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ABSTRACT 

This i nves t i  gation i nvol ved the devel opment of a numerical model 

fo r  the t rans ien t  simulation of the double-effect, water-1 ithium bromide 

absorption cooling machine, and the use of the model to determine the 

e f f e c t  of the various design and input variables on the absorption uni t  

performance. The performance parameters considered were coef f ic ien t  of 

performance and cool i ng  capacity.  

formed by select ing a "nominal condition" and determining performance 

sensi t i  vi ty  f o r  each variabl e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw i  t h  others he1 d constant.  

considered in the study include source hot water, cooling water, and 

ch i l l ed  water temperatures; source hot water, cooling water, and ch i l led  

water flow ra t e s ;  solut ion c i rcu la t ion  r a t e ;  heat exchanger areas;  pres- 

sure drop between evaporator and absorber; solut ion pump character-  

i s t i c s ;  and re f r igerant  flow control methods. 

The sensi t i  vi ty analysis  was per- 

The variabl es 

The performance s e n s i t i v i t y  study indicated in  par t icu lar  t ha t  the 

d i s t r ibu t ion  of heat exchanger area among the various (seven) heat 

exchange components i s  a very important design consideration. Moreover, 

i t  indicated t h a t  the method of flow control of  the  f i r s t  e f f e c t  r e f r ig -  

e ran t  vapor through the second e f f e c t  i s  a c r i t i c a l  design fea ture  when 

absorption uni ts  operate over a s ign i f i can t  range of cooling capacity.  

The model was used to predict  the performance of the Trane absorp- 

t ion  u n i t  w i t h  f a i r l y  good accuracy. The dynamic model should be valu- 

able  as a design tool fo r  developing new absorption machines o r  modify- 

i n g  current  machines to make them optimal based on current  and future 

energy costs  . 

i i i  
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NOMENCLATURE 

V a r i a b l e  D e s c r i p t i o n  
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C Pressure drop c o e f f i c i e n t  
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COP C o e f f i c i e n t  o f  performance 

d D i  ameter 

G zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 

h (  1 Entha lpy  a t  t h e  des igna ted  s t a t e  p o i n t  

h i  ’ho zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
k Thermal c o n d u c t i v i t y  

L Tube l e n g t h  
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N Number o f  tubes 

UA NTU Number o f  t r a n s f e r  u n i t s  - 
‘mi n 

p (  1 Pressure a t  des igna ted  s t a t i o n  

P r  P r a n d t l  number 

Q T o t a l  h e a t  t r a n s f e r  o f  des igna ted  component 

R Resis tance term ( i n c l u d e s  tube  w a l l  r e s i s t a n c e  and f o u l i n g  
f a c t o r )  

Re Reynolds number 

T (  1 Temperature a t  des igna ted  s t a t e  p o i n t  

X 
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0 
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1.0 INTRODUCTION 

1.1 Background 

Considerable research  

methods and t o  f i n d  new o r  

i s  c u r r e n t l y  be ing  done t o  improve a v a i l a b l e  

a l t e r n a t i v e  methods f o r  a i r  c o n d i t i o n i n g  

b u i l d i n g s .  One such concept i s  d o u b l e - e f f e c t  a b s o r p t i o n  c o o l i n g .  The 

p a r t i c u l a r  advantage o f  t h e  d o u b l e - e f f e c t  concept o v e r  s i n g l e - e f f e c t  i s  

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

( C O P ) ,  o f  course a t  t h e  expense o f  a h i g h e r  r e q u i r e d  i n p u t  temperature.  

The c u r r e n t  p r o j e c t  arose f rom an i n t e r e s t  i n  examining t h e  poten-  

t i a l  o f  t h e  d o u b l e - e f f e c t  a b s o r p t i o n  c o o l i n g  concept f o r  a p p l i c a t i o n s  

i n v o l v i n g  s o l a r ,  geothermal,  o r  waste energy i n p u t .  

i n t e r e s t  was focused on t h e  p o s s i b l e  advantages o f  s e p a r a t i n g  t h e  

" r e g e n e r a t i o n "  and "hea t  pumping" p o r t i o n s  o f  t h e  c y c l e  and i n s e r t i n g  

r e f r i g e r a n t  and s o l u t i o n  s to rage  r e s e r v o i r s  between. The purpose o f  

s e p a r a t i o n  would be b o t h  t o  p r o v i d e  chemical  s to rage  and p o s s i b l y  t o  

p e r m i t  improved o p e r a t i o n  o f  each o f  these f u n c t i o n s  i f  t h e y  were a l l o w e d  

t o  ope ra te  i ndependen t l y .  Subsequent ly t h e  e f f o r t  was d i r e c t e d  p r i m a r i l y  

toward deve lop ing  a dynamic s i m u l a t i o n  program t o  model t h e  wa te r -  

l i t h i u m  bromide system and t o  u s e - t h e  model t o  develop p a r a m e t r i c  p e r f o r -  

mance d a t a  f o r  t h e  system. 

d o u b l e - e f f e c t  u n i t s .  

U.S. Department o f  Energy and The U n i v e r s i t y  o f ' . T e x a s . a t  b u s t i n ,  Center  

f o r  Energy S tud ies :  

C o n t r a c t  DE AC03-79SF10540, f o r  t h e  p e r i o d  September 1,  1979, t o  

November 30, 1980. 

I n i t i a l l y  t h e  

S e c o n d a r i l y . t h e  p r o j e c t  examined t h e  c o s t  o f  

The i n t e r e s t ,  res,ul t e d  i n  a c o n t r a c t  between t h e  

" M u l , t i p l e - E f f e c t  A b s o r p t i o n  Cycle S o l a r  Coo l i ng  ,I' 

1 



1824 using ammonia as the refr igerant  and s i l ve r  c h l o r  

bent [ l ] .  Since t h a t  time, many absorption systems us 

refrigerant/absorbent combinations have been developed 

overview of absorption cooling [2] .  

1 . 2  The Absorption Cooling System 

The absorption process was f i r s t  demonstrated by Michael Faraday in 

de as the absor- 

ng various 

A u h  provides an  

The absorption process can be compared t o  the vapor compression system 

in t h a t  the process of mechanical compression of the refr igerant  gas i s  

replaced by the absorption zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the gas into a l iquid ( so lu t ion ) ,  followed by 

pumping the l iquid t o  the required pressure where the refr igerant  v a p o r  i s  

l iberated from the solution by application of heat. 

the flow of a typical s ingle-effect  absorption system. 

Figure 1 . 1  i l l u s t r a t e s  

Refrigerant vapor (water i n  the water-1 ithium bromide system) produced 

in the evaporator i s  absorbed in strong ( i n  lithium bromide) solution in 

the absorber, thus maintaining the low pressure and low temperature required 

in the evaporater. Dilute solution a t  low pressure in the absorber i s  

pumped t h r o u g h  a heat exchanger t o  a higher pressure in the generator. 

the generator, t h i s  solution i s  boiled a n d  the refr igerant  i s  released, 

leaving a solution t h a t  i s  stronger in the absorbent (l i thium bromide in 

the water-lithium bromide system). The strong solution i s  then returned 

t h r o u g h  the other s ide of the heat exchanger and back t o  the absorber. 

t o  heat the solution going 

In 

The heat exchanger has two functions: 

t o  the generator t o  reduce the source heat requirements of the gener- 

a t o r ;  and t o  cool the strong solution before returning t o  the absorber, 

making i t  a more e f f i c i e n t  absorbent and also reducing the cooling zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 
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demand of the absorber. These three components, together with the 

solution pump, accomplish the t a s k  of the compressor in a conventional 

vapor  compression system. 

The remaining p a r t  of the cycle i s  almost identical  t o  a vapor com- 

Superheated v a p o r  produced in t h e  generator i s  cooled a n d  pression cycle. 

condensed i n  the condenser t o  a saturated l iquid s t a t e .  This l iquid r e f r i -  

gerant i s  then thro t t led  across a valve into the evaporator, where upon  

evaporation a t  low pressure i t  absorbs energy from the water being ch i l led .  

I t  leaves a s  nearly saturated v a p o r  and flows t o  the absorber, where i t  i s  

absorbed i n t o  the solution. The required loc~ pressure and  low temperature 

in the evaporator a re  made possible by the absorption process. 

The coeff ic ients  of performance of single-effect  systems are  less  

t h a n  unity because energy added in the generator must necessarily over- 

come b o t h  the heat of solution and  heat of evaporation, b u t  only the 

heat of evaporation may be used fo r  cooling in the evaporator. 

ering other s i tua t ions  t h a t  are  n o t  idea l ,  the maximum COP for  s ingle-  

e f f ec t  absorption cycles i s  typical ly  a b o u t  0 . 7 ,  with actual cycles 

operating under steady-state conditions exhibit ing COPS near 0 .6 .  

Consid- 

I n  the s ingle-effect  cycle the heat delivered t o  the generator i s  

rejected in the condenser. 

generator i s  condensed instead by t ransferr ing i t s  energy t o  solution 

leaving the generator a t  lower pressure, additional refr igerant  v a p o r  

can be produced, thus resul t ing in a higher cycle C O P .  

However, i f  the v a p o r  produced in the 

Figure 1 . 2  shows t h i s  so-called double-effect absorption system, 

which u t i l i z e s  two generators. 

generator i s  used a s  a heat source in the lower pressure second gener- 

a t o r ,  t o  produce additional refr igerant  in the second generator. 

The superheated refr igerant  of the f i r s t  

4 
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Ideal ly ,  the f i r s t  generator 's  refr igerant  will leave the second gener- 

a t o r  as saturated l iquid a t  the pressure of the f i r s t  generator. 

s a l i en t  feature  of the double-effect concept i s  t h a t  a high C O P  i s  

achieved, since the source energy produces more refr igerant  v a p o r .  Thus, 

a larger  cooling e f f ec t  i s  achieved in the evaporator for  the same 

source energy, compared t o  a single-effect  uni t .  

i n  the double-effect system i s  a lso lower per ton  of cooling t h a n  t h a t  

of the s ingle-effect  system. The disadvantages are  t h a t  higher source 

temperatures are  needed in the double-effect system, a second heat 

exchanger zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  required, a n d  the system i s  somewhat more complex. 

with markedly increasing energy cos ts ,  the potent ia l ly  greater  C O P  makes 

the double-effect system very a t t r ac t ive .  

The 

The water cooling load 

However, 

1.3 Commercial Double-Effect Absorption Systems 

There has been only limited manufacture of double-effect absorption 

systems, a l l  of which use the water-lithium bromide system. 

prototype double-effect uni t  was developed by Southwest Research 

Ins t i t u t e  in 1956-58 with funding from the American Gas Association [3 ,  

41. 

manufacturing r igh ts  a n d  began production of the "I ron  Fireman" unit  in 

1963. 

gross C O P  of a b o u t  0.9 t o  1 . 0  a t  design capacity. 

net heating value of the gas, t h i s  should r e s u l t  in an  actual C O P  of 1 . 2  

t o  1.3. 

known i f  any are  s t i l l  in operation. 

t ion .  

The f i r s t  

Later, the I r o n  Fireman Company of Cleveland, Ohio, purchased the 

This gas-fired uni t  had a capacity of 15 tons and  a measured 

On. the basis of the 

Only a few of these units were manufactured, a n d  i t  i s  n o t  

The unit  i s  no longer i n  produc- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 



. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI .  * *  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The Trane Company, i n  1973, introduced i t s  double-effect absorption 

These units have COPs units w i t h  capaci t ies  between 385 and 1,060 tons. 

i n  the range of 0.9 t o  1.0 a t  design capacity. 

Japan had previously b u i l t  a l i n e  of double-effect un i t s ;  however, the 

l i n e  has been discontinued. Yazaki, a lso of Japan, has announced i t  

will introduce a gas-fired u n i t  of 20 tons i n  the f a l l  of 1980. 

Although several double-effect cooling systems have been designed, 

The Sanyo Company of 

the designs do not appear t o  be a s  e f f i c i e n t  as they should be, probably 

because they were designed i n  the time of cheap energy. 

investigations of double-effect systems indicate potential COPs f o r  the 

water-lithium bromide systems t o  be well above those achieved i n  commer- 

c i a l  units [5]. 

Preliminary 

1.4 Study Objectives 

The objectives of this  study were threefold: 

( a )  To develop a dynamic numerical computer model t o  simulate the 

water-lithium bromide double-effect absorption cooling system, 

including a l l  major components and allowing f l e x i b i l i t y  i n  

, I ,  . I  ,. operation. . . 

( b )  To develop w i t h ,  the model, .performance curves f o r  the u n i t ,  

indicating how coef f ic ien t  of performance and capacity a r e  

affected by i t s  several design and i n p u t  variables.  

variables include source hot, cooling, and ch i l led  water 

temperatures and flow r a t e s ;  solution circulat ion r a t e ;  and 

heat exchanger areas.  

These 

In addition, other f ac to r s  such as:  

pressure d r o p  between evaporator a n d  absorber, solution pump 

7 



G zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcharac te r i s t ics ,  control of refr igerant  flow from the f i r s t  

generator, and l imi t s  of operation were t o  be examined. 

( c )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT o  assess projected costs for intermediate-size double-effect 

uni ts .  

These resu l t s  will hopefully be used as the basis fo r  designing 

new, more e f f i c i e n t  double-effect water-lithium bromide absorption 

uni ts .  

operating a t  off-design conditions. 

be a valuable design t o o l  for optimizing uni t  performance, and  in con- 

junction with a more general systems program could be used t o  predict  

a n d  optimize the performance of cooling uni ts  with widely varying heat 

input sources, such as so lar  o r  geothermal energy or waste heat. 

They can also be used t o  estimate the reduced capacity of units  

The computer program i t s e l f  should 

This study shows t h a t  double-effect absorption units can be operated zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 

a t  lower temperatures t han  are  generally reported in the l i t e r a t u r e ,  

with l i t t l e  e f f ec t  on COP b u t  with s 'acrifice in capacity. 

the actual cooling uni t  performance should be greater  t h a n  t h a t  of 

available commercial uni ts .  Final ly ,  i t  i s  hoped t h a t  t h i s  report will 

In  addi t ion,  

reveal t h a t  double-effect machines are  a viable a l te rna t ive  t o  other 

cooling systems and can operate over a wide range of conditions in many 

more applications t h a n  those in which they are  presently being used. 

c 
8 



. I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.0 MODEL DEVELOPMENT 

2.1 The Physical Model 

The basic system configuration i s  shown schematically in Figure 1 . 2 .  

Mass a n d  thermal storage are  allowed in the f i r s t  generator, the second 

generator, the condenser, and the absorber; however, the evaporator has 

no mass storage capabi l i ty .  The f i r s t  a n d  second generators have fixed 

mass leve ls ,  b u t  the condenser and absorber masses a re  allowed t o  vary. 

The variable masses in these components allow the concentration levels 

in the uni t  t o  adjust  as required t o  s a t i s f y  mass, energy, a n d  equilib- 

rium c r i t e r i a .  In  specifying many of the de t a i l s  of the design t h a t  are  

discussed below, the Trane double-effect units have been used as guides. 

The f i r s t  generator i s  a vessel containing water-lithium bromide 

solution which i s  heated by heat exchanger tubes with a heating f lu id  

(water in the r e su l t s  which follow) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, thereby generating refr igerant  

(water) vapor from the solution. In  the second generator the s l i gh t ly  

superheated water vapor produced by the f i r s t  generator i s  condensed in 

heat exchanger tubing t o  generate additional re f r igerant  (water) v a p o r  

f r o m  solution. 

re f r igerant )  t h a n  in the. f i r s t  b u t  exis t s  a t  a lower pressure because 

The solution in the second generator i s  weaker ( i n  

i t  i s  th ro t t led  a f t e r  leaving the f i r s t  generator. 

each of the generators are  maintained by f l o a t  control valves. 

Constant masses in 

The condenser i s  configured so t h a t  the cooling water i s  carried in 

horizontal tubes and  condensation of the refr igerant  (water) vapor  

occurs on the outside of the tubes. A storage t r o u g h  for  'liquid r e f r ig -  

erant  col lect ion i s  incorporated below the condenser tubes in the 

condenser design. 

9 



The evaporator heat exchanger i s  assumed t o  be a horizontal tube- 

type configuration where the chi l led water i s  cooled inside the tubes 

and  the l iquid re f r igerant  from the condenser i s  sprayed over the outside 

of the tubes, where i t  i s  evaporated. 

The absorber i s  configured so t h a t  solution returning from the 

second generator i s  sprayed over horizontal tubes t h r o u g h  which the 

cooling water flows. T h i s  solution absorbs water v a p o r  coming from the 

evaporator, thus maintaining a low evaporator pressure. Solution, r ich 

in re f r igerant  f a l l i ng  from the tubes,  i s  collected in the bot tom of the 

absorber. An option in the model allows solution from the absorber 

basin t o  be recirculated and mixed with the solution from the second 

generator before being sprayed over the absorber tubes. 

the absorber i s  pumped t h r o u g h  two preheating heat exchangers zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon the way 

t o  the f i r s t  generator. 

Solution from 

While shown as individual components, the second generator a n d  the 

condenser are  commonly housed in a single container. Similarly,  the 

evaporator and absorber a re  often combined. The reason i s  t h a t  the 

evaporator and absorber operate a t  essent ia l ly  the same low pressure, 5 

t o  8 mm of mercury, while the condenser a n d  second generator b o t h  operate 

in the range of 50-80 mm of mercury, which i s  a lso qui te  low. All f o u r  

components operate well below atmospheric pressure. 

The two l iquid-liquid heat exchangers are  of the shell-and-tube 

type. 

the strong ( i n  re f r igerant )  solutions flow t h r o u g h  the she l l s .  

Dilute ( i n  re f r igerant )  solutions flow t h r o u g h  the tube sides a n d  

These 

heat exchangers are  assumed t o  contain negligible mass. 

The main solution circulat ion pump can be e i the r  a 

pump, fo r  which flow i s  a function of the pressure head 

10 

centrifugal 

or ,  possibly, a 



constant displacement pump, which maintains constant flow ra t e  a t  any 

pressure d i f f e ren t i a l .  

i s  placed on the case of constant solution circulat ion r a t e .  However, 

comparisons a re  made of the e f f ec t  of centrifugal pumps with d i f fe ren t  

charac te r i s t ics .  

the evaporator a n d  absorber are  n o t  considered. 

however, the evaporation coeff ic ient  could be adjusted t o  account for 

recirculat ion i f  desired. The absorber includes the option fo r  r ec i r -  

culation of solut ion,  t h o u g h  recirculat ion was n o t  used in t h i s  study. 

The e f f ec t  of recirculat ion in the absorber would be t o  change the 

s t a t e s  (temperature and concentration) of the solution dis t r ibuted over 

the tubes and a lso the nature of the f lu id  mechanics a n d  heat a n d  mass 

t ransfer  f o r  the f a l l i ng  fi lm. 

In the performance analyses t h a t  follow, emphasis 

Pumps fo r  recirculation of l iquid over the tubes i n  

In the evaporator, 

Another impor tan t  choice in the physical configuration of the 

system i s  the mechanism fo r  flow control of the refr igerant  from the 

f i r s t  generator t h r o u g h  the second generator t o  the condenser. This 

flow can be controlled so t h a t  the f lu id  leaving the second generator i s  

only l iqu id ,  by incorporating a f l o a t  valve t h a t  does n o t  allow vapor  t o  

pass. The other a l te rna t ive  i s  a f.ixed area orif ice- type of r e s t r i c t ion  

which i s  commonly used i n  commercial absorption machines b u i l t  today. 

The f l o a t  valve design i s  used i n  v i r tua l ly  a l l  of the analyses since i t  

maximizes performance. However, the r e l a t ive  performance of systems 

with a n  o r i f i c e  control i s  also examined. 

2 .2  The Computer Model 

The numerical computer model for  t h i s  investigation of the water- 

lithium bromide double-effect absorption cooling system was developed in 

11 



the FORTRAN language f o r  use on the C D C  C Y B E R  170/750 computer a t  The 

University of Texas. 

l i s t i n g .  

done by Rodolfo A .  Li thgow zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[6 ] .  

