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heat exchanger capital cost, $/m2 (specific heat, kJ/kg. "C) 
arithmetic mean temperature difference, OC 
temperature difference, "C 
function number i 
fraction of the heat delivered in the lower absorber heat exchanger 

specific enthalpy, kJ/kg 
installation cost factor 
mass flow rate, kg/s 
payback period, years 
overhead factor 
pressure, N/m2 
heat flow, kW 
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ABSTRACT 

Heat transformers are absorption heat pumps that boost the temperature of industrial 
waste heat. Solutions of lithium bromide- water are commonly employed in heat 
transformers. Although these solutions have many desirable properties, they exhibit a 
drawback-a narrow solution field because of crystallization. The crystallization 
phenomenon limits the output temperature that can be obtained, particularly if a special 
type of heat transformer with high-temperature boosts is employed. This type of heat 
transformer has six heat exchangers instead of the customary five, and it bas intern 
exchange between absorber and generator. Two questions then arise: is it poss 
employ a working solution with a wider solution field than lithium bromide-water 
how can the heat transformer be designed? This report contains the theoretical results 
supporting the answers to those questions. 

The choice of a solution of sodium hydroxide-water for this study was based on two 
facts: the solution does have a wide solution field, and its properties are well known. The 
six-heat-exchanger heat transformer is modeled in a digital computer, and this model i s  
coupled to an optimizer. The optimizer allocates the heat exchanger size among the various 
heat pump components io produce a minimum payback period. The results show that when 
the waste heat and the heat rejection temperatures are low, sodium hydroxide-water shows 
operational advantages over lithium bromide water. Otherwise, lithium bromide-water can 
be employed with basically the same results. The optimization results show relatively short 
payback periods (1 to 2 years), which indicate that the cycle is worthy of further study 
and experimentation. The design of absorption cycles via optirnizaition techniques saves 
significant time and effort in specifying heat exchangers for a given set of desired 
operating conditions. 

ix 





1. INTRODUCTI 

f 

1.1 ABSORPTION CYCLES 

The interest in absorption heat pumps for industrial heat recovery is increasing, 
especially in those countries where economic conditions and the energy situation make 
energy efficiency a natural course to follow.' Reported on herein i s  an absor 
pump, known as Type 11 or as a temperature booster or heat transformer, which 
applications in distillation columns. This heat pump inputs waste heat at a low 
temperature, rejects a fraction to a sink, andt delivers the rest at a higher temperature for 
use as process heat. In the past, performance of as been modeled arid 
t e ~ t e d , ~ ? ~ , ~  but there are no known commercial app he kJnited States. As 
currently implemented, these heat pumps ernploy the conventional working 
large-tonnage absorption units, namely a solution of lithium hrorni 

Allhough the lithium bromide-water solutions offer many desirable characteristics as 
working fluids, they also exhibit some drawbacks. erhaps the most distinct d r a w ~ a ~ ~  is 
the narrow solution field resulting from hig crystallization temperatures. The 
crystallization phenomenon limits the niaximum concentration at whic 
boosters are operated to about 65% in weight of salt per weight of solution. 

This maximum concentration limit places an upper bound on the output temperature 
that can be obtained. Therefore, the study of other fluid combinations that do not exhibit 
this limitation seem appropriate. Of a number of proposed combinations, the s o ~ ~ t ~ ~ n ~  of 
sodium hydroxide and water are particularly promising. 5h '2'hey exhibit lower 
crystallization limits than lithium bromide water solutions, thus o€fering in principle the 
possibility of higher delivery temperatures. 

A conventional lithium bromide--water temperature booster is illustrated in Fig. 1. The 
state points defined in this figure are indicated on a lithium bromi e-water property 
diagram in Fig. 2. In this cycle, steam is generated in the evaporator (state point 
applying waste heat. The steam is absorbed in the absorber by a concentrate 
bromide-water solution, releasing useful heat at a temperature higher than that UP 1 
waste heat (state points 1 and 3 ) .  This heat is transferred to an external stream employ 
for process heat. The diluted solution (state point 3 )  i s  cooled in a recuperative heat 
exchanger, and its pressure is reduced before it enters the generator (state points 5 and 6). 
In the generator, the solution is reconcentrated by evaporating water from it t ~ i r o u ~ ~ ~  the 
application of more waste heat. The solution leaves the generator (state point 61, its 
pressure is raised by a pump, and i t  returm to the absorber via the recuperative heat 
exchanger (state points 6 to 1). The steam Icaving the generator is condensed (state p i n t  
81, and its pressure is raised by a pump before it enters the evaporator. Between points I 
and 1' and 5 and S', a process of adiabatic absorption and desorption takes place. Althomg 
evidence shows that these processes occur very fast,4 a layer of packing as indicated in the 
design allows for residence time. 

If higher delivery temperatures are desired, three options are available to the designer: 
to increase absorber pressure, to increase absorber concentration, QT both. For instance, the 
absorber heat output of the single-effecl cycle can be used to run a second 

1 



2 

ORNL-DWG a ~ - s z i s  

...........--...I 

........ .- ................... ................... 
i p 

--> RE@UPER.ATQR 

WASTE HEAT IN 
b-- 

e-water cycle fo3 temperatare boosting d waste heat. 



3 

ORNC-DWG 85-8196 
t 

t o  F 
I/// / ///////////%I//,’/// 1 

200 

150 

100 

40 E 
30 5 

W 
cc 

20 e 
z 
0 
#- 
4 

10 u 
3 
I- s 

5 
4 
3 

2 

1 

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 IS0 170 180 

SOLUTION TEMPERATURE ( ” C )  

Fig. 2. State points for the cycle shown in Fig. 1. Percentages indicate ermcemtmtion of lithium 
bromide by weight percent. 

evaporator/absorber combination at the same maximum concentration as the first cycle. 
Shown conceptually in Fig. 3, cycies of this type have been extensively studied and tested 
with small  variation^.^^^ One should note that this option introduces a new pressure level in 
the machine. Consequently, a means of maintaining that pressure level, such as a new 
shell, must be provided. On the other hand, both absorbers are served by the same 
generator, which tends to reduce the capital costs associated with this option. 

A second option is to run a conipletely different machine, with the output of the first 
one increasing both pressure levels and concentrations (Fig. 4). Whereas the new generator 
operates at the same pressure as the original one, the whole cycle operates at higher 
absorber pressures an concentrations. This forces t e designer to provide ways of keeping 
the second solution loop separate from the first one, which in turn is likely to produce 
higher capital costs. Nevertheless, the maximum output temperature of this option is 
higher than that of the first option. The two options presented above involve the addition 
of new pressure and/or concentration levels. In addition, if it is desired to reach a 
temperature only slightly higher than that possible with a single-stage machine, the whole 
capital expenditure of a second stage must be considered. 
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The third available option is simply to increase the cycle concentration at the same 
pressure Bevels as in the original cycle. In this option (Fig. 5 ) ,  the absorber output is used 
to run a second-stage generator, beat the absorbers of both stages are kept at the same 
pir;ssure The iacrcase Q‘ thc temperature boost is then only due to an increase in 
ccncmt;ation. Although this option would at first sight appear as complicated as the two 
pmswiously prcscnted, thc heat pump c m  be designed in such a way that relatively little 
additional hardware i s  need~d.  ,411 that is required is somi: additional. heat exchanger area 
in the cold zxea of the absorber; that heat is trailsferred to the hot area of the generator to 
effect the additional csncenatratinn. This is done by means of a regenerativie loop The 
rnachinc then looks like the one shofm in Fig. 6.  To further increase the. delivery 
tempxati;m, moie heat excitvairger area may bc added, progressively increasing the 
concentration. The concept does not call for additional pressure levels, and the needed heat 
exchanger area can be packaged in only two shells. 
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Fig. 4. &ate points for a two-stage cycle with increased pressure and coweratration. Percentages 
indicate concentration of lithium bromide by weight percent. 

The cycle shown in Fig. 6 must conform to the constraint T2,  3 T20. This follows 
because as the solution trickles down the heat exchanger absorbing water, its equilibrium 
temperature decreases continuously. The case may then arise in which no waste stream at 
the temperature T24 is available. Also, heat at T24 (if it were available), could be 
employed in the evaporator to raise TX even higher. In that case, a slightly different 
version of the cycle can be employed (Fig. 7). The waste heat input in the absorber is at 
the same temperature as in the generator, namely T22. There are then two independent 
heat exchangers at the bottom of the absorber. One heat exchanger is part of the 
regenerative loop; the other simply preheats the fluid to be delivered as process heat from 
T2,  to T2,. The three possible options are theoretical possibilities, and they constitute a 
subset of a large number of cycles that can be de~igned.~ 

The advantages of the concept of absorber-generator heat exchange (AGHX) for 
increasing the performance of residential heating and cooling absorption cycles have been 
thoroughly studied by B. A. Phi11ips.l' In application to heat transformers, the AGHX 
concept provides an increase in the possible delivery temperatures. 
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I n  Figs. 4 and 5 ,  one of the mast important limitations of lithium bromide-water 
solutions is evident: the narrow ss~utiorl field (a  consequence of crystallization) prevents 
the development of the cycles described. Sodium hydroxide-water solaitions exhibit a wider 
solution field than lithiurn 13rornide.~ purpose of this report is to study the potential of 
sodium hydroxide-water C O U ~ ~ ~ C B  with the AGHX concept to increase the temperature of 
industrial waste heat streams. This fluid combination is n ~ t  prapsscd here as the only 
alternative to lithium bromide- water solutions. However, because its properties arc well 
knowrm and it does have a wider solution fieid, study is appropriate to determine its full 
potential. 

1.2 SOFTWARE 

I n  this report, a mathematical model of the AGIHX cycle i s  formulated. The resulting 
set of equations must be solved simultaneously, and numerical techniques requiring the use 
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of a digital computer were employed. In addition, the computer model was coupled with an 
optimizer, which allows the user to minimize heat exchanger area or payback period. 

This optimization program was written for the IBM 370/3033 in Fortran IV and uses 
256K bytes of core and 140K bytes of virtual memory. No intermediate storage on disks or 
tape is required. The program executes in double precision because of the condition 
number of the matrix that is inverted during the solution. Its output is generally less than 
5000 print records, including the printout of the source program but excluding the 
proprietary optimization routines. Because the running time is not large, less than 2 min, 
smaller computers could probably be used if they have the ability to carry double 
precision. The job is run as a batch job with no interactive programming required except in 
creating and editing the small amount of input data. 

For the two different programs described in this report, two different matrix routines 
were used. The first, HYBRDl, is available on call from the CORLIB library" at ORNL 
and solves nonlinear equations. The second, EMUAF, is a proprietary routine and was 
furnished by the Numerical Algorithms Group (NAG).I2 It is part of a group of routines 
resident in the computer library at Oak Ridge National Laboratory. The names of these 
routines were chosen by NAG and apparently bear no relation to their function. The NAG 
routine used here is for optimization of an objective function with numerically determined 
partial derivatives and constraints on the variables. The EO4UAF routine uses a sequential 
augmented Lagrangian method with a quasi-Newton method employed for minimization. 
The source subroutines for this part of the program cannot be included in this report 
because they were obtained under license from NAG. However, these routines are 
available from NAG for several machines. The transportability of the complete program is 
nevertheless limited by this consideration, and E04UAF should be replaced by a similar 
routine from the open literature as soon as one is available. 





