
7 . 0 1  1 4 0 . 0 0  2 6 . 4 2  1 0 9 . 9 0  

1 0 . 1 5  1 6 0 . 0 0  3 1 . 7 6  1 1 3 . 1 0  
1 4 . 3 9  1 8 0 . 0 0  3 7 . 2 3  1 1 6 . 4 0  
20.00 200 .00  4 2 . 8 3  1 1 9 . 8 0  
2 7 . 8 1  2 2 0 . 0 0  4 8 . 5 8  1 2 3 . 2 0  
3 6 . 6 6  2 4 0 . 0 0  5 4 . 4 7  1 2 6 . 6 0  
4 8 . 4 8  2 6 0 . 0 0  6 0 . 5 1  1 3 0 . 0 0  
6 3 . 2 0  2 8 0 . 0 0  6 6 . 7 1  1 3 3 . 3 0  
8 1 . 3 2  3 0 0 . 0 0  7 3 . 0 9  1 3 6 . 7 0  

1 0 3 . 3 8  3 2 0 . 0 0  7 9 . 6 5  1 4 0 . 0 0  
1 2 9 . 9 6  3 4 0 . 0 0  8 6 . 4 4  1 4 3 . 1 0  
1 6 1 . 6 6  3 6 0 . 0 0  9 3 . 5 1  1 4 6 . 2 0  
1 9 9 . 1 7  3 8 0 . 0 0  1 0 0 . 9 0  1 4 9 . 0 0  
2 4 3 . 2 1  400 .00  1 0 8 . 9 0  1 5 1 . 5 0  
2 9 4 . 7 1  4 2 0 . 0 0  1 1 7 . 8 0  1 5 3 . 5 0  
356 .92  4 4 0 . 0 0  1 2 8 . 8 0  1 5 3 . 8 0  
4 0 2 . 7 3  4 4 5 . 0 0  1 4 2 . 0 0  1 4 2 . 0 0  
411 .00  4 5 6 . 0 0  1 4 2 . 0 0  1 4 2 . 0 0  

Pres. Temp. H-liq H-vap 
p s i  F B t u / l b  B t u / l b  

Table B-3 .  RC-1 C o n d e n s e r  C o n d i t i o n s  I n p u t  D a t a  

4 :RC-1 CONDENSER CONDITIONS ( F I L E 6 5 )  
4 .72  1 2 0 . 0  . 0 1 0 9 8  2 1 . 2 3  1 0 6 . 7 0  0 .  0 .  
7 . 0 1  1 4 0 . 0  . 0 1 1 3 5  26 .42  1 0 9 . 9 0  0 .  0 .  
8 . 0 1  1 4 6 . 4  . 0 1 1 4 7  2 8 . 1 2  1 1 0 . 9 0  0 .  0 .  

1 0 . 1 5  1 6 0 . 0  . 0 1 1 7 4  3 1 . 7 6  1 1 3 . 1 0  0 .  0 .  

P r e s .  Temp. V-liq H-liq H-vap S-liq S-vap 
p s i  F c f / l b  ---Btu/lb---  - - B t u / l b / F - -  
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T a b l e  B-4.  RC-1 High-p res su re  SupcrhcaC 1 n p u t  - 

5 31 :RC-1 HIGH-PRESSURE SUPERHEAT DATA ( F l L E 4 5 )  
1 0 0 . 0  
1 0 0 . 0  
1 0 0 . 0  
100 .0  
1 0 0 . 0  
100.0 
100.0 

1 0 0 . 0  
1 0 0 . 0  
1 0 0 . 0  
1 0 0 . 0  
1 0 0 . 0  
100 .0  
1 0 0 . 0  
3 0 0 . 0  
3 0 0 . 0  
3 0 0 . 0  

300 .0  
3 0 0 . 0  
3 0 0 . 0  
3 0 0 . 0  
5 0 0 . 0  
5 0 0 . 0  
500.0 

5 0 0 . 0  
5 0 0 . 0  
5 0 0 . 0  
500 .0  
700 .0  
7 0 0 . 0  
7 0 0 . 0  

7 0 0 . 0  
7 0 0 . 0  
700 .0  
9 0 0 . 0  
9 0 0 . 0  
9 0 0 . 0  

9 0 0 . 0  
9 0 0 . 0  
9 0 0 . 0  

P r e s .  
p s i  

---- 

---- 

---- 

---- 

---- 

4 0 0 . 0  1 5 7 . 8  
4 2 0 . 0  1 6 2 . 3  
4 4 0 . 0  1 6 6 . 9  
4 6 0 . 0  1 7 1 . 6  
4 8 0 . 0  1 7 6 . 4  
5 0 0 . 0  1 8 1 . 2  
5 2 0 . 0  1 8 6 . 0  

8 8 0 . 0  2 8 2 . 1  
9 0 0 . 0  287 .9  
9 2 0 . 0  2 9 3 . 7  
9 4 0 . 0  2 9 9 . 5  
9 6 0 . 0  305 .4  
9 8 0 . 0  3 1 1 . 3  
1 0 0 0 .  3 1 7 . 3  
4 0 0 . 0  1 0 8 . 9  
4 2 0 . 0  1 1 7 . 8  
4 4 0 . 0  1 5 8 . 7  