Basically,  the model requires the solut ion of a large s e t  of n o n -  

The solut ion involves two methods. The f i r s t  i s  a n  

Appendix A contains the complete computer program 

Much of the preliminary work in developing the program was 

l i n e a r  equations. 

i t e r a t ive  method cal l  ed the "Wegstei n Method f o r  A1 gebrai c Convergence. " 

The second i s  the integrat ion of a computed d i f fe ren t ia l  which i s  deter-  

mined from the convergence s t ep .  Both methods a re  described by Franks  

~ 7 1 .  

2 . 2 . 1  Variables 

Three k i n d s  o f  variables--two algebraic  forms a n d  one der ivat ive 

form--are included in  the program. 

exp l i c i t l y  defined by an algebraic expression. 

determined from an  equation in  which the variables appear on b o t h  sides  

The f i r s t  type i s  one which i s  

Imp1 i c i  t var iab les ,  

of the equation, a r e  the second type. 

var iab le .  

with respect t o  time i s  formed from one of the governing equations (mass 

o f  energy),  a n d  the var iable  i s  integrated t o  obtain a new value f o r  the 

The th i rd  i s  an  integrated 

For each integrated var iab le ,  a derivat ive of t h a t  variable  

next time s t ep .  

2 . 2 . 2  Method of  Solution 

I n  mathematically defining a double-effect water-l i  thium bromide 

Then equations absorption system, a geometry must f i r s t  be se lec ted .  

f o r  energy, mass, mass species ,  a n d  s t a t e  a re  wri t ten fo r  each component 

i n  the system. 

1 2  



' ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The equations a re  arranged sequentially so t h a t  variables solved 

fo r  in one equation can be used in the solution of the next equation. 

This i s  continued t o  a point where the next equation i s  implici t  rather 

t h a n  exp l i c i t .  This chain of equations defines a n  i t e r a t i v e  loop  t o  be 

solved by the "blegstein Method." 

loops a re  discussed by Himmelblau a n d  Bischoff [8]. 

Optimization and selection of these 

The Wegstein method i s  carried o u t  i n  the program by the subroutine 

C O N V ,  which i s  l i s t e d  in Appendix A. 

graphically zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAby using Figure 2.1.  

intersect ion of the function and  the 45" diagonal l i n e ,  where X-calculated 

( X C )  i s  equal t o  X .  

Using t h i s  value f o r  X i n  the right-hand side of the equation resu l t s  in 

a computed value of XC1 (point  1 ) .  The value XC1 i s  then used as a 

value, X2, for the variable X result ing i n  a computed value, X C 2 ,  a t  

point 2.  

in te rsec t  w i t h  the 45" diagonal a t  point 3 which gives the new value fo r  

X .  

the value a t  point 4 i s  f o u n d .  Then a l i ne  u s i n g  points 2 and 4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  

constructed. 

more accurate value of X .  

accuracy i s  obtained. 

I t s  function can be explained 

The desired solution i s  shown by the 

To s t a r t  , an assumed value, X1 , i s  chosen for X .  

A s t r a igh t  l i ne  t h r o u g h  points 1 and 2 i s  extrapolated t o  

When t h i s  value i s  used in the solution of the equation as above, 

The intersect ion of this l i n e  and the 45" diagonal gives a 

This process i s  continued unt i l  the desired 

Since in t h i s  method the equations must be grouped together in an 

algebraical ly  logical manner rather t h a n  a functionally logical manner, 

extreme care must be taken t o '  insure t h a t  a l l  functional requirements 
I I *  

are  met. However, when the problem i s  properly defined and constrained, 

t h i s  technique fo r  solution i s  rapid. 
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Figure 2.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAWEGSTEIN SOLUTION METHOD 
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2.3 Component Models 

Figure 2.2 shows a schematic of the system fo r  which the s t a t e  

points,correspond t o  those in the computer model. In  the model, the 

fo l  1 owing  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e 

e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

e 

0 

0 

e 

e 

units  are  used: 

Temperatures, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO F  

Pressures, 1 bf/in 

Flows, lb/hr  

Concentrations, 1 b LiBr/l b solution 

Linear dimensions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, f t  

2 
Areas, f t  

Masses, l b  

Times, hr 

2 

2.3.1 The F i r s t  Generator 

The f i r s t  o r  high-temperature generator i s  modeled as a pool of 

water-lithium bromide solution heated by a submerged tube bundle t h r o u g h  

which pressurized h o t  water i s  c i rculated.  For t h i s  component, a t rans-  

p o r t  equation can be writ ten in the following form: 

Rn T s '  - T12 

Note t h a t  specif ic  heat,here i s  inferred t o  be 1.0  since the heating f lu id  

i s  water. 

form so t h a t  T S 1  i s  the u n k n o w n .  

p r o d u c t ,  U A ,  i s  obtained by 

I n  the computer program, the equation i s  rewritten in an implici t  

The overall heat t ransfer  coefficient-area 

15 
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where 

0.023 k Re0.8Pr0*3 
d 

h .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY ( 3 )  

which i s  the commonly used expression fo r  a f lu id  in turbulent flow 

being cooled inside tubes, fo r  example, [S I .  

coef f ic ien t  i s  given by 

The outside heat t ransfer  

The par t icu lar  functional relationship was determined from the experi- 

mental r e su l t s  o f  Minchenko and Firsova [lo] fo r  water-lithium bromide, 

and i s  plotted i n  English uni ts  in Appendix B .  

i n  Appendix A gives the curve f i t t e d  equations used in the program t o  

calculate  h o .  

r a t i o ,  and R i s  the combined tube wall/fouling fac tor  res is tance.  

i s  s e t  t o  1.08 t h r o u g h o u t  the program, and  the resistance i s  s e t  t o  

zero fo r  t h i s  study.) 

Subroutine HOGEN shown 

The term AR i s  the outside t o  inside heat t ransfer  area 

( A R  

An energy balance equation writ ten f o r  the generator resu l t s  in a 

time derivative f o r  T ( 1 ) :  

[M C T ( l ) ]  = m ( 1 2 ) h ( 1 2 )  - m ( . l ) h ( l )  - m(13)h(13) + QG1 de  G1 p 

which simplifies to  

( 5 )  

17 



Approximating the value f o r  the variat ion of spec i f ic  heat w i t h  respect  

t o  concentration as 0.7157 (derived from data in  reference [ l l ] )  gives 

the f ina l  form: 

m ( 1 2 ) h ( 1 2 )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- m ( l ) h ( l )  - m(13)h(13) + Q,, + 0.7157MG1T(l)d, dX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 7 )  d T ( 1 )  = 

de M G 1  ‘p 

This expression (Equation 7 )  i s  l inear ly  integrated a f t e r  a l l  the 

convergence c r i t e r i a  have been met. T 1 2 ,  the remaining var iable  in  the 

log-mean temperature expression (Equation 1 )  , i s  determined by the 

equilibrium condition a t  s t a t e  point 1 2  and i s  given by 

T 1 2  = f [ P ( 1 2 ) ,  X ( 1 2 ) ] .  ( 8 )  

A n  equilibrium char t  to evaluate t h i s  function i s  given in  

Appendix C .  The subroutine TEMPSOL, shown in Appendix A ,  presents the 

numerical method fo r  evaluating the function in  the program. I t  should 

be noted tha t  in  order to use the log-mean temperature approach, s t a t e  

point 1 2  must be a t  the equilibrium condition, o r  e l s e  the log-mean 

approach i s  a poor approximation. The actual temperature a t  s t a t e  

point 1 2 ,  T ( 1 2 ) ,  i s  n o t  the equilibrium temperature, b u t  a be t t e r  repre- 

sentat ion f o r  the heat t ransfer  i s  obtained when the equilibrium temper- 

a ture  Tl2 i s  used in  the log-mean temperature difference expression t h a n  

the  actual temperature T (  1 2 ) .  

The actual temperature i s  given by a n  energy balance on heat 

exchanger 2 :  
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where the specif ic  heats a r e  each functions of the concentrations of 

the two streams. 

In addition t o  the energy and transport  equations, a species mass 

balance equation f o r  the f i r s t  generator i s  obtained by writing a con- 

centration der ivat ive f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX(1): 

which s implif ies  t o  

d X ( 1 )  = m ( 1 2 ) X ( 1 2 )  - m ( l ) X ( l )  

MG 1 
d e  

since the generator mass i s  constant. 

Final ly ,  the overall mass balance on the f i r s t  generator i s  given 

by 

m ( 1 )  = m ( 1 2 )  - m(13) 

2.3.2 The Second Generator ' 

As in the f i r s t  generator, the second or low-temperature generator 

i s  modeled as a pool, of water-lithium bromide solution with submerged 

heat exchanger tubes. 

denses on the insides of these tubes. 

Refrigerant v a p o r  from the f i r s t  generator con- 
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The transport  equation for the second generator i s :  

where the overall heat t ransfer  coeff ic ient  i s  obtained as i t  was fo r  

the f i r s t  generator (Equation 2 ) .  The inside condensing heat t ransfer  

coef f ic ien t  i s  specified by: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- 1 / 3  

h. 1 = 1.51 (%) (F)’I3 
This inside heat t ransfer  coeff ic ient  i s  ,based on an  expression from 

Kern f o r  condensing vapors [ l Z ] .  For vapors condensing inside h o r i -  

z o n t a l  tubing, the loading G in the above equation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  defined a s :  

G = -  2m 
LN 

where m ,  L, and  N are  the mass flow r a t e ,  tube length,  and  number of 

tubes,  respectively.  

The outside heat t ransfer  coeff ic ient  i s  calculated as i t  was for 

the f i r s t  generator (Equation 4 ) ,  using subroutine zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHOGEN, which i s  

based on the boiling heat t ransfer  coeff ic ient  d a t a  of Minchenko a n d  

Fi rsova . 
When an energy balance i s  writ ten f o r  the second generator, the 

following time derivative f o r  T ( 4 )  r e su l t s :  
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which s implif ies  t o  

m(3)h(3) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- m(16)h(16) - m ( 4 ) h ( 4 )  + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ,, + 0.71 57MG2T( 4)3-g-- d X ( 4 )  

d T ( 4 )  = ( 1 7 )  
d e  MG2Cp 

This i s  then integrated t o  obtain a value fo r  T ( 4 ) .  

The temperature ( T 1 4 )  i s  forced t o  the saturated condition 

T ( 1 4 )  = f [ P ( 1 4 ) ]  

by the f l o a t  flow control fea ture .  The actual functional re la t ionship 

i s  given i n  subroutine TVSP, which i s  avai lable  in  Appendix A .  

an or i f ice- type  of control i s  used, Equation 18 i s  appropriate i f  

complete condensation does n o t  occur, b u t  i f  complete condensation and 

subcooling occur, t h i s  i s  accounted fo r  correct ly  in  the program. 

When 

The solut ion a t  s t a t e  point 3, entering the second generator,  i s  

T h u s ,  T(3) in  the log-mean temperature assumed to  be in  equilibrium. 

difference (Equation 13) i s  derived as:  

The overall  mass balance on the second generator i s  given zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAby: 

m(4)  = m(3) - m(16)  

The species mass balance i s  determ ned by writ ing a time der ivat ive 

f o r  the concentration a t  s t a t e  point 4 as follows: 
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2.3.3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe Condenser 

The condenser i s  modeled assuming the refr igerant  v a p o r  condenses 

on the outside of the tubes t h r o u g h  which the cooling water flows. 

log-mean temperature difference equation i s  written as:  

A 

This can be simplified t o  

m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C 

which i s  the form used in the program. 

coef f ic ien t  i s  determined as i t  was f o r  the generators ( E q u a t i o n  2 ) .  

On the inside,  the heat t ransfer  coeff ic ient  i s  again based on the 

turbulent correlat ion f o r  flow inside tubes [9 ] :  

The overall heat t ransfer  

0.023 k Re0.*Pr0s4 
d 

h. = 
1 
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(Note t h a t  fo r  the case of f lu id  being heated, the Prandtl number 

exponent i s  0.4.)  

obtained using a s imilar  expression t o  t h a t  used for  the inside heat 

t ransfer  coeff ic ient  equation from the second generator (Equation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA14) ,  

except t h a t  since the f lu id  i s  condensing on the outside of horizontal 

tubes, the loading i s  changed t o  

The outside condensing heat t ransfer  coeff ic ient  i s  

as  suggested by Kern [12]. 

Two energy balance equations can be written fo r  the condenser. 

One i s  f o r  the cooling tube bundle which i s  located above the r e f r ig -  

erant  storage t r o u g h ,  and the other i s  fo r  the t r o u g h .  

bund1  e : 

For the tube 

Qc = rn(16) [h(16)  - h ( 1 7 ) ]  + m(15) [h(15) - h ( 1 7 ) I  ( 2 7 )  

For t h e  t r o u g h ,  the e n e r g y  b a l a n c e  resu l t s  i n  t h e  f o l l o w i n g  time d i f -  

fe ren t ia l  f o r  T(18): 

$McCpT(18)] = [m(15) + m ( 1 6 ) ] h ( 1 7 )  - m(18)h(18) (28) 

which s implif ies  t o  

dMC 
[m(15) + m(16)]  h ( 1 7 )  - rn(18)h(18) - T ( 1 8 ) ~  

d T ( W  - - ( 2 9 )  
MC 

d e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
23 



where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- -  dMC - m(15) + m ( 1 6 )  - m(18). 

d e  

Equation 30 i s  a lso the mass balance fo r  the condenser. 

The condensation temperature, T ( 1 7 ) ,  used in  Equation 23, i s  

determined by the pressure in the condenser a s  follows: 

T ( 1 7 )  = f ( P ( 1 7 ) ) .  (31 1 

Subroutine TVSP in  Appendix A evaluates t h i s  expression. 

E q u a t i o n  23, i s  determined from the absorber a n d  i s  discussed i n  

T c ' ,  f o r  

Section 2.3.5. 

2 . 3 . 4  The Evaporator 

The evaporator i s  modeled as a heat exchanger in  which the ch i l led  

water flows inside the tubes a n d  i s  cooled by the evaporation o f  a 

l iqu id  re f r igerant  (water) sprayed on the outside of the tubes. 

t ranspor t  equation can be wri t ten as :  

The 

This equation i s  rearranged to  produce T(20) as the dependent variable 

in  the program. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
24 



For the evaporator, the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUA i s  calculated as i t  has been f o r  the 

other components using Equation 2 .  The inside heat t ransfer  coeff ic ient  

i s  calculated by the turbulent expression (Equation 3 )  presented 

e a r l i e r .  The outside heat t ransfer  coeff ic ient  i s  determined e i the r  by 

- 9.22 
ho = 0.8221 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(2) Re 

i f  the outside film i s  laminar, o r  by 

ho = 0.0038Re0*4Pr0.65 .(;3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 1 ’ 3  

(33) 

(34 )  

i f  the f low i s  turbulent.  The equation fo r  the determination of laminar 

or  turbulent flow i s  given by 

- 1.06 
= 5,800Pr ReTrans i t i  on (35)  

These equations a re  based on experimental d a t a  from C h u n  a n d  Seban [13] 

f o r  f i l m  f l o w  on v e r t i c a l  t ubes  where the  l o a d i n g  i s  d e f i n e d  a s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
G = -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

L N  . 

For horizontal tubes, these correlations can be used i f  G i s  given by 
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The film Reynolds number f o r  these expressions (Equations 33 and 34) i s  

calculated by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4G 

R e = - .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1-I 

Because the evaporator has no mass storage,  unlike the other major  

components of the system, the energy balance i s  simply zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Q, = m(18)[h(20) - h ( 1 9 ) ]  

and the mass balance i s  

m(19) = m(20). 

(39)  

T h e  implication i s  t h a t  a l l  refr igerant  entering the evaporator i s  evaporated. 

I t  should be PO nted o u t  t h a t  the evaporator i s  modeled somewhat f i c t i -  

t ious ly ,  because the re f r igerant  i s  always assumed t o  ‘leave t h e  e v a p o r a t o r  

in a saturated vapor condition. 

temperature i s  assumed t o  be fixed in the program a n d  the chi l led water flow 

ra t e  i s  a l so  f ixed,  the chi l led water entering temperature must be the 

external parameter t h a t  changes. This method i s  unrea l i s t ic  when  considering 

actual machine operation, b u t  i t  makes the reporting o f  machine performance 

eas i e r ,  since most performance charts a re  reported a t  a fixed chi l led water 

exit ing temperature. 

Since the evaporator chi l led water exit ing 

2.3 .5  The Absorber 

The absorber i s  modeled as a bundle of cooling tubes over which 

solution returning from the second generator i s  sprayed in the presence 

26 



of re f r igerant  v a p o r  from the evaporator. During t h i s  process, the 

r e f r ige ran t  vapor is  absorbed into solut ion.  

condensation and solution i s  then removed from the absorber through the 

cooling tubes.  

above a s torage t r o u g h .  

The combined heat of 

As i n  the condenser, the cooling tubes a re  s i tua ted  

For the absorber, the heat t ransfer  i s  wri t ten a s :  

Again, the UA i s  calculated by Equation 2 .  The inside heat t ransfer  

coe f f i c i en t  i s  given by the  turbulent flow expression (Equation 2 5 ) ,  

and the outs ide heat t ransfer  coef f ic ien t  i s  assumed t o  be a constant 

with a value of 400 BTU/hr  f t 2  O F .  

su l t a t ion  with a representat ive of Arkl& Indus t r ies ,  who indicated t h a t  

heat t r ans fe r  coef f ic ien ts  from 350 t o  450 B T U / h r  f t 2  O F  can be obtained 

with proper solut ion d i s t r ibu t ion ,  tube spacing, a n d  surface qua l i t i e s  

This value was selected a f t e r  con- 

i n  Arkla 's  absorption machines [14] .  Furthermore, the solut ion leaving 

the tube b u n d l e  can be assumed to  .be a t .  an equilibrium condition. 

The decision to  use a constant outs ide heat t ransfer  coef f ic ien t  

and assume the equilibrium condition f o r  the solut ion a t  the tube bundle 

exi t was made because . no  sui tab1 e ma thema t i  cal model coul zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI -  d be def i ned zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 
A n  extensive 1 i t e r a tu re  search, consul t a t i o n  with industry representa- 

t i ves  [14], [15], a n d  considerable independent work revealed tha t  the 

coupled mass and heat t ransfer  phenomenon occurring in  the absorber was 

too physically a n d  mathematically complex t o  be analyzed within the 
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scope zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  t h i s  study. Thus, more r e l i ab le  experimental data were used. 

Work i s  now being done, however, a t  The University of Texas a t  Austin 

t o  solve t h i s  problem f o r  fu ture  absorber models. 

T ( 7 )  a n d  T(8) ,  which a r e  used in  the heat t ransfer  equation 

(Equation 41 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) , are  each assumed t o  be a t  a n  equi 1 i bri um condition a n d  

a r e  evaluated a t  each s t a t e  p o i n t ' s  concentration a n d  pressure as 

follows: 

These functions a re  evaluated i n  the program by subroutine TEHPSOL. 

T c '  i s  determined by the equation 

Two energy balance equations can be wri t ten f o r  the absorber as  a 

r e s u l t  of a separation of the cooling tubes and  t r o u g h  storage,  as 

mentioned above. The energy equation f o r  the tube sect ion of the 

absorber i s  

Q, = m(20)h(20) + r n ( 7 ) h ( 7 )  - m(8)h(8) .  

For the t r o u g h  sec t ion ,  the energy equation i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
d -[M C T(10)] = m(S)h(8) - r n ( l O ) h ( l O )  
de A p 
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\ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwhich, when simplified t o  the time derivative of T(10) ,  becomes 

dMA dX(10)  
* ( 4 7 )  

m(8)h(8) - m(lO)h(lO) - T ( 1 O ) C  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAde + 0.7157T(10)MA de  dT(10) = 
de  

The overall mass balance f o r  the absorber i s  written as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I__ dMA - m(8) - m(l0) 

do 

which i s  a lso a term in the above energy equation. 

balance equation i s  

The species mass 

aMAX( lO) ]  = m(8)X(8) - m(lO)X(lO) 

or in the form used in the program 

dM. 
-- -A 

m(8)X(8) - m(lO)X(lO) - X ( 1 0 ) ~  
dX(10)  = 

de MA 

( 4 9 )  

A d d i t i o n a l l y ,  a pressure d r o p  i s  allowed f o r  the refr igerant  vapor  

This i s  determined in which flows from the evaporator t o  the absorber. 

the model by 

P(8) = P ( 2 0 )  - ~ [ m ( 2 0 ) ] ~  (51 ) 

The actual value of t h i s  pressure d r o p  i s  small, b u t  i t  has a consider- 

able impact on system performance. 

influence i s  examined in Chapter 3. 

