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1 . 0  SUMMARY 

Task 2 of the Teledyne Energy Systems (TES) contract with the Brookhaven 

National Laboratory..@NL), BNL-480421-S involved the establishment of an engineering 

and economic model for'the evaluation of various options in wafer 'electrolysis. The 

model, verification of the specific coding and four case studies a r e  described in this 

summary report. 

In brief terms, this new Fortran N coded model has been prepared and has the 

following features. 

(1) Based on operator controlled input or default values, starting with:the' 

required D. C. to the electrolysis module, a module is lldesignedll and the 

support plant is subsequently lldesigned. l1 

(2) The manufacturing costs of both items a r e  then calculated and subsequently 

recalculated into initial plant costs to the customer. 

(3) The operating power costs a s  well a s  the associated operating costs for the 

plant a r e  calculated. 
. , .  

(4) The costs a re  then evaluated with respect to a capitalization approach,. suggested 

originally by EPRI (Ref. 6), and with respect to distinct inflation values for 

power and other operating costs to yield a levelized hydrogen cost, or 

alternatively defined, a time averaged weighted hydrogen cost. 

The model, described in general terms in Section 3.1 of this report and detailed 

as Appendix C, was tested by evaluation of a nearly commercial technology, 

1. e., an 80 KW alkaline electrolyte system, operating at 60°C, which delivers approximately 

255 SLM, hydrogen for applications such a s  electrical generator cooling or  semiconductor 

manufacturing. . The general output from these calculations are described in Section3.2 



and a r e  presented. in detail in Appendix A and Appendix B. . . 
, . 

. . . 
The calculated cost of hydrogen from this installed nonoptimized case system with an 

initial cost to the customer of $87,000 was$6.'99/Kg H2 ($1.67/100 SCF) on a 20-year . - 
levelized basis us* 2 . 5 b h W ~  power costs. This compares favorably to a levelized, 

average merchant hydrogen cost value of $9.11n(g H2 ($2.17/100 SCF) calculated using 

athe same program. . . 

. The flexibility of the program was tested by evaluation of four ?leases. l1 

The first  case (Section 4.1) showed the expected lowering .of the'cost of hydrogen. 

as the plant size is increased from 80 KW case to 1000 KW, the largest size requested I 

for  this study by BNL. With a preestablished6000 A / M ~  (600 ma/cm2 = 557 amp/ft2), 

levelized hydrogen costs of $5.30/Kg H2 were calculated for the conventional Ni-200 

wire screen technology at 125°C and $4.60/Kg H2 was shown for the advanced cathode 

- .. . (C-AN) technology for the 1000 KW plant.size. 

The general effects of temperature for only the 80 KW plant size were studied ' 

for both electrode technologies and this case is described in Section 4.2. Approximately 

a 9% cost savings was calculated by increasing the operating temperature of the Ni screen 

from 55°C to 125°C and an additional 9% cost savings realized by utilization of the C-AN 

Uoing tho modol to optimism tho modulo dooign paramotoro of ocll arca, operating - 
current density and operating temperature for again the 80 KW case (Study 3, Section 4.3), 

I 

the minimum costs were found to be $ 5 . 9 2 ; ~ ~  H2 and ,$5.34/Kg H2 for the Ni-200 screen - 

and'c-AN cathode t.echnology, respectively. Both electrode technologies optimized with I 

2 an 125°C operating temperature and an approximately 0.25 M cell area, the baseline 

2 technology minimizing at 5000 & 500 A/M whereas the C-AN technology minimized at  

2 6000 * 500 A/M operating current density. These values correspond closely to 4500 * 500 

2 A/M value found in an earlier study and used in most of ARIES testing to date. 



As BNL had originally requested plant duly or  utilizationfacto'r be considered; 

Study 4 (Section 4.4) was concerned with the effects of both duty factor and electricity 

costs. The general finding was that a rather broad based insensitivity existed with respect 

to duty factor for the range of 60 to 100%. This finding was distinct from previous 

studies and was caused in general by two factors--the predominance of the electricity 

cost on the cost of gas relative to the other factors, and the "factw that inflation affects 

the electrical and operating costs but does not significantly affect the cost. of an installed 

plant, 

Finally, with the usefulness of the program demonstrated, a comparison of 
? 