BREAK 
9 4 0 . 0  2 9 7 . 1  
9 6 0 . 0  3 0 3 . 0  
9 8 0 . 0  3 0 9 . 0  
1 0 0 0 .  3 1 5 . 0  
4 0 0 . 0  1 0 8 . 9  
4 2 0 . 0  1 1 7 . 8  
4 4 0 . 0  1 2 8 . 8  

BREAK 
9 4 0 . 0  2 9 4 . 4  
9 6 0 . 0  3 0 0 . 5  
9 8 0 . 0  3 0 6 . 6  
1 0 0 0 .  3 1 2 . 6  
4 0 0 . 0  1 0 8 . 9  
4 2 0 . 0  1 1 7 . 8  
4 4 0 . 0  1 2 8 . 8  

BREAK 
9 6 0 . 0  2 9 8 . 1  
9 8 0 . 0  3 0 4 . 3  
1000.  3 1 0 . 4  
4 0 0 . 0  1 0 8 . 9  
4 2 0 . 0  1 1 7 . 8  
4 4 0 . 0  1 2 8 . 8  

BREAK 
9 6 0 . 0  2 9 5 . 8  
9 8 0 . 0  302.0 
1 0 0 0 .  3 0 8 . 2  

BREAK 

Temp. H-vap 
F B t u / l b  

. 2 2 9 6  

. 2 3 4 8  

. 2 4 0 1  

. 2 4 5 2  

. 2 5 0 3  

. 2 5 5 3  

. 2 6 0 4  

. 3 4 3 5  

. 3 4 7 8  

. 3 5 2 1  

. 3 5 6 2  

. 3 6 0 4  

.3645 

. 3 6 8 7  

. 1 6 4 7  
- 1 7 4 5  
, 2 2 0 8  

. 3 4 2 4  

. 3 4 6 7  

. 3 5 0 9  

. 3 5 9 2  

. 1 6 4 7  

. 1 7 4 5  

. 1 8 6 2  

.3353 

. 3 3 9 6  

. 3 4 3 9  

. 3 4 8 1  
- 1 6 4 7  
, 1 7 4 5  
. 1 8 6 2  

. 3 3 5 2  

. 3 3 9 5  

. 3 4 3 8  

. 1 6 4 7  

. 1 7 4 5  

. 1 8 6 2  

. 3 3 0 8  

. 3 3 5 2  

. 3 3 9 5  

S-vap 
B t u / l b  F 

---- 

---- 

---- 

---- 

---- 

4 Ti 

31 ENTRIES @ 20F  

3 1  ENTRIES @ 20F  

31 ENTRIES @ 20F  

31 ENTRIES (d 20F 

31 ENTRIES @ 2 0 F  



Table B-5. RC-1 Low-pressure Superheat Input 

2 20 : R C - l  LOW SUPERHEAT PROPERTIES (FILE55) 
5.0 100. 16.17 0.0344 
5.0 140. 109.80 0.1963 
5.0 1 G O .  113.40 0.2018 
5.0 180. 116.90 0.2073 
5.0 200. 120.50 0.2128 
5.0 220. 124.20 0.2183 
5.0 240. 127.90 0.2238 
5.0 260. 131.80 0.2291 
5.0 280. 135.60 0.2345 
5.0 300. 139.60 0.2398 
5.0 320. 143.70 0.2451 
5.0 340. 147.90 0.2503 
5.0 360. 152.10 0.2556 
5.0 400. 160.70 0.2659 
5.0 420. 165.10 0.2710 
5.0 440. 169.60 0.2760 
5.0 480. 178.80 0.2860 
5.0 500. 183.60 0.2910 
5.0 520. 188.30 0.2959 
5.0 560. 198.00 0.3056 
10.0 100. 16.17 0.0344 
10.0 140. 26.42 0.0532 
10.0 160. 113.10 0.1937 
10.0 180. 116.60 0.1992 
10.0 200. 120.20 0.2048 
10.0 220. 123.90 0.2202 
10.0 240. 127.70 0.2157 
10.0 260. 131.60 0.2211 
10.0 280. 135.50 0.2265 
10.0 300. 139.50 0.2318 
10.0 320. 143.50 0.2371 
10.0 340. 147.70 0.2423 
10.0 360. 151.90 0.2476 
10.0 400. 160.60 0.2579 
10.0 420. 165.00 0.2630 
10.0 440. 169.50 0.2681 
10.0 480. 178.70 0.2781 
10.0 500. 183.40 0.2830 
10.0 520. 188.20 0.2879 
10.0 560. 197.90 0.2977 

Pres. Temp. H-vap S-vap 
psi F Btu/lb Btu/lb F 
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Table B-6 .  I n t e r a c t i v e  I n p u t  of S y s t e m  Conditions ( F I L E 1 5 1  

ARE COST FUNCTIONS TO BE CALCULATED? 