The quantity c i s  a coeff ic ient  whose 
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2.3.6 The Heat Exchangers 

Both l iquid-to-liquid heat exchangers a re  assumed t o  be counter 

flow-type' shell  a n d  tube heat exchangers. 

considerable geometry, a scaling approach was used t o  calculate  the 

performance of each heat exchanger, 

f i r s t  calculated by hand f o r  the tube s ide of the heat exchangers using 

Equation 25. I t  was then assumed t h a t  a geometry could be found so 

t h a t  the she l l  s ide  heat t r ans fe r  coeff ic ient  would be equal t o  the 

tube s ide .  This was done f o r  a "nominal condition," which i s  discussed 

fu r the r  i n  Section 3.2. 

was calculated a s :  

I n  order t o  avoid specifying zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A heat t r ans fe r  coeff ic ient  was 

Then the shell s ide  heat t ransfer  coeff ic ient  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.5 5 

nom [ t ] ho = h 

and the tube s ide a s  

The exponents i n  the above equations typify the e f f e c t  of mass flow on 

heat t ransfer  coef f ic ien ts  for the shell  a n d  tube s ides  respectively.  

The coeff ic ients  were combined u s i n g  E q u a t i o n  2 .  

tiveness-NTU method, the effectiveness of each counter flow heat 

exchanger was found by [16] 

Then using the effec-  

1 - exp[-NTU(1 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC ) ]  
E = l  - C - expt-NTU(1 - C ) ]  

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
30 
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UA 

'mi n 
NTU zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= - 

- 
'Old 

'old zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi- 'new 

and 

< 0.0005 

'mi n c . =  - 
max 

C 

(55) 

The quant i t ies  Cmin and  Cmax are  the minimum and maximum flow thermal 

capacitances, mC f o r  the two f lu id  streams. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
P '  

2 .4  Model Limitations 

The computer model i s  a dynamic program t h a t  i s  capable of respond- 

i n g  accurately t o  changing external conditions. For short  periods a f t e r  

discontinuous inputs,  errors  may r e su l t .  

I t e r a t ive  variables a re  considered converged when 

( 5 7 )  

This degree of accuracy has been found t o  be a reasonable compromise of 

accuracy and  computer 'run time. 

The time integrati'on i s  broken i n t o  0.005-hr steps.  This time 

interval has provided good r e su l t s  during t e s t  runs, b u t  i s  only of 

importance when "t ransient  solutions" a re  o f  interest i .  

interval does no t . a f f ec t  f ina l  steady s t a t e  values. 

The s ize  of the 

A minor l imitation 'is the modeling of the heat t ransfer  in the 

f i r s t  generator where the entering solution temperature in the log-mean 
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temperature difference i s  assumed t o  be saturated.  (The actual solution 

temperature i s  used in the overall heat balance; thus, energy i s  properly 

conserved.) 

mean temperature difference and gives a conservative value zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  heat 

t ransfer .  

This represents an  er ror  o f  only a b o u t  0.3% f o r  the log- 

Similarly,  the second generator assumes the incoming vapor  t o  be 

saturated rather  t h a n  s l igh t ly  superheated in the log-mean temperature 

difference calculat ion.  Although on the conservative s ide ,  t h i s  pro- 

cedure r e su l t s  in no more t h a n  a 4% er ror  a t  most conditions. 

second generator energy bal ance i s  model ed exactly.  ) 

(The 

Frictional pressure d r o p  i s  n o t  used in the program, except t h a t  

fo r  the refr igerant  between the evaporator a n d  the absorber. Nith the 

exception of t h i s  pressure loss ,  most f r i c t iona l  losses are  in s ign i f i -  

cant compared t o  the system pressure reduction between s t a t e  point 

pairs  2-3,  5-7, 14-15, and 18-19. 

the remaining areas where f r i c t iona l  pressure d r o p  could be of concern. 

Careful system design could eliminate 

The model uses mass ra ther  t h a n  volume for  controll ing solution 

storage.  

modeling. 

operating ranges a re  shown in Table 2 . 1 .  

cant f o r  components containing water-lithium bromide. 

the f i r s t  a n d  second generators i s  the most c r i t i c a l  since they main- 

t a in  constant levels  in practice b u t  are  assumed t o  maintain constant 

mass in the computer program. 

as c r i t i c a l  since i t  i s  f r ee  t o  adjust  i t s  level as the conditions 

warrant .  

The reason was more f o r  convenience t h a n  fo r  accuracy of 

Relative changes in specif ic  volume (or density) for  typical 

Density changes are  s i g n i f i -  

The modeling fo r  

The absorber, on the o t h e r  h a n d ,  i s  n o t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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* ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Lastly,  i t  should be pointed o u t  t h a t  the boiling heat t r ans fe r  

data of Minchenko and  Firsova [ lo ]  are  being extrapolated t o  consider- 

ably lower heat f lux levels t h a n  those f o r  which the d a t a  were obtained. 

The accuracy of the r e su l t s  f o r  the two generators i s  quite  dependent 

upon  these extrapol a t i  ons . 
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Table 2.1 VARIATION IN FLUID SPECIFIC VOLUME O V E R  EXTREME O P E R A T I N G  R A N G E  

Component Operating Range 

Percentage 
Change in  

Specif ic  Vol urne zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
~~ 

Evaporator 40-90°F 

Condenser 75-1 15°F 

First generator 0.5-0.6 concentration 

Second generator 0.53-0.65 concentration 

Absorber 0.45-0.57 concentration 

200-300°F 

130-200°F 

77-97°F 

0 .5  

1 . o  

3.0 

9.0 

12.0 
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3.0 RESULTS 

3.1 Method of Analysis 

Because the number of design and  input parameters which may be 

varied i n  a water-lithium bromide double-effect absorption unit  i s  

large,  i t  i s  n o t  feas ib le  t o  develop performance d a t a  fo r  the e n t i r e  

range of these quant i t ies .  

parameter a t  a time while holding a l l  others a t  a "nominal condition" 

was applied. The r e su l t  i s  a sens i t i v i ty  scan of system performance fo r  

each of the variables being analyzed, compared t o  the nominal condition. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
To good approximation, the individual s e n s i t i v i t i e s  can a l so  be l inear ly  

combined over small var ia t ions t o  determine system performance when 

varying mu1 t i  pl e parameters. 

For t h i s  reason the technique of varying one 

In t h i s  study, s ens i t i v i ty  scans were produced fo r  the external 

variables of the system (such as cooling and  chi l led and source water 

temperatures) as well as design variables (such as heat exchanger areas ,  

flow r a t e s ,  and cer tain other internal flow control f ea tu re s ) .  Table 3.1 

provides a summary of the sens i t i v i ty  scans performed. The second column 

represents t he  "nominal condition" a b o u t  which individual variables were 

varied,  and the th i rd  column indicates the range of variation fo r  each. 

The tab le  a l s o  ident i f ies  the f igure which i l l u s t r a t e s  the e f fec t  on COP 

a n d  capacity fo r  each variable.  

resu l t s  presented herein a re  the work of Lawson [17] .  

Most of the performance sens i t i v i ty  

3.2 The Nominal Condition 

For t h i s  parametric analysis ,  a nominal condition f o r  system oper- 

ation was established. Appendix D out1 ines the external constraints  
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T a b l e  3.1 NOMINAL CONDITIONS AND P A R A M E T E R  R A N G E S  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Inves t iga t ed  Condi t ion  Nominal Condition* gange Figure  

TS 

TC 

Tch 

S 

C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAril 

rn 

ni 
ch 

rn(10) 

AG 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
cn AC 

A E  

AA 

A t i X 1  

A G 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
W 

A H X 2  

C 

Source ho t  water  tempera ture  

Cooling water  tempera ture  

Ch i l l ed  water tempera ture  

Source ho t  water  flow r a t e  

Cooling water  flow r a t e  

Ch i l l ed  water  flow r a t e  

S o l u t i o n  flow r a t e  

Area zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  f i rs t genera t o r  

Area of second gene ra to r  

Area o f  condenser 

Area of evapora to r  

Area of absorber  

Area o f  f i r s t  h e a t  exchanger 

Area of second hea t  exchanger 

P res su re  drop c o e f f i c i e n t  between 
the evapora to r  and the  absorber  

O r i f i c e  flow con t ro l  (vary ing  T s )  

Cent r i fuga l  pump I (va ry ing  T s )  

Cent r i fuga l  pump 11 (vary ing  T s )  

O r i f i c e  flow con t ro l  with 
c e n t r i f u g a l  pump I (vary ing  T ) 

O r i f i c e  flow con t ro l  with 
c e n t r i f u g a l  pump I 1  (vary ing  T s )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS 

2 8 O O F  

85°F 

44°F 

5,000 l b / h r  

18,000 l b / h r  

10,000 l b / h r  

900 l b / h r  

35 f t 2  

20 f t 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
20 f t 2  

55 f t 2  

5 f t 2  

5 f t 2  

GO f t 2  

0.5xlO-' 

220-320°F 

50-; 00°F 

34-74°F 

2,000-10,000 l b / h r  

8,000-28,000 l b / h r  

5,000-15,000 l b / h r  

500-1,500 l b / h r  

5-105 f t 2  

5-105 f t 2  

5-105 f t 2  

5-105 f t 2  

5-105 f t 2  

0-20 f t 2  

0-20 f t 2  

0 - 5 ~ 1 0 - ~  

220-320°F 

220-3 20" F 

220-320°F 

220-320°F 

220-320°F 

3.2a 

3.2b 

3 . 2 ~  

3.3a 

3.3b 

3 .3c  

3 .4  

3.5a 

3.5b 

3.5c 

3.5d 

3.5e 

3 .5f  

3.59 

3 .6  

3 .7  

3.8a 

3 .Ub 

3.10a 

3.10b 

*The nominal cond i t ion  cor responds  t o  a coo l ing  c a p a c i t y  of approxiiiiately 10 tons .  



chosen f o r  t h i s  "Nominal Cond i t i on . "  An a t tempt  was made t o  a p p l y  t h e  

same e x t e r n a l  parameters used by i n d u s t r y  wherever a p p l i c a b l e ,  b u t  

o t h e r s  were s e l e c t e d  t o  p r o v i d e  a reasonab le  range f o r  t h e  a n a l y s i s  o f  

a 10- ton  u n i t .  

E x t e r n a l  c o n d i t i o n s ,  i n c l u d i n g  c o o l i n g  wa te r  temperature,  c o o l i n g  

water  f l o w  r a t e  ( p e r  t o n ) ,  and c h i l l e d  wa te r  e x i t i n g  tempera ture  a r e  

s tandard  va lues  f o r  t h e  Trane "Two-Stage Absorp t i on  Cold Generator"  

u n i t s  a t  t h e i r  des ign  c o n d i t i o n s  [18]. 

i n l e t  h o t  wa te r  f l o w  r a t e ,  and c h i l l e d  water  f l o w  r a t e  were a r b i t r a r i l y  

p i c k e d  near  t h e  m i d d l e  o f  a reasonab le  range f o r  10 - ton  u n i t s .  

I n l e t  h o t  wa te r  temperature,  

The nominal c o n d i t i o n  a l s o  r e q u i r e s  t h a t  c e r t a i n  geomet r i ca l  con- 

s t r a i n t s  be de f i ned .  A l l  t h e  tubes i n  t h e  v a r i o u s  hea t  exchange compo- 

nents  were chosen t o  be 1/2 i n c h  i n  o u t s i d e  d iameter .  

tubes  i n  each u n i t  was s e l e c t e d  t o  o b t a i n  v e l o c i t i e s  o f  app rox ima te l y  

4 f t / s e c .  

i s t i c s  b u t  avo ided l a r g e  p ressu re  drops. 

The number o f  

T h i s  v e l o c i t y  a l l owed  reasonab ly  good h e a t  t r a n s f e r  c h a r a c t e r -  

The area  r a t i o  (AR), d e f i n e d  a s  t h e  r a t i o  o f  t h e  o u t s i d e  t o  i n s i d e  

h e a t  t r a n s f e r  area,  was chosen a r b i t r a r i l y  t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbe 1.08. 

cons idered reasonab le  and c o n s i s t e n t  w i t h  c u r r e n t l y  a v a i l a b l e  hea t  

exchanger t u b i n g .  

T h i s  r a t i o  was 

The areas o f  t h e  hea t  exchange components chosen were based on two 

c o n s t r a i n t s .  The f i r s t  was t h a t  t h e  t o t a l  c a p a c i t y  a t  t h e  nominal con- 

d i t i o n  be 10  tons .  

each o f  t h e  components must have an approx ima te l y  equal e f f e c t  on t h e  

c a p a c i t y  o f  t h e  system. 

The second r e q u i r e d  t h a t  changes i n  t h e  areas of 
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Additionally, cer ta in  flow control methods were specified f o r  the 

nominal condition. The solution flow r a t e  was f ixed,  assuming the use zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
of a constant displacement pump. 

second generator was assumed t o  be controlled by a float-type valve, 

which required a l l  the re f r igerant  t o  be i n  the condensed phase ( l i q u i d )  

a t  the generator e x i t .  

The re f r igerant  flow through the 

Final ly ,  the nominal condition was assumed t o  have a pressure drop 

between the evaporator and the absorber of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA59: of the absolute pressure 

i n  the  evaporator. 

E q u a t i o n  (51)]. 

This corresponds t o  a coeff ic ient  of ~ x I O - ~  [see 

Figure 3. la  i l l u s t r a t e s  the  s t a t e  points of a 10-ton system charac- 

ter ized by the external constraints  mentioned above a n d  defines the 

nominal condition. Figure 3.lb presents the s t a t e  points f o r  the 

double-effect cycle operating a t  the nominal condition on a pressure- 

t empera tu re -concen t ra t i on  diagram. I t  i s  important t o  note t h a t  many 

computer runs were made t o  i t e r a t e  toward t h i s  chosen nominal condition. 

3.3 Individual Sens i t iv i ty  Scans 

The individual scans a re  tabulated i n  Table 3.1 i n  the order i n  

The range f o r  each variable i s  also which they a r e  discussed below. 

specified i n  the tab le .  

Figures 3.2 through 3.6 present individual performance curves f o r  

each external and design variable of the system, with a l l  other va r i -  

ables remaining a t  the nominal condition. 

i l l u s t r a t e  the e f f e c t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon performance of changing various control methods 

i n  the system. 

Figures 3.7 through 3.10 

For example, most double-effect systems would use a 
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centrifugal solution pump ra ther  t h a n  the constant displacement pump 

specified by the nominal condi'tion. T h u s ,  t o  stuhy-this e f f e c t ,  two 

pumps w i t h  di f fe ren t  head-flow charac te r i s t ics  a re  examined. 

a l l y ,  the more commonly used o r i f i c e  flow control zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, ra ther  t h a n  the 

f l o a t  control method specified by the nominal condition, i s  invest i -  

gated. Then, the combinations of o r i f i c e  flow and centrifugal pump 

f l  ow a re  expl ored. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
j, 

A d d i t i o n -  

For each scan, the fract ional  capacity a n d  the coeff ic ient  of per- 

formance a r e  plotted as functions of the changing variable.  (The actual 

machine capacity can be determined by multiplying the fract ional  capac- 

i t y  by 10-tons. 

capacity i s  1.0, o r  10 t o n s . )  The curve charac te r i s t ics  a r e  a l so  d i s -  

cussed and operational l imitat ions of the variables a re  defined i n  the 

fol  1 owing paragraphs. 

Note tha t  a t  the nominal condition, the fractional 

3.3.1 Scans Based on the Nominal Condition 

( a )  Source Hot Water Temperature: Figure 3.2a shows the e f f e c t  on 

performance of the source hot water temperature. 

temperature increases , the C O P  increases asymptotically t o  about  1.37.  

The capacity, however, increases i n  a n  approximately l i nea r  fashion. 

The source h o t  water temperature i s  limited on the h i g h  end by the 

c rys ta l iza t ion  l i m i t ,  which occurs a t  320°F. I t  i s  limited a t  low 

temperature to  about 19O"F, where the COP and capacity approach zero. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
As the hot water 

Another interest ing trend i s  the sh i f t i ng  of the concentration 

levels  in the system w i t h  an  increase i n  operating temperature. 

weakest concentration of the cycle (occurring i n  absorber) will change 

The 
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from 0.516 l b  LiBr/lb solution a t  220°F t o  0.533 a t  320°F. This 

difference i s  caused by the change i n  generator temperature a n d  is 

allowed by an increase i n  the refr igerant  storage in the condenser. 

( b )  Cooling Water Temperature: Figure 3.2b shows the e f f e c t  of 

cooling water temperature. The COP remains nearly constant un t i l  ra ther  

high-temperature cooling water i s  used zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, beyond which system performance 

degrades sharply. 

nearly l i n e a r  decreasing function of cooling water temperature. 

cooling water temperature i s  limited a t  low temperature by the c r y s t a l i -  

zation l i m i t ,  which occurs near 52°F. 

approximately 108"F, where both C O P  and capacity approach zero. 

The capacity o f  the system, on the other hand, i s  a 

The 

The upper range i s  limited t o  

( c )  Chilled Water Temperature: Figure 3 . 2 ~  shows the e f f e c t  of 

the ch i l led  water exi t ing temperature on system performance. As this  

temperature increases,  the COP asymptotically increases t o  a maximum o f  

about 1.54, and the capacity increases i n  a l i nea r  fash on. The lower 

l imi t  on ch i l l ed  water temperature is determined by the approach temper- 

a tu re  i n  the evaporator and the freezing point of water 

l imi t  i s  determined only by the application f o r  which the ch i l l ed  water 

i s  used. 

highest ch i l led  water temperature t h a t  i s  acceptable f o r  the application 

should be used. 

temperatures above 60°F a re  normally inadequate. 

The upper 

These r e s u l t s  show t h a t  f o r  highest machine performance, the  

However, f o r  air-conditioning purposes, ch i l l ed  water 

( d )  Source Hot Water Flow Rate: T h e  e f f e c t  of source hot water 

flow r a t e  i s  shown i n  Figure 3.3a. The COP i s ,  f o r  a l l  practical  p u r -  

poses, independent of this  parameter. The capacity o f  the system, 

however, i s  dependent on source hot water flow r a t e  a t  low flows, b u t  

asymptotically approaches 1.05 (10.5 tons) f o r  h i g h  flows. 
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2.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

P 
P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0.0 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
I I I I 

100 
I 

60 70 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA80 90 50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Cooling Nater Temperature - O F  

Figure 3.2b EFFECT OF COOLING WATER TEMPERATURE ON PERFORMANCE 
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( e )  Cooling Water Flow Rate: Figure 3.3b gives the system perfor- 

mance as a function of cooling water flow ra t e .  

a r e  asymptotic functions of t h i s  variable.  

value of 1 . 4 ,  while the capacity approaches a b o u t  1 . 2 .  

examined the cooling water flowing only in ser ies  between the absorber 

and  condenser. Future work should include a study of the e f f ec t  of 

cooling water flow i n  reverse ser ies  a n d  in paral le l  t o  determine the 

most e f f i c i e n t  use of cooling water f o r  these systems. 

Both COP and capacity 

The COP reaches a l imiting 

This study 

( f )  Chilled Water Flow Rate:. The chi l led water f low r a t e  as  shown 

i n  Figure 3 . 3 ~  does n o t  s igni f icant ly  a f f ec t  system performance. The 

very s l i g h t  decrease in capacity with flow ra t e  i s  due primarily t o  the 

method used i n  the program model, which specif ies  the chi l led water 

e x i t  temperature. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs the flow ra t e  increases,  the chi l led water i n l e t  

temperature decreases, resul t ing i n  a lower e f fec t ive  temperature d i f -  

ference for  heat t ransfer .  This lower e f fec t ive  temperature difference 

i s ,  however, o f f se t  by a r i s ing  overall heat t ransfer  coeff ic ient  due 

t o  increasing the flow. 

outside heat t ransfer  coeff ic ient  had the dominant e f f ec t  on the 

overall heat t ransfer  coef f ic ien t ,  b u t  an evaporator could be designed 

The evaporator was configured so t h a t  the 

i n  which the inside heat t ransfer  coeff ic ient  i s  dominant and  the 

ch i l led  water flow r a t e  would then have a more pronounced e f f ec t .  

e f f ec t  would s t i l l  be small compared t o  those other system parameters. 