"existing technology" cases for both advanced alkaline cells and the SPE (solid polymer 

electrolyte) was attempted. The results (Section 5.4) show the advanced alkaline 

technology to be superior to the SPE technology when attempting to base the comparison 

on a similarly sized, 'optimized and costed basis. Evaluation of the stated goals of both 

technologies was also attempted and the general findings were nearly identical costs of 

hydrogen from the two approaches. The reader must therefore decide on which technology 

is the more credible. .- . - . . . . - - 

Several features of the model could be further refined and several additional 

subroutines which would increase the usefulness of the model a r e  suggested. The 

specific values contained in the reportwere, of course, the particular results of the 

preselected estimates of the author after considerable consultation at TES. However, 

a critical review by an independent party which would lead to more accurate hydrogen 

costs is the next order of priority. The case studies discussed in this report have 

shown the next proposed experimental studies to lower the internal resistance 

of thc electrode separator and improve the anode is the proper near term approach. 

Establishing the relationship of module operating temperature and module life would, 

as discussed, then be the next order of prlorily . 
. .  , .. - 
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2 .0  INTRODUCTION 

2.1 CONTRACT BACKGROUND 

For the past.four years, Teledyne Energy Systems (TES) has been working on a 

series of tasks for the development of advanced alkaline water electrolysis systems 

funded by the Department of Energy (DOE) under the direction of the Chemical/~ydrogen 

Energy Storage Systems Division and monitored by the Electrochemical Group at 

Brookhaven National Laboratory (BNL). Summarizing tersely, the main thrust of past 

efforts has been to identify approaches to achieve high efficiency electrolyzers. There 

a r e  several feasible improvements in cell hardware technology, namely using improved 

(lower polarization) anodes and cathodes and less resistive separators. Also, since 

there a r e  no easily accessible parasitic reaction pathways, elevation of operating tem- 

perature results in lower cell polarization and cell resistive losses with little loss in 

current efficiency. This further increases the operating efficiency of hydrogen production. 

The original contract task was a materials study designed to identify and char- 

acterize stable thermoplastics that could be used for cell frame structural materials at 

temperatures up to 150°C (Ref. 8). Next, a high temperature applied research sized 

electrolyzer was built as  a test bed for new technology. This system, called ARIES, 

was used in the following tasks to characterize the performance of baseline technology 

at  temperatures up to 125°C. The baseline technology consisted of nickel-200 wire 

screen electrodes and bipolars, chrysotile asbestos interelectrode separators, polysulfone 

cell frames, and 316 stainless sleel plumbing. The following two tasks again used the 

ARIES system in a series of six advanced electrode screening tests, and an extended 

test of a five-cell electrolysis module containing Teledyne proprietary cathodes (C-110) 

and Teflon-bonded nickel-200 powder anodes. Also tested for a short time were cells 



containing shear spun polybenzimidazole (PBI) fibrid, cast felt interelectrode separators. 

Although no significantly improved anodehad been found, the best cathode identified, 

the properietary C-AN cathode, showed on the order of 300 mV lower polarization at  

2 -5000 A/M compa;ed to the baseline technology cathode (Ref. 7). 

2.2 PURPOSE OF TASK 2, CONTRACT 480421-S 

This short history brings us to the present task, the deielopment of a computerized 

model for alkaline water electrolysis ~ s t e m s  (MAWES) which can allow one to optimize - - - - 
the critical system component parameters and predict the cost of hydrogen produced 

from an arbitrary technology electrolysis system. 