? 
0 
I N P U T  CONDENSER TEMPERATURE (F') 
? 
1 4 0  
I N P U T  PUMP AND TURBINE AND MECHANICAL 
E F F I C I E N C I E S  (RANGE = 0 . 0  T O  1 . 0 )  
? 
.500 .765  . 926  
I S  A REGENERATOR TO BE INCLUDED I F  TURBINE E X I T  I S  SUPERHEATED ? 
I N P U T  0 FOR NO, OR EFFECTIVENESS ( < . 9 9 )  
? 

TYPE 0 TO S P E C I F Y  THE HEAT SOURCE MASS F ' T O W  RATE 
TYPE 1 TO S P E C I F Y  THE SYSTEM POWER OUTPUT 
? 
0 
I N P U T  THE HEAT SOURCE S P E C I F  HEAT ( B / L B / F )  
? 
. 2 6  
I N P U T  THE HEAT SOURCE MASS FLOW RATE (LBM/HR) 
? 
2 8 8 6  
TYPE I N  THE GAS I N L E T  AND M I N I M U M  OUTLET HEAT TEMPERATURES ( F )  
? 
1 2 4 0  300  
TYPE THE M I N I M U M  DESIGN PINCH P O I N T  DEI,TA T ( F )  
? 
30 
I N P U T  COOLANT: 
TYPE 1 FOR A I R ,  2 FOR WATER 
? 
1 
TYPE I N  THE DESIRED I N L E T  AND OUTLET COOLANT STREAM TEMPERATURES 
? 
8 0  1 2 0  
TYPE PRESSURE DROP FACTORS: BOILER,CONDENSER,REGEN. 
? 

TYPE SUBCOOLING DELTA T ,  BELOW CONDENSING TEMP. 
? 
5.0 
TYPE F L U I D  NAME 
rc-l 
TYPE 5 HEAT TRANSFER C O E F F I C I E N T S  

TYPE 1 FOR YES OR 0 FOR NO. 

. 6 0 5 3 5  

. l o 0 0  .07133 .07133 

VAPORIZER:  SUBCOOLED, B O I L E R ,  SUPERHEAT 
REGENERATOR (EVEN I F  NOT U S E D ) ,  AND CONDENSER 

1. 1. 1. 1. 1. 
? 
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Table B-7. Non-interactive Input of Systcm Conditions (F11,F;I5) 

0 
140.0 
.5000 -765 .926 
.60535 

0 
.26 

2886. 
1240. 300. 

30.  
1 

80. 120. 

5.0 
. l o 0 0  .07133 .07133 

RC- 1 
1. 1. 1. 1. 1. 

:INDICATOR FOR COST CALCULATIONS 
:CONDENSING TEMPERATURE 

:REGENERATOR EFFECTIVENES(O=NO) 
:INDICATOR FOR MASS FLOW/POWER OPTION 
:GAS SPECIFIC HEAT 
:GAS FLOW RATE 
:GAS TEMPERATURES; INLET & MIN. 
:MIN. PINCH POINT FOR DESIGN 

:EFFICIENCIES; PUMP,TURRINE,MECH 

:COOLANT INDICATOR 1=AIR, 2=H20 
:COOLANT INLET & OUTLET TEMPS. 
: PRESSURE DROP PERCENTAGES 

:FLUID 
: SUBCOOLING DELTA 7’EMP. 

: HEAT EXCIIANGEII U V A L U E S  

Table B-8. Interactive Input of Mode 1 Cases (FILE25) 

TYPE MODE=1,2 OR 3 
? 

INPUT FOR A RANGE OF CASES 

? 

1 

TYPE MAXIMUM T6, MINIMUM T6 & MESH DELT 

850 750 50 
TYPE MAXIMUM P6, MINIMUM P6 & MESII DELP 

? 
900 700 100 

Table B-9.  Non-interactive InDut of Mode 1 Cases (FILE251 

1 
850 750 50 
900 700 100 

:CALCULATION MODE 
: T6; MAX, MIN, DELTA 
: P6; MAX, MIN, DELTA 
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T a b l e  B - 1 0 .  S a m p l e  Output - TECO RC-1 System Design Point 

CASE NUHBER 8 
DESIGN POINT 

CON0 TURB TURB C O t ~  THERMAL TURB PUMP HEAT ENERGY 
TEtlP TEMP PRES PRES EFFICIENCY UORK WORK ADDED REGEN 

(FAHR 1 (FAHR 1 ( PSIA 1 ( PSIA 1 ( RANKINE 1 (BTU/LB OF (BTU/LB OF (BTU/LB OF (BTU/LB OF 
I CENT 1 I CENT 1 ( tlPA ( ElPA 1 ( CARtIOT 1 tlORKING UORK I tiG UORKItlG UORKING 

140.0 7 5 0 . 0  800.0 7 .01  0.229 
FLUID)  FLUID 1 FLUID 1 FLUID 1 

60.0 398.9 5 .514 0.048 0.508 38.891 -3 .638 154.042 49.935 

THE PINCH POINT DELTA T FOR T H I S  SYSTEM IS 30.00 F.  
THE GAS TEtlPERATURE AT THE PItICtI POINT I S  346.98  F. 
THE WORKItiG FLUID TENPERATURE AT TIIE PINCH POINT I S  316.98 F. 