This 

( 9 )  Solution Circulation Rate: Figure 3.4 shows the performance 

due t o  variations in solution circulat ion r a t e .  

c i rcu la t ion ,  the C O P  decreases almost l inear ly .  

r a t e  increases the capacity asymptotically toward a b o u t  1 . l .  

With increased 

Increasing the flow 

Increasing 

47 



a
 z

y
x
w

v
u

ts
rq

p
o

n
m

lk
jih

g
fe

d
c
b

a
Z

Y
X

W
V

U
T

S
R

Q
P

O
N

M
L

K
J
IH

G
F

E
D

C
B

A
0

 
0

 z
y

x
w

v
u

t
s
r
q

p
o

n
m

l
k
j
i
h

g
f
e
d

c
b

a
Z

Y
X

W
V

U
T

S
R

Q
P

O
N

M
L

K
J

I
H

G
F

E
D

C
B

A
J
 0
. z
y
x
w

v
u

ts
rq

p
o

n
m

lk
jih

g
fe

d
c
b

a
Z

Y
X

W
V

U
T

S
R

Q
P

O
N

M
L

K
J
IH

G
F

E
D

C
B

A
3
3
 z
y
x
w

v
u
ts

rq
p
o
n
m

lk
jih

g
fe

d
c
b
a
Z

Y
X

W
V

U
T

S
R

Q
P

O
N

M
L

K
J
IH

G
F

E
D

C
B

A
N

 

0
 

0
 

d
 z
y
x
w

v
u

t
s
r
q

p
o

n
m

lk
jih

g
f
e

d
c
b

a
Z

Y
X

W
V

U
T

S
R

Q
P

O
N

M
L

K
J
I
H

G
F

E
D

C
B

A
N

 

O
, 

0
 z
y
x
w
v
u
t
s
r
q
p
o
n
m
l
k
j
i
h
g
f
e
d
c
b
a
Z
Y
X
W
V
U
T
S
R
Q
P
O
N
M
L
K
J
I
H
G
F
E
D
C
B
A

0
 

0
 

0
 

N
 ” 

0
 

0
 

0
 

L
D

 
c
 

- 0
 

0
 
0
 

N
 z
y

x
w

v
u

t
s

r
q

p
o

n
m

l
k
j
i
h

g
f
e
d

c
b

a
Z

Y
X

W
V

U
T

S
R

Q
P

O
N

M
L

K
J

I
H

G
F

E
D

C
B

A
n

 

- 0
 

0
 

0
 

co .. 

48 



a
 z

y
x
w

v
u

ts
rq

p
o

n
m

lk
jih

g
fe

d
c
b

a
Z

Y
X

W
V

U
T

S
R

Q
P

O
N

M
L

K
J
IH

G
F

E
D

C
B

A
C

 
c
 z

y
x

w
v

u
ts

rq
p

o
n

m
lk

jih
g

fe
d

c
b

a
Z

Y
X

W
V

U
T

S
R

Q
P

O
N

M
L

K
J

IH
G

F
E

D
C

B
A

.
r
 z
y
x
w

v
u

t
s
r
q

p
o

n
m

l
k
j
i
h

g
f
e

d
c
b

a
Z

Y
X

W
V

U
T

S
R

Q
P

O
N

M
L

K
J
I
H

G
F

E
D

C
B

A
E

 
0

 
z
 z

y
x
w

v
u
ts

rq
p
o

n
m

lk
jih

g
fe

d
c
b
a
Z

Y
X

W
V

U
T

S
R

Q
P

O
N

M
L
K

J
IH

G
F

E
D

C
B

A

0
 

0
 

0
 z
y
x
w

v
u

t
s
r
q

p
o

n
m

l
k
j
i
h

g
f
e

d
c
b

a
Z

Y
X

W
V

U
T

S
R

Q
P

O
N

M
L

K
J
I
H

G
F

E
D

C
B

A
u
7
 .. - 0
 

0
 

0
 

m
 .. zyxw

vutsrqponm
lkjihgfedcbaZYXW

VUTSRQ
PO

NM
LKJIHG

FEDCBA
7
 

0
 

0
 

0
 .. c
 
- 0

 
0

 
0

 z
y
x
w

v
u

t
s
r
q
p
o
n
m

l
k
j
i
h
g
f
e
d
c
b
a
Z

Y
X

W
V

U
T

S
R

Q
P

O
N

M
L

K
J
I
H

G
F

E
D

C
B

A
m

 .. 0
 

0
 

0
 

h
 

0
 

0
 

0
 

u
7
 

W
 

O
 

z
 

4
 

0
 

L
L

 
C

Y
 

W
 

z a
 

z
 

0
 

W
 

t- 4
 

C
Y

 zyxw
vutsrqponm

lkjihgfedcbaZY
X

W
V

U
TS

R
Q

P
O

N
M

LK
JIH

G
FE

D
C

B
A

3
 

0
 

-1
 

L
L

 

C
Y

 
W

 
I- 4
 

3
: 

n
 

W
 

-1
 

I
 

O
 

L
L

 
0

 

I- O
 

W
 

L
L

 
L
I 

W
 

w
 

V
 

m
 

m
 

aJ 
L

 
3

 
(5

, 

LL 
-
7
 

49 



0
 z
y
x
w
v
u
t
s
r
q
p
o
n
m
l
k
j
i
h
g
f
e
d
c
b
a
Z
Y
X
W
V
U
T
S
R
Q
P
O
N
M
L
K
J
I
H
G
F
E
D
C
B
A

0
 z

y
x
w

v
u
t
s
r
q
p
o
n
m

l
k
j
i
h
g
f
e
d
c
b
a
Z

Y
X

W
V

U
T

S
R

Q
P

O
N

M
L

K
J
I
H

G
F

E
D

C
B

A
m

 zyxw
vu

tsrqpon
m

lkjih
gfedcbaZ

Y
X

W
V

U
T

S
R

Q
P

O
N

M
L

K
JIH

G
F

E
D

C
B

A
h

 z
y
x
w

v
u

t
s
r
q

p
o

n
m

lk
jih

g
f
e

d
c
b

a
Z

Y
X

W
V

U
T

S
R

Q
P

O
N

M
L

K
J
I
H

G
F

E
D

C
B

A
- 0
 
0
 

M
 z
y

x
w

v
u

ts
rq

p
o

n
m

lk
jih

g
fe

d
c

b
a

Z
Y

X
W

V
U

T
S

R
Q

P
O

N
M

L
K

J
IH

G
F

E
D

C
B

A
7
 z
y
x
w

v
u

t
s
r
q

p
o

n
m

l
k
j
i
h

g
f
e

d
c
b

a
Z

Y
X

W
V

U
T

S
R

Q
P

O
N

M
L

K
J
I
H

G
F

E
D

C
B

A

L
 

0
 

0
 

cn 

0
 

0
 z
y

x
w

v
u

t
s

r
q

p
o

n
m

l
k

j
i
h

g
f
e

d
c

b
a

Z
Y

X
W

V
U

T
S

R
Q

P
O

N
M

L
K

J
I
H

G
F

E
D

C
B

A
h

 

0
 
0
 

In
 

5
0

 



the ci rculat ion r a t e  a lso has a tendency t o  narrow the concentration 

range over which the system operates. 

i n  the system and  makes the second generator more e f fec t ive  a t  lower 

c i rculat ion r a t e s ,  a condition which in t u r n  increases the COP,  b u t  a t  

the expense of capacity. 

This a f fec ts  the pressure levels  

An increased circulat ion r a t e  a lso allows 

greater  heat t ransfer  t o  occur in the generators, thus rais ing system 

capacity. 

( h )  Areas of Generators, Condenser, Evapora tor ,  and Absorber: The 

next s e r i e s  of f igures  shows the e f fec ts  on performance of varying the 

heat t ransfer  surface areas of the d i f fe ren t  heat t ransfer  components. 

The f i r s t ,  Figure 3.5a, shows the e f f ec t  of changing the f i r s t  generator 's  

surface area. The nominal area f o r  the generator zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  f a i r l y  high on the 

curve, indicating a larger  generator area alone will n o t  produce a 

s igni f icant ly  larger  COP o r  capacity. 

3.5b-e, which i l l u s t r a t e  the e f f ec t s  of the second generator,  condenser, 

evaporator, and absorber areas.  The slopes a t  the nominal conditions 

a re  s imilar  because of the select ion c r i t e r i a  fo r  the nominal design 

c o n d i t i o n  descr ibed i n  Sect ion 3.2.  This means t h a t  a small change in 

surface area in any of these components will produce essent ia l ly  the 

same e f f ec t  on system performance. 

( i )  Heat Exchanger Areas: 

This i s  a lso t rue of Figures 

While b o t h  COP a n d  capacity are  affected 

by the heat exchange components discussed above, the influence of the 

areas of the two heat exchangers on performance i s  qui te  d i f f e ren t .  

The COPS a re  shown in Figures 3,5f and  3.59 t o  be strong functions of 

the heat exchanger areas ,  while capaci t ies  a re  very weakly affected.  

Heat exchanger 1 af fec ts  capacity only s l i g h t l y ,  and  heat exchanger 2 
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has v i r t u a l l y  no e f f e c t  on capacity.  

proper se lec t ion  of heat exchanger areas should be a major  consideration 

d u r i n g  system design, i n  order t o  yield optimum performance i n  terms of 

COP and capacity.  These r e s u l t s  a l s o  show t h a t  the two heat exchangers 

a r e  almost equally important t o  the overall  system performance. 

These r e s u l t s  indicate  t h a t  the  

Figure 3.6 shows the importance of m i n i m i z i n g  the  pressure drop 

between the evaporator and  the absorber, par t icu lar ly  because of the 

e f f e c t  of the  pressure drop on capacity.  Although i t  i s  not grea t  i n  

absolute terms, t h i s  pressure drop i s  important because of the extremely 

low pressures t h a t  e x i s t  i n  the two components. 

t ion  the evaporator operates a t  0.136 psi.  

loss  ( c  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= ~ x I O - ~ ) ,  the absorption process takes place a t  0.129 psi .  

T h i s  i s  a pressure reduction of only 0.007 psi (0 .4  mm of Hg) ,  yet  i t  

A t  the nominal condi- 

W i t h  the nominal 5% pressure 

r e s u l t s  i n  

shows t h a t  

can reduce 

i s  of cons 

a reduction i n  capacity of approximately 5%. 

a 50% pressure drop ( c  = 5 ~ 1 0 - ~ )  or  0.068 psi (3 .5  mm of Hg) 

the  COP by 6% and the capacity by 30%. T h u s ,  t h i s  parameter 

Figure 3.6 a l s o  

sys terns. derable importance i n  the design of absorption 

3.3.2 Effect of Orif ice  Flow Control 

All of the above r e s u l t s  a r e  based on a f l o a t  contro device which 

requires t h a t  a l l  r e f r i g e r a n t  vapor from the f i r s t - e f f e c t  generator be 

condensed i n  the second-effect generator.  

the comparable performance when o r i f i c e  control i s  used. 

the o r i f i c e  i s  optional ,  b u t  i n  the r e s u l t s  t h a t  follow the o r i f i c e  was 

sized such t h a t  a t  the nominal condition (280°F) a l l  of the re f r igerant  

vapor from the f i r s t  e f f e c t  i s  condensed i n  the second e f f e c t .  

The following r e s u l t s  examine 

The s i z e  of 

That i s ,  
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a t  the nominal conditions thle two designs will give the same performance. 

A t  other t h a n  the nominal ccmdition differences will a r i s e  because 

complete condensation of refrigerant may n o t  occur with o r i f i ce  control. 

Figure 3.7 shows the e f fec t  of source hot water temperature on 

performance for  the nominal system r u n  w i t h  an orifice-type of flow 

control device between the second generator and  the condenser. Com- 

paring th i s  t o  the f l o a t  conltrol resu l t s  in Figure 3.2a shows t h a t  the 

COP curve f o r  the o r i f i ce  device i s  generally lower t h a n  the COP curve 

for  the f l o a t  device, b u t  the two curves become almost tangent in the 

range of 275 t o  310°F source h o t  water temperature. I n  f a c t ,  i f  a ser ies  

of different-sized or i f ices  were used, a family of COP curves would be 

generated, with the maximums from these curves effect ively representing 

the performance locus for  the f l o a t  control device of Figure 3.2a. 

When an or i f i ce  control device i s  used, the COP drops considerably 

f a s t e r  a t  lower temperatures t han  with the f l o a t  control device, because 

the refr igerant  vapor  flow t.o the second generator cannot  be to t a l ly  

condensed. For example, a t  a source temperature of 225"F, the quali ty 

of the refrigerant leaving the second generator i s  99%. The system i s  

then effect ively operating as a single-effect  u n i t .  

extreme, with a source temperature of 320"F, the system could condense 

even more refrigerant i n  the second generator. The system under these 

conditions i s  capable of t o t a l ly  condensing the flow a n d  par t ia l ly  sub- 

cooling i t .  

causes the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACOP curves t o  begin t o  slope down. 

slope of the capacity curve. 

f l o a t  control device i s  presented in Figure 3.7 as dashed curves. 

A t  the other 

This e f fec t  l imits  the Performance a t  high temperatures a n d  

I t  also decreases the 

For comparison, the performance with the 
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3.3.3 Effect of Variable Solution Flow Rate 

All of the performance curves u p  t o  th,is point have been based on a 

constant solution circulation ra te  of 900 lb /hr ,  ( i . e . ,  assuming a 

constant displacement pump) , ,  

f l o a t  refr igerant  control)  of having solution pumps with the character- 

i s t i c s  shown i n  Figure 3.9. 

the capacity levels off i n  Figure 3.8a and actually turns downward in 

Figure 3.8b. 

different ia l  against which %he pump must work increases a n d ,  therefore,  

decreases the solution flow ra te .  

i s  desired a t  these higher operating temperatures. 

3.8b also show as dashed curves the performance with constant solution 

circulation rate .  

temperature, constant solut,ion circulation resul ts  in better COP b u t  

s l igh t ly  deteriorated capacity, while above 280°F the reverse i s  true.  

These e f fec ts  should be considered when designing systems t h a t  have 

widely varying input source temperatures, such as solar  input. 

Figures 3.8a and 3.8b show the e f fec t  ( for  

Notice t h a t  a t  high operating temperatures, 

As the operating temperature increases, the pressure 

This change i s  the opposite of w h a t  

Figures 3.8a and 

Below the nominal condition of 280°F source h o t  water 

3.3.4 Effect zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  Combined Orifice Flow Control a n d  Variable Solution 

F1 ow Rate 

The curves of Figure 3.10s show the resu l t s  of using an or i f ice-  
. .  

type of flow control a n d  a pump with character is t ics  of curve I in 

Figure 3.9. They follow f a i r l y  closely the performance curves of the 

system with the orifice-type of flow control’ a t  low temperatures 

(Figure 3.7) ,  and follow the performance curves for  pump I a t  higher 

temperatures (Figure 3.8a). This i s  t o  be expected because of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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dominance zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  each o f  these variables i n  the i r  respective regions. 

the worst character is t ics  of each type of o r i f i ce  control (pressure 

driven flow) and the pump character is t ic  are  seen a t  the extremes of 

the range of source h o t  water temperatures. 

Thus 

Using the pump with curve I1 character is t ics  (Figure 3 . 9 )  in com- 

bination with orifice-type of flow control produces the curves in 

Figure 3.10b. 

control give the worst performance o f  any condition examined. These 

types of curves, however, show performance very similar t o  real absorp- 

tion machines. 

This very sensi t ive pressure pump and orifice-type flow 

cooling, and chi1 led water temperatures--are operational variables , 

while the remainder are  selected design variables.  

t o  observe how the system performance varies simultaneously with a l l  

three of these operational variables.  The resu l t s  discussed below are  

based on the nominal condition (including f l o a t  control a n d  constant 

I t  i s  o f  in te res t  

c i rculat ion)  except for variation in the three f lu id  temperatures. 

Figures 3.11a-c are  general performance maps o f  the system, each 

the e f fec t  on performance of source h o t  and cooling water temperatures 

for  a different  chil led water temperature. They i l l u s t r a t e  t h a t  these 

three variables can have a great impact on system C O P  a n d  capacity. 

example, i f  the cooling water temperature i s  decreased t o  75°F a n d  the 

chil led water temperature i s  increased t o  60"F, while the nominal 280°F 

source h o t  water temperature i s  maintained, the capacity of the system 

For zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
68 
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Figure 3.11b PERFORMANCE FOR 50°F EXIT CHILLED WATER 
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can be nearly doubled and the COP increased t o  1 . 5  compared t o  the 

nominal condition. Conversely, i f  the cooling water temperature i s  

95"F, the chil led water exit; temperature i s  40"F, and  the source ho t  

water temperature remains at; i t s  nominal condition, then the capacity 

will d r o p  44% with a C O P  of only 1 .16 .  

however, tha t  the C O P  i s  s t i l l  greater t han  1 .0  for  most conditions in 

I t  i s  encouraging t o  note, 

which an actual system might; operate. 

3.5 Comparison with Trane Two-Stage Absorption Unit Performance 

Although i t  was not  an identified task in the contract objectives, 

some e f fo r t  was directed toward predicting the performance of the Trane 

"Two-Stage Absorption Cold Generator" using the computer model zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, a n d  

comparing these resu l t s  with the available d a t a  from Trane. This com- 

parison i s  presented in Figure 3.12. 

To simulate the performance of the Trane uni t ,  a l l  quoted flow 

rates  and  areas fo r  the. 385-ton machine were used [19, 20,  211. The solu- 

tion circulation ra te  was somewhat uncertain, as were the solution pump 

character is t ics .  

saturated steam; however, the equivalent performance i s  achieved with 

The Trane u n i t  i s  normally steam f i red  with 123 psig 

approximately 370OF h o t  water. The COP predicted by the model i s  pre- 

sented in Figure 3.12. 

which i s  very close t o  1.0 when operating a t  the 370°F design h o t  water 

I t  i s  compared w i t h  the COP of the Trane u n i t ,  

condition. The prediction shows a COP approximately 10% higher. The 

predicted and actual Trane capacity d a t a  presented i n  Figure 3.12 have 

been normalized by 385 tons, and thus represent fractional capacity. 

The predicted capacity a t  the design condition i s  approximately 30% 
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I ? zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi !-. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f 

above t h e  c a p a c i t y  o f  t h e  Trane u n i t .  

Trane u n i t  a r e  shown o n l y  f o r  one temperature i s  t h a t  COP and c a p a c i t y  

a r e  n o t  g i v e n  as f u n c t i o n s  o f  h o t  water  temperature.  

The reason t h a t  da ta  f o r  t h e  

The reasons f o r  t h e  p r e d i c t i o n s  n o t  be ing b e t t e r  a r e  s e v e r a l .  Only 

a modest e f f o r t  was made t o  t r u l y  s i m u l a t e  t h e  Trane u n i t ' s  performance. 

Some s p e c i f i c  d i f f e r e n c e s  are :  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 The absorber heat  t r a n s f e r  c o e f f i c i e n t  used was t h a t  recomm- 

0 

ended f o r  another  machine 

The Trane u n i t  has) an absorber  r e c i r c u l a t i o n  pump 

The Trane u n i t  has, an evapora tor  r e c i r c u l a t i o n  pump 

More a c c u r a t e  heat. exchanger t u b i n g  r e s i s t a n c e  and f o u l i n g  

f a c t o r  data c o u l d  be used 

The heat  t r a n s f e r  c o e f f i c i e n t  da ta  f o r  water-1 i t h i u m  bromide 

s o l u t i o n s  i s  e x t r s p o l a t e d  t o  heat  f l u x e s  below t h a t  f o r  which 

t h e  exper imenta l  da ta  were obta ined.  

Consider ing t h e  severa l  sources o f  e r r o r  and t h e  l i m i t e d  e f f o r t  expended, 

t h e  comparison i s  reasonably  good. 

t h e  a c t u a l  Trane performance, and e a r l i e r  da ta  showed t h a t  COP can be 

c o n s i d e r a b l y  g r e a t e r  than f o r  t h e  c o n d i t i o n  p r e d i c t e d ;  thus,  t h e  COP 

o f  t h e  Trane u n i t  c o u l d  presumably be inc reased c o n s i d e r a b l y .  