This type of design and economic model is necessary for many reasons. First, 

in order to judge the effect of technical improvements, one cannot look solely at  the 

energy conversion efficiency of the improved system but must also consider the cost of 

improvements as'they affect the cost of the prodnct, hydrogen. This means n complete 

c ~ s t / ~ r i c e  analysis must be done for every change in design. The price sensitivity is 

affected by an improvement in voltage efficiency , for example, by decreasing the input 

power but, the electrode usually causes a capital equipment cost increase. Also, the 

sizes required for heat exhangers and pumps may change since less waste heat is 

generated. The net change in hydrogen price may increase for a..small, capital intensive 

system bought at high interest rates. On the other hand, f o r  a large, power intcnsive 

system purchased in an era  when power costs a re  inflating, the price of gas may decrease. 

Obvi,ously, the sensitivity is.dependent on many interrelated economic and design factors. 

The second general use of this model lies in its ,ability to predict areas in which 

improvement should be concentrated. From previous output, one may be able to detect 

which components or  subsystems deserve further attention for purposes of price reduction 



and which ones have relatively minor cost effect. In addition, there may. be parametric 

optimizations that allow the designer to do design trade-off studies, for 

example, one trade-off may be the module temperature rise versus heat exchanger size. 
-- 

Normally, the 'model is used to detect the optimum cell current density, number of 

cells and cell area. Many other such trade-offs can be envisioned and the model is 

designed to investigate these using, again, the cost of product gas a s  the ultimate judge 

of improvement. 

In order to do a complete analysis, the model should beable to predict required 

sizes for the major system components and predict prices corresponding to those sizes. 

Of course, there is no way to do an ab initio calculation: several design curves must be 

input. Also, there are  some points where the design seems to be a matter of historical 

preference (i. e. , educated guesses) and no parametric design data is available. In 

these areas absolute values must be part of the input. 
. . 

A major goal of this task is to use the developed model a s  an optimization tool. 

Therefore, the program must have optimization techniques .built in a s  part of its 

operation. These techniques and the techniques for calculation of design and cost values 

a r e  described in the following section. 
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3 . 0  D E S C R I P T I O N .  O F  M O D E L  

3. f MODEL DEVELOPMENT 

A design study of the type described in the task definition is, in essence, a 

classical nonlinear, constrained, optimization problem. In this case, the value to be 

optimized (minimized) is the price of product hydrogen. This price is not constant in 

an inflationary era,  however, and careful attention must be paid'to selecting the proper 

the-average price called the llLevelized Gas Price, " PL. Once the definition is made 

one still must relate this value to a rather large set of independent design and economic 

parameters. For this study the parameter list .is some 262 variables long and'is given 

in Appendix A.  In an unconstrained problem the objective is to find a minimum price, 

. . B in a 262 dimension space, obviously a problem to be avoided. . . L 
There a re  two types of constraints encountered, range constraints and parametric 

constraints. The first  type fall into the category of linear constraints and, a s  suggested, 

simply limit the allowable range of a given variable. F o r  example, instead of an . , 

operating temperature (T) range nf -273 to m "C, one may only want to consider: 

50°C I T < 150°C, o r  one may want to set a variable constant, e.g. , 100°C 5 T -< 100°C 

(or T = 100°C).   he second type of constraint, the parametric constraint is more 

difficult to handle. In this case there is some additional function of one o r  more variabIes 

which must be less than a specified value. For example, the cell voltage is not given in 

the parameter list and must be calculated from electrode characteristic curves, temperature 

and current density. As a parametric constraint though we have defined that the cell 

voltage (V) must not be endothermic (V >l. 48 volt). The program must then test for 



these and similar cases and set PL arbitrarily high so tbat this out-of-boundscase does 

not appear a s  a minimum. The range constraints a r e  more easily handled by never 

allowing any variable out of range at the outset. -- 
The nonlinear constrained optimization program can be stated mathematically 

as : 

Minimize PL =,f (XI. X2, . . . , X262) 
- 

subject to range constraints, 

Li <xi<- ui 
and parametric constraints 

for i = 1 to 262 

for a set of j's. 