#w#ftm#ft CYCLE POWER= 4 1 . 6 2  KW NET ft#aftftftit8ittt 

VAPORIZER CHARACTERISTICS 
SUPERHEATER SECTION 

SOU4CE STREAM TEEIPERATURES: INLET=1240.0F OUTLET= 714.2F 
HORKIt4G FLUID TEMPERATURES: OUTLET= 750.  OF INLET= 456.  OF 
DUTY= 3.94548E+05 BTU/HR, HEAT TRANSFER U= 1.00 BTU/HR-FT**Z-F, SURFACE AREA= 1.09051E+03 FT**2 

ECOIIOIIIZER SECTION 
SOURCE STREAM TEMPERATURES: INLET= 714.2F OUTLET= 347.0F 
KORKING FLUID TEMPERATURES: OUTLET= 456.0F INLET= 317.0F 
DUTY= 2 .75540Et05 BTWHR, HEAT TRAtlSFER U= 
OVERALL HEAT TRAtlSFER U = 1.0 BTU/FT*+Z-HR-F 

1.00 BTU/HR-FT**Z-F, SURFACE AREA= 2 .59914€*03 FT**2 

VAfWRIZER DUTY = 6 .70089Et05 BTU/HR 
VAPCRIZER SURFACE AREA = 3 . 6 8 9 6 5 E t 0 3  FT**2 

REGENERATOR CHARACTERISTICS 
REGENERATOR EFFECTIVNESS 0.605 
TEMPERATURES OF HOT STREAH: INLET= 543.0F OUTLET= 321.3F 
TEIIPERATURES OF COLD STREAH: OUTLET= 317.0F INLET= 148.6F 
DUTY= 2.17219E+05 BTU/HR, HEAT TRANSFER U= 1-00 BTU/HR-FT**P-F, SURFACE AREA= 1.09628E+03 FT**2 

CONDENSER CHARACTERISTICS 
LORKING FLUID TEMPERATURES: INLET= 321.3F OUTLET= 140.0F 
COOLANT STREAM TEMPERATURES: OUTLET= 12O.OF INLET= 80.0F 
DUTY= 5.16736E+05 BTU/HR, HEAT TRAHSFER U= 1.00 BTUMR-FT**Z-F, SURFACE AREA= 9.67041E+03 FT**2 

OVERALL SYSTEM CHARACTERISTICS 
HASS FLOW RATE OF THE HORKItlG FLUID = 4.35004E103 LOIVHR 
MASS FLOH RATE OF THE GAS STREAM = 2.886 0 0 E 03 LBWHR 
MASS FLOU RATE OF THE COOLANT STREAM = 5.27281Et04 LBIVHR 
NET SYSTEM EFFICIENCY [INCLUDES TURBINE, PUMP, AtiD HECHANICAL LOSSES) = 0.212 

CYCLE STATE POINT PROPERTIES 
POINT= 1 1s 2 3 4 5 6 7 8 9 

T=  140.00 135.00 148.63  316.98  456.00 456.00 750.00 542.96  321.31 142.60 
P= 7 . 0 1  7 . 0 1  880.00  880 .00  880.00  t30.00 800.00 8 . 0 1  7 . 5 1  7.37 
H= 26.42  25.08 28.72 78 .66  142.00 142.00 232.70  193.81  143.87 110.32 
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Table  B-11. Sample Output - TECO RC-1 System (T6=850,P6=900) 

CASE NUHBER 1 
DESIGN POINT 

ENERGY CONI TURB TURB COND TH ERNAL TURB PUHP HEAT 
TEMP TEMP PRES PRES EFFICIENCY UORK WORK ADDED REGEN 

( FAHR 1 (FAHR I ( PSIA 1 ( PSIA 1 ( RAtlKINE 1 (BTU/LB OF (BTU/LB OF (BTUILB OF (BTU/LB OF 
(CENT 1 ( CENT 1 ( HPA 1 (t lPA 1 ( CARNOT 1 WORKING WORKING WORKING WORKING 

FLUID 1 FLUID 1 FLUID 1 FLUID 1 
140.0 850.0 900.0  7 . 0 1  0.240 

I 60.0 454.4 6 . 2 0 3  0.048 0.546 44.506 -4.096 168.6 0 4  6 3 . 9 1 5  
I 

THE PINCH POINT DELTA T FOR THIS SYSTEM IS 30.00 F. 
T t i E  GAS TEEIFERATUHE AT THE PINCII POIt lT  IS 388.85 F. 
TtIE WORKIIIG FLUID TEMPERATURE AT TtiE PI t lCt I  POINT IS 358.83 F.  