The p r e d i c t e d  COP i s  w i t h i n  0.1 o f  

3.6 Cost P r o j e c t i o n s  

F i g u r e  3.13 presents  c o s t  data f o r  s i n g l e - - a n d  d o u b l e - e f f e c t  

a b s o r p t i o n  machines i n  t h e  form o f  purchase p r i c e  p e r  t o n  as a f u n c t i o n  

o f  machine tonnage. Cost da ta  f o r  s i n g l e - e f f e c t  machines were ob ta ined 

f rom A r k l a  I n d u s t r i e s ,  Yasaki, and Trane, w h i l e  o n l y  data from Trane 
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were available for  double-effect machines, since a t  t h i s  date Trane i s  

the only manufacturer zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  t h e  l a t t e r .  The single-effect  units range in 

s ize  from the 1 .5- ton  Yasaki units t o  the nearly 1,000-ton Trane uni ts .  

Yasaki modularizes two of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAits units t o  produce larger tonnage machines. 

The range of the Trane double-effect units i s  385 t o  1,000 tons. 

Trane double-effect machines are  approximately 70% more expensive t h a n  

the single-effect  fo r  the same tonnage. 

factured in the 50- t o  100-ton range the relat ive costs would be similar.  

Particularly in a solar cooling application where the collectors 

The 

I t  i s  anticipated t h a t  i f  manu- 

represent a large fraction of system cos t ,  i t  would appear t h a t  double- 

e f fec t  machines would have potential merit. Even f o r  other applications 

i t  would seem t h a t  double-effect machines would find favor  because of 

current h i g h  fuel costs. 
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4.0 SUMMARY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4.1 Conclusions 

This study has developed a tool f o r  use in analyzing the perfor- 

mance of double-effect absorption cooling systems a n d  has examined the 

e f f e c t  of the several design and operational var iables  on system per- 

formance. 

of cer ta in  design features  on the  cycle operation. 

include: 

These l a t t e r  r e s u l t s  provide be t te r  ins ight  i n t o  the e f f e c t s  

The major r e s u l t s  

1 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA computer model has been developed which simulates the dynamic 

behavior o f  double-effect water-lithium bromide absorption cooling 

sys tems . 
2 .  The computer model was used t o  predict  the per 

Trane double-effect u n i t ,  and the  r e s u l t s  were f o u n d  t o  

agreement. 

3.  Double-effect systems can be operated a t  much 

ormance of the 

be in f a i r  

ower tempera- 

tu res  than generally accepted. Most sources report  t h a t  double-effect 

systems require  hot water temperatures of 350 t o  400°F t o  o b t a i n  good 

performance. 

a tures  as low as approximately 230 t o  240"F, the COP i s  maintained 

remarkably f l a t  and the penalty i s  mainly i n  capacity.  The coef f ic ien ts  

of performance f o r  source h o t  water temperatures of 320", 280" and 240°F 

a r e  1.372, 1.376, a n d  1.312 respect ively,  and the r e l a t i v e  capac i t ies  

a r e  1.37, 1 . 0 ,  a n d  0.57 t o n s  respect ively.  Coefficient of performance 

i s  qui te  constant,  while capacity i s  nearly l i n e a r l y  dependent on source 

hot water temperature ( i n  cont ras t  t o  the Rankine cycle concept, where 

COP i s  strongly affected by source temperature). 

This study ind ica tes  t h a t  for  operation a t  source temper- 
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s. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 .  

condi t ions :  

temperatures lower than zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA80°F'. 

COPS approaching 1 .5"can be obtained with favorable  external  

c h i l l e d  water temperatures above 50°F and cooling water zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5. The source hot water temperature,  cooling water temperature,  

and c h i l l e d  water temperature have s t rong  e f f e c t s  on system performance. 

Capacity increases  near ly  l i n e a r l y  with hot and c h i l l e d  water tempera- 

t u re s  and decreases  near ly  l i n e a r l y  with cooling water temperature.  

6.  The flow r a t e s  of source h o t  water ,  cooling water ,  and c h i l l e d  

water have r e l a t i v e l y  small inf luences on c o e f f i c i e n t  of performance. 

7 .  The s i z e s  o f  the two l i q u i d - l i q u i d  so lu t ion  heat  exchangers 

have a s i g n i f i c a n t  impact on system performance. 

of the  system i s  n o t  appreciably a f f ec t ed  by them, there  a r e  s i g n i f i c a n t  

increases  of COP with increased hea t  exchanger a rea .  Therefore ,  new 

doubl e - e f f e c t  systems should incorporate  a s  much hea t  t r a n s f e r  su r f ace  

a rea  i n t o  these  two hea t  exchangers a s  the economic c o n s t r a i n t s  wil l  

a l low.  

A1 t h o u g h  the  capac i ty  

8.  The use of a f l o a t  control  valve ( t o  i n su re  t h a t  a l l  r e f r i g e r a n t  

vapor from the f i r s t - e f f e c t  genera tor  i s  condensed i n  the  second e f f e c t )  

i s  necessary t o  obta in  maximum performance f o r  u n i t s  t h a t  wi l l  experi-  

ence l a r g e  va r i a t ions  in  source h o t  water temperatures.  

f e a t u r e  would be highly d e s i r a b l e  f o r  so la r -dr iven  double-effect  systems 

where the  source temperature niay vary" s t rong ly .  

control  , on the o the r  hand, would be adequate f o r  cons tan t  source 

temperature appl i ca t ions  and when very 1 i t t l  e on-off cycl i ng i s  

expected. 

This design 

The o r i  f i  ce-type of 
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9 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe s e l e c t i o n  of the  main so lu t ion  pump i s  an  important design 

considerat ion f o r  absorpt ion systems t h a t  opera te  with a wide range of 

source hot water temperatures .  Idea l ly ,  f o r  t h i s  type of a p p l i c a t i o n ,  

a cons tan t  displacement pump o r  a var i ab le  r a t e  pump with a control 

system t h a t  increases  the  flow with increasing pressure head i s  d e s i r -  

a b l e .  

t u r e ,  pump s e l e c t i o n  i s  not so c r i t i c a l .  

For systems t h a t  opera te  continuously a n d  a t  a constant  tempera- 

10. Refr igerant  pressure d r o p  between the  evaporator a n d  absorber 

i s  a n  important design cons idera t ion .  

same pressure vessel a n d  a uniform pressure i s  considered t h r o u g h o u t .  

B u t  pressure drops of only 0 . 5  mrn of mercury can cause a not iceable  

l o s s  i n  system capac i ty ,  s ince  the  evaporator and absorber operate  a t  

only a few mi l l imeters  of mercury. 

Often these  components a r e  in  the 

11 . Cost d a t a  assembled f o r  s ing le -  a n d  doubl  e - e f f e c t  machi nes 

suggest  t h a t  i n  the  50- t o  100-ton capac i ty  double-ef fec t ,  machines 

should c o s t  about 70% more than s i n g l e - e f f e c t  machines of the  same 

capac i ty  . 

4 . 2  Recommendations 

I t  has been shown i n  several  i nves t iga t ions  t h a t  from a performance 

s tandpoin t ,  double-ef fec t  absorpt ion systems a r e  more t h a n  competit ive 

with conventional v a p o r ,  compression systems f o r  the  cooling of bui ldings 

u s i n g  moderate grade thermal energy. The major  drawback t o  the  double- 

e f f e c t  system i s  t he  c o s t .  However, with r i s i n g  cos t s  of f o s s i l  f u e l ,  

the  p o t e n t i a l l y  high c o e f f i c i e n t s  of performance make t h i s  system very 

a t t r a c t i v e  f o r  geothermal and  waste heat appl ica t ions  as  well a s  f o r  
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s o l a r .  

expanding the app l i ca t ions  of. aouble-ef fec t  absorp t ion  systems. 

More emphasis should be placed on optimizing the  performance and 

The computer model, L I B R ,  developed in  t h i s  study could be incor -  

porated i n t o  a system simulat ion model f o r  a n a l y s i s  and opt imiza t ion  of 

s o l a r  heat ing and cool ing systems u s i n g  double-ef fec t  absorp t ion  cool ing .  

Simp1 i f i e d  algori thms descr ib ing  the performance zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  double-ef fec t  

absorp t ion  systems should be developed from the  r e s u l t s  of program LIBR 

f o r  use i n  l a r g e  HVAC programs and f o r  s o l a r  s imula t ion  programs such a s  

TRNSYS. 

asses s  the r e l a t i v e  mer i t  o f  double-ef fec t  and s i n g l e - e f f e c t  systems. 

Several  add i t iona l  tasks  should be undertaken t o  f u r t h e r  improve 

This c a p a b i l i t y  would enable bui lding and system des igners  t o  

and j u s t i f y  the accuracy of the model. 

devoted to  comparing the pred ic t ions  with the  ac tua l  performance da ta  of 

t he  Trane machines, and t o  improve the  model where appropr i a t e .  

performance t rends  predicted by the  model a r e  f e l t  t o  be v a l i d ,  i t  i s  

important  f o r  f u t u r e  users  t o  know the  q u a n t i t a t i v e  accuracy of the  

resu l  t s .  

Spec i f i c  e f f o r t  should be 

While 

The c u r r e n t  program, LIBR, should be a valuable  design tool f o r  

e i t h e r  developing a n  absorp t ion  machine or modifying a n  e x i s t i n g  design 

t o  opt imize opera t ion  based on today ' s  and f u t u r e  energy c o s t s .  

computer model developed under t h i s  study should be valuable  i n  reevalu-  

a t i n g  t h e  double-ef fec t  absorp t ion  system. 

l i t e r a t u r e  and the  c u r r e n t  hardware a r e  from a time before the  c o s t  of 

energy was a primary concern. With the  p a s t  and expected cont inuing 

e s c a l a t i o n  i n  energy c o s t s ,  double-ef fec t  systems show rea l  promise. 

The 

Most of the a v a i l a b l e  
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Because of d i f f e r e n t  design c r i t e r i a  b r o u g h t  on by r i s i n g  energy c o s t s ,  

ana ly t i ca l  t oo l s  l i k e  the  model developed f o r  t h i s  study can p l a y  an 

important p a r t  i n  developing a new generat ion of energy-ef f ic ien t  

doubl e - e f f e c t  systems. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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APPENDIX  A 

COMPUTER PROGRAM L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI BR 

. .  
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MAIN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPROGRAM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
PROGRAM L I B R  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( I N P U T I O U T P U T I T A P E ~ = I N P U T ~ T A P E ~ = O U T P U T )  

C 
C r + + c + t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* * t i  C t *  t C L * C * &  * *e t  t * t *  t * *  t t  f f  * * * e  * + e *  t t * t  t t  * I t 4  t *  t t  t * t  * f  * *  t L  

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c 
C 
C 

V A R I A B L E  

AABS 

ABM 
ACOND 
AE 
A G E N l  
AGEN2 
A H X l  
AHX2 
A I  

A L  
AN 
A R  

CDM 
COX 
C H U  
C L  
CN 
CONDGl  

CONDG2 

COP 
CPW 
cw 
c MC 
c x <  1 

DA 
OABH 

DC 
DCOH 

DE 
DELP 
D G l  

O G 2  
DP18 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

e_-----_ 

NOMENCLATURE 

DESCRIPTX O N  -_------------------------------------------------ 
AREA OF THE ABSORBER 
MASS O F  S O L U T I O N  I N S X D E  THE AHSO3BEa 
AREA OF THE CONDENSER 
A2EA OF THE EVAPORATOR 
AREA OF THE H I G H  TEYPERATURE GENERATC? 
AREA O F  THE L 3 U  TEMPERATURE GEXERATOR 
AREA O F  THE L O U  TEMPERATURE HEAT EXCHANGER 
AREA !IF THE H I G H  TEMPERA T U 3 E  HEAT EXCHANGER 
FLOU AREA O f  THE TUBES I N  THE H I G H  TEflPERATURE 
GENERATOR 
AHSORBE? T U B E  L E N G T H  

NUMBER OF TUBES I N  THE ABSORBER 
O U T S I D E  TO I N S I D E  AREA P A T I O  F3Q ANY H E A T  EXCHANGE 
TUBE SURFACE 
MASS OF F L U I D  I N  THE ' C O N D E N S E R  
PIAKIHUH YASS ? O S S I B L E  I N  THE COYDENSER 
C H I L C E O  WATER F L O U  RATE 
CONDENSCP TUBE LENGTH 
NUYBEQ O F  TUBES X ? J  THE CONDENSEX 

H I G H  TEMPERATURE GENERA TOR 

L 3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAid TEMP E R A T URE G EN E X  A T O R  
C O E F F I  C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIE NT O F  PE R F O R  Y A  N CE 
S P E C I F I C  HEAT OF MATE3 
COOLING WATER F L O U  RATE THROUGH THE ABSORBER 
COOLING UATER F L O U  RATE THROUGH THE CONDENSER 
CONCEUTRATION AT S P E C I F I C  STATE P O I N T S  
DIAMETER OF ABSORBER TUBES 
DW/DT DE2IWATIWE,  THE CHANGE I N  HASS I N  THE ABSORBE? 
WITH RESPECT T O  T I H E  
DIAMETER OF THE CONDEPiSER TUBES 

CONDUCTION TERY I N  C A L C U L A T I O N  O F  THE UoAo F O R  THE 

COYDUCTXON TERN I N  CALCULATI '3N  3F THE UoAo F O R  THE 

D Y / D T  D E i l T V A T I V E ,  THE CHANGE I N  U A S S  I N  THE CONDEkJSZR 
U I T H  RESPECT T O  T I M E  
D I A H E T E 3  O F  THE EVAPORATOR TUHE 
PRESSURE D I F F E R E N T I A L  3F PUHP 
D I A A E T E R  OF THE TUBE 11 THE H I G H  TEVPERATURE 
G E N E  RATOP 
D I A M E T E S  OF THE TUBE T N  THE L 3 U  TEYPERATU2E GENERATOR 
TEHPORAqY V A R I A B L E  FOR C E N T R I F U G A L  PUHP FLOU 
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I C  C A L C  U L A T I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI)N 

C 
C 
C 
C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

D T  
D T 1  

D T l O  

D l 1 8  

D T 4  

DXA 
D X 1  

0 x 1 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
D X 4  

E F F l  
EFF2 
E L  
E N  
F L U <  1 

FNR 
F 8 C  
F 1 3 C  
F 8 T  
G H l  
G M 2  
GPP2 

G X 1  

GX2 

61L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
G l t i  
G 2 L  

H <  1 

HD 

HF14 
HF20 
H G T l 4  

H I 1  

62 r4 

H I 2  

H01 

H 0 2  

H 1 4  

CHANGE I N  T I M E  
D T / D T  DEil ' l :V%TIWE, THE CHANGE**'$N T ( 1 )  WITH RESPECT TO 
T I M E  
D T / D T  D E R I V A T I V E I  THE CHArJGE IN T ( 1 0 )  d I T H  RESPECT 
T 3  T I M E  

D T / D T  D E R I V A T I V E I  THE CHANGE I Y  T ( 1 R )  U I T Y  R E j P E C T  
T O  T I M E  
D T / D T  D E R I V A T I V E ,  THE CHANGE I N  T ( 4 )  A I T H  RESPECT 
T O  T I M E  

DX/DT D E R I V A T I V E ,  THE CHANGE I N  X ( 1 )  W I T H  RESPECT 
TO T I Y E  

DX/DT D E R I V A T I V E I  THE CHANGE I N  X ( 1 0 )  J I T H  RESPECT 
T O  T I M E  
DX/DT D E R I V A T I V E ,  THE CHANGE IY  X ( 4 )  WITH RESPECT 
T O  T I M E  
F F E C T I V E N E S S  OF THE L 9 d  TEHPE3ATlJRE HEAT EXCHANGE? 
E F F E C T I V E " l € S S  OF T H E  H I G H  TEMPERATURE HEAT EXCHAhGE3 
EUAPORATOR TUHE LENGTH 
NUYBEP O F  EUAPOSATOR TUBES 
FLOW AT EACH S T A T I O N  
T I M E  T 3  F I N I S H  RUN 
TEMPORA9Y V A R I A B L E  REDRESENTING THE FLOW AT S T A T I 9 N  8 
I N T E R Y E D I A T E  VALUE F O R  FLW(1.3) 
I T E R A T I V E  V A R I A H L E  F O R  THE F L O U  AT S T A T I O Y  8 
MASS O f  SOLUTION 1'4 THE H I G H  TEYPERATURE GENERATOR 
MASS OF SOLUTION 1 8 4  THE LQU TEHPERATURE GENERATOR 
n A S S  FLOsl RATE I N S I D E  THE TUHES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO F  L O U  TEVPERATURE 
G E 11 E R A T 0 R 
AVERAGE CONCENTRATION I N  THE H I G H  TEMPERATURE 
GENEqATOR 
AVERAGE CDNCENTRATION I N  THE LOU TEMPERATaRE 
GENE RAT0 R 
LENGTH OF TURES I N  THE H I G H  TEHPESATU3E GENERATOR 
NUMBER OF TUBES I N  THE H I G H  TEYPERATUQE GENERATOR 
LENGTH O F  T H E  TUBES I N  THE L O U  TEMPERATURE G E b E R A T O ?  

NUHBEF? OF TUBES I N  THE L O U  TE!4PERATUi3E GENERATOR 
ENTHALPY AT THE DES16NATED S T A T I O N  
MASS TRANSFER CGEFFICIEFJT 
ENTHALPY O F  SATURATED L I Q U I D  AT S T A T I O N  14 
ENTHALPY OF SATURATED L I Q U I D  AT S T A T I O Y  20 
ENTHALPY 3F SATURATED VAPOR AT S T A T I O N  1 4  
IlVSIDE HEAT TRAYSFER C 3 E F F I C I E N T  F O R  THE H I G H  
TEqPERATURE GENERATOR 
I N S X D E  HEAT TRANSFER C O E F F I C I E U T  F O R  THE LOU 
TEYP ERATU RE GENERAT OR 
O U T S I D E  HEAT TRAAJISFER C O E F F I C I E N T  F O R  THE H I G H  
TEMP E R A 1  URE GENER ATOR 
OUTSIOE HEAT TRANSFER C O E F F I C I E N T  F O Q  THE LOU 
TEHPEQATURE GENERATOR 
ENTHALPY CF SATURATED L I Q U I D  A T  S T A T I O N  1 4  
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

C 
C 
C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 
ICHAR 
I ER 
I F F  

I FLO 

I HAG4 

I NC 
I O  
I O P T  
I S T E P S  
I Y  
J 

J A  
J B  

Jh 

J S  
J S 4  
J U  
J U U  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
K 
K C  

K J  
K K  

K L  
K P  

CC 
L H  
L I Y 

LL 
CP 
LPC 
L13  
L 8  
H 

NC 
NCURVES 
N F 
P1 H 
NP 
NPTS 
N 1 3  

FiJ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 

P( 1 

P I  
PR 

PR I 

DUMMY V A R I A B L E  
A R R A Y  F3R T I T L E  I N  P L 9 T T I Q G  ROUTINE 
FLAG., F R O M  P L O T T I N G  ROUTINE 
F L A G  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFO9 CONSTAUT DISPLACEME? iT  PUMP $4 CEPJTRIFUGAL 
PUMP O P T i G N  
( 0 = C I ? 1 T  PUMP, 1 = CaNSTANT DXSPLACEHENT ) 

F L A G  F O i  REFSXSE3AUT FLOU CO?IT2OL O P T I t ' N  
( 0 = F L O A T  CONT33L ; 1 = O Q I F I C E  C3NTROL 1 

V A 3 i A B L E  8EQUIRED F O R  USPLT R Q U T I Y E  
I N T E G R A T I O N  g3DE3 ( L I N E A R  A L W A Y S  USED) 
PA2AMETER REQUIRED F O X  USPLT ROUTINE 
NUMBER OF STEPS PER YCUR < 1 / O T )  

PARAYETER R E Q U I R E D  FOX' USPLT ? O U T I N E  
UUMBER O F  POI fdTS STORED F O R  PLOTS 
T I T L E  A R R A Y  F3R 2 L O T T I Y G  ROUTINE 
COUNTER F C R  J A  