. . The size of this problem is still unmanageable and is even further complicated * 

by the presence of the constraints in all but the case of total constraint described above, 

i.e., Xi = constant. This constraint reduces the dimension of the problem space by one, 

each time it is employed. In this program only 15 o r  fewer.variables are allowed tn 

vary, the others being fixed at the program initialization. The operator is allowed the 

flexibility of choosing which set of 15 (out of 262) he wishes to investigate. ' He may 

choose fewer o r  allow none at all  to vary and the problem degenerates to a simple. , 

function evaluation. Several techniques exist for optimizing constrained functions, 

notably the SUMT1' algorithm (Ref. 1) or the lfComplexlf algorithm (Ref. 2). Most 

require large numbers of function evaluations and a r e  suitable for relaiively simple 

functions. In this case, however, the function is anything but simple and requires on the 

order of 900 Fortran IV statements to evaluate. 



This brings one face to face with the implicit problem in all optimizations: 

one must optimize the optimization. That is to say, one must gain a s  much information 

about the minimum at the least expense in computer time. Also one would like to know 

which variables a re  the truly sensitive ones and which can be eliminated from further 

consideration in addition to the optimum conditions. Another problem to contend with 

is the local versus global minimum problem. A s  illustrated in Figure 3-1, depending 

on the starting point, the minimum found may not be the true global minimum but only 

a local minimum for a small region of' the variable space. No mathematical solution 

to this pitfall is known to this author. 
, 

To handle these problems for purposes of this contract, a simple grid search 

technique has been adopted where the specified variables a r e  further constrained to 

discrete values within their allowed range. For example, one may see a statement 

in the output that looks like: . .- - 

6.CCD = 4000 to 8000 in 5 steps 

Roughly translated this means variable #6 @ell - current - density) has an allowed range of 

2  4000 A /Id? to 8000 A/M and the program will test it five eqllally spaced values (4000, 

5000, 6000,' 7000, and 8000 A / M ~ ) .  * If there is another variable set up with two steps 

'. (e.g., 5. CAR = .05 to .10 Step 2 )  and a third with three steps (e.g., 3. PTMOD = 75 

to 125 in 3 steps), the program will set up a 5 x 2  x 3 grid or array of values and then 

proceed to evaluate the objective function of each of the 30 points. The best result is 

saved and all information about it is printed. In addition, the program will find various 

suboptima, i. e . ,  given a fixed value of the third variable the optimum of the 5 x 2 sub- 

* Variable mnemonics a re  trans1ate.d in Appendix A. A l l  units a re  S. I. unless other- 
wise defined. 



LEVEL I ZED 
GAS P R I C E  

GLOBAL MINIMUM 
(NOT FOUND) 

V A R  I ABLE " X " 

FIGURE 3-1. THE POTENTIAL PROBLEM OF OPT~I'V~IZ~~TION STUDIES 



a r m y e a n  be detected. The variableranges, number of steps, and the order of execution 

can all be controlled by the program operator a s  well a s  the choice of which 15 parameters 

a re  allowed to be variables. All of these assignments a re  carried out by the main 

program, "MAWES. 'l The name "MA WES" is an acronym for llModel for Alkaline 
, .  ,. - 

Water Electrolysis Systems. " 
Besides sequencing the variables through the various grid points and remembering . . 

I .  

optimum results, the main program has two other important tasks. The first  is the 

initialization of all the other fully constrained parameters. It does this by two methods, 

internal initialization and data statement or  external initialization. The program 

internally sets all parameters to a baseline or  default value using a block . . data subroutine. 

I€ the operator wishes to modify any value, a data reading algorithm allows the change. 

The new information is supplied using data cards and is not an internal part of the 

program. The last task of the main program is calling the output subroutines and most 

importantly calling the subroutine which actually calculates the objective function, the 

price of hydrogen, based upon the 262 parameters. This subroutine is named, "ESTIM, l f  
, . 

and the calculation is described in Section 3.1.2. 