t # # # # # # # f t P  CYCLE POWER= 41.54 KH NET # # # # # # # # # #  

VAPORIZER CHARACTERISTICS 
SUPERHEATER SECTION 

SOURCE STREAH TEHPERATURES: INLET=1240.0F OUTLET= 635.7F 
WORKING FLUID TEMPERATURES: OUTLET= 850.0F INLET= 456.0F 
DUTY= 4 . 5 3 4 3 2 E t 0 5  BTU/HR, HEAT TRANSFER U= 1.00 BTU/HR-FT**Z-F, SURFACE AREA= 1 .67063Et03 FT**2  

ECO:lO t I IZER SECT ION 
SOURCE STREAM TEMPERATURES: I I ILET= 635.7F OUTLET= 3E8.8F 
WORKING FLUID TEMPERATURES: OUTLET= 456.0F INLET= 3fi8.8F 

VAPORIZER DUTY = 6 .38684Et05 BTU/HR 
VAPORIZER SURFACE AREA = 3 .88571Ei03  FT**2 

I DUTY- 1 .85252Et05 BTWHR, HEAT TRAtlSFER U= 1.00 BTU/HR-FT**Z-F, SURFACE AREA= 2 .21508Et03 FT**2 i OVERALL HEAT TRANSFER U = 1.0 BTU/FT**Z-HR-F 

REGENERATOR CHARACTERISTICS 
REGENERATOR EFFECTIVNESS = 0.605 
TEHPERATURES OF HOT STREAM: INLET= 639.4F OUTLET= 365.9F 
TEMPERATURES OF COLO STREAH: OUTLET= 358.8F INLET= 150.3F 

, DUTY= 2 .42114Et05 BTU/HR, HEAT TRANSFER U= 1.00 BTU/HR-FT**2-F, SURFACE AREA= 9 . 8 1 6 2 4 E t 0 2  F T * * 2  

CONDENSER CHARACTERISTICS 
WORKING FLUID TEMPERATURES: INLET= 365.9F OUTLET= 140. OF 
COOLAtlT STREAH TEMPEf?ATURES: OUTLET= 120. OF IN1  ET= 8 0 .  OF 
DUTY- 4 .85608Et05 BTWIiR, HEAT TRAtlSFER U= 1 .OO BTU/ttR-FT*w2-F, SURFACE AREA= 8 . 3 8 3 7 0 E t 0 3  FT**2 

OVERALL SYSTEH CHARACTERISTICS 
MASS FLOU RATE OF THE WORKING FLUID = 3 . 7 8 8 0 7 E t 0 3  LBH/HR 
ti4SS FLOW RATE OF THE GAS STREAH = 2 . 8 8 6 0 0 E i  03 LBt I/HR 
MASS FLOH RATE OF TtiE COOLANT STREAH = 4.95518EiO4 LEWHR 
NET SYSTEH EFFICIENCY ( INCLUDES TURBINE, PUHP, AND HECHANICAL LOSSES 1 = 0.222 

CYCLE STATE POINT PROPERTIES 
POINT= 1 1s 2 3 4 5 6 7 . 8  9 

T= 140.00 135.00 150.34  358.83  456.00  456.00 850.00  639.40 365.92  142.42 
I P= 7.01 7 . 0 1  989.99 989.99 989.99 989.99  899.99  8 . 0 1  7.51 7 . 3 4  

H =  26.42 2 5 . 0 8  29.18 93.10 142.00 142.00 261.70  217.19  153.28 110.29 
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Table B-12. Comparison of ANL/KBC Resul t s  t o  TECO Resul t s  

TECO 

= -60 

Fixed Cons t r a in t s :  

h = 2886 l b / h r ,  T = 1240F, Cpg = .26 

Turbine Inlet ;  T6 = 750F, p6 = 800 p s i ,  h l  = 232.67 B/lb 

Turbine Outlet; 

g g i n  

p7 = 8.01 p s i  

ANL 

. 60535 

7 T 
Turbine p 
Ou t l e t  h 

541 . 79 
8.01 

193.52 

542.9 
8.01 

193.81 

8 T 
Regen. p 
Ou t l e t  h 

320.26 321.31 
7.51 7.51 

143.66 143.87 

1' T 
Cond . P 
Ou t l e t  h 

135.00 
7.01 
25.08 

135.00 
7.01 

25 . 08 

2 T 
Pump P 
Ou t l e t  h 

148.62 
880 

28-72 

148.63 
880 

28.72 

3 T 
Regen. p 
Ou t l e t  h 

316.76 
870 

78.59 

316.98 
880 

78.66 
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I T a b l e  B-13. I n t e r a c t i v e  I n p u t  o f  Mode 2 C a s e s  (FILE251 

TYPE MODE=1,2 OR 3 
? 
2 
TYPE NCASE 
? 
9 
TYPE TURBINE INLET T6 AND P6 
? 
750 700 
TYPE TURBINE INLET T6 AND P6  
? 
750 8 0 0  
TYPE TURBINE 1NI)ET T6 AND P6 
? 
750 900  
TYPE TURBINE INLET T6 AND P6  
? 
800  700 
TYPE TURBINE INLET T6 AND P6  
? 
800 8 0 0  
TYPE TURBINE INLET T6 AND P6 
? 
800 900  
TYPE TURBINE INLET T6  AND P6  
? 
850 7 0 0  
TYPE TURBINE INLET T6 AND P6  
? 
850  800  
TYPE TURBINll INT,ET T6 AND PG 