LOOP COUNTER 
L 3 O P  COUNTER 

COUYTER F O R  T I M E  I N T E R V A L  F O R  P R I N T I N G  
F L A G  F O R  PRIYTING INTERVAL 

CCUNTER F3R T I Y E  I Y T E R V A L  F O R  PLSSTTING 
L O J P  COUNTER F O R  T ( 2 0 )  LO3P 
LOOP COUNTER F O R  T ( 8 )  LOCP 
YAXI?tUM L I Y I T  F O ?  I H P L I C I T  LOCPS 
L9OP COUNTER F3R SUBROUTINES ABST A N D  GEPJ 
L 3 0 P  COUNTER F O R  TCP LaOP 
LOOP COUNTER f O Q  ? ? I V T  STATEYENTS 
LOOP COUFJTER F O 9  F L Y ( 1 3 )  LOOP 
L 3 O P  COUNTER FO? F L U < F )  LOOP 
I N D E X  F O R  READIQG T I T L E S  F O R  PLOTS AYD PASAMETER FOX 

U S P L T  R 3 U T I N E  
CONVEQGENCE PARAYETEQ F R O 3  CONV ROUTIYE ( T ( 2 0 )  L O O S )  

PARAYETER F O R  CECPLOT R O U T I N E  
F L A G  FO3 ENC OF P R O G O A H  i>ll SUBROUTINE PSNTF 
C3NVERGfNCE PASAYETER F R O Y  C3YV P O U T I N E  ( T ( a )  L 9 D P  1 

CONVERGENCE PA2AMETER FROM CO%V ROUTINE ( TCP LOOP 
PARAMETER F O R  CECPLOT - p4UMBER I)F P O I N T S  
CONVERGENCE PARAYETER F3OM C D W V  ROUTINE 
(FLW(13)  LOOP) 
C O N W E P G E N C E  PAilAMETES FOP C O U V  R C U T I N E  
( F L d t d )  LOOP)  
PRESSURES AT DESIGNATED S T A T i C N  

PHANDTL YUHBES I N S I D E  THE TUBES 3F THE H I G H  
TEMPERATUPE GENERATOR 
P R I N T  I N T E R V A L  

P I  = 3.1415926 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c 
C 
C 
C 
C 
C 

QABS 
QCOND 
QEVAP 
QGEMl 
QGEN2 
Q X  
R E 1  
R 6  
S( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

sc 
STR 
s u  

SUPT 
T <  1 

TCP 
TCPC 
TCPP 
TCPT 
TCU 
T E  
TEP 
TG 
T G 1  
TG2 
TH 
T P R I N T  
TSlY 

112 
T 1 4  
T 2 0 C  
T 2 0 T  
U A G E N l  

UAGEN2 

U A H X l  

UAHX2 
v <  ) 

X (  1 

X A <  1 

XB 
X X (  1 

X X X (  1 

X X Y <  1 

X 1 4  
Y <  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 1 

Y l <  1 

Y 2 (  1 

Y 3 <  ) 

Y 4 <  1 

Y 5 (  1 
Y 6 <  1 

ZRHO 

HEAT TRANSFER I Y  THE ABSORBER 
HEAT TRANSFER I N  THE CONDENSER 
HEAT TRArJSFER I N  THE EVAPORATOR 
HEAT TRANSF,ER I N  THE H I G H  TyEj;HPERATURE GENERATOR 

Q U A L I T Y  A T  S T A T I 3 N  20 
REYNZ)LDS NUMBER I N  THE F I R S T  GENERATOS I N  THE TUBES 
T I T L E  V A R I A B L E  F O R  PLOTS 
ENTROPY RETURNED F R O M  SUBROUTINE 'SUPER' 
AMOUNT 3 F  SUB-CDOLIYG 
STARTING T I M E  
SOURCE UATER FLOJ RATE TO THE H I G H  TENPERATURE 
GEYERATOi? 
SOURCE UATER PER TUBE 
TEHPERATURE AT THE I N D I C A T E D  S T A T I O N  
COOLING UATER TEHPERATUqE E X I T I N G  F R O M  THE ABS3RRER 
TLNPORARY V A R I A B L E  F @ R  TCP 
C O O L  I Y G  UATER TEf iPERATURE E X I T I N G  F R O M  THE COiJDENSE3 
TEfiPORARY V A R I A B L E  F3R TCP 
EFlTERINrJ COOLING l lATER TEHPERATURE TO THE AHSCRHER 
C H I L L E D  WATER E X I T I N G  1EMPERATURE 
E N T E P I N G  C H I L L E D  LJATE2 TEHPERATURE 

E N T E R I N G  SORCE UATER TEMPERATURE 
E X I T I N G  SCURCE UATER TEMPERATURE 
T I M E  

H E A T  TRANSFES IN THE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL O U  TEMPERATURE GENERATOR 

A V E R A G E  SOURCE U A T E R  T E M P E R A T U R E  ( ( ~ ~ 1 + ~ ~ 2 1 / 2 1  

T O T A L  SUM OF THE MASS I N  CONPCNENTS THAT YAVE A 
L I B R - d A T E R  SOLUTION 
E Q U I L I B R I U H  TEMPERATURE AT S T A T I O N  12 
SUB-COOLEO T€HPERATURE AT S T A T I O N  1 4  
TEMPORARY V A R I A B L E  F 3 R  THE TEMPERATURE AT S T A T I O N  20 
TEHPORA1Y V A R I A B L E  F O R  THE TEVPERATURE A T  S T A T I O N  2 0  
OVERALL HEAT TRANSFER C O E F F I C I E N T  OF THE H I G H  
TEMPERATURE GENERAT OR 
iJUERALL HEAT TRANSFER C O E F F I C I E N T  OF THE L O U  
TEYPERATURE GENERATOR 
U A  OF THE L O W  TEMPERATURE HEAT EXCHAYGER 
UA OF THE H I G H  TEMPERATURE HEAT EXCHA?.IGER 
S P E C I F I C  VOLUME RETURNED F R O M  SUBROUTINE @ SUPER' 

AVERAGE C 3 N C E N T R A T I 3 N  OF SOLUTION I N  THE SYSTEN 

A R R A Y  FOR P L O T T I N G  OF TG1 
A R R A Y  F O R  PLOTTI rJG OF TM 
QUALLTY AT STATION '  14 
A R R A Y  F O R  PLOTTIPIG 
A i i R A Y  F O P  PLOTTTNG T ( 1 )  
A R i t A Y  F O R  P L O T T I N G  T ( 4 1  
A2RAY F O 2  PL0TTI;JG T ( S 1  
A R R A Y  F O R  P L O T T I N G  C X ( 1  D 
AR2AY F O R  P L O T T I N G  C X ( 4 1  
ASRAY FOQ, P L O T T I N G  C X ( 9 )  
D E Y S I T Y  O F  UATER I N S I D E  TUBES OF 3ECOYO GENERATOR 
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C t C t t t t a t * t t t t C t t * t t C k t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt t C t * t t t t t t C t  f C t I  + k t  t * t t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ e t * *  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC t t t t O C t k  t t t  4 *  k 4 

C 
C SUBROUTINE F U N C T I O N  
C 
C 
C ABST CALCULATE QABS 
C CEPLOT 
C COYPSOL FUNCTIOY CALCULATES COVCE!VTQATION G I V E N  TEMPERATURE 
C AND PRESSURE 
C COhD CALCULATES TCPP A;JD QCOND 
C CONV CALCULATES FJEU I T E R A T I V E  V A R I A B L E *  C3rJWERGES 
C SUBROUTINES 
C CP CALCULATES S P E C I F I C  HEAT AS A FUNCTION OF 
C CONCENTRAT1 ON 
C CRYSTAL SUBROUTINE T O  TEST F O R  C R Y S T A L I Z A T I O N  L I M I T  F3R 

C L I R R  
C EHX CALCULATES THE EFFECTIVENESS OF THE HEAT EXCHANGERS 
C ENTHSOL CALCULATES THE ErJTHALpY G I V E Y  TEMPERATURE AND 
C CONC E N T R A T I  O N  
C EVAP CALCULATES T ( 2 0 )  
C G E Y  CALCULATES TG2 
C HFVST CALCULATES THE ENTHALPY O F  W A T E R  A T  SATURATED 
C L I Q U I D  C O N D I  T I O r J S  
C H G T  CALCULATES ENTHALPY O F  WATER A T  SATURATED VAPCR 
C CONDI  T I D N S  
C HOGEN CALCULATES THE B D I L I V G  HEAT Ti7ANSFER C O E F F I C I E N T S  

C I NTG I N T E G R A T E S  ALL D I F F E R E N T I A L  WARI4OLES 
C I  I r m  I N T E G R A T E S  T I M E  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C PRESSOL FUNCTIOY CALCULATES THE PRESSURE- A T  GIVEI ' I  TEMPERATUIE 
C 
C PRNTF SUBROUTNE TO DO P ? I M T I N G  
C SUPER CALCULATES THE EPJTHALPY OF UATER I N  3UPERHEATED 
C STATE G I  VEN PRESSURE AND TEMPERATURE 
C TEYPSOL FUNCTIOV CALCULATES TEYPERATUSE G I  WEN PRESSURE AhiD 
C CONCENTRATI  GN 
C TSC)L F U N C T I O N  CALCULATES TEHPE9ATU2E G I V E Y  ENTHALPY AND 
C CONCENTFATION 

C T VSP CALCULATES THE TEHPE2AIURE O F  SATURATED UATER G I V E N  
C PRESSURE 
C T VSPH CALCULATES TEUPERATURE G I  W t h l  PQESSURE AYD ENTHALPY 
C USPCT PLOT R O U T I N E  
C V APR CALCULATES V A p O i 3  Pi3ESS!Jf?E G I V E N  TEYPERATU9E 
C Z K M  CALCULATES THEQMAL CONDUCT1 W I T Y  OF SATURATED UATEi3 
C G I V E  Y TEPPERATURE 

C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF UNC T I  0:J 3F TEHPE '?A TU9E 
C 

C 

------_--- ----------_----_-_-_------~_----------_---------~ 

C G I W E N  H Z A T  FLUX, PRESSURE AND CCNCENTRATION 

A N D C 0 rY C E NT R A T I  O N  

C ZMU C A L C U L A T E <  THE Vrscos rTY ?F S A T U R A T E D  W A T E R  A S  A 

C t * C * C t C * t h k C * * C t * t * * t C  C * * C  * * C * * * C & * * * * * f * t C t * t  t * C * * t t t * t t k  t t t C t * L t  k t C  
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. .  . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C O M M O N  / C C /  C X < 3 0 ) r F L W 3 2 0 ) r  T < 2 0 ) 1  H<30), P < 3 0 )  
COVHON/CINT/TY,OT~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ S t  JiVr D X A <  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30 B X A <  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 0) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 I O t J S 4  vTPRNT 
D I M E N S I O N  S ( 5 )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr V ( 5 )  
D I MENS I O N  
REAL J A ( 1 4 4 )  .I ,Y .- .4 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA” 5  

DIRENSXON R G ( 4 )  r I C H A R <  10) 
DIPIENSXON X ( l 5 1 )  , Y l ( 1 5 1 ) 9 Y 2 < 1 5 1 )  9 Y 3 < 1 5 1 )  ~ Y 4 < 1 5 1 ) , Y 5 < 1 5 1 ) ~ Y 6 ( 1 5 1 )  
DIYENSXDN X X ( 1 5 1 )  , X X Y <  151) 
NAMELXST/DATA/FNR r P R 1  r K C v K P , I S T E P S *  

X X X <  1 2 1  1 , Y  ( 1 2  195) 9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI MAG4 ( 5151 1 
‘L 

1 
1 
1 
1 

TG1,TC U r T E  e SW,C 1 9  CHU, 
D C 1 v  A G E h l ,  O C 2  B ASEV2, G2L 9 OC, ACOYD ,ClBDEw AE * E L  (UA ABS 
B AH X 1 9  AHX2 9 G M 1  B G M 2  B A B Y  9 CDH 9 X R B H D  9 A2 

9 1, T G  2 9 T 2  0 T,  TEP 9 T C P p  I F F ,  FLk, FL89 UP 18 , E F F l  9 E F F 2  B I F L O  

D O  3 r = i r 3 0  
X A < I ) = O o O  

3 D X A < I ) = O o O  
4 

C PROGRAM CONSTANTS * * e * *  

P 1 = . 3 0 1 4 1 5 9 2 6 5 3 5 8 9 7 9  
A R = l o 0 8  
C P R = l . O  
Z R H 0 = 6 0 0 5  

C * *  T I M E  A:JD P R I N T  V A R I A B L E S  * *  
TM=STR=Oo $ F N R = 1 8 o  

I O = l  
DT=oOOS 
P R I = - 2  
K C = 1 0  0 
KP=40 
I S T E P S = 2 0 0  

C + *  EXTERNAL V A R I A B L E S  * *  
T G 1 - 2 8 0 -  
f C i = 8 S o  

T E z 4 4 0  
S U = 5 0 0 0 .  
CL1=180000 
c H k = l o  0 0  0 0 

C * -  S Y S T E Y  D E S I G N  G E O M E T R Y  * -  
C * *  GENERATOR 1 

DG1=.5/120 
A GEN 1=35 
G l L = 6 0 .  
G 1 N = A G E N l / ( P I * O G l  * G l L  1 

C * *  GENERATOR 2 
DG2=o S / 1 2 e  
AGEN2=200 

G2L-5  
G2V=AGEN2/ (PI * D G 2 * G 2 L )  

C * *  CONDENSOS 
DC=o 5 / 1 2 0  

ACON0=20 
C L Z l O e  
CN=ACr)ND/< P X * D C * C L )  
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C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA** zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEVAPORATOR 
D E  = r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 ! 1 2  
A E = 5 5 r  

E L = 5 2 r  
EN=AE/  < P I  * D E * E L )  

C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL* ABSURBES 
D A = o 5 / 1 2 r  
A ABS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA=6 0 
AL=32 r 
AN=AAB S /  ( PI  *DA * A L  1 

C ** OTHER 
A H X l = S r O  
A H X 2 = 5 r O  

C * *  MASS 
G M 1 = 2 3 8 r  

GP.12=20Bo 
ABEF=208- 
CDVUI=lO4r  $ C U X = 2 0 3 *  
X B = r 5 6 6  

C * *  STAi7TIFli;  VALUES FOR I T E R A T I O N S  * *  
C TEHPERATURES 

T ( 1 ) = 2 6 6 r  
T ( 4 ) = 1 8 1 0  
TC H ) = 8 7 r  
T <  10) = 8 7 r  
T < 1 8 )  =990 
T G 2 - 2  6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3. 
T 2 0  T= 4 0 r 
T EP=55 r 
T C P = 9 3 *  

C FLOWS 
I F F = l  

FLLi(5 t = 0 8  

f LU(10)=900e 

F L Y < 1 3 ) = 5 4 -  

FLk(6 5300  8 

C PUMP C H A R A C T E R I S T I C S  
FL8=15841 
D P l G 2  0 r 
A NA=DP 16/  F L 8  

C HEAT EXCHANGERS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
E F F l z . 8  
E F F 2 = - 8  

C 
C * * L I Y  IS THE f lAXXMU’4 NO, OF I T E 2 A T I O N S  ALLOWED FCJR I M P L I C I T  E Q U A T I O N S *  

L I P = 2 5  
I 

C 
JS=O $ JN=O S J S 4 = 0  B TPRNT = O r 0  
K K = O I J = O  

K J = O S J = O b K L = ’ I $ K = O  
J U  = 0 
J U U  = 0 
READ 80, < J A < J B )  ,JB=Lv144) 

. -  8 0  FORMAT 7 2 A 1 1 7 2 A l )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJUU = JUU+1 
I F  < J U U o c Q o I S T E P S ) 3 1 , 2 5 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

31 CONTINUE 
JU = ~ ~ 4 1  

X X X <  J U ) = T 6 1  
Y < J U v l ) =  Q E V A P / 1 2 0 0 0 0 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS Y < J U v 2 ) =  O Z V A P / Q G E N l  

TGl.=TG1-5. 
P R I N T  2 0 9 T G l  

2 0  FORHAT(1Xr  * T G l = + v F l O m 3 )  
JUU = 0 

253 CONTINUE 
C 
C **ABSORBER PRESSURE** 

T ( 2 0 )  = 1 2 0 1  
L C  = 0 S N C  = 0 

C 
C START OF I T E R A T I V E  LOOPS 
C 
C BEGIN T ( 2 0 )  LOOP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C l t t t + k C * C C ~ t k L C C 1 1 C 4 4 ~ ~ * * C C ~ C * 4 4 C 4 C ~ C 4 h ~ C ~ ~ 4 k ~ ~ & * ~ ~ t ~ 1 ~ ~ *  

33 CONTINUE 
P (  2 0 )  =VAPR ( T ( 2 0  1 )  

P <  19) =P( 20 1 

P( R ) = P < 2 0  ) - o O O O O O  OS*FL U( 1 8  1 *FLU( 18) 
C L I Y I T  IMPOSED t i Y  32 DEGREE F F S E E Z I N G  P O I N T  

I F ( P ( 8 ) o L T e o U 8 8 5 9 )  P < 8 ) = 0 0 8 8 5 9  
P <  7 ) = P < 8 )  

T (  1 9 )  = T < 2 0 )  
H ( 2 0 )  = H G T ( T ( 2 0 ) )  
C X ( 1 2 )  = C X ( 1 0 )  

H ( 1 0 )  = ENTHSOL < T ( l O ) v C X ( l O ) )  
T 1 T  = T ( 1 )  $ T ( 1 3 )  = T ( 1 )  
P ( 1 )  = PRESSOL < T < l ) v C X < l ) )  

P(10) = P ( 1 1 )  = P ( 1 2 )  = P ( 1 3 )  = P ( 1 4 )  = P ( 2 )  = P ( 1 )  

C **EVAPORATOR TEHPERATURE*+ 

c * *  ENTHALPY OF THE SOLUTION LEAVING THE ABSOQBER 

C F O R  F I X E D  F L O U  IFF=O,  VARIABLE FLOW I F F = 1  
I F C I F F o N E o O )  G O  T O  35 
D E L P = P < l )  - P ( 8 )  

35 F L U ( 1 2 )  = FLW(10)  
FLU( 1 0  ) = S O R T  ( 1 0 0  0 0 0 0 - 2 7  4 2 .I 39 *DELP* DELP 1 

H < 1 )  = ENTHSOL < T < l ) v C X < l ) )  

I = 1 3  
C A L L  SUPER < P ( I ) r T < l ) v  l r  l r S < I ) r H t I ) v V < I )  1 

T < 1 4 )  = TUSP ( P t 1 4 ) )  
T 14=T ( 1 4  1 

+ a *  SECOND GENERATOR + * +  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 6  P ( 4 )  = P R E S S O L ( T ( 4 ) r C X ( 4 ) )  

P ( 3 )  = P ( 5 )  = P ( 1 5 )  = P ( 1 6 )  = P ( 1 7 )  = P ( 4 )  
T < 1 7 )  = T V S P ( P < 1 7 ) )  
H ( 1 7 )  = HFVST ( T ( 1 7 ) )  
H (19 )  =H(17) 
I F  ( I F L O o N E - 1 )  G O  T O  SO 
FLU< 1 3  )=1 O *  ( ( P  ( 1 ) - P  ( 4 1 )  1 4 4  1 e *  059 
FLU( 1 ) = f L M < 1 2 ) - F L U < 1 3 )  
F L U < S ) = F L U < l )  
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C L  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe*,+ T E S T  FOR C R Y S T A L I Z A T X O N  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* * e  4 * *  * * * a  * * e *  

I F < C X < 4 ) - L T - - 6 5 )  GO r0 3 0 0  
I F ~ T ~ 5 ~ o L T o 1 1 5 o o O R o T ~ 7 ~ o L T o ~ ~ ~ o ~  G O  T O  3 0 0  
I F ( T < 4 ) - L T - l 1 5 o )  GO T O  3 0 0  
C A L L  C R Y S T A L  ( T ( 4 ) , T < 5 ) , T < T ) t C X < 4 ) )  

3 0 0  C O N T I N U E  
**+ D E F I N I N G  Q U A N T I T I E S  F O R  P L O T T I N G  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* L *  

I F  ( (  K J - E Q - 0  1 o O R o  ( K J  o E Q o K C  1 )  255 9 2 5 7  
255 J = J + l  