3.1.2 Objective Function 

i ,  The price of hydrogen required to offset the fixed and operating costs of a water 

electrolysis system is a very complicated function of several design and economic 

parameters. The starting point for any trade-off study is obviously the plant size, 

which can be described by its input power o r  by the amount of gas output. One must 

compare similar sized plants and the optimum design for one size will not necessarily 

be optimum for another. To complicate the issue, the two size parameters a re  not 



self-consistent, e. g., a 90% efficient 100 KW(in) plant produces more hydrogen than a 

60% efficient 120 KW(in).plant. The chosen starting point is'the plant D. C. busbar 

power. 

In a comput&ized model such a s  this, one can not do a completely detailed design 

study especially if the goal is to optimize among.the engineering and economic trade-offs. 

Chiltonfs Chemical Engineer's Handbook (Ref. 3) describes studies like this a s  "order 

of magnitude" estimates since generalized size versus cost curves a r e  used in finding 

component costs rather than using firm price quotations. Obviously a full set of quotes 

and engineering drawings cannot be made for each computer iteration in the 262 dimensioned 

space. Chiltonfs estimates that this type of estimate will yield at  best a *40% final 

figure, but for doing design optimization studies this is more than adequate as  long a s  

the cases compared a re  not extremely different. , Therefore, one should be cautious in 
, . 

comparing numbers generated here with firm numbers from 0ther:studies. 

The model itself is structured in three segments, f irst  a block of design routines 

size the individual components and calculate efficiencies, then a block of costing 

routines take those sizes along with manufacturing costs and rates for consumables 

to generate capital and operating costs. Finally, the last routine uses the above in a 

levelized revenue requirement calculation to yield the objective function, the levelized price 

of hydrogen. This levelized price is a time average weighted value to account for various 

rates of inflation in operating expenses. It is not the first year gas price but is more 
I 

truly representative of the type of cost one should use in business decisions. 

Figures 3-2 and 3-3are block diagrams of the objective calculation. Subroutine 

calls a re  handled by the main subroutine, "ESTIM. " I1ESTIM" also makes a few early 

design calculations. These are  discussed in the following section. flESTIM1l also 

handles the parametric constraints discussed in Section 3.1.1. 
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FIGURE 3-3. OBJECTIVE FUNCTION CALCULATION 
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NOTE: In the next three sections (3.1.2.1, 3.1.2.2 and 3.1.2.3) whenever 
an input parameter is mentioned, the number in parentheses following 
refers to its position in the input list in Appendix A. 

3.1.2.1 Design Routines 

The cell voltage is calculated using subroutine "VOLTCLC" from interpolating 
\ 

the parametric coefficients (E, S and R) at three input temperatures (#8-#19). Given 

the cell voltage, area (#5), current density (#6) and D. C. input power (#I), the number 

of cells a r e  calculated.   his is rounded to the nearest integer and the D. C. power is 

adjusted accordingly. If the number of cells is larger than some arbitrary maximum 

(#/33), the stack is divided into multiple modules. Busbar . currents , and voltages a re  

, calculated assuming cells electrically in series and modules in parallel. The voltage 

. efficiency is calculated defining the isothermal cell voltage at  operating temperature 

and standard state concentrations a s  100% voltage efficiency. At this point, "ETARECV 

" ' and "ETACUR" are  called. "ETACUR" calculates the net effect of shunt currents on 

current efficiency ( q i )  In this type of system the current e f f ic ien j  is near unity because 

of the absence of any side reactions and because of the low gas solubility in concentrated 

caustic. For 25 w/o KOH, solubility is on the order of molar for both gases (Ref. 4). 

. There a re  shunt current paths in the electrolysis module, however, which bypass one 

" o r  more cells, reducing the current efficiency a s  shown conceptually in Figure 3-4. 