850 900 
3 

, T a b l e  B-14. N o n - i n t e r a c t i v e  I n p u t  of Mode 2 Cases (F ILE251  

2 
9 
7 5 0  700 
7 5 0  8 0 0  
750  900  
8 0 0  7 0 0  
800 800 
800 9 0 0  
8 5 0  700 
8 5 0  800 
850  900 

:CALCULATION MODE 
:NUMBER OF CASES 
:TURBINE INLET T 6 ,  P6  

DITTO 
DITTO 
DITTO 
DITTO 
DITTO 
DITTO 
DITTO 
DITTO 
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T a b l e  B-15. I n t e r a c t i v e  I n p u t  of Mode 3 C a s e s  ( F I L E 2 5 )  

TYPE MODE=1,2 OR 3 
? 
3 
TYPE NUMBER OF OFF-DESIGN CASES 
? 
8 
TYPE TURBINE INLET T6 AND P 6  
? 
750 800 
TYPE OFF DESIGN GAS INLET TEMP. 
? 
1 1 3 4  2 3 4 0  
TYPE OFF DESIGN GAS INLET TEMP. 
? 
9 8 3  1 8 6 0  
TYPE OFF DESIGhT G A S  INLET TEMP. 
? 
7 9 1  1 5 4 8  
TYPE OFF DESIGN GAS INLET TEMP. 
? 
7 5 0  1 1 5 2  
TYPE OFF DESIGN GAS INLET TEMP. 
? 
1 3 7 5  1 9 5 0  
TYPE OFF DESIGN GAS INLET TEMP. 
? 
1 1 9 8  1650  
TYPE OFF DESIGN GAS INLET TEMP. 
? 
1 0 0 0  1 3 6 8  
TYPE OFF DESIGN GAS INLET TEMP. 
? 
8 0 0  1 1 7 0  

AND FLOW RATE. 

AND FLOW RATE. 

AND FLOW RATE. 

AND FLOW RATE. 

AND FLOW RATE. 

AND FLOW RATE. 

AND FLOW RATE. 

AND FLOW RATE. 

T a b l e  B-16. N o n - i n t e r a c t i v e  I n p u t  of Mode 3 C a s e s  (F ILE251  

3 
8 
750.  8 0 0 .  
1 1 3 4  2 3 4 0  

983  1 8 6 0  
7 9 1  1 5 4 8  
7 5 0  1 1 5 2  

1 3 7 5  1 9 5 0  
1 1 9 8  1650 
1 0 0 0  1 3 6 8  

C O O  1 1 7 0  

:CALCULATION MODE 
:NUMBER O F  OFF-DESIGN POINTS 
:DESIGN-POINT TURBINE TEMP. & PRES. 
:OFF-DESIGN GAS INLET TEMP & FLOW RATE 

DITTO 
DITTO 
DITTO 
DITTO 
D JTTO 
DITTO 
DITTO 



1 

Table B-17. P r e - d e f i n e d  Variable  N a m e s  f o r  C o s t  F u n c t i o n s  

NAME 

ACOND 

AREGEN 

ASAT 

ASUB 

ASUP 

AVAPOR 

MDOTF 

MDOTG 

POWER 

T G I N  

TGOUT 

T1 - T9 

P1 - P9 

H1 - H 9  

H1P 

T1P 

D e f i n i t i o n  i n  Cycle /Code  

T o t a l  h e a t - t r a n s f e r  area (sq f t )  of  c o n d e n s e r  

T o t a l  h e a t - t r a n s f e r  area (sq f t )  o f  r e g e n e r a t o r  

V a p o r i z e r  area ( sq  f t )  f o r  s a t u r a t e d  l i q u i d  ( B o i l e r )  

V a p o r i z e r  area f o r  sub -coo led  l i q u i d  (Economize r )  

V a p o r i z e r  area (sq f t )  f o r  s u p e r h e a t e d  v a p o r  

T o t a l  v a p o r i z e r  h e a t - t r a n s f e r  area (Sum o f  3 

Mass flow-rate of c y c l e  work ing  f l u i d  ( l b / h r  

Mass flow-rate o f  s o u r c e  gas stream ( l b / h r )  

N e t  power o u t p u t  o f  c y c l e  (kw) 

Tempera tu re  o f  s o u r c e  g a s  a t  i n l e t  ( F )  

Tempera tu re  o f  s o u r c e  g a s  a t  o u t l e t  ( F )  

above) 

Working f l u i d  t e m p e r a t u r e s  ( F )  a t  s t a t c  p o i n t s  1-9 

Working f l u i d  p r e s s u r e s  ( p s i n )  a t  stcite p o i n t s  1-9 

Working f l u i d  e n t h a l p i e s  ( B / l b )  a t  s t a t e  p o i n t s  1-9 

Working f l u i d  e n t h a l p y  ( B / l b )  a t  pump i n l e t  

Working f l u i d  t e m p e r a t u r e  ( F )  a t  pump i n l e t  
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T a b l e  B - 1 8 .  E x a m p l e  C o s t  Function f o r  REGENERATOR C o s t  