2. CYCLE DESCRIPTION ANI) MODEL 
f 

A schematic of a machine is shown in Figs. 6 and 7. The solution of sodium hydroxide 
absorbs water in the absorber from state points 1 to 4, delivering process heat from state 
points 2 to 3, and delivering heat to be recycled in the generator or for preheating from 
state points 3 to 4. The water vapor comes from the evaporator (state point 9j, which i s  
actuated by waste heat (state points 28 and 29). The solution pressure is reduced by a 
throttling valve, and the solution then enters the generator, where water is boiled off the 
solution by heat addition (state points 5 to 1). From state points 5 to 6, heat is added from 
waste heat (state points 22 and 23). From state points 6 to 1 ,  heat recycled from the 
absorber is employed to further concentrate the solution. The water evaporated condenses 
in state point 8. The solution is pumped back to the absorber (state point l ) ,  and the water 
is pumped to the evaporator (state point 9). From state points 2 to 3 and from 4 to 5,  the 
solution undergoes a process of adiabatic absorption and desorption. The regenerative loop 
(state points 20 and 21) transfers heat from the cold part of the absorber to the hot part of 
the generator. This allows for a higher concentration at the generator exit, which in turn 
produces a higher delivery temperature. 

To model this cycle mathematically, mass balances, heat balances, and heat transfer 
equations are used. Then, for the adiabatic section 

m2 = 1721 f m0,o I 

m l x l  =r m2x2 , 

mlh,  = m2h2 - ma,ah9 . 
For the output section of the absorber (state points 2 and 3), 

m3 = m2 + ~ 0 , o  7 

x3m3 = x2m2 7 

Qa,o I- m2h2 - m3h3 + ma,ohg 7 

Qa,o = UAAO X DTLN (T29T33T25J24) 

For the recycle absorber section (state points 3 and 4) and for the cycle shown in Fig. 6 ,  

m4 e 1 ~ 3  + ma,r > 

x4m4 =; ~ 3 t t l 3  , 

11 



For the absorber recycle section (state points 3 and 4) and for the cycle shown in 
Fig. 7, the absorber section between state points 20 and 21 and between 22 and 24 is 
modeled as a single heat exchanger: 

Assuming constant specific heat of the fluid being heated in the absorber from T22 to 
T25 yields a relation between the heat recycled and the heat delivered as follows: 

.... Qo,o - cpm ( Tzs T2d 7 ( 1 4 )  

then 

If steam i s  being produced instead of sensible heat, then i t  is assumed that the water i s  
preheated from T22 to T 2 ,  (Fig. 7 ) ,  and steam is obtained at T24 at the output of the 
absorber section. Then Eq. 28 is substituted for Eq. 19. 

For the case shown in Fig. 6, the steam production is simulated simply by setting 

T25 = T2+ For the adiabatic generator section (state points 4 and 5 ) ,  
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m4h4 = m5h5 4- mg,ohg,o ' 

For the input generator section (state points 5 and 6), 

m4 m5 - mg,i Y 

Note that in the above equation, the effect of the superheat of the vapor evolved from the 
solution is neglected. In the authors' experience, the resulting error is not significant. 

For the evaporator (state point 9), 

where mu indicates absorber mass flow and the subindexes a, r ,  and o indicate adia- 
batic absorber, regenerative, and output sections, respectively, 
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Equation 38 establishes the medc equality between the lieat flows in the regenerating 
loop in the absorber and generator. 

Also, the following property relations were used for steam: 

For the: solution, 
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Finally, it was necessary to establish a relationship between Tza and T3 and between 
T2,  and T,. Without these relationships, the problem as posed above did not appear to 

always have a physically meaningful solution. Often it turned out t at TPO > T24 and 
TZ1  > T20. Therefore, the following constraints were imposed on the model: 

The above set of equations calls for property relationships for the steam and for the 
working solutions. These relationships for steam (fs, between temperature a 
f4, between temperature and enthalpy; and f 6 ,  between liquid temperature a 
are taken from ref. 13. The properties for sodium hydroxide -water 
from ref. 14 and numerically fitted as explained in Appendix A. The 
property relations for lithium bromide-water were extracted from ref. 12. 





3. COMPUTER S 

3.1 OPTIMIZATION CRITERIA 

The current simulation code has two different forms. The first form of the co 
I-IYBRD1, solves the nonlinear equations that describe the process, yielding a set of 
operating conditions that correspond to the chosen values for input temperatures. Given a 
set of nonlinear equations 

where .x = ( x , ,  x2, ...) xN), the subprogram HYBRDI solves for the vector x that 
satisfies the system of Ey. 60. 

The second form of the code approximates the solution of an augmented set of 
equations that has been expanded to include such quantities as the payback period. The 
minimization routine used in the code, a Numerical A l g o r ~ t ~ ~ s  Group (NAG) TO 
calied EO4UAF, allows one to constrain the variables such that, for example, tempcratures 
are ordered in the way that one expects them to be: T2 > T251 etc. The solution 1s 
obtained by minimizing the sum of squares of the differences between left- and right-hand 
sides of equations that cannot be identically satisfied. The E04UAF routine minimizes the 
sum 

where the .y vector is defined above and a single value of q was chosen to be the payback 
period . 

where 

C = capital cost of machine, 
I = installation cost factor (1.3), 
0 = overhead factor (1.18), 
3600 = seconds per hour, 
8760 = hours per year, 
4 X 10 -6  = price of steam, $/kJ, 
Qn,<) = value given by Eq. 6 or Eq. 17. 

17 
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Generally, the optimization form of thc code works as well as the nodincar equation 
soltition, plus it allows other conditions to be superhposed, such as minimizatican of the 
payback. Because of this, the parameter space does not have to be searched manuaPly to 
get the best set of operating conditions. 

Selection of the operating conditions for a regenerative-loop heat pump is difficult for a 
new design such as the present one. Although a range of conditions may be cxpected for 
the key temperatures and pressures, exact values can be determined only by trial and error 
in the absence of a simulation model. This statement is especially true when the operating 
fluids are different from the conventional choices and have different thermodynamic 
properties. In this situation, a simulation model can provide insight into the settiings for the 
control parameters and will give a reasonable approximation of operating conbitioprq and 
performance, Simply by changing the thermodynamic properties, the code can be used for 
either sodium hydroxide-water or lithium bromide-watei systems. Comparisons between 
these two types of systems can then be made on a similar basis, be it performance or 
eCOilOIll ~ C S .  

3.2 PROGRAM STRUCTURE 

The computer program consists of both locally written routines and proprietary 
routines. The main program, the routine NAOHBQ that sets up the equations to be 
solved, and the thermodynamic property routines for temperature and enthalpy were 
written by the authors. The routine EOWAF, along with its ancillary routines such as 
E04WAY, is a proprietary code provided by the Nurnericd Algorithms Group. 'I'hrce 
routines, FUNCTI, CONI, and AMQNIT were written locally to couple with the 
optiniiLation routine. 

'The main code provides initially an estimate of the variables that arc to be determined 
by the optimization code. In turn, thc optimization code attempts to minimize the slim of 
squares shown in Eq, 61 for these variables, Approximately 14 vzriables are detemined in 
this manner, depending on the configuration of t lx  heat p-mp and the object of the riln. A 
n o r ~ d  run takes from 2000 to 3000 iterations through the equ;a:ions in NAOHEQ beforc 
it converges. During the run the routine CON1 maintains the constraints an the solution 
variables that are neccssary to ensure proper relationships among temperatures and to keep 
tlie mass flows positive. 

.4!though one has a choice of whether to use tine solution by nonlinear eqfiations 
€TYBRI)l or by optimization EWUAF, the locally written codes arc, almost the same. The 
call to the solution routine in the main code is different, of course, but the remaining local 
routines are similar. Slight differences exist in NAOWEQg but the property routines are 
unchanged. The routines FUNCT1, CONI, and AMOMIT are not required for the 
nonlinear solution. A considerable advantage of the optimization code is that it does 
iiicludc the constraints set forth in CON1, which d1ow one to more nearly ensure that a 
realistic solution is obtained. The nonlinear equation solution is more direct and generally 
takes less computer time than the optimization code does. Ovedl ,  because of its flexibility 
and ability to constrain variables, the optimizalion method is favored. 



Two separate ~ r ~ ~ r a ~ s ,  NAZEWB and NAUBPT, call essentially the same set of 
routines to solve for the unknown variables in this problem (Fig. 8). The Fortran code for 

PT is included in Appendix B. In the case of NAZERO, a smaller set of variables 
i s  required because it determines only nine process quantities (mar, mga, mg,, Tg ,  T9,  TZ5,  
xl, m l ,  and ma,o). The other code, NAUOPT, determines all of the above quantities 
except T15, which is then fixed, along with the six heat transfer parameters UAA 

, UAGR, UAC, UAE,  and UAC'I. These composite UA values reflect the product 
of the overall heat transfer film coefficient and the heat transfer area. 

The case of NAUOPT, which is similar to NAZERO, is described below. The process 
variables are either set within the program or  they are determined internally in the code. 
Estimates of the nine process variables to be determined are set in  the MAIN program, 
The variables are then prepared to be sent to the NAG optimization routine EO4TJAF by 
scaling them so that a point 80% of the way between the lower and upper limits is 
represented by unity to the optimization code. The parameters required by the 
optimization code are then set, including the number of constraint equations and the 
maximum number of iterations aliowed, and the call to E04UAF is made. 

Then E04UAF calls several locally written routines and other NAG routines. 
Principally, it calls the routine FUNCT1 to evaluate the scalar value of the obj 
function that it i s  designed to minimize. FIJNGTB in turn calls the routine NAO 
which contains the equations that describe the heat exchanger. NAOHEQ takes the trial 
values that have been Furnished to it via EO4UAF from the main code and calculates the 
pressures, temperatures, mass flows, and concentrations that would exist in the remainder 
of the loop based on these conditions. With T Z 5  fixed, eight equations cannot be satisfied 
in this manner, and the imbalance in each of these equations i s  used to form an element of 
the vector that is to be made zero. Each element is scaled so that its value is initially of 
order unity. These eight elements are returned to FUNCT1 where they are squared and 
sumxned to form the objective function. In this case, the objective function is augmented 
by the payhack period, define in Eq. 62. This payback period value is also scaled of the 
order of unity and is coniparablc with the scaRed values of the other eight elements. 

Control then returns to EB4UAP;, which calls CONI to calculate the values of the 
constraint functions. The constraints serve the purpose of keeping all of the mass flows 
positive and ensuring that certain temperatures are larger than others. There are 14 
constraint functions i n  the current program, and their values are printed only once at the 
beginning of the program for a checking purpose. Another routine called by E04UAF is 

rpose of which is to monitor the progress of the solution by printing 
ition number of the matrix intermittently during the solution. Various 

The subroutine NAOHEQ calls severnl routines so that various thermodynaniic 
can be calculated. The foILowing list gives these routines as they are called by 

other NAG matrix routines such as EO4WAY are called by EO4UAF. 

0 

e 

F6 calculates the enthalpy of saturated liquid water at a given temperature. 

F4 calculates the enthalpy of saturated water vapor at a given temperature by first 
calculating the pressure at saturation and then calling the function F3 described below. 
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F2I---calculates the solution temperature at a given pressure and concentration as the 
inverse of the process of calculating solution pressure from temperature and 
concentration. To do this calculation, F21 calls a library function COSADF (ref. 12), 
which zeros a function TPX, which is zero only when the pressure corresponds to the 
temperature and concentration. 

* Fl-determines the enthalpy of the solution given the temperature and Concentration. 