"ETACUR" treats this effect using a linearized Kirchhoff's law technique to solve self- 

consistently for the loop currents. If these currents are 'small  and do not change the 

cell impedance significantly, this technique is valid.. For larger shunt currents, a 

nonlinear technique Lust be used. Thc ourrent efficiency is ultimately a function of 

electrolyte conductivity (in turn a function of temperature and concentration), number 

of cells, ceIl voltage and cell impedance. "ETARECV is the rectifier efficiency and 

1s considered a constant 95% value. 



FIGURE 3-4. CONCEPTUAL SHUNT CURRENT 
BY PASSiNG CENTER CELL 



After qi is calculated, TIESTIMvcalls e i the r  a round or  rectangular module 

design routine depending on operator controlled input parameter "AMSTY" (#31). 

These routines calculate the cell frame annular thickness given internal pressure, 
i 

temperature and a derated modulus of elasticity. The circular frame calculations a r e  

based on hoop stress and required seal length arguments. The rectangular case uses 

a beam loading calculation on the longest dimension to give the maximum plastic tensile 

stress. In addition, the amount of plastic and seal areas a re  found. Each of these 

routines calls an end plate and tie rod design routine. End plate thicknesses a re  cal- 

culated based on maximum deflection (#35) under load arguments. Tie rods a re  sized 

according to sealing loads, separator compression, and operating pressure. Tie rod 

safety factors (#55) a re  included, along with temperature effects (#51). Ultimately, 

these routines return design parameters such a s  end plate thicknesses and masses, tie 

rod lengths and diameters and associated costs. 

The next routine called, l'MANANAL, " calculates the required fluid mass flow 

through the electrolysis module based on a cursory heat balance routine given the elec- 

trolytk temperature difference across the module (#25). Individual cell flow is ca'lculated 

usige a. momentum balance technique described in Ref. 5. Maximum cell flow is detected 

for purposes of checking parametric constraints in flow. 

After "MANANAL" is executed, "HMPB" is called. This routine calculates 

sizes for the major components in the electrolyte loops using an energy and mass balance 

technique. A. block diagram showing the major components is  shown a s  Figure 3-5. 

The net energy input consists of the D. C. input power plus the electrolyte pump power. 

The net energy output consists of the product enthalpy and heat losses by convection, 

condensation, and heat exchangers. The routine starts by finding the required anolyte 

and catholyte flow rates based on the input temperature difference across the electrolysis 
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module and the calculated module heat load. Given the piping pressure drop per unit 

length (#loo), the minimum pipe size is calculated. A required piping length is  

estimated from the plant size and a total pressure drop is found. An additional per- 

centage is added to account for heat exchangers and flow meters. This, is then added 

to the module pressure drop calculated above to give the total loop pressure drop. 

From here it is.easy to find the required pump power and size using various efficiency 

factors (#106, #113). At this point the routine switches to consideration of energy 

balances starting with sizing the gas condensers. Feed water requirements a r e  

calculated by balancing the masses of gas and uncondensed water leaving the condenser. 

Convective heat losses a re  then estimated for the electrolysis module, fluid reservoirs, 

and piping. Insulation thicknesses and K values a re  inputs (#125-131). The heat 

exchangers a re  then sized for the net remaining heat load given cooling water. tempera- 

tures and overall heat transfer coefficients (#97, 132, 133). Finally, the on-board 

electrolyte requirements a re  calculated. The next routine, llCONDITn sizes the gas 

handling systems including dryers, compressors, and storage tanks. Dryer calculations 

a re  based on the required gas purity (#I39 and 140) and the condenser outlet temperature. 

Drycr power, requirements a re  a direct function of overall size. If high pressure outlet 
. .  . 

gas is required, the routine calculates the size and number of stages of compressors. If 

gas storage is required a s  specified by a storage mass, the routine returns the displace- 

ment volume of storage. 

The final design routine calculates an overall production efficiency taking into 

account the dryer gas losses, auxiliary power losses, module current and voltage 

efficiencies and power conditioning efficiencies. 