I N P U T  DATA FOR EQUATION # 1 
* * * *  TYPE DEPENDENT VARIARLE * * * *  

* * * *  TYPE EQUATION FORM ( 1 - 7 )  * * * *  
regenerator  

? 
5 
* * * *  TYPE DATA I N P U T  OPTION * * * *  
****  1 FOR I N P U T  CONSTANTS, 2 FOR CURVE F I T  * * * *  

? 
1 

aregen 
* * * *  TYPE INDEPENDENT VARIABLE * * * *  

FUNCTIONAL FORM FOR REGENERATOR 
Y=C*X**E 

* * * *  TYPE C O E F F I C I E N T  C * * * *  
? 
4 3 . 1 6  

? 
.85 

Y 

* * * *  TYPE C O E F F I C I E N T  E * * * *  

* * * *  I S  T H I S  VARIABLE TO UE INC1,UDED I N  TOTAL COST? Y / N  * * * *  

T a b l e  B - 1 9 .  A l t e r n a t e  I npu t  of C o s t  F u n c t i o n  Data V a l u e s  

I N P U T  DATA FOR EQUATION # 2 
****  TYPE DEPENDENT VARIABLE ****  

* * * *  TYPE EQTJATION FORM ( 1 - 7 )  * * * *  
r e g 2  

? 
5 
* * * *  TYPE DATA I N P U T  OPTION * * * *  
* * * *  1 FOR I N P U T  CONSTANTS, 2 FOR CURVE F1T * * * *  

? 
2 

aregen 
* * * * TYPE INDEPENDEN'l' VANlAl31~1< * * * * 

* * * *  I N P U T  DATA FOR CURVE-k'I'I'. * * * *  
****  TYPE # OF DATA P O I N T S .  * * * *  

? 
3 

? 

? 

? 

* * * *  TYPE X , Y  P A I R S  FOR 3 DATA P O I N T S  * * * *  

1 0 0 0  15313.75 

1500 21615.19 

2 0 0 0  2 7 6 0 3 . 0 4  
CALCULATED C O E F F I C I E N T S  FOR COMPONENT # 2 

0 . 0  1 . 6 3 5 0 3 D + 0 0  8 . 5 0 0 1 6 D - 0 1  0 . 0  0 . 0  
* * * *  I S  T H I S  VARIABLE TO BE INCLUDED I N  TOTAL COST? Y / N  * * * *  

n 



Table B - 2 0 .  E x a m p l e  C o s t  F u n c t i o n  for TURBINE C o s t .  

I N P U T  DATA FOR EQUATION # 3 
* * * *  TYPE DEPENDENT VARIABLE * * * *  

* * * *  TYPE EQUATION FORM ( 1 - 7 )  * * * *  
t u r b i n e  

? 
2 
* * * *  TYPE DATA I N P U T  O P T I O N  * * * *  
* * * *  1 FOR INPUT CONSTANTS, 2 FOR CUIWE F I T  * * * *  

? 
2 

power 
* * * *  TYPE INDEPENDENT VARIABLE * * * *  

* * * *  INPUT DATA FOR CURVE-FIT.  * * * *  
* * * *  TYPE # O F  DATA P O I N T S .  * * * *  

? 
3 

? 

? 

? 

* * * *  TYPE X,Y P A I R S  FOR 3 DATA P O I N T S  * * * *  

500 4 2 0 4 2  

1 0 0 0  51087  

1 5 0 0  58302 
CALCULATED C O E F F I C I E N T S  FOR COMPONENT # 3 

0 . 0  3 . 1 1 6 7 1 D + 0 4  2 . 3 5 7 9 8 D + 0 1  - 3 . 6 5 9 8 8 D - 0 3  0 . 0  
* * * *  I S  T H I S  VARIABLE TO B E  INCLUDED I N  TOTAL COST?  Y / N  * * * *  

Y 

I N P U T  DATA FOR EQUATION # 4 
* * * *  TYPE DEPENDENT VARIABLE * * * *  

done 

n 
* * * *  DO YOU WANT TO CONTINUE FOR RBC ANALYSIS (Y/N) * * * *  

* * * *  I N P U T  STOPPED AFTER COST-FUNCTION I N P U T .  * * * *  
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T a b l e  B-21. Example Cost Function for  FLUID C o s t .  