DTLN-calculates the mean temperature difference between one flow that enters at 

T I  and leaves at T2 and a second flow that enters at T3 and leaves at T4. 
Conventionally, this mean difference would be calculated as the logarithmetic mean 
temperature difference, but the present code uses the arithmetic mean temperature 
difference for purposes of simplicity. Difficulties with negative arguments to the natural 
logarithm (ALOG) function during early iterations of the solution led to adoption of 
the arithmetic mean. The arithmetic mean tends to make the temperature difference 
larger than the logarithmic mean, but the differences are not appreciably changed for 
the application in hand. Further, its use allows the solution algorithm to establish 
continuous functions and derivatives during the crucial initial portion of the problem. 

F3--calculates (from a direct call) the enthalpy of either saturated or superheated 
vapor at a given pressure and temperature. 

On the first iteration and every hundred subsequent iterations, the routine NAOHEQ 
prints the values of the variables for the loop, including the value of the objective function. 
This information can be used to tell whether the optimization routine is properly directed 
toward a minimum. The information is also useful at the beginning of a run to determine 
whether all of the required data have been furnished and whether the initial guess for the 
variables to be determined is reasonable. 

3.3 OPERATING MODES AND OUTPUT 

The running time for the optimization code NAUOPT on the IBM 370/3033 for one 
case is about 1 rnin 10 s. In this run, approximately 2500 iterations are made in searching 
for the minimum value of the objective function. Occasionally a second run is necessary 
using the output of the first run as the input to the second run so that the estimates of the 
solution can be refined. This condition can be detected by markedly decreasing residual 
values of the objective function even after two or three thousand iterations in the first run. 

The NAUOPT code is surprisingly short in length and consists of about 400 source 
lines of coding for the locally written part of the code. The length of the proprietary codes 
for E04UAF, the constrained optimization routines, is impossible for the authors to 
determine because the source coding is not available. This proprietary code was used 
because the open literature lacked codes that explicitly include the ability to handle 
constraints in a direct manner and do not require the user to furnish analytical gradients. 

Excerpts from several runs are shown in Appendix B. Recall that NAZERO attempts a 
direct solution of the nonlinear equations by zeroing the trial vector. The program first 
prints N=9,  indicating that nine equations are to be solved simultaneously, and then prints 
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the valiic of the retirrn error, IER, which must be different from zero. Next, the input 
values for the guesses of the X vector are listed. Following that line are all of the variables 
given in the namelist $NAMl. The number of iterations is given by the variable ITER at 
the end of this ilarnelist. A second namelist, $NAh42, follows and itemi~es the elements of 
the X vector as transialitted to the subroutine NABHEQ. These elements are again printed 
out with the statement NAOXHEQ WAS CALLED, X=, folloaved by the elements of the 
vector X ,  then Y-,  followed by the elements of the Y vector. These last values of the Y 
vector are, the oms that the routine attempts now to zero. 

'The next iterations can be followed by observing the value of ITER. Ten iterations are 
reqiiiacd for the rrsutine to make numerical estimates of the gradient, using step sizes that 
ate too small bo show in the, number of decimal places printed hcre. In the eleventh 
iteration, the routine changes the elements of the X vector in an initial trial of a better 
solutioai. This process then continues until ITER=83, at which point the Y vector has been 
zcroed so that it satisfies the convergence criteria. The desired values, such as the 
cocfficicnt of performance (COP), can be read from the same $NAMl namelist described 
for the first iteration. 

An example of the output of NAUOYT is shown in Appendix B. Its organization i s  
very similar to that of NAZERO, except that namelist SSUBARG follows the first 
printout of the X vector. This set of variables is required by thc optimization routine, and 
the list allovis the USCP to verify that these are the quantities required by EO4UAF. This 
routine has 28 arguments, maiiy of which rare arrays. The now familiar nanielist $MAMI 
follows, and once again it incliades insst of the variables of interest for the cycle. The X 
vector is again listed with mure precision in $NAM2, and the message NAOIIEQ WAS 
CALIXI), X =  precedcs another listing of the X vector. Following Y- are the values of 
the elements of the scaled resultant vector, as for the previous program NAZERQ. A 
value of thc standard deviation of the Y vector elements is given following the label 
SIGMA-. Thc value of SIGMA is important because this program is set up to minimize 
this value 

The label CONI: CC= precedes three lines of outptit giving the 15 values of the 
inequality constraints for the first iteration only. These valucs are useful primarily for 
checking these relationships to ensure that they arc being calculated correctly. The value 
of SIGMA will not decrease monotonically because each new trial X vector does not 
necessarily produce a better solution; however, each does allow a new past of the 
paranneter space to be cxplored Occasionally, the Babel A ONIL'P: NITER, F, GLNORM, 
@ON& WHO- will appear, fol!owed by five values on the next line. Only the fourth value 
is of any interest, CBND, which is the condition number of the matrix that is being solved. 
Large values (10") are worse than smaller values (lo6); they can be observed but not 
controlled during the progress toward a solution. Larger values indicate that the 
optimization routine E04UA.F may be unable to find a solution. 

The unlabeled 15 quantities described above are repeated for each function evaluation 
that E04UAF calls. After each 100 iterations, the namelist $NAMl is printed s0 that the 
process variables and performance measurements can be viewed. The important thing i s  
that the SIGMA value should generally decrease as the solution progresses. After the 
routine has either converged (IFAIL=O) or decided to quit (IFAIL=2) because it cannot 
d s  any better, namelist $%JAM1 is again printed along with namelist $NAM2. These 
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values are also printed from the main program in $XMAIN, along with repeat values for 
the X and Y vectors and the value of the objective function SIGMA. In normal use, the 
value of IFAIL wilt be 2 at the end because there usually is some refinement in elhe 
solution that the code could make given a much larger number of allowed iterations, Only 
occasionally will the code converge with IFAPL = 0. 





4. RESULTS 

The set of results is classified into three subsets. The first one covers the potential. of 
the cycle with sodium hydroxide---water solutions; the second one covers a comparison 
between solutions of sodium hydroxide-water and of lithium brornide-water; the tbir 
subset includes all the optimization results. 

To learn about the potential of this cycle, NAZERO was employed. An arbitrary case 
was defined in which three streams of waste heat were assumed, one at 100°C returning at 
60°C in the generator, another at I15OC returning at 107°C in the evaporator, and a third 
one at 140°C returning at 179.4"C in the absorber. All the chosen UA values an 
temperature, concentration, and mass flow rate values corresponding to this case are shown 
in Fig. 9. The cycle COP, defined as the heat output in the absorber divided by the heat 
input in the evaporator and generator, namely 

is equal to 0.31. This case shows that the cycle can accept a variety of waste heat streams 
and produce output temperatures on the order of 180°C. The output temperature Tzs  
depends on the UAs. By increasing the UAAO from 200 to 500 and UAGl from 55 to 65, 
T,, is raised from 179.4 to 186°C. The possibility of feeding the evaporator with the 
140°C stream was not studied. 

Perhaps one of the most distinctive characteristics of this temperature booster is its 
versatility. Different waste heat temperatures can be accepted to produce a wide range of 
output temperatures. This can be done by varying the UA values of the regenerative loop. 
To gain insight into this capability, the UA values of the regenerative loop UAAR and 
UAGR were varied, keeping all the other temperatures constant; the values are shown in 
Fig. 10. Waste heat was assumed available at 90"C, and its temperature was dropped to 
85°C in the evaporator and to 60°C in the generator. This relatively large temperature 
drop may make this cycle very attractive, since a common design problem of these 
machines is the limitation in the temperature drop necessary to keep concentration levels 
high. The results of this analysis are shown in Fig. 11, where the outlet absorber 
temperature T2, and the COP are shown vs the maximum cycle concentration xl. The 
values of UAAR and the UAGR are shown for each point. It is clear that output 
temperatures from 100 to 170°C are possible by increasing the area or the heat transfer 
coefficient (or both) in the regenerative loop. The COP decreases with increasing 
temperatures from 0.48 to about 0.41. The Carnot COP is also shown. As shown in 
previous research," the COP of the normal cycle tends to follow the Carnot G 
reversed cycle studied here appears to be no exception. Apparently, operation of this cycle 
at high concentrations (greater than 70%) may call for a dilution cycle before shutdown to 
avoid crystallization of the sodium hydroxide solution. The values calculated 
280 kW/K and UAGR of 310 kW/K are shown in Fig. 12. The corres 
are shown in Fig. 13. 
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To gain insight into the relative usefulness of this cycle implemerated with lithium 
bromidc as opposed to sodium hydroxide, three comparative cases were run for both 
absorbents. The UA values required to yield a given value of TZ5 with 100°C waste heat 
were determined by the optimi~er, which minimizes payback periods. The results are 
shown in Table 1. 

The payback periods (calculated for a heat ext;hangel- price of $240/m2) may not be 
comparable because the construction materials will in all likelihood he different. However, 
the sum of the UAs an9 the COP values are an iindication of the cycle performance with 
each fluid. The data corresponding to Case 1 show that the lithium bromide water cycle 
requires either higher overall heat transfer coefficients or greater total heat exchanger area 
than sodium hydroxide to reach tlie same deliveiy temperature. The COP value is higher 
for lithium bromide. However, an inspection of the exit generator solution concentration 
and temperature values ( x , ,  T , )  shows that the lithium bromide-water solution is on the 
verge of crystalliLing. Any further increase in the delivery temperature T25 while the con- 
denser temperature T 8  stdys constant requires concentration values that are well within the 
crystallization region for lithium bromide. 
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-* 11ic effect of the cfystallization-ipnpose~ limits arc shown in ‘Table 1, Case 2. Whereas 

a temperature boost of 55°C can be obtained with sodium hydroxide, the lithium 
bromide-water solution cannot operate because of crystallization. Raising the condenser 
temperature of the lithium bromide cycle i s  a possible route to staying in the liquid region; 
another is to relax the temperature boost requirements. The outcome of raising the 
cooling-water temperature in the condenser by 10°C is shown in Case 2 The cycle can 
reach the 155°C value for by increasing the heat exchanger UA values by 55% over 
those required for sodium hydroxide. 
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Table 1. Comparison of performance with differemt fluids 
for high waste heat temperatures 

XI, Q?h 
7-1, "C 
r,, "C 
r,, "C 

T22, 
T23, 
1 2 4 9  "c 
T25, 

T21, 

Tzs, "C 

Boost, AT, "C 
UAAO, kW/K 
UAAR, kW/K 
UAGI, kW/K 
UAGR, kW/K 
UAE, kW/K 
WAC, kW/K 
Z UA, kW/K 
COP 

9,  years 
F 

T26r "e 

T29, "c 

Case 1 Case 2 

Sodium Lithium Sodium Lithium 
hydroxide bromide hydroxide bromide 

--._I___--- 

64.2 
114.0 
29.0 
79.0 

100.0 
90.0 

115.0 
135.0 
22.0 
25.0 

100.0 
90.0 
35.0 
43.0 

147.0 
69.0 

594.0 
157.0 
458.0 

1471.0 
0.42 
0.9 
0.55 

68.0 
88.0 
27.0 
70.0 

100.0 
90.0 

115.0 
135.0 
22.0 
25.0 

100.0 
90.0 
35.0 

700.0 
228.0 
72.0 
25.0 

100.0 
700.0 

1826.0 
0.46 
1.0 
0.78 

65.8 
120.3 
29.0 
79.0 

100.0 
90.0 

125.0 
155.0 
22.0 
25.0 

100.0 
90.0 
55.0 

245.0 
223.0 
67.0 

239.0 
158.0 
458. 