3.1.2.2. Costing Routines 

The costing section of the objective calculation is comprised of five subroutines, 
-- 

"OPCOST," "PLTCOST, l.' "MODCOST, l1 "LIFE, l1 and llCAPCOST. " 

The first routine, "OPCOST, l1 assigns and sums all  the yearly direct and indirect 

costs associated with plant operation except for capital costs, taxes, and electricity; 

Items addressed include cooling water, feed water, electrolyte, consumable parts, 

and labor. Overhead costs a re  assigned a s  a simple percentage of labor while general 

and administrative costs a re  a percentage of labor, overhead and lfmaterials. lf  

"PLTCOSTff assigns original costs to all plant subsystems except for the 

electrolysis module. Most components a r e  costed using an order of magnitude 

approximation of the form: 

where C and S1 refer to a standard size (S1) component and its cost (C1), while Sx 1 

refers to an arbitrary size component, Cx to i ts  cost. The exponential factor is generally 

less  than one reflecting the economics of scale up. A l l  major components a r e  essentially 

treated this way excluding control systems, cooling water piping, feedwater subsystem 

and purge gas subsystems which a r e  treated a s  constants. The exact values of the 

coefficients and exponents a re  input parameters. For fluid and gas exposed systems 

the costs a r e  multiplied by material correction factors so that the additional expense 

of higher cost materials can be modeled. 

The module costing is handled in much greater detail in subroutine llMODCOST. l1 

This routine breaks down the cost of the module into individual components. Structural 

parts include end plates, tie rods and associated hardware, cell frames, and seals. 



Internal components include bipolar plates, anolyte and catholyte flow distribution 

members, anodes, cathodes, and interelectrode separators. With each of the internal 

members there is associated a material stock cost per unit size, a stock utilization 

factor to allow for scrap and waste, and a processing cost. In addition, there is 

a catalyst cost input for each electrode. Cell frames are  costed according to the amount 

of plastic required,, the price of the frame mold and its expected parts yield, and a 

processing cost per piece. End plates a re  costed.according to their mass and material 

prices per unit mass and a machining cost. The bolts a re  costed in proportion to'their 

mass also, with an additional factor for hardware. Assembly costs follow the equation: 

Mod. Assy. Cost = K1 x area x # of cells + K2 x area, 

where K1 and K2 are  input constants (#261, 262). These factors a r e  all summed to 

arrive at a module cost, MODCOST. 

At  this point in execution, the module life is calculated a s  a function of operating 

temperature. Two specified lifetimes a re  input (#224, 226), one at  low temperature, 

one a t  high. The subroutine l1LIFElf interpolates between these using an Arrhenius-type 

curve, i.e.: 

where Tabs is in 'Kelvin. 

The total original capital cost of-the system is calculated in subroutine "CAPCOST. " 

For ease of calculation, all modules required during the life of the plant a re  considered 

to be bought at year zero. This does not introduce a large e r ro r  if the discount rate and 

inflation rates a re  not widely divergent. In addition, refund values for all returned 

modules a re  estimated and credited to the original capital cost, thereby "avoidingll the 



capital gains taxes. The original capital cost is  then made up of the sum of plant and 

module costs. A spare parts inventory is tacked on as  a percentage of plant cost. 

Design and engineering costs a r e  also estimated bub only a fraction is assigned to the 
-- . 

plant cost assuming more than one plant of a given design will be built. Then, a gross 

profit margin for components is added on to the sum of the above. This completes the 

components price o r  cost to the customer but there a re  two other capital costs addressed 

in this routine, the installation and checkout costs and the building and facilities costs. 

Both of these scale with the plant size using some exponent less. than unity as  above. 

Different profit margins can be associated with each of the three divisions, components, 

facilities, and installation. 

3.1; 2.3 Revenue Requirement Routine 

The last subroutme, GASCOST, uses lhe previously generated total capital ooat, 

yearly operating costs, and power consumption to do a revenue requirement calculation 

for the levelized and first  year gas prices. Levelized prices are  an important concept 

used throughout the subroutine. In essence