X X Y < J )  = T M  
Y l < J I = T ( l )  f Y 2 < J ) = T < 4 )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 Y 3 < J ) = T < Q )  
Y 4 < J ) = C X ( l )  $ Y 5 < J ) = C X ( 4 )  f Y 6 ( J ) = C X ( S )  
K J  = 0 

257 K J  = K J + 1  
HF20 = HFVST ( T ( 2 0 ) )  
Q X  = < H ( 2 0 ) - H F 2 0 )  ( H G T ( T ( 2 0 )  ) - H F 2 0  1 

Hf-14 = H F V S T ( T ( 1 4 ) )  
H G T l 4  = H G T ( T ( 1 4 ) )  

COP=Q E V A P  / zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAW E N  1 
C 
*** D E R I V A T I V E  S E C T I O N  * * *  
C 

X 1 4  = (H(lQ)-HF14)/(HGT14 - H F 1 4 )  

D A E H  = FLU(8)-fLU(lO) 
DCOH = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF L U < l 6 >  + F L U < 1 3 > - F L ! 4 < 1 ! 3 )  
O X 1  = < F L U < 1 2 )  * C X < 1 2 ) - F L U ( l )  r C X < l ) ) / G H l  
O X 4  = ( F L U ( l ) * C X ( l ) - F ~ k ( 4 ) ~ C X ( 4 ) ) / ~ f l 2  

0 x 1 0  = ( F L U ( 8 )  * C X ~ B ~ - F L ~ < 1 0 ~ * C X ~ l O ~ - C X < l O ) c D A B H ) / A B ~ ~ / A B M  

D T 1  = ( F L U  C 12 1 *H< 12) -FLU< 1 D *H< 1 1 -FL 'rl( 13 1 * H  t 13 1 + Q G E N l +  G H 1 *  T < 1 -71 5 7 
l * D X l ) / G H l / C P < C X ( l ) )  

l * O X 4 ) / G H 2 / C P < C X < 4 ) 1  
D T 4  = ( F L U ( 3 )  * H < 3  ) + Q G E N 2 - F L U ( 1 6 ) * H ( 1 6 ) - F L U ( 4 )  * H < 4 ) + G H 2 + T (  4)*0 7 1 5 7  

D T l O  = < F L U ( 8 ) * H < 8 ) - F L U (  1 0 ) * H (  1 0  ) - T ( 1 0 )  * C P ( C X ( l O )  ) * O A B Y + A B H * T ( l O )  

D T 1 8  = < < F L U < 1 3 ) + F L Y ( 1 6 )  ) * H W  ) - F L ~ < 1 8 ) ~ H < 1 5 ) - T ( 1 8 ) ~ D C D ~ ~ / C D M  
1 - 7 1 5 7 * D X 1 0  ) / A B M / C P < C X < l O ) )  

C 
C * * T E S T  F O R  P R I N T  AND FINISH**  
C 

C A L L  P R N T F  (PRX sSTRIFNR 9NF tTGl t  T 6 2 t T 1 4  t T C P P  rTE t T E P t T C U r T C P , S U t  CWC 

I r C H Y t C U o C O P , Q G E N l  r Q G E N 2 , Q C 9 N D v  QEVAPt Q A R S ,  E F F l r  E F F 2 r C D H v  A B M  vQX t 
2 x 1 4 )  

6 0  TO < 5 , 8 ) r N F  

C 
C * * X N T E G R A T I O N  S E C T I O N * *  
C 

5 C A L L  INTI < TH,DT 8 1 9  ) 

C A L L  I N T G  ( C X (  1) t D X 1 )  
C A L L  I N T G  ( C X ( 4 )  9 D X 4 )  
C A L L  I N T G  ( C X ( 1 0 )  r D X L O )  
C A L L  I N T G  ( T ( 1 )  v D T 1 )  
C A L L  I N T S  ( T ( 4 ) , D T 4 )  
C A L L  IN16 < T < l O ) , D T l O )  
C A L L  I N T G  C T ( 1 8 )  ~ 0 1 1 8 )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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I F  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC T < 1 8 ) ~ G E o T C 1 7 ) )  TC18)  TC17)  
C A L L  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI N T G  (CDH9DCDH) 
I F  (CDHoGEoCDX) CDH=CDX ‘ 
C A L L  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI N T G  (ABfl9DABM) 
E F F l = E H X < A H X l , l )  
EFF2=€HX(AHX292)  
G O  TO 7 

8 CONTINUE 
NPTS = J 
NCURVES = 3 

NCURVES = 3 

I N C  = 1 S I Y  = 1 2 1  f Y = 2 f X3PT = 1 

C C A L L  CECPLOT CNCURVESINPTSpXXY r Y 4 9 Y 5 9 Y 6  1 

C C A L L  CECPLOT CNCURVES9MPTS9XXY ( Y l r Y 2 9 Y 3 )  

C A L L  USPLT (XXXIYIIYVJUIHIINCI J A  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 P G VICHAR 9 I 3 P T  9 I MAG4 9 1  ER 1 

R 6 < 3 ) = 0 0  S R G < 4 ) = 2 o  
C A L L  
I F  ( IERoE0.65 )  P R I N T  8 5  

USPLT C X X X v Y  9 I Y  9 J U  rP19 I N C  9 J A 9 R G v I  CHAR 9 I O P T  9 I NAGQIIER 1 

8 5  FORMAT ( *  H IS L l  I *  1 
216  I F  < < F L U (  ~ ~ ) ~ L E I O ~ O ) ~ O R ~ ( T C ~ ~ )  .LE.TCP).OR. C T < 4 ) ~ L E . T < 3 )  1 )  

1 P R I N T  215vFL ’d (  1 3  1 t TC 1 7 )  (I TCP t T ( 4  1 9  T( 3 1 
215 F O R M A T < / +  FL13=*9F601/+ T 1 l = + , F 6 r l  p *  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl C P = *  rF6o1/* T4=*9 F6.19 

2* T 3 = * r F 6 o l  1 
999 STOP S END 

END OF M A I N  PROGRAM 
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BEGINNING zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF SUBROUTINES AND FUNCTIONS 

SUURDUTINE E V A P  (TEwTEP, T20,QEVAPpCH'd,DE9 A E ~ C P ~ ~ F ~ O ~ E L I E N )  
ARZ1.38 
A K = 1 0 0 o  
I F ( Q E V A P r L E o O 0 )  G O  T O  1 
PR=CPU* ZMU ( T 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 / Z K U <  1 2  0) 
VGK=( Z K W ( T 2 0 )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA**30  *4169000000/( ( Z Y U (  T 2 0  )/62-4) * 2 o  1 )  * *  (1 - /30)  
G E O = F 2 0 / ( ' L * ~ N * * < 2 o / 3 - ) )  
R E O = Q r * G E O / Z M U ( T 2 0 )  
T L R = S 8 0  0- (1 /PR 1 * 1 0 5  

I F < R E O o G T - T L U )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG O  T O  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 
H O = o 8 2 2 1 *  U G K * (  l - /REO)  ,4022 
GO T O  4 

3 HO=rO 0 3 8 + < R E O *  * r 4  I * <  P R + * o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 5 )  * V G K  
4 T E A V G = < T E + T E P ) / 2 -  

C H  WPT=CHW/ EN 
GE=CHWPT/(. 785398 16339 7 4 4 B * O E * D E / < A R * A R )  1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
R E = D E  / AR+ CE/ 2 MU( T E A V G )  

I F < R E o G T o 2 3 0 0 0 )  G O  TI) 5 
H I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 3 r  6 5 6 * Z K U <  T E A V G )  /3E/AR 
G O  TO 6 

l ( D E / A R )  
6 CONTINUE 

5 H I = o 0 2 3 * ( R E r * o B ) * ( < C P H * Z ~ U ( T E A V G ) / Z K U ( T E A V ~ ) )  * + ( r J )  ) * Z < U ( T E A W G ) /  

C O N D = < o 5 * D E * A L O G < A R ) ) / A K  

C L  ***  O U T S I D E  B A S I S  * + *  
U A = A E / < <  A R / H I  ) + C l  -/t i01 +CON01 
E = E  XP ( ( UA/ QEVAP) * (TEP - TE 1 3 
T 2 0 = <  T E * E - T E P J  I (  E-1- 1 

IF  ( T 2 0  O L E  32- ) P R I  NT 2 9 T 2  0 
2 F O R H A T ( l X ~ * R E F R I G E R A Y T  U I L L  FSEEZE,T2O=*,F803,+CHaNGE A€ O R  T E * )  

RETURN 
C L * *+  PREVENTS N E G I T I V E  L O G  PEAN TEYP C A L C U L A T I O N  + * *  

1 T 2 0 = T E - o 0 1  

RETURN t E N D  

S U B R O U T I N E  ABST < T C i d v T C P t  T 9 r T 8  rQABSp CU,DA,AAESvAN) 
CPW=l.O 
A R - 1 0 0 8  

HO=40 0 0 

C G I V E N  HO B Y  ARKLA 
TV=< T C P + T C U ) /  2. 
CUPT=CU/AN 

RE=DA/ AR+ C WPT/ A I  / ZYU< T V I  
PR=CPU*ZMU<TW) / Z K W <  T V )  

A X = D A * O A * o 7 8 5 3 9 8 1 6 3 3 9 7 4 4 8 / ( A R * A R )  

I F ( R E o L T o 2 3 0 0 o )  P R I N T  ~ O I R E  
1 0  F O R M A T < l K ~ * R E  3 F  ARSORBER I S  /JOT T U R U U L E N T * r F l O r O )  

H I = o 0 2 3 * R E + * ~ & * P R * * o 4 * Z K U (  T V ) /  < 9 A /  A i l )  
cori=o 
U A A B S = A A B S / < (  A R / H I ) + (  l * / H O )  + C O f J )  
I F < T C P o G E o T S )  T C P = T 9 - - 1  
IF ( T C U o G E o T B )  T B = T C U + r l  
Q A R S = U A A B S * < < T S - T C P 1 - < T 8 - T C a ) ) / ( A L 0 6 < ( r 9 - ~ C P l / ( T a - T C ~ ) )  b 
RETURN S E N D  
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S U B R O U T I N E  C O N 0  ( A C O Y D  ~ C U C T T C P ~  T l T 9 D C  r C P U  cF1 SrCL ,CYmTCPPw QCOY 0) 

A R = l r O 8  
C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFOR T U R B U L E N T  L I Q U I D  F L O U  I N S I D E  T U B E S  A N 0  H E A T I N G  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< P S * * o l t )  

A K = 1 0 0 0  a, il 

Z R H O = 6 1 e  9 
T I C A = <  T C P * T C P P  1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/2 
C YCP T=C WC / C N  
G C = C Y C P T / <  - 7 8 5 3 3 8 1 6 3 3 9 7 4 4 8 * O C *  D C / (  A 3 e A P )  1 

H I = o 0 2 3 * < < 0 C / A R * G C ~ Z n U < T I C A ) ) + + . B ) + ( ( C P U * Z ~ U ~ T ~ C A ~ / Z K U ~ T I C A ~  
1) +*<.4))  + Z K U < T I C A ) / < D C / A R )  

C O N D U C = < . 5 * D C * A L O G ( A ? )  ) / A K  
C F O R  CONDENSING O N  THE O U T S I D E  O F  H O R I Z O M T A L  TUBES ( L A M I N A R )  

G P P C = f l E / ( C L + ( C N * * ( 2 - ~ 3 . ) ) )  

HO=1.51*<  Q m * G P P C / Z M U < T l 7 1  1 **(-1-/3- b * ( ( Z K U ( T l 7 )  * * 3 ) * (  Z i l H O * * 2 )  e 4 1 7  
1 0 0 ~ 0 ~ 0 ~ / < Z M U ~ T ~ 7 ~  *+2) 1 **<1./3.) 

UACONO=ACONO/ ( ( A R / H I )  +<1 - /HO)*CONDUC 1 

B = U A C O N D i C U C  
T C P P  = T 1 7 - ( T 1 7 - T C P ) / E X P < B )  
PCOND = C U C * < T C P P - T C P )  
R E T U R N  $ END 

S U B R O U T I N E  GEFJ (UAGEY B SU rTY I ,THOiTCI ,TCO,LL ,L IM~I  1 

C I I D E N T I F I E S  T H E  F I R S T  OR SECOfJD GENERATOR 
N C = O S L L = O  
A = U A G E N  / S b  S T T  = THO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

8 B = T H I - T C O - T T * l C X  
I F  < (  T H I O  LE- T C O )  OR- ( 11- L E - T C I  1 1  P R I  l JT9 ,  T H I  9 T T  9 TC I TCO 

9 F O R M A T  < *  T G l , l G Z , T 1 2 , T l  4 F 8 o 1  1 

C AN A T T E M P T  T O  H E L P  CONVERGENCE 
I F  ( T T  OLE- T C I  ) T T = T C I + l o  
T C  = T H I - A  * H / A L O G <  ( T H I - T C O ) / ( T T - T C I  1 1 
C A L L  CONV ( T l g T C ,  L , N C t s 0 0 0 5 )  
LL = LL*1 
I F  ( L L o G E - L I H l  P R I N T  1 4 r I p L L  

IF ( L L e G E m L I N )  6 0  TO 16 
I F  < Y C - M E o  1) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60 10 8 

THO = T T  
14 F O R M A T  ( e  c O N V  d A S  C A L L E D  BY 6 E Y * I l r I * r *  T I M E S *  

16 R E T U R N  $ END zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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FUMCTTON PRESSOL ( T I r X I )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A A 1  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-17,86920 $ AA2 = -880241 $ A A 3  =-.GO736302 
B B 1  = 25093 .5599  $ BR2 = - 1 0 2 6 * 0 5 7  'b 8 8 3  = 9.16021 
C C 1  = - 7 8 4 4 9 3 0 -  5 C C 2  = 282606.7 S C C 3  = - 2 6 2 6 0 9 7 6 4  
X T  = X I * l O ' O .  
TT = T I  + 459.67 
A A  = A A l + < A A 2 + A A 3 * X T ) * X T  
BB = BBl+ (BB2+Bt33*XT) *XT  
C C  = C C l + < C C 2 + C C 3 * X T ) + X T  
PL = AA+(BB+CC/TT) / T T  

RETURN S END 
PRESSOL = 1 0 o * * P L  

FUNCTION C O M P S O L  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( T I r P I )  

A A 1  = -17.86920 f A A 2  = - 3 8 0 2 4 1  S AA3 = - .30796302  
0 B l  = 25093.5599 t 8 3 2  =-1025.057 f t3B3 = 9.14021 
C C l  = - 7 8 4 4 3 3 0 r  S C C 2  = 282606.7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd CC3 = - 2 6 2 6 0 9 7 6 4  
T = TI+459.67 
& A  = T*T*AA3+T*BB3+CC3 
BB = T*T*AA2+1*BB2+CC2 
C C  = T * T * ( A A l - A L O G l O ( P I )  ) + T * B H l + C C l  
X = <-BB-SQRT(t38*BH-4. * A A + C C ) )  /2a/AA 
C O M P S O L  = x / 1 0 0 *  

RETURN $ END 

FUNCTION TEHPSOL ( P I r X I )  
A A 1  = - 1 7 1 8 6 9 2 0  S A A 2  = - 8 8 0 2 4 1  L AA3 = - 0 0 0 7 9 6 3 0 2  
8 8 1  = 25093.5599 d B R 2  = - 1 0 2 6 ~ 0 5 7  f f3B3 = 9.10021 
C C l  = - 7 8 4 4 9 3 0 r  S CC2 = 282606 .7  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 C C 3  = - 2 6 2 6 . 9 7 6 4  
X T  = X I  * 1 0 0 0  
A A  = A A l + < A A 2 + A A 3 * X T ) * X T  
BB = B B l + < U 8 2 + 8 d 3 * X T )  * X T  
C C  = C C l + ( C C 2 + C C 3 + X T ) * X T  
ALP = A L O G l O  ( P I  1 - A A  
T T  = (BE-SQRT i B B * * 2 + 4 r * A L P * C C ) )  / ( 2 o * A L P )  
TENPSOL = TT-459.67 
RETURN S END 

FUNCTION TH2C ( H I )  
TH20 = 31.93785 + 1 . 0 0 0 8 1 1 3 8 * H I  
RETURN f E N D  
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FUNCTION VAPR ( T I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

0 1  = 6 0 1 4 1 7 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 0 2  = - 2 7 9 9 0 2 2  $ 03 = - 3 6 4 2 2 2 0  
TT  = T I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 459.67 
P L  = D 1 * ( 0 2 * 0 3 / T T 1 / T T  . *  * 

RETURN S END 
VAPR = 1 0 0 * * P L  

FUNCTION HGT ( T I  
T K = (  T-32.0 1 /1 8+2 73 16 
X-647027-TK 
Y = X *  ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 - 2 4  3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8* ( 5.868 3E- 0 3+ 1.17 02 4E -0  8 X X 1 X 1 / ( T K *  ( 1 - 0 42.18 7 8 5 E  -0 3 X 

1) 1 

Pz14.696 * 2 1 8 0 1 6 7 /  < l o  - 0  * * Y 1  

X=ALOGlO(P)  
H 6 T = 1 1 0 5 0 9 5 8 7 * (  3 2 , 7 5 5  8 0 7 4 ( 4 . 6 1 9 8 4 7 4 4  <Oo20672996+<-0054L16'330 

I* (I 0 4 3 2 4  1362- 0 1 7  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA88  4 8  85+ X B * X  1 X I  X 1  X 1 X 

RETURN f EFJD 

I 

SUBROUTINE SUPER < P P r F T r  N F L A G l  rYFLAG2 ~ S I H I  V 1 

C DETERHINATION OF THE ENTROPYrEYTHALPYp CIR S P E C I F I C  VOLUME OF STEA'I 
C I N  THE SUPERHEATED R E S I ' I N I  OR O H  THE SATURATED VAPOR L I V E 9  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG i V E N  
C PRESSURE AND TEMPERATURE. 