1390.0 
0.40 
0.9 
0.52 

65.8 
111.7 
50.2 

100.0 
90.0 

135.0 
155.0 
38.0 
35.0 

100.0 
90.0 
55.0 

900.0 
573.0 
154.0 

43.0 
488.0 
138.0 

2296.0 
0.45 
1.2 

The two case comparisons presented above show that indeed the same delivery tem- 
peratures may be reached with sodium hydroxide-water and lithium bromide-water solu- 
tions. In general, smaller temperature differences are required by lithium bromide-water, 
as reflected in the greater U A  values for this fluid combination. Also, the condenser tem- 
perature must be raised for lithiurn bromide-water, which from a thermodynamic stand- 
point is undesirable. 

The third case presented here is one in which sodium hydroxide solutions show a 
definite advantage over the lithium bromide---water ones. For waste heat temperatures 
lower than 100°C (as considered in Cases 1 and 21, the AGHX cycle with sodium 
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hydroxide offers much higher delivery temperature than lithium bromide-water. This is 
shown in Table 2, where a waste heat temperature sf 6Q"C was assumed. Because of the 
crystallization-imyose$ limit, lithium bromide delivers process heat at a maxixnim 
temperature of 105°C. In sharp contrast, sodium hydroxide delivers at 123°C with 
basica!ly the same total heat exchanger Ui4 under the same conditions. Further increasing 
the recirculating loop UA values would increase this delivery temper 1ature even more, 
Operation above 40% lithium bromide water concentrations would require a dilution cycle 
before shutdown. 

Case 3 for low waste heat te 
__ . . . . . .. 

Lithium 
bromide 

67.6 
107.7 
80.0 
66.0 
26.8 
44.0 

17.1 
53.9 
60.0 
50.0 
80.0 

105.0 
12.0 
15.0 
60.0 
55.0 

700.0 
526.0 
84.2 
57.6 

700.0 
700.0 

2768.0 

I_ . . . . . .. 

0.40 

64.3 
0.48 

Sodium 
hydroxide 

98.3 
125.8 
102.4 
69.4 
35.6 
60.3 
18.6 
52.4 

60.0 
50.0 

102.0 
123.2 
12.0 
15.0 
60.0 
55.0 

400.0 
450.0 
250.0 
600.0 
500.0 
500.0 

2700.0 
0.4 1 

0.53 
62.3 



This example shows that the wider solution field of sodium hydroxide produces higher 
delivery temperatures than lithium bromide, provided that sodium hydroxide--water can be 
operated at the high concentrations. High concentrations can lead to practical problems, 
such as lack of vapor pressure equilibrium in the solution at the absorber. This low vapor 
pressure would considerably decrease the output temperature. Only experimental research 
with a prototype can answer these questions. 

The third set of results focuses on the optimization problem. The optimizer may 
minimize the UA values needed to produce a specified output temperature T25. However, 
this tends to decrease the COP considerably. As an example, the same cycle was calculated 
without and with the optimizer, reducing the sum of the UAs by nearly 50%. The COP 
was greatly reduced, from 0.41 to 0.04. This drop in COP may be corrected by imposing a 
lower limit for the UAs. 

Perhaps the most important application of the optimizer is in improving the economics 
of the cycle. The output of this cycle can be valued in terms of the price of steam. As the 
heat exchanger area increases, the value of the output increases too. However, the capital 
outlay also increases for increasing heat exchanger area. Thus, there i s  a trade-off between 
initial investment and output value. The optimizer is then employed to find out the “best” 
trade-off. In our case, simple payback was employed as the figure of merit of the trade-off. 
More complete descriptions of economic feasibility such as internal rate of return or 
present worth can also be employed. The objective here is merely to show the technique 
whereby the optimizer can be used for the design of the heat pump with the best econom- 
ics. It is recognized that more descriptive and complete economic techniques can be 
employed to obtain different solutions to this problem. 

In the example, the payback period for the cycle described by the external tempera- 
tures in Table 3 is calculated as per Eq. 62. For the cycle shown in Fig. 6 ,  the results are 
shown in Fig. 14, which displays the payback period as a function of the heat exchanger 
costs. The paybacks are short, even for the high price of $480/m2 of heat exchangers. 

Table 3. Operating conditions of 
payback example 

’Temperature 

(“e) 

85.0 

60.0 
110.0 
125.0 

20.0 

23.0 
90.0 
85.0 
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Figure 1 5  shows the payback for the same conditions for the cycle shown in Fig. 7. The 
payback periods tend to be larger, since the heat pump must provide heat to a cooler 
stream at 1'22 (Fig. 7) instead of T2+ Although this analysis is approximate, it ~ Q C X  show 
that ( 1 ) if relatively low-cost heat exchangers (such as copper-nickel) are used, (2) if the 
waste heat is essentially frce, and ( 3 )  if the output i s  valued at full steam price, then a 
ternperatuie booster of this type can achieve ~ Q W  payback periods. In a recent study,'' evi- 
dence supporting the possibility of using sodium hydroxide and copper-nickel heat 
exchmgcrs was presented. 

The nesults presented so far assume that the external fluid in the output section of the 
absorber does not undergo a phase change, Le., I 2 5  > T24. Tt is important to determine 
the potential of this cycle to produce steam. For the cycle S ~ Q W Q  in Fig. 6, it will be 
assumed that condensate at is available and that it is necessary to have steam ab T24. 
The smallest temperature difference across the output heat exchanger will then be 
T24 ~ T 3 ,  whereas before it usually was -- TZ. 'Therefore, although the output 
temperatuie is T,,, the cycle internal maximum temperature Y'* is much greater than T24. 

Thus, the COP tends to be lower for a given output temperature for the steam case as 
compared with the sensible heat case 



2.5  

2 . 0  

c 

1.5 
QI 5.. 

Y u 

v 

3 1.0 
i! 

35 

ORML-DWG 85-8278 
..... ......... .......... 7 1.. 1 -T- T~ ....... 

I ._._I. 

0 0  .................. 1- ........I ........ I - L . l . _ . _ _  
100 150 200 250 300 350 400 450 500 

HEAT EXCHANGER COST ($/m2) 

Fig. 15. Payback periods for the cycle shown in Fig. 7. 

The results for the steam-producing case for the cycle shown in Fig. 6 are shown in 
Figs. 16 and 17. Figure 16 displays the optimized payback period vs the steam temperature 
for two different heat exchanger costs for the case presented in Table 1, with T24 variable. 
Comparison with Fig. 14 at an output temperature of 115°C shows that the payback 
period for producing steam is larger than that for sensible heat. However, even €or the case 
of high heat exchanger costs, the payback falls in the 2-to-3-year range for output tem- 
peratures of 130 to 140°C. The COP shown in Fig. 17 decreases with output temperature. 

For the case shown in Fig. 7, it is assumed that the water is preheated from T2,  to T24 

in the lower part of the absorber and that steam is produced in the upper part. The 
payback and COP optimized values are given in Figs. 18 and 19. A comparison of Figs. 16 
and 18 shows that the payback periods of the latter tend to be longer than those of the 
former, especially so at high steam temperatures. This is reasonable because more heat per 
kilogram of steam must be delivered in the absorber in the case shown in Fig. 7 than in 
that shown in Fig. 6. The COP values of Fig. 19 are on the same order of those of Fig. 17, 
indicating that the effect of the extra heat delivered in the absorber on the COP is 
outweighed by additional heat supplied to the generator. 
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5. CONCLUSIONS 

In this report, the potential of a regenerative cycle operating with either sodium 
hydroxide-water or lithium bromide water was explored. A numerical model of the cycle 
was formulated and implemented in a computer. An optimizer was coupled to the 
numerical model to produce optimal configurations satisfying different criteria. 

The most significant conclusion of this work is  that it is indeed possible to eliminate 
much of the design guesswork associated with the regenerative cycle by employing 
optimization techniques. It is shown how the sum of the transfer areas can be minimized 
for a given set of input and output temperatures. Alternatively, it is shown how the 
payback period can be minimized. The application of optimization methods €or the design 
of absorption cycles is a new area. The present work is an incursion into this area, which 
appears very promising for the development of design tools. 

There is some uncertainty in the price per square meter of one of these machines. This 
price would depend on materials of construction, manufacturing techniques employed, 
capacity, and number of machines actually made. However, even for relatively high prices 
( $480/m2), this study shows the possibility of relatively short payback periods. 

The regenerative cycle irnplemen ted with sodium hydroxide appears quite promising. 
Output temperatures of 180°C with waste heat temperatures of 100°C are shown to be 
possible. At waste heat temperatures of 100°C and with low condenser temperatures, 
sodium hydroxide shows the potential for larger temperature boosts than lithium bromide. 
At higher condenser temperatures, sodium hydroxide requires lower UA values than 
lithium bromide to reach the same delivery temperature. 

Finally, the regenerative cycle is shown to greatly increase the flexibility of heat 
transformers over previous designs. For a given set of input waste heat and condenser 
temperatures, the cycle can produce a wide range of output temperatures, depending on 
the regenerative heat exchanger areas. The wider the operating field of the working fluids, 
the wider the range of delivery temperatures that the cycle can achieve. 

In summary, coupling of optimization techniques with design of heat exchangers 
appears to be a fruitful field of endeavor. Further work will make the optimization routines 
more streamlined and adaptable to smaller computers that can be used at the designer’s 
desk. The answers determined here in comparing sodium hydroxide-water systems with 
lithium bromide -water systems should bc tested in prototype machines to establish their 
applicability. 
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Appendix A 

FIT OF ENTHALPY AND PARTIAL PRESSURE 
FOR SODIUM HYDROXIDE-WATER SOLUTION 

A.1 ENTHALPY FIT 

Data for both the enthalpy and partial pressure of sodium hydroxide water were taken 
from the Chemical Engineer's Handbook.' The phase diagram for enthalpy was digitiz 
using a Tektronix Model 4953 Graphics Tablet coupled to a PDP-IO computer. 
Approximately nine points were sampled from each isothermal line at intervals of 
50 degrees starting at 50°C. In this manner, approximately 75 points were gathered for 
the temperatures of 50, 100, 150, 200, 250, 300, 350, and 400OC. For each of these points 
the enthalpy, concentration, and temperature were recorded in a file to be used for the 
fitting process. 

Because of the strong linear dependence of enthalpy on temperature, the following form 
was assumed for the dependence of enthalpy ( h )  on concentration (x) and temperature 

(T):  

N N N 
a i d  4- T z) bixi  + T2 

i -0  i =O i=o 
h ( x , T )  = qx'  , 

where N is the highest power of x used in the series. Values of N as high as 5 were tried, 
along with setting all values of ci equal to zero such that the equation is linear in tempera- 
ture rather than quadratic. The goodness of fit was measured by a generalized standard 
deviation CT: 

where J = total number of points and K == total number of terms in the equation, Le., 10 
if N = 4 and all ci values = 0. The coefficients were determined using the linear least 
squares routine LINLSQ from the computer library CORLIB2 at ORNL. This routine 
uses Householder transformations to reduce the least squares matrix to upper triangular 
form, followed by back substitution. The value of N that was finally selected is 4, and the 
quadratic terms in T were dropped because the smallest value of u was obtained in this 
fashion. The coefficients are given in the function subprogram Fl(TIN,XIN) in the source 
listing for NAUOPT in Appendix B. The function Fl yields the enthalpy in kilojoules 
per kilogram given temperature TIN in degrees Celcius and concentration XIN in weig 
percent. 
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Data for the vapor pressure as a function of concentration and ternperatwe were digi- 
tized in a like manner to that for the enthalpy except that eight to ten points were 
obtained along lines of constant concentration. The values of vapor pressure were gm- 
erated For concentration values of 0, 4.7, 9.1, 16.7, 23.0, 28.6, 33.3, 37.5, 41.2, 44.4, 47.4, 
50.0, 54.5, 58.3, 41.5, 64.3, 66.7, 75.0, 77.8, 80.0, 83.3, and 87.5%. Fewer points were digi- 
tiied for the higher concentration values because of the smailer !en@ of the lines of con- 
stant concentration. 'I'he temperature range covered was from 0 to 250°C. At higher con- 
centrations, the lower temperature was necessarily more than zero degrees. At the other 
extreme, no temperatures greater than 250°C were used in the fit. 