INPUT DATA FOR EQUATION # 3 
* * * *  TYPE DEPENDENT VARIABLE * * * *  

* * * *  TYPE EQUATION FORM (1-7) * * * *  
f l  

? 
6 
LINEAR COMBINATION OF TWO VARIABLES: Y=Al*XI+A2*X2 
* * * *  TYPE 1ST INDEPENDENT VARIABLE NAME * * * *  

* * * *  TYPE COEFFICIENT FOR 1ST VARIABLE * * * *  
a s u b  

? 
.02  

a r e g e n  

? 
.08  

n 

* * * *  TYPE 2ND INDEPENDENT VARIAHLE NAME * * * *  

* * * *  TYPE COEFFICIENT FOR 2ND VARIABLE * * * *  

* * * *  IS THIS VARIABLE TO BE INCJ,UDED IN TOTAL COST? Y/N * * * *  

INPUT DATA FOR EQUATION # 4 
* * * *  TYPE DEPENDENT VARIABLE * * * *  

* * * *  TYPE EQUATION FORM (1-7) * * * *  
f2 

? 
4 
* * * *  TYPE DATA INPUT OPTION * * * *  
* * * *  1 FOR INPUT CONSTANTS, 2 FOR CURVE FIT * * * *  

? 
1 

f m w  
* * * *  TYPE INDEPENDENT VARIABLE * * * *  

FUNCTIONAL FORM FOR F2 
Y=A+B*X +C/X 

* * * *  TYPE COEFFICIENT A * * * *  
? 
1.2 

? 
0 

? 
414 

n 

* * * *  TYPE COEFFICIENT B ****  

* * * *  TYPE COEFFICIENT C * * * *  

* * * *  IS THIS VARIABLE TO BE INCLUDED IN TOTAL COST? Y/N * * * *  

INPUT DATA FOR EQUATION # 5 
* * * *  TYPE DEPENDENT VARIABLE * * x x  

* * * *  TYPE EQUATION FORM (1-7) * * * *  
€3 

? 
7 

( T j S 1 C  5 - 2 1 .  c o n t i n u e d  iic_.xt pacje; 
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(Table B-21. continued) 

SCALED PRODUCT OF TWO VARIABLES: Y=C*Xl*X2 
* * * *  TYPE 1ST INDEPENDENT VARIABLE NAME * * * *  

* * * *  TYPE 2ND INDEPENDENT VARIABLE NAME * * * *  

* * * *  TYPE COEFFICIENT C * * * *  

f2 

mdotf 

? 
1 

n 
* * * *  IS THIS VARIABLE TO BE INCLUDED IN TOTAL COST? Y/N * * * *  

INPUT DATA FOR EQUATION # 6 
* *  * * TYPE DEPENDENT VARIABLE * * * * 

* * * *  TYPE EQUATION FORM (1-7) * * * *  
f 4  

? 
6 
LINEAR COMBINATION OF TWO VARIABLES: Y=Al*Xl+A2*X2 
****  TYPE 1ST INDEPENDENT VARIABLE NAME * * * *  

* * * *  TYPE COEFFICIENT FOR 1ST VARIABLE * * * *  
fl 

? 
1 

f 3  

? 
1 

n 

* * * *  TYPE 2ND INDEPENDENT VARIABLE NAME **** 

****  TYPE COEFFICIENT FOR 2ND VARIABLE ****  

* * * *  IS THIS VARIABLE TO BE INCLUDED TN TOTAL COST? Y/N * * * *  

INPUT DATA FOR EQUATION # 7 
****  TYPE DEPENDENT VARIARLE * * * *  

* * * *  TYPE EQTJATION FORM (1-7) * * * *  
fluid 

? 
7 
SCALED PRODUCT OF TWO VARIABLES: Y=C*Xl*X2 
* * * *  TYPE 1ST INDEPENDENT VARIABLE NAME * * * *  

* * * *  TYPE 2ND INDEPENDENT VARIABLE NAME * * * *  

* * * *  TYPE COEFFICIENT C * * * *  

cgal 

f4 

? 
1 

Y 
* * * *  IS THIS VARIABLE TO BE INCLUDED IN TOTAL COST? Y/N * * * *  

INPUT DATA FOR EQUATION # 8 
* * * *  TYPE DEPENDENT VARIABLE * * * *  

d o r i  t> 

* * * *  DO YOU WANT TO CONTINlJE FOR RBC ANALYSIS ( Y / N )  * * * *  
11 

* * * *  INPUT STOPPED AFTER COST-FUNCTION INPUT. * * * *  
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Table B-22 .  Summary of FORTRAN Input /Output Fi1c.s 

# 
- 
5 

15 

25 

35 

45 

55 

65 

75 
- 
6 

16 

26 

36 

Function 

Interactive Cost-function Input 

FILE15 Rankine System Data 

FILE25 Operating Conditions 

FILE35 Saturation Properties 

FILE45 High Superheat Data 

FILE55 Low Superheat Data 

FILE65 Condenser Properties 

Alternate Cost-function Input 
_ _ _ _ _ _ _ _ _ _ ~ ~ ~  ~ ~~ ~ ~ ~ ~ ~ ~ 

Prompt Messages; Cycle Input 

Prompt Messages; Cost-function 

Cycle Analysis Output Results 

Copy of Cost-function Input 

Remark s 
- 

Usually TERMINAL (see 75) 

TERMINAL or Pre-prepared 

TEHMINAL or Prc-prepared 

Normally Pre-prepared 

Normally Pre-prepared 

Normally Pre-prepared 

Normally Pre-prepared 

U s e  Output from FILE36 

DUMMY for Non-interactive 

DUMMY for Non-interactive 

PRINTER or Storage 

Saved for later use as 75 

. 
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