6 3  TO < l r 2 1 , f u F L A G 2  
1 P=PP/14.6959 

T=255 38+5. * F  T I 9 0  
B 1 ~ < 2 6 4 1 0 6 2 / T J * l O o ~ ~ ~ ~ O 8 7 0 0 / T ~ * 2 1  $ H O = l o  9 9 - 8 1  f 8 2 ~ 8 2 . 5 4 6  
6 3 = 1 6 2 4 6 0 - / T  S B 4 = 0 1 2 1 8 2 8 * T  S R 5 = 1 2 6 9 7 0 o / T  
F O = l m  8 9 - 5 1  *<  3 7 2 4 2 0  I (  T T )  42.1 
87=2r * F O  fi < 8 4 - 8  5 ) - B O  * B S  

CoooWHICH PROPERTY I S  UANTEO 

$ f lb=BO*H3-2  *FO* ( 8 2 - 8 3  1 

$ B Q = O o  5 * B 0 +  ( P / T  1 2 

2 G O  TO < 3 9 4 1 5 ) 9 N F L A G 1  
CoooCOHPUTE ENTHALPY 

3 F = 7 7 5 - 5 9 6 + 0 - 6 3 2 9 6 * T + O  . 0 0 0 1 6 2 4 G 7 * T * T t 4  7 .3635*ALOGlD<T 1 

H=F+O - 9 4 3 5 5 7 * < F O * P + B Q +  < -B6+!33 * < B 2 - 8 3 + 2 -  B T * B O )  ) 1 

RETURN 
C I  o a COMPUTE E NTR OPY 

4 B E T A = <  l o / T )  fit < BO-FO)  *P+BQ* ( B S * B U * B O f i  (BO* < 84-85 1-20 e t 3 7 1  1 1 

S=3080 3 6 9 1  *ALOG10 < T I  - 0 e 2 5 3 8 0  l * A L O G l O  (P J + O  o 000  1 8 0 5 2 * T -  11 0 4 2  76/  T- 
1 0  o 3 5 5 5 7 9 - 0 0 0 2 4 1 9 8 3 f i B E T A  

RETURN 
C-moCOMPUTE S P E C I F I C  VOLUME zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

5 B Z = B O * P / ( T * T )  
B=RO* ( 1 + B Z * (  B 2 - 8 3 + 8 Z  fi 

V = O o 0 1 6 0 1 8 5 ~ < 4 ~ 5 5 5 0 4 * T ~ P + 8 ~  
RETURN f E N D  

B 
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F U N C T I O N  T V S P < P )  

D I N E N S L O N  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA ( 8 )  

CoooDETERHI 'JATION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF THE S A T U R A T I O N  TEMPERATURE 3F WATER, G I V E N  PRESSUqE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo o o  D E T E R H I N E  PRESSURE RANGE -- 

I F  ( P - 4 5 0 0 ) l r 2 t Z  
C o o m  COYPUTE TEMPE3ATURE F O P  PRESSURE.. 1'1 L C d  PAF,GE -- 

1 A 3 = 3 5 0 1 5 7 8 9 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 A < 1 ) = 2 4 0 5 9 2 5 8 8  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd A ( 2 ) = 2 0 1 1 8 2 0 5 9  $ A < 3 ) = - 0 o 3 4 1 4 4 7 4 )  
A < 4 I =  0 0157 4 1  b 4 2  
A < 7 ) = - 0 m 0 0 0 2 4 9 0 1 7 8 4  b A < 8 ) = 0 o 3 0 0 0 0 6 8 4 0 1 5 5 9  
X = A L O C < l O m * P )  

f A ( 5  ) =-0 D 313 29 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA585  % A <  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 ) = O  0 0 3 8 6 5 8  2 52 

TVSP=AO+A < l ) * X  
D O  1 0  I = 2 r 8  

RETURN 
1 0  T V S P = T V S P * A < I )  + X i * ;  

c ... C O Y P U T E  T E H P E 2 A T U 2 E  F O R  P R E S S U ~ E  ~ : i  HIGH Q A N G E  -- 
2 A 0 = 1 1 5 4 5 0 1 6 4  5 A ( 1 ) ' - 8 3 8 6 0 0 1 8 2  S A < ?  ) = 2 4 7 7 0 7 6 6 1  % A ( 3 ) = - 3 6 3 o 4 4 2 7 1  

A < 4 ) = 2 S o 6 9 0 9 7 8  b A ( 5 ) = - 0 0 7 8 0 7 3 8 1 3  6 X = A L O G < P I  'S TVSP=AO+A( l ) * X  
I DO 11 I = 2 r 5  

11 T VSP= TVSP+ A (  I )  X *  * I  
RETURN S END 

F U P I C T I O N  H F V S T  ( T I  
C D E T E R M I N A T I O N  OF THE Er lTHALPY 9 F  UATEP. AT THE SATURATED L I 3 U I D  

C Cr3NDI T I  3Nv GI V E h  TEHPERATURE 
D I M E N S I O N  A ( 5 )  

C 0 - 0  D E T E R M I N E  TEHPE2ATURE RANGE -- 
I F  ( T - 3 6 0 o ) l r 2 r 2  

C 0 0 0  S E T  CONSTANTS F O R  CO'd RANGE -- 
1 A 0 = - 3 2 o 1 7 9 1 0 5  'S A < 1 ) = 1 0 0 0 8 H 0 3 4  t A ( 2 ) = - 1 o  1 5 1 6 9 9 6 E - 4  

A < 3 ) = 4 o 8 5 5 6 3 6 E - 7  'S A (  4 ) = - 7 . 3 6 1 3 7 7 8 € - 1 0  $ A ( 5 )  =9.635O31SE-l3 
Gi) TO 1 0 0  

C 0.0 SET COYSTAFJTS F O R  H I G H  RANGE -- 
2 A 0 = - 9 0 4 . 1 1 7 0 6  S A ( 1 ) = 1 0 0 6 7 3 8 0 2  $ A ( 2 )  = - 4 . 2 7 5 3 3 3 6 E - 2  

A < 3 ) = 9 o 4 1 2 4 4 E - 5  S A < 4 ) = - 1 0 0 3 1 5 3 5 7 E - 7  '6 A <  5 ) = 4 . 5 6 0 2 4 6 E - 1 1  
C 0.0 COMPUTE ENTHALPY -- 

1 0 0  H F V S T = A O + A ( l ) * T  
DO 1 0  1 ~ 2 9 5  

1 0 HF\IST=HFU S T+A ( I 1 T I 
RETURN f END 

F U N C T I O N  Z K U ( T )  
CL e * * *  F U N C T I 3 N  T O  F I N D  THE THERNHAL C O X D U C T I V I T Y  C F  
CL SATURATED L I Q U I D  UATER 

I F < T o  LTo32.0 G R m  T o  G T  - 4 0  0- 1 

Z K U ~ ~ o 0 0 ~ 0 0 1 2 ~ T + T + ~ 0 0 0 6 4 4 * ~ + o 3 ~ ~ 9 6 3 3  
P2IYJT 1 t T 

1 F C R H A T < ~ X I F ~ O ~ ~ *  I S  J U T S I D E  THE R A V C E  F O R  Z K l d * )  

R E T U 2 N  6 E h D  

FUFrCTION ZMU(T)  
CL * * * e  F U N C T I 3 h i  T O  F I N D  V I S C O S I T Y  3F SATURATED ;I'ATER A S  A 
CL F U U C T I O h  OF T t H P E R A T U R E  

I F ( T o L T o 3 2 o o C R m T o G T o 3 5 O o )  P R I N T  1,T 
ZMU=2 1 1 . 4 3 6 3  1 7  7 *  ( lo/( T **  1 3 6 8 2 5 2  6 0 5  J 1 

1 F O R M A T < l X , F 6 o 2 , * I S  O U T S I D E  THE RANGE F O R  ZMU*)  
RETURN S Ek;D zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

\ 

FUNCTION TVSPH ( P  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9H) 

C I T E R A T I Y E  D E T E R H I N A T I 3 M  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF THE TEMPERATURE 9F STEAY I N  THE 
C SUPERHEATED REGiON AND CN THE SATURATED VAPOR L I N E t G I V E N  PRESSU2E 
C AND ENTHALPY 
C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 0 0  SET COYSTANTS 

AO=-2!32707 S A l - 3 . 0 3 9 1  $ A 2 = - 0 0 0 0 0 3 5 4 1 3  
8 0 = 2 4 0 3 1 8  S i 3 1 = - 0 0 0 7 1 4 7 9  6 8 2 = 0 0 0 8 0 0 4 5 3 0 5  

C 0 0 0  ESTIMATE TEMPERATURE 
T O = A O + A l * H + A 2 * H * H + P / ( f 3 ~ + B l * H + B 2 * H * H )  

C m - o  CALCULATE S P E C I F I C  HEAT 
CPQ=A1+2o A2 * H - ? *  t 8 1 + 2 0  *t32 *H)  1 ( R O + H l *  H+B2 * H * H )  * * 2  

C o m  0 COMPUTE ENTHALPY FClR G I V E N  PRESSURE AND ESTIMATED TEMPERATURE 
1 0 0  C A L L  SUPER ( P ~ T O ~ ~ ~ ~ ~ S S I H P I V )  

C - 0 -  COiiRECT TEMPERATURE 
DELT=CPR*< H-HP) 
T I=TO*DELT 

C 0 0 -  T E S T  F O R  CONUERGENCE 
I F  (AHS < DELT / T ~ ) - 0 0 0 0 1 ) 1 0 9 1 0 9 1 2  

G O  T O  1 0 3  

RETURN f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE N D  

1 2  T O = T I  

1 0  TVSPH=TI  

SUBROUTINE CRYSTAL ( f 4  915 9 T7 9 x 4 )  
C CRYSTALIZATION L I w T  U A S  CURVE FITTED F R O M  THE S A N G E  
C O F  065 T D  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 7 0 9  NUMBERS OUTSIDE T H I S  RANGE UILL NOT G I V E  
C 600D RESULTS. 

I F < X 4 o L T m 0 6 5 )  P R I N T  10O,X4 
I F ( X 4 - 6 T o o 7 0 )  P R I N T  1 0 0 9 x 4  

1 0 0  F O R N A T < l X , * C X < 4 ) = * r F 5 = 3 ~ * I S  O U T S I D E  THE RANGE OF SUB C R Y S T A L * )  
T L I N = 2 3 1 6 8 1 0 8 9 t 3 2 3  7 6 4 x 4  * * 3 - 4 8 4 3 3 ~ 4 3 0 7  7 1  * X  4 * * 2  

1+3389820858958*X4-792160 0 0 4 8 1 9 2  
I F ( T 4  G E o  T L I P )  1 r T 4  9 TLI Y 9 X I  
I F  (15 G E o  T L I M  1 2 P T5 9 TLI Y t X4 
I F < T ~ ~ G E I T L I H )  P R I N T  3 ~ T 7 t T L I ? l p X 4  

P R I N T  
PR I NT 

1 FO2MAT< lX9+T4r ( * rF6 -2 r * )  I S  GqEATER THAN THE C R Y S T A L I Z A T I 3 Y  

2 F O R H A T < ~ X I * T ~ , < * , F ~ - ~ , ~ )  IS GREATER THAN THE C S Y S T A L I Z A T I O N  

3 F O R M A T ( l X , * T 7 ( * r F 6 o 2 r * )  I S  Gi3EATER T H A N  THE C R Y S T A L I Z A T I O N  

1 L ~ N I T < + r F 6 - 2 t + ) t C X < V ) = + r F 5 r 3 )  

1 L I M I T < ~ r F 6 0 2 g * )  , C X ( 4 ) = + r F 5 0 3 )  

1 L I H I T < * r F 6 o 2 9 * )  r C X <  4D=* 9F5.3 1 

RETURN $ E h D  

F u x T r o N  H O G E M  I~,P,x) 
H25=EXP(  0 7 9 5 * A L 9 G < O ) - r  1 3 2 2 4 9 3 4 8 * A L % (  P I - .  7 3 3 8 1 7 3 3 )  
IF (X.GEoo25)  G O  T O  25 
HlO=EXP< 78*ALOG( Q J - m  1 5 8 8 9 9 6 3 3  * A L J G (  P ) - e  4 0 1 9 6 8 3 9 0 )  
H 0 GENZH25- ( ( 2 5-X 1 ( H 2  5-H 10 1 1 

HSC=€XP(* 66*ALOG< Q)-0  1 6 2 3 5 4 4 7 9 * A L O G (  P ) + o 4  9 2 4 9 3 0 1 6 )  
HOGEN=< CX-02S b *<H50-H25) 1 / 0 2 5 + H 2 5  

1 5  
G O  T O  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA99 

25 

99 CONTINUE 
RETURN S END 
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S U D P O U T I V E  I N T I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(TDvDT0, IDD 1 

C O N H O N / C I N T / T  , O T  r J S ,  J N , D X A < S O  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 ,  X A C  30) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 I P v J S 4  rTPR:JT 
I O  = I O D  
J N  = 0 
GO TO <6 ,5 ,1 ,1 ) ,1O 

6 J S = 2  
GO TO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 

5 J S = J S + l  

I F ( J S o E Q o  3 )  J S = l  

IFCJSoEQo2)  R E T U R N  
7 D T  = D T D  
3 T D  = TD+LIT 

T = TO 
RETURN 

1 JS4 = J S Q + 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I F  (JS4 m E Q o  5) 
I F ( J S 4 o E Q o 1 )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG O  TO 2 
I F ( J S 4 o E Q o . 5 )  G O  TO 4 

J S Q = l  

RETUR ‘4 

G O  TO 3 

4 T O  = TO+DT 

2 DT = O T D / 2 0  

OT = 2 . * 0 1  
T = T D  
R E T U R N  f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE N D  
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SUbROUTIUE I M T G  CXIDX 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C O H H O N / C X  N T / T  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
G O  TO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA<9,8,3,31rIO 

RETURN 

,DT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 J S  9 J N, O X A <  3 0  1 9 XA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 0  1 9 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc) 9 J S 4  9 TPR YT 
J N  = J N + 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

9 X = X+OX*OT 

8 GO TO ( 1 9 2 ) w J S  

1 O X A ( J N ) = D X  
X=X+DX*DT 

RETURN 

RETURN 

2 X = X * ( D K - D X A < J N ) ) + O T / Z .  

3 GO T O  < 4 , 5 , 6 9 l ) , J S 4  
4 X A ( J N )  = X 

0 X A ( J 14 1 =O X 

x = X + O X * O T  

RETURY 

D X A (  J N  ) = O X A < J N  ) + 2 r  *DX 
X = X A < J Y ) + D X * O T  

R E T UR N 

X = X A < J N ) + D X * D T  
RETURN 

X = X A < J N ) + D X A ( J N ) * D T  

RETURN S E N 0  

5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 D X A ( J  N 1 = O  X A ( J U  1 * 2  rn +DX 

7 O X A ( J N )  = ( D X A ( J N ) + O X ) / 6 .  

SUA9'.3UTIYE C O X U  < X , Y p N R , M C , E 3  1 

D I M E N S I O N  X A ( l . 0 )  9 Y A ( 1 0 )  

I F ( A B S ( < X - Y ) / < X + Y ) ) . L T -  ER G O  T O  6 

I F ( N C r n L E . 1 )  60  T O  5 
XT = 
X A ( h R )  = X 
Y A I N R )  = Y 

x = X T  
RETUSN 

5 X A < N R )  = x 
Y A f N R )  = Y 

X = Y  
N C = 2  
R ETU3 PJ 

6 X = Y  
N C = 1  
RETURV 
E N D  

( X A  ( NR) * Y - Y A  ( NR) * X )  / ( X A  ( NR 1 - X  + Y - Y  A ( NR 1 1 

105 



SUBROUTINE PRNTF< PRXr S T R  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArF  i 'JRrNFCTG11 T G 2 r  T 1 4 r  T C P P r  T E r  T E P r  TCMr 
l T C P 9 S U q C Y C 9 C H U  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc C U  ,COP, Q G E N ~ ~ ~ G E N ~ c Q C O N D ~  QEVAPr QABCj r E F F l  p E F F 2 9  
2 C D M r A B M r Q X r X 1 4  1 

C O H M O M / C C / C X < ~ ~ ) , F L ~ ( ~ ~ ) C ~ ( ~ ~ ) C H < ~ ~ ) ~ P ~ ~ O )  
C 0 Y M  0 N / C  I % T/  T W 9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 T c J zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS c J 'J 9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD X A < zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 0 1 9 X A < 3 0 1 c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 3 J S4 r T PR NT 

10 0 F O R M A  T< / 9  l X , F 5 . 2 , 1 X r F 5  . 1 ~ 5 f 8 0  1 9 1  X C  F 5 . 1 ~ 2 F 7 o l r  2FS. 1, 1 X  9 

13F6.1 r l X 1 3 F 6 0 1 9 2 F 5 - 0 1 / ~ 4 X  9 4 F 8 . 3 r F 8 * 2 ~ F 8 - 3  ~ F 6 0 3 r 2 F 7 . 1 ~  F 6 - 1  c 

2F6oOrF 7.192FS- l ,F7 .0  9 

3 2 F 6 . l r F 6 . 2 r F 7 - 2 )  
F 6 - 0  ~ F 7 . 0  , F 9 o l r / ~ 7 X , F 5 o 3 , 5 F 8 o O ~ F 6 o 3 ~ F 7 . 3 ~ l X r  

I F  ( T P R N T o L T m P k I )  GO T O  4 

I F < < T Y - S T S o G E o F ~ ~ - S T S - D T / 2 o  ) * A N D o ( (  JSmEQ.2)oOR.< JS4.EQ-4)  1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) G O  T O  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 
I F < ( T ~ - S I R . G E - T P R N T - D T / ~ O ) . A N D O ( ( ~ S . E Q . ~ ) . ~ R . ( J S ~ ~ E Q ~ ~ )  1 )  GO T3 5 
I = I N T <  TH) 
A = T H - F L O A T t I  1 

C=A-B 
D = A B S <  C )  

RETURN 

B = l 0 - 2  0 * D T  

IF(D.LT.DT/2. )  G O  TO 8 

4 N F = l  
5 TPRNT = T P R N l + P R I  
9 PRI lVT 

I T ( 2 0 )  
2 C X C 1 2 )  r P < l ) , P < 4 ) r P < 2 9 )  ,FL!4<12)rFLW<l) 9 F L M < 1 3 ) r S U r F L U < 4 ) r  
~ F L U < ~ ~ ) ~ F L U ( ~ ~ ) C C U C ~ C ~ U C C ~ C F L ~ ( ~ ) ~ C O P I Q ~ E ~ ~ , Q ~ E N ~ C ~ C ~ N ~ C ~ E V A P , ~ A ~ S  
4 9 E F F l r  E F F 2  r CUM, A B M 9  Q X C  X 1 4  

1 0 9  9 TM, T G 1 9  T G 2 r  T (1  1 9  T (  1 2  ) c T ( 2 )  r T ( 3  1 9 T (  4 )  c T 1 4 , T (  1 7  1 9  TCPP c 

TE, TEP. TCH, TCP, T ( 7  1 9 T ( B )  r T  (1 0 1 c T ( 1 1 )  r C X (  1 )  v C X ( 4 )  c C X (  8 )  r 

I F  (TM.EQ.0 lL?C=O 
L PC=L PC+ 1 
I F < L P C . N E o l 2 )  G O  T O  9 
P R I N T  2 7 1  

2 7 1  F O R X A T t l H l  r 3 X p  * T H  T G 1  T G  2 T ( 1 )  T ( 1 2 )  T <  2) c 

2 *  TCP T ( 7 )  T ( 8 )  T ( 1 0 )  T ( l l ) + r / / , 7 X , * C X ( l )  C X ( 4 )  
l r ' T ( 3 )  T ( 4 )  T 1 4  T ( 1 7 )  TCPP T ( 2 0 )  TE TEP T C Y * r  

3 r f C X ( 8 )  C X t 1 2 )  P ( 1 )  P < 4 )  P ( 2 0 )  F L U 1 2  F L U 1  FLU13*,  
4+ S U  FLcd4 F L U 1 5  F L U 2 0  CWC CHU CW* 9 8 x 9  *FLW6 * r  / /  c 

5 9 X v t C O P  Q G E N l  Q G E Y 2  Q C O N D  QEVAP QAHS EFFl*C 

6* E F F 2  C D M  A B M  Q X 2 f l  Q X l Q + )  
LPC=O 

9 C O N T I Y U E  
RETURN 

6 T Y =  F N R  

N F  = 2 
D O  7 J = l r 3 0  

G O  TO 8 
END 

T P 2 N T  = 0.0 

7 X A < J )  = 0.0 
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APPENDIX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB 

H E A T  T R A N S F E R  C O E F F I C I E N T S  F O R  WATER-LITHIUM B R O M I D E  

S O L U T I O N S  A S  F U N C T I O N S  O F  H E A T  FLUX, 

PRESSURE,  A N D  CONCENTRATION 

(Data  f r o m  M i n c h e n k o  and F i rsova zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ l o ] )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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10,000 

1,000 

100 
1000 10,000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

H e a t  F l u x  B T U / f t 2 h r o F  

100,000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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crc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
k 
s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4J zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
w 
\ 
3 
E 

(v 

m 

4J 
C 
aJ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
U zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

.r( 
w 
w zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
aJ 
0 
CJ 

k 
aJ 
w 
[I) 

C 
a 
k 
E 
4J 
a 
a, 
3: 
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A P P E N D I X  C 

E Q U I L I B R I U M  C H A R T  F O R  W A T E R - L I T H I U M  

B R O M I D E  S O L U T I O N S  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(From A S H R A E  H a n d b o o k  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  Fundamenta l  s [22 ] )  

1 1 1  
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A p p e n d i x  D 

THE NOMINAL CONDITION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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( f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10- ton sys tan) 

Source hot  water temperature 

Cool i ng water temperature 

Chi 1 1 ed water  temperature 

Source hot  water flow r a t e  

Cool i ng water  f 1 ow r a t e  

Chi l led  water  flow r a t e  

C i rcu la t ion  flow ra te  

Generator 1 Area 

Generator 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAArea 

Condenser area 

Evaporator a rea 

Ab so r ber  a rea  

Heat exchanger 1 area  

Heat exchanger 2 a rea  

Tube s i z e  

Area r a t i o  

Evaporator t o  absorber  pressure 
d r o p  c o e f f i c i e n t  

280" F 

85°F 

44°F 

5,000 l b / h r  

18,000 l b / h r  

10,000 l b / h r  

900 l b / h r  

35 f t 2  

20 f t 2  

20 f t 2  

55 f t 2  

5 f t 2  

5 f t 2  

60 f t 2  

0.5 i n  

1 .oa 

2 
-7  I b f - h r  

i n  -1b  
5x10 
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