Approximately 140 points were 8 tained for the pressure, and these points were fit to 
the equation 

p j  = exp 

where j = data point number and N = number of terms in the expression for p ,  or 
( K  4- l ) (Q + 1). The coefficicnhs c ~ , ~  were detcsniined using the same method 
that was used for the enthalpy coefficients: the routine LINLSQ was employed to solve the 
matrix equations. The results of this fit are given. in the program listing of '4ppendix B in 
the function subprogram F2(TIN,XIN), which yields the pressure in pascals (N/m2) given 
temperature TIN in degrees Celcius and coricentratiosl XIW in weight 
percent. 

1. M. H. Perry and C, M. Chillon, Chemical Engiraeer's Handbook, 5th 
Hill, 1973. 

2. M. T. Heath (ed.), C'orlib Documentation, Oak Ridge National Laboratory Computer 
Library, 1980. 

McGraw- 



Appendix B 

LISTING AND EXAMPLES OF OII'ITPUTS OF THE P ~ ~ ~ ~ ~ A ~ S  

B.1 LISTING OF FORTRAN CODE NAUOF'T 

I? P R O G R A M  N A U O P T  6 / 1 9 / 8 5  - 2 / 1 0 / 8 6  
C M O D I F I E D  FROM MMOPT D A T E D  7 / 1 9 / 8 5  
C 2 3 4 5 6 7 8 9 1 1 2 3 4 5 6 7 8 9 2 1 2 3 4 5 6 7 8 9 3 1 ~ 3 4 5 6 7 8 9 4 1 ~ 3 4 5 6 7 8 9 ~ 1 2 3 4 5 6 7 8 ~ 6 1 ~ 3 4 5 ~ 7 8 9 ~ 1 ~  
C 
C 

1 

1 

1 
2 

1 
C 
C 
C 

1 

1 
c 
C**** 

1 1 0  

C * * *  

C 
C 
c 
C 

4 

C**** 

1 

C * * . k *  

C 

1 2 0  
1 4 0  

1 5 0  

1 M P I . J  C I I  R E A L * %  ( A  - H ,  M ,  0 - Z  
E X T E R N A L  EO4WAY 
I NTEGEAR MEQ M L k E Q  , MRNC E M , MAXCAI, 
L O G I C A L  L A M S E T  

C 0 M M 0 N / B L O C K 4 / I P R I N T . I T E R 

C O M M O N / B L O C K L /  M A R .  M G A .  M G I ,  ~ 8 .  ~ 9 ,  x i ,  M I ,  M A O .  
U A G T . U A A H , C A G R , U A A O , U A C , O A E  

- . . - .  - - - - .  - -  - .  
D A T A  X U /  1 . 0 .  1.0. 1 . 0 ,  

7 0 0 . 0 . 3 0 0 . Q 1 7 0 0  " 0 .  

T 9 , X l  .MI . M A O ,  
A C . U A E ,  F U N C ,  I F A T I .  

iM 1 M A  0 

10 ,O.  5 0 . 0 ,  4 0 . 0 ,  0 . 0  0 . 0 .  
1 0 . 0 ,  10.0, 2 0 . 0 1  0 . 0 ;  
5 0 . 0 . 1 4 0 . 0 .  7 5 . 0 ,  2 0 . 0  l . O 1  
0 0  . o ,  700.0,7 0 0 . 0  1 

T 8  T 9  X I  
UAC U A E  U A G J  

0.0; 

, F I L E =  ' j  OR05. D A T '  ) 

I T E R - 1  
R E A D ( 5  4 , E N D =  9 9 ) U A A O . U A A R . U A G R  
F O R M A T  1 3 F 1 0 . 5  3 
N.14 

NEW C A S E  N A E D E N  F O R  HI'B 4 / 1 8 / 8 5  
S T A R T I N G  V A L U E S  A L T E R E D  1 / 1 6 / 8 5  T O  R l J N  C A S E  FI) 
NEW S T A R T I N G  V A L U E S ,  1 / 1 7 / 8 5 ,  T O  G E T  B E T T E X  MI 
C O M P A R E  T O  L I T H I U M  B R O M I D E  RUN 

MAR=O - 3 8  
M G A - 0 . 2 1  
M G I = O  . 4 7  
T 8 = 2 8  - 9  
T 9 = 7 9 . 0  
X 1 . 5 7 . 8  
M l = l . 4 8  
M A O - 0 . 5 6  
U A G I . 5 7  . 3  
I J A A R = 2 0 1 . 4  
U A G R = 5 9 . 4  
U A A O = 3 2 3 . 1  
U A C = 4 6 7 . 3  
U A E = 1 5 8  .O 

A B O V E  V A L U E S  A R E  NEAR T H E  E X P E C T E D  R E S U L T ,  WE 
F O R  THE 3 / 1 / 8 5  11:45 WAUOPT R U N  

F O R  E O O U A F  R O U T I N E  
I F ( N C A S E . G T . 1 ) G O  TO 1 4 0  
D O  1 2 0  1.1 N 
X S C A L E i I  ]=iU( I)*O .8 

DO 1 5 0  1 1 1  N 

C O N T  I N U E  
M E Q - 0  
M I N E $ ; k 5  
MRNG 
M = M E + M I  N E Q+ M R N G E 
I P R  I8T: 1 0  

X ( I ) = X  I / X S C A L E ( I )  
X L ( I ) = X L ( I ~ / X S C A L E ( I )  

X U  ( I I :XU I ! / X S  C A L E  ( I 

C O N T I N U E  

1R H P B  
N I M IJ M 

H O P E  
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00760 
00770 
00780 
007 90 

0 0 8 2 0  
00830 
0 0 8 4 0  
00850 
00860 
00870 
00880 
00890 
00900 
00910 
00920 
00930 
00940 
00950 
00960 
0097 0 
00980 
00990 
01000 
01@10 
01020 
01030 
01040 
01050 
01060 
01070 
01080 
01090 
01100 
01110 
01120 
01130 
01140 
01150 
01160 
01170 
01180 
01190 
01 200 
01 210 
01 220 
01 230 
01 240 
01250 
01 260 
01 270 
01 2 8 0  
01 290 
01300 
01310 
01320 
01 330 
01340 
01350 
01360 
01370 
01380 
01390 
01 400 
01410 
01420 
01430 
0 1440 
01450 
01460 
01470 
01480 
01490 
01500 
01510 
01520 
01530 
01540 
01550 
01560 
01570 
01580 
01590 
01600 
01610 
01620 
01630 
01640 
01650 
01660 
01670 

888P8 

MAXCAL = 40 0 0 
ETA.O.01 
XT0L=O. 10 
STEPMX=lOOOOO .O 
LCLU.1 
IBOUND=O 
LAMSET=.FALSE. 
RHO=lO .O 
LIW=lOO 
LW.2000 
I FA I L = 1 

28 ARGUMENTS TO E04UAF 

N E Q  , MRNGE . M, F 0 4h'A 
,XTOL.STEPMX.CL.C 

E CALL 
0.RLAM. r* UNC, C, IW, 

R) 

C 
W R 1 T E ( 6 , S U BA R G 
CALL E04UAE(N. 

I PR I NT . MAXC 
) 
MEQ ,MI 
AL, ETA 
T.X.RH 
ROUTlN 

Y ,  
U.LCLU.IBOUND. 
L I W , W , L W , I FA I I. ) 

1 
2 

(: 
X L , X U . ~ A M S F  

END MINIMAX 
IPH 1 NT=1 

DO 130 1:l.N 
X(I)=X(I)*XSCA 

CA1.L NAOHEQ(N. 

CONTINUE 

;",f$io;!l N 
IF(I.GT.1OJ GO TO 10 
SUMSQ=SUMSQ+Y(l ) * * 2  
CONTINUE 
SlG=DS RT( SUMSQ/ 10 .O 
WRITE(f;3)SIG 
FORMAT( S I G M A = * . F ~ @  
WRlTE(6.5) 
FORMAT('O'/'O') 

RETURN 
END 

99 C L 0 S E ( U N I I' = i 

130 

2 

0 

D O )  
100 

3 

5 c*** 9 
999 

. 2 )  

O.ACCESS= 'SEQIN', F 11. E= * FORO 5. DA T ) 

C 
C 
C 

SUBROUTINE FUNCTl(IFLAG.N.X,FUN) 
I MPT, X C I T 
REAL*8 X(15).Y(15).XREAL(15) 

R EAL*8 (A- H , 0 - 2  ) 

COMNON/SCALE/XSCALE( 15 

DO 100 I=l,N 
XREAL(I)=X(I)*XS 
IF(I.GT.1O)GO TO 
FUN=FUN+Y(I)**2 
CONTl NUE 
F U N = D S  R T ( F U N / ~ O  
WRITE(!, 1 (XREAL 
FORMAT(15F7 .2.E1 
RETURN 
END 

CALE( I )  
100 

1 0 0  . ODO) 
( I )  I=l.N).FUN 
3 . 4 j  1 

C 
C 
C 

MGA, MCI , T 
AR.UAGR.UAA 
T3 .T4 .T5 . T 6  
27 .T28 .T29 
) 

8. T 9 .  
0 , U A C .  
.T~O.T 

X1. M1. MAO. 
UAE 
21 , ~ 2 2  . ~ 2 3  .T24. 

1 

1 

1 

END 
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8'1% 
01700 
01710 
01720 
01730 
01740 
017 50 
01760 
01770 
01780 
01790 
01800 
01810 
01820 
01830 
01840 
01850 
01860 
01870 
01880 
01890 
0 1 9 0 0  
01910 
01 920 
01930 
01940 
01940 
01 960 
01970 
01980 
01990 
02000 
02010 
02020 
02030 
02040 
02050 
02000 
02070 
02080 
02090 
02100 
02110 
021 20 
02130 
02140 
02150 
02160 
02170 
02180 
021 90 
02200 
02210 
02120 
02230 
02240 
02250 
02260 
02270 
02280 
0 2 2 9 0  
02300 
02310 
02320 
02330 
02340 
02350 
02360 
02370 
02380 
02390 
02400 
02410 
02420 
02430 
02440 
02450 
02660 
0 247 0 
01480 
02490 
02500 
02510 
02520 
02530 
02540 
02550 
02560 
02570 
02580 

C 
C 
C 

C 
C 
C 

C 

c 

C 

SUBROUTINE AMONIT (N,W.X,F . C  ,NITER.NF ,GLNORM,COND,POSDEF ,RIlO*RLAM) 
IMPLICIT REAL*8 (A-H.0-Z) 
I OGICAL P O S D E E  

WRITE/611)NITER.F.GLNORM.COND,RH0 
/lox 15.4 ( 1 PE12.35 3 

RETURN 
END 

DIMENSION X(N) ,c(M) .RLAM(M) 
1 FORMAT( AMONIT: NITER, GI,NORMs C O N D s  RHOz' 

1 

1 

1 

1 
2 
3 
4 
5 
6 
7 
8 
9 
A 

1 

120 

140 
150 C*** 

C * * *  

C 

C * * *  
C*** 

C*** 

MAOA s 

H9. 

,K 

C O N T I N U E  
NP1 = N +  1 
IF(NPl.GT.14)GO 
DO 140 I=NPl 14 

CONTINUE 
CONTINUE 

T22=100.0 
T23=90.0 
T24:lOO - 0  
T25.135 .O 
T26=22.0 
T27=25.0 
T28=100 .O 
T29.90.0 

XDUM(I)=XALTII) 
REFERENCE DATA 

END RbFERENCE 

TO 150 

DATA 
M9=1 .D 

MAA = M 9 -MAR - PIA 0 
MGR: M9 - MGA-MG 1 

A B  S ORB ER 
ADIABATIC SECTION 

M3 =M 2+ MA0 
~ 3 = M 2 * X 2 / M 3  
M4: M3+ MAR 
X4=M3*X3/M4 
MS=M4-MGA 
X5=M4*X&/M5 
MG:-MZ-MGf 
X6:M *X5 M6 
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02590 
02600 
02610 
02620 
02630 
02640 
026 50 
02660 
02670 
02680 
026 90 
02700 
0271 0 
02720 
02730 
02740 
02750 
02760 
02770 
02780 
02790 
07800 
02810 
02820 
02830 
0281.0 
02850 
02860 
02870 
02880 
02890 
02900 
02910 
02920 
02930 
029l50 
02950 
02960 
02970 
02980 
02990 
03000 
0301 0 
03020 
03030 
03040 
03050 
03060 
03070 
03080 
03090 
03 100 
03110 
031 2 0  
03130 
03140 
03150 
03160 
03170 
03180 
031 90 
03200 
03 21 0 
03220 
03230 
03760 
03250 
03260 
03270 
03280 
03 290 
03300 
03310 
03320 
03330 
03340 
03350 
03360 
03370 
03380 
03390 
03400 
03410 
03420 
03430 
03440 
03450 
03460 
03470 

C*** 

C * * *  

C*** 
C * * k  

C 

C 

C 

160 
170 

C*** 
C * * *  

C 
C 
C 

1 1 0  

130 

1 

2 

3 
999 

NOTE HlA CHANGED F R O M  FI('Pl.X6) ON 7/18 
T3=F21(P9,X3) 
T20=T91 
H3 =FiTT3 .X3) 
QAO=UAAO*DTLN(T2,T3,T25,T 
DELTU=T25-T24 
WAOP. ( QAO+ M3 *H3 - M2* H 2 ) /H RECYCLE SECTION 
Tb=F21(P9,X4) 
H4 F1(T4,X4) 

GENERATOR 

15=F21(P7,X5) 
H5=Fl(T5,X5) 
HGA=F3(P7.(T4+T5) 2 . 0 )  

T6 =F2 I ( P7 .X6 ) 

T21=T22 

ADIABATIC SECTiOh 

M G A P z ( M ~ * H ~ - M ~ * H ~ ( / H G A  
INPUT SECTION 

NOTE CHABGF. IN T21 FROM 

' 2 4 )  

9 

T21: :T6 + DELTA 
Q A R = U A A R * D T L N ( T 3 , T 4 , T 2 0 , T 2 1 )  
D El. TR = T 2 0 - T 2 1 
lF(DELTO.LT.1.O)GO TO 160 
FUP=QAO*DELTRJ (QAR*DELTO) 
G O  TO 170 
FUP= ( A0*4.19*DELTR)/ ( AR*2450 . O )  
MA R P = ?M 4 * II 4 + Q A R - M 3 * H 3 7 H 9 
HGI=F (P7.(T6+T5)/2.0) 
H6=FI?T6 ,X6) 
QGI=UALI*DTLN(T22,T23 T6.T5) 
MG I P= ( M 5  *H 5+QGI - H6 *H6 /HG I 

RECYCLING SECTION 
HGR=F3(P7.(T6+T1)/2.0) 

8GRP= ( M6 *H6 + QGR - M f *H 1 / H6 R 

T6P=-UAAR/UAGR*(T4+T3-T20-T2l)-Tl+TZO+T21 

GR=UAGR*DTLN(T20 T21 TI T6) 

CONDENSER 

L ' A G T )  

. o  

/84 

/ 2.0 * I N S ?'A L * 0 V R H D 
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03480 
03490 
03500 
03510 
03520 
03530 
03 540 
03 550 
03560 
03570 
03580 
03590 
03600 
036 10 
036 20 
03630 
03640 
036 50 
03660 
03670 
03680 
036 90 
03700 
03710 
03 I20 
03730 
03740 
037 50 
03760 
03770 
03780 
03790 
03800 
03810 
03820 
03830 

0 3 8 5 0  
03860 
03870 

03890 
03900 
03910 
03920 
03930 
03940 
03950 
03960 
03 97 0 
03980 
0 3 9 9 0  
04000 
04010 
04020 
04030 
04040 
04050 
04060 
04070 
04080 
04090 
04100 
04110 
041 20 
04130 
041 40 
041 50 
04160 
04170 
04180 
041  90 
04200 
04210 
04220 
04230 
04240 
04250 
04260 
04270 
04280 
04290 
04300 
04310 

04340 
043 5 0  
04360 
04370 
04380 
04390 

03840 

0 3 8 8 0  

8 2 3 8 8  

C 
C 
C 

1 
2 
3 

C 

C 

100 
C 

C* ** 
1 

1 

C 
C 
C 

C 
C 
C 
C 

1 0 0  

110 
120 

1 
C * * *  

i 

FUNCTION Fl(TIN.XINj 
ENTHALPY OF NAOR SOLN ( K J I K G )  4/03/84 
TIN=SOLN TEMP(DEG C ) ,  X1N:PERCENT NAOH 
FROM 1 0  TERM FIT 3/13/84 ENTHAL AKA TEMP 

IMPLICIT REA1 *8  (A-11.0-Z) 
REAL*8 A( 5) . B (  5 )  
DATA 

A/-3.518335D1.1.240801D?,-1.431403D3~4.74 
U /  1.036595DO -1.500582DO.5.929570DO.-1.L 

CONVERT LOCALLY 10 FRACTIONAL CONCENTRATIO 
KUP/S/ .TTER/OI 

X=XIN/lOO.O 
T=l .8*TlN+32.0 

F I = O . O D O  
XK.1 .OD0 
DO 100 K=l KUP 
IF (K.GT.1) XK 
F1 :Fl+XK*(A(K) 
CONTINUE 

CONVERT TO S 
Fl=F1*2.326009 
ITER=lTER+I 
TF(11ERiLE.50) 
FORMAT(, Fl: 

RETURN 
END 

FUNCTION FZ(TIN.XIN) 
PARTLAL PRESSURE OF WATLR VAPOR IN PASCALS (N/M**2) 

AND CONLENTRATICN ( 

d / l  .57 2342D0.-2.3076 59D-2 , I .  3 53628D-3 ,-6,090060D- 5 s 

B / 6 . 7 7 3 7 3 5 D - 2 . 6 . 7 8 4 0 1 0 D - 4 . - 5 . 9 8 7 3 4 7 D - 5 , 1  -798313D-6 s 

C/-2.001039D-4.~4.270978D-6r3.68l~O?D-7.~l.O302OOD~ 

3.525440D-7/. 

-1 .57 2486D-8/, 

9.830376D-11/ I 

n / z  72347 1 ~ - 7  ,a ,807 7 3 6 ~ - 9  ,-7.191766~-10.1.886063~-1 

XK=l . O D 0  
FZ.0 .OD0 
DO 100 I-1.KUP 
IF(1 G T  1)XKzXK*XXN 
F2=Fi+X~*(A(I)tTIN*(B(T)+TIN*(C(I)+TIN*D(I)))) 
CONTINUE 
TF(F2 .LT. 17 
FZ=l .OE30 
G O  TO 120 
F2-DEXP (F2) 
ITER=ITER+l 
I F ( I T E R L E . 
FORMAT( E 2  
F2=F2*133.3 
RETURN 
END 

- i  .837021~-13/ 

C*** 

C*** 
1 

C 
C 
C 

= X * X K  
+ B  ( K  ) *T 

I UNITS 

C 
c 
C 
C 

0.O)GO TO 110 

50)WRlTE(6.1)TIN.XIN,FZ - TIN .XIN .F 2.  ' /  5X, 3E12.4) 
i2 

9323D3 
70812D 

N AND 

-3.167554D3/, i ,7 . ~ ~ o o z ~ D o / .  

DEG F 

X i j O i ; = X  
F2I=ZEROIN(O.OD0.250.ODO.TPX,~.o5DO) 

I FA I L= 1 
CALL C05ADF(0.0,250.0,1.0E-l2,l.OE-l3,TPX~F2I,IFAIL~ 
ITER=ITER+I 
I F  ( I T ER I. E 5 0 ) 
FORMAT( FZT: P.X.52X: .3E12.4) 
RETUKN 
END 

WR IT E (, 6 , I  1 P X I  F 7 T 

FUNCTION TPX(T) 
THIS FUNCTION I S  ZERO WHEN THE PARAMETER P (N/M**2) 

TEMPERATURE T ( D E G  C )  AND CONCENTRATION X ( % )  FOR 
c o R R E s POND s r r  0 

WATEK VAPOR OVER AN NAOH SOLUTION 
I M PL I C IT R E A L  * 8 ( A - €1.0- 2 
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04400 
0441 0 
04420 
04430 
0 4 4 4 0  
04450 
04460 
O L L 7 0  
04480 
04490 
04500 
04510 
04520 
04530 
04540 
04550 
04560 
04570 
04580 
04590 
04600 
04610 
046 20 
04630 
04640 
04650 
04660 
04670 
04680 
046 90 
04700 
0 4 3  1 0  
047 20 
04730 
047 40 
047 50 
04760 
04771) 
04780 
047 90 
04800 
048 10 
048 20 
04630 
04840 
04850 
04860 
04970 
04880 
04890 
04900 
0491 0 
04920 
04930 
0 4 9 4 0 
04950 
04960 
04970 
04980 
04990 
05000 
05010 
05020 
05030 
05040 
0 50 50 
05060 
05070 
05080 
05090 
05100 
05110 
051 2 0  
05130 
05140 
05150 
05160 
05170 
05180 
051 90 

C 
C 
C 
C 

C 
C 

C 
C 
C 

c 

C 

C 
C 
C 

C 

C 
c 
C 

C 

140 
C*** 

C*** 
1 0 0  

1 
110 

1 2 0  

130 
C*** 
C*** 
C * * *  
C*** 

C*t* 
c*** 

999 

COMWON/DOG/P X 
TPX=P-FZ(T.Xj 
RETURN 
END 

FUNCTION F3(P.T) 

IMPLICIT REAL*8 (A-H.0-2) 

H~(0.00274*TF-0.989805~*PSI+0.44942*TF+1060.8 

RET l l  RN 
END 

ENTHALPY OF SATURATED OR SUPERHE TED WATER V 
I N K I LO J 0 UL E S / K I L OG R APl ( K J / KG ) 

TF=1 .8*T+32 .O 
PSI=P/6894.76 

F3=H*2.326009 

POR (STEAM) 

FUNCTION F4(TC) 

IMPLICIT REAL*8 (A-H 0 - 2 )  
F5(TABS)=l0**(6.2114?+( -2886.373-337269.&6/TABS)/TABS)*6894.76 
TRAB S (TC ) = 1.8 *TC+ 3 2.0+45 9.7 2 

ENTHALPY OF SATURATED WATER VAPOR (KJ/KG) 

PVS=F 5(TRABS(TC) ) 
F4=F3(PVS,TC) 
RETURN 
END 

FUNCTION F6(T) 

IMPLICIT REAL*8 (A-H.0-2) 
TF=1 .8*T+32.0 
HF=1 .001*TF-32.05 
F6=HF * 2 I 3 26009 
RETURN 

ENTHALPY OF SATURATED LIQUID WATER ( K J / K G )  

END 

FUNCTION DTLN(Tl,T2.T3,TC) 

C O M M O N / B L O C K 4 / I P R I N T . J T E R  
DATA NOCALL/O/ 
ARGl=Tl-T3 
ARG2=T2-T4 
IF(ITER.LT.2O)GO T O  110 
IF (ARGl*ARGZ.LT.O.O) GO TO 130 
IF ARG2.EQ.O.O)GO T O  100 

DTI.N= (ARGltARGZ) /2 . O  
GO T O  999 

NOCALL=NOCALL+l 
WRITE(6 l)ITE:.Tl .TZ,T3.T4 
FORNAT( DTLN ,I5.4El5.6) 
DTLN=(ARGI+ARGZ)/Z.O 
GO TO 999 
DT1 N=ARGl 
GO TO 999 
X = A R C 1  
Y=ARG2 

ARGl = X  
ARG2-Y 
NOCALL= NOCAI.I.+ 1 
W R I T E ( 6 . 1 ) I T E R , T l . T 2 , 1 3 . T 4  

G O  TO 1 4 0  
DTLN: ( X+ Y) / 2.0 
RETURN 
END 

LOGARITHMIC TEMPERATURE DIFFERENCE 
I MPL I C IT REA 1. *8 (A - H , 0 - 2 ) 

IFiARGi .FQ.ARGZ)GO TO 120 
D T L N = ( A R G l - A R G 2 ) / D L O G ( A R G l / A R G 2 )  

L O O  IF(IPRINT.LE.O)GO TO 110 

IF(ARG1 .GT.O .O .AND .ARG2 .IT .O .! )X=-ARGI 
IF(ARG1 . L T . O  . O  .AND.ARGL.GT.O .O)Y=-ARGL 

DTLN=X*Y 
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N= 9 I E R -  69 
X =  

SNm1 
0.54 0.19 0 -39  27.10 

F I ~ =  0.89@C0000000000000OD+GO. 
M5= O~1IOCOOOOOCO0G0000OI?+Cl~ 
%lo= 0.41000G000000000000D+GO* 
KT: 0.39000000000000000fX+CO~ 
X3= 0.458185185185185185D+o;. 
T1- 0 .!3I,698300l33454849D+03. 
T5: 0.486506339'98 56 07047B02. 
H2= 0.985771367931454659W03, 
H6- 0.386863094984628397W03, 
H G I =  0.260913485042638753D+04, 

QAR- 0.963754402665923990D+04, 
QGI= 0.4E 2869070223 77 37 j9W03,  
T22= 0.80000000000000COOC~G2, 
T27= 0.20000000@00000C000~02. 

m= o . 2 7 i o o o o o ~ c o o o ~ o o o o ~ o ~ ~  

105.50 162.60 69.55 0.89 C.41 

M2: 9 . 9 4 0 0 0 0 0 0 0 0 Q 0 0 0 0 0 0 0 ~ 0 0 .  M3- 0.13500C0GO~~OOOOOOOB01. M4= 0.189000000000000000D+Ol, 
F16: 0.131C00000000000000D0~, M6= 0 .  IC)GOO00C00000000COD+Ol, ?f9= 0 .  IOGOOOO0O0OOOOO~~OD+~1, 
MAP.= C.5400000000000000OOE+C~. W= 0.5000000000CO@00000D-O1, XGA- 0.190~0O000000000000P+00. 
i%R= 0.~20000000000GC0000D0C. XI= 0.695COOOOOOO0COCOOCD+02, X2= 0.65803191L8936170210+02. 

X4= G .327 27 51 3 2 2  513227 5 ~ 4 2 .  X5= Om36385i9L11:7647Q588D+@2. X6= 6.47 217 557 251 9083969W02. 
T2= 0.18449!999~58134979D+03, T3= 0.142641868650868916~03, T4= 0.124972167955124174Dc03, 
T6 0.6720591 24902506O74D02, T25: 0.16 260Q0~~0000O0000P+O3, HI = 0 "8 90389373033~82068B03, 
H3= 0.620110051450635255~03, H4= 0.469225:66458858156W03. H5= 0.21899623h771706713I?+03, 
H8 = 0. 1135343135~7020000Dc03L N9: 0.2683 567 I17 11 536673Dc04. WGR- 0.2687 51 587 247074976Dt04. 

T9= ~ . iO5500000O0OO~0~0ODt~3 ,  T63: - 0 . 3 3 7 2 0 0 0 6 i i ~ 9 8 2 4 4 4 5 ~ G 3 ,  QE= -0.140000000000000000W05. 
HGA= 0 . 2 4 6 3 6 5 5 0 8 3 8 5 5 6 2 4 3 4 ~ 0 4 .  P 7 =  0.359:870320708772CVDe(?4, P9: Q.122881133720656063P+06s 

QGR: -0.47260531 55!?26364Q3WC3, QAO: 0.322699342545O1947 4W-04. QE- -0. ?40~00000000000000Dt05 I 

QC= 0.2880000000G00G0000Dc04. T20= 0.10000C00C000000000~O3, T 2 l =  0.800000000000000000D+02. 
T23- 0.600000000000000COOD+~2. T24= 0.100000000000000000~03, T26= 0.150000000000000000D+02. 
T28: G.80000000000000000OI?+C2. T29= 0.750000000000000000B02~ UM0= 0.100000000000000000D+o?. 

UAAR: o .22o000000000000000~+o3~ UAC= 0 . 3 o ~ o ~ o o ~ e o o o ~ ~ o o ~ o ~ + o ~ ,  CP.E= 0. ~ ~ O O O O O O O O O O O O G O O O D + O ~ .  UAGI- e .400000000000000000~02 

UAGR= o.5oooooooooooooo~oo1o~. COP= - ~ . 2 3 a 7 3 3 6 ~ 7 ~ 6 9 ~ 7 0 0 7 0 ~ 0 0 ,  ITFA- 1. $ 
S w i N 2  
N U =  0 ~ 5 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ~ 0 0 ,  MGA= 0.!90000000000000000DbOO. MGI= 0.390000000000000000W-00, T8: 0.271000000000000000Dt02. 
T9= 0.105500@00000000000P+03. T25= 0.162600000000000000E+~3, XI- 0.69500000G0000C0000D+02, M1= 0.890000000000000000W00. 
FAO- 0.410000000000000000P+00, $ 

U O H E Q  WAS CALLED. X= 

Y- 
0.54 0.19 C.39 27.10 lC5.50 162.60 69.50 0.89 0.41 

3.07 0.00 -0.2610110.15 7.19 0.13 -6.17 -0.70 0 . i h  
SIGMA= 3370.05 

ITERATION 81, CONVERGENCE 

SWM3 
MAR: C.567013J.l79I3826268P+OO, MGA= 0.266521679731798997J)+oo. MGI= 0.2252723082075914580+00. MGR= 0.000000G00000000000W00. 
T8= 0,26~015730371027631D+02, T9= 0.720517315081049114~+02. T25= 0.926144765535507831D+02. Xi= 0.4634213267007275020+02. 
MI- 0.3585512104471748870+0~. MAO= 0.23956673225?360937I)cOO, $ 

N= 9 :ER= 2 
x =  

Y= 

SIGMA- 0.01 
SNAMI 

0.57 0.27 0.23 26.10 72.05 92.61 46.34 3.59 0.24 

-0.00 0.00 0.00 -0.02 0.00 0.00 -0.00 0.00 -0.00 

M1= C .458 5 51 21.0447 1 7  4887D+01L 
H5- 0.431869042473994987D+Cl, H5- 0.4093L18115532358423+~~, X8= 0.1@00C0OOOOOOG90OOCD+Ci, M9- 0.100000000000000C00P+Ol~ 
HAC= 0.2395667 32251 3609373+00, FAR- 0 567Ci3L 17 91 3826 268~i-00. W.- 0.1934201498348i 27 9&D+GO I MGA= 0.2668216? 97 3 1 7  98997DOO. 
XGT: 0.2252723O82O7591458~+0O,  MGR= 0 ~ 5 G 7 ~ C 6 0 1 2 0 6 0 6 0 ~ 5 4 5 ~ 0 0 ,  X I =  0.46342132670O7 27502W02. X2= 0 .&397016 57647398423D+02, 
X3- 0.4134884149315:5035D+02. X4= 0.362359260754199235D+02, X 5 =  0.3847469C5413084526D+Cl2, X6= 0.405920609341205440I%02. 
T I=  C.643586558737605633D+02. T2: 0.10675879!C58512901D(-03. T 3 =  O.l02460776424031101D+03. T4: 0.950615797035064820D+02, 
T5: 0.506087840053799760D+02, T6= 0.539347574964220296Dc02. T25= 0.926144765535507831Dc02. H I =  0.367145403444943359Dc03. 
H2- 0.482976233847296178Dc03. H3= 0.44473156029:409529D+03, H4= .0 .381?66504644620793WO3. H 5 =  0.241881237433569000D+03, 

H G I =  0.259850212561024061D+O4, HGA: 0.26373109J.833854454Dc04, P7: 0.338679962044707361D04. P9= 0.340196192118128007D+05, 
T8= 0 . 2 6 1 0 1 5 7 3 0 3 7 1 0 2 7 6 3 ~ ~ 0 2 ,  T9= @ . 7 2 0 5 1 ~ 3 1 5 0 8 i 0 4 9 1 1 ~ ~ - 0 2 ,  T6P= 0 . 3 8 5 4 2 9 7 7 1 6 5 0 7 4 0 7 1 0 ~ 0 2 .  QE= 0.252083200683741141De04, 
CAR- 0.15301773661482214OD+04. QGR= 0.153020000561709170~04. CAO: 0.668075180905794345DtC3r QE: 0 . 2 5 2 0 8 3 2 0 0 6 8 3 i 4 1 1 4 1 ~ 0 4 .  
QGI-  0.653353063?06133184D+03, QC: 0.250609733288186270DcC4, T20= 0.1.00000@00000000000Dc@3. T2!= C.800C00000000000000D+02. 
T22= 0.800000000+000O0000CD+02. T23- 0.600000000000C00000o+c2. T 2 k  0.!C0000000000000000D+03, T X -  0.150000000000000000D+02, 
~ 2 7 -  ~ . ~ o o c o o o o ~ o ~ ~ ~ o ~ o o ~ ~ ~ ~ ~  T ~ P =  ~ . ~ ~ ~ ~ o o ~ o o o o o 0 o o ~ 0 0 1 ) c c 2 .  2 9 :  o . ~ ~ ~ ~ G ~ ~ ~ o c o o ~ ~ ~ o o I ~ D ~ c ~ ,  UAAO= 0.1000C0~00000000000~+03. 
D U X =  0.220000C000000000C0D+03. CAC: 0.300G0000~000000000D+03~ CAE: 0.500000000C00000000Ce03. V A G I -  0.400000000000000000D+02 

0 . 3  58 551 21 0 4 4  J. 7 4887WO i , M2: 0.37 7 6 9 3  225&3 06 56 26 6D+Ol. Y3= 0 .4Oi8498986 5 57 92  26 ODC 01 , M4= 

H6= 0.27 17 99857 5881 9 8 5 3 6 ~ ~ 0 3  K8= 0.10934990316406227 5 1 ~ 0 3 ,  H9= 0.2630?8191450332500Ix04.  MGR= 0.26 1147701 398585645W04, 
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€3.3 NAUOPT OUTPUT EXCERPTS 

N =  1 4  0 
Y :  

0.  
0 .  
0. 
0 .  
0. 
0. 
0 ,  
0 .  

6 E B P  
6 N A M 2  
W A R =  0 . 3 7 9 9 9 3 9 9 5 2 3 1 6 2 8 4 0 4  . M G A =  0 . 2 0 9 9 9 3 9 7 8 5 4 2 3 2 7 8 6  , U C I =  0 . 4 7 0 0 0 0 0 2 6 6  1 3 2 2 9 4  

7 8  , 9 9 9 9 9 9 9 9 9 9 9 9 9 9 6 4  . X i -  5 7 . 8 0 0 0 0 3 0 5 1 7 5 7 8 0 8 9  E l :  1 . 4 7 9 9 9 9 5 b 2 2 3 6 3 2 7 9 0  

4 6 7 . 3 C C 0 4 8 8 2 8 1 2 4 9 4 3  . i iAE= 1 5 7 . 9 9 9 9 9 9 9 9 9 9 9 9 9 9 3  
5 7 . 3 0 0 0 0 3 0 5 i 7 5 7 8 0 8 9  . : V A A R =  ; 0 1 . 3 9 9 9 9 3 8 9 6 4 8 4 3 7 1  . U A G R =  5 9 . 3 9 9 9 9 3 8 9 6 4 8 4 3 7 1 4  

' r.,n 
" S L Y "  

N A C R E 9  W A S  CALLED. X =  
0 . 3 8  0 .21  0 . 4 7  2 8 . 9 0  7 9 . 0 0  5 7 . 8 0  1 . 4 8  0 . 5 6  5 7 . 3 0  2 0 1 . 4 0  

5 9 . 4 0  3 2 3 . 1 0  46Z13C 1 5 8 . 0 0  

1 5 . 9 7  1 4 . 1 0  -5s :67  - 1 9 9 . 5 5  - 1 . 5 8  - 1 . 0 7  - 0 . 7 4  2 . 1 4  - 6 7 . 2 7  1 1 . 0 3  
S I G M A =  6 9 . 2 3  

8 ,T8= 2 8 . 8 9 9 9 9 3 8 9 6 4 8 4 3 7 1 4  . T 9 =  
H A C  0 . 5 6  O O O P  0 0  2 3  8 4 1  8 57 7 7 , U A G  I = , U A A O :  3 2 3 . 1 0 0 0 9 7 6  56 2 4 9 9 4 3  , V A C =  

0 . 3 9  0 . 1 6  0 . 5 2  2 9 . 1 6  7 9 . 1 5  5 7 . 6 1  1 . 4 9  0 . 5 5  4 5 . 2 6  2 3 4 . 7 5  5 8 . 9 3  3 0 8 . 0 0  4 4 3 . 4 1  1 5 8 . 7 7  3.!0 
0 . 3 9  0 . 1 6  0 . 5 2  2 9 . 1 6  7 9 . 1 3  5 7 . 6 1  1 . 4 9  0 . 5 5  4 5 . 2 6  2 3 4 . 7 5  5 8 . 9 3  3 0 8 . 0 0  4 4 3 . 4 1  1 5 0 . 7 7  3 . 1 0  
0 . 3 9  0 . 1 6  0 . 5 2  2 9 . 1 6  7 9 . 1 3  5 7 . 6 1  1 . 4 9  0 . 5 5  4 5 . 2 6  2 3 4 . 7 5  5 8 . 9 3  3 0 8  0 4 4 3 . 6 1  1 5 8 . 7 7  3 . 2 0  

8:35 8:i.g 8:31 $%:is  S i ? : { $  2;: t \  i:t8 8 : 2 3  2 3 : %  1 3 % : $ 2  3 8 : 8 3  $Sl!!8 2 $ 3 : $ l  1 3 8 : f f  3:t8 
AWONIT: N I T E k ?  F. G L N O R N ,  C C X D .  R H O =  

1 . 0  3 . 6 9 9 E + 0 0  3 . 1 5 8 E + C 1  8 . 7 3 8 E + 1 1  3 . 6 9 9 E - 0 1  

C: , N 2 =  I ,  
.H6=  1 . 8 0 1  
.FAR= , K R =  0 . 3 9 1  0 . 3 1 L  

,x4= 3 4 . 4 0  
,T2= 1 3 6 . 3  
.T6= 7 0 . 0 2  
.H3=  4 6 2 . 6  
.Ha= 1 2 2 . 1  
, H G A =  2 6 4 2  
, T 9 =  7 9 . 1 3  
. Q G R =  LO38 

. T 2 8 =  . l o @ .  
, U A G ' A =  58. 

:$E;: ';:'a 
.COP= 0 . 3 8 4  + o o  

5 5 0 4 1 3 5 3 1 7  2 4 5 2 8 0 6  
9 0  1 4 0 8  7 i 7  238 0 3  
5 8 7 7  2 0 3 6 1 8 9 1 5 5 9  

4 3 4 1 5 3 4 3 0 3 5 5 7 5  
1 1 7 3 4 1  1 6 1 4 2 3 6 5  
4 @ $ 6 ? 0 8 6  3 28 7 6  1 

4 9 0 7 7 5 7 9 0 6 9 9 0 0  

5 6 3 3 8  18406  3 0 5 9  

7 1 6 6  21 5 4 6 8  5 1 4 6  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 c 0 0 0  
9 2 8 7 4 5 3 0 0 5 5 3 2 9 5 3  
4 4 1 0 5 1  3 8 8 2 5 7 3 3 9  

7 9 4 8 7 4 7 4 8 2 4 9 3 2 6  

9 7 , 6 8 4 3 6 8 2 9 8 4 1  

6 4 6 6 8 3 9 4 0 8  3 9 5 8  

. 5 9 8 3 4 0 9 6 5 7 7 0 a 9  

:-0 

4 
I .  

,M5- 

, M G : =  
,HAC= 

. T 1 =  
,T5= 

.H6=  

. x 3 =  

.H2= 

. t i G I =  

.T8= , Q A R  = 
8;;: 
. T Z l =  

. U A A R =  
6 .UAE= 

bENP 
S N A M 2  
FAR: ~ . 3 9 1 5 8 7 7 ? 0 3 6 1 8 9 1 5 5 9  . F G A -  0 . 1 6 1 @ 9 4 3 2 ! 3 ! 3 1 8 1 8 4  .!GI= 0 . 5 2 4 ; 1 0 8 0 3 9 3 8 5 6 8 8 3 4  .T8= 2 9 . 1 5 5 5 1  9 7 2 6 2 3 1 2 4 7 5  

3 3 6 3 3 8 1 8 4 0 6 3 0 5 9  , X i =  5 7 . 6 0 6 3 2 8 0 8 1  21 1 5 5 7 9  M I =  i . 4 8 7 1 0 6 5 3 3 9 9 8 9 8 9 0 7  . N A O =  0 . 5 4 5 1 @ 5 ! 8 1 9 1 2 5 6 9 4 1 7  
6 3 7 5 5 0 7 58 5 I 5 4 1  7 3 08 . 0 0 0 1 2 4 2 8  3 0 6  6 2 1 i 

4 4 3 . 4 1  G46 3 2 1 8 0  2 07 6 6 
2 

S E K D  

, U A d R  = 
, U A  E =  

2 3  4 . 7  50 6 208 9 0 4 1 8  9 3 6 , Y A G  R = 5 8 . 9  2 8 7 4 5  3 00  5 5 3 2 9 5 3 , i r A A  0 = 
1 58 . 7  6 7 1 4 2  L 38  9 5 3 8  3 0  

.T9: 

.UAC= 
A G L -  
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NAO;EggWAS C A L L E D .  X -  
0 . 1 6  0 . 5 2  2 9 . 1 6  7 9 . 1 3  5 7 . 6 1  1 . 4 9  0 . 5 5  4 5 . 2 6  2 3 4 . 7 5  

5 8 . 9 3  3 0 8 . 0 0  4 4 3 . 4 1  1 5 8 . 7 7  
Y =  

- 0 . 0 3  - 0 . 0 4  0 . 0 3  - 0 . 0 2  - 0 . 9 9  0 . 1 9  0 . 0 7  0 . 3 3  - 0 . 0 6  1 1 . 6 5  
S I G M A =  3.7C 

b X M A I N  
M A R =  0 . 3 9 1 5 8 3 7 2 0 3 6 1 3 9 1 5 5 9  .MGA: 0 . 1 6 1 0 9 4 3 2 1 3 1 3 1 8 1 8 6 0  .MGI=  0 . 4 1 8 7 0 7 1 0 5 0 3 4 9 1 6 7 3 2  .T6= 2 9 . 1 5 5 5 1 9 7 2 6 2 3 1 2 5 7 5  , T Y =  

7 9 . 1 3 3 6 3 3 8 1 8 4 0 6 3 0 5 9  , X l =  5 7 . 6 0 6 3 2 8 0 8 1 2 1 1 5 5 7 9  . M i =  1 . 4 8 7 1 0 6 5 3 3 9 9 6 9 8 9 0 7  . M A O =  0 . 5 4 5 1 0 5 1 8 1  9 1 2 5 6 9 4 1 7  I A L I -  

4 4 3  - 4 1  0 4 6  3 2 1 8 0 2 0 7 6 6 
4 5 . 2 4 3 7 5 5 0 7 5 8 5 1 5 4 1 7  . U A A R =  2 3 4 . 7 5 0 6 2 0 8 9 0 4 1 8 9 3 6  , U A G A =  5 8 . 9 2 8 7 4 5 3 0 0 5 5 3 2 9 5 3  , U A A O =  3 0 8 , 0 0 0 1 Z 4 ? 8 3 0 6 6 2 1 ~  . C A T -  

I U A  E = 1 5 8  . 7  6 7 1 4 2 1 3 8  9 5 3 8 3 I , FUN C = 3 . 6  9 9 3 9 4 13 0 56 i 47 0 6 S ,1 F A  I L = 2 
& E N D  
N =  1 4  0 x -  

0 . 3 9 2  0 . 1 6 1  0 . 4 1 9  2 9 . 1 5 6  7 9 . 1 3 4  5 7 . 6 0 6  1 . 4 8 7  0 . 5 4 5  4 5 . 2 6 4  2 3 4 . 7 5 1  

- 0 . 0 3  - 0 . 0 4  0 . 0 3  - 0 . 0 2  - 0 . 9 9  0 . 1 9  0 . 0 7  0 . 3 3  - 0 . 0 6  1 1 . 6 5  

5 8 . 9 2 9  3 0 8 . 0 0 0  4 4 3 . 4 1 0  1 5 8 . 7 5 7  
Y- 

SIZHA: 3 . i O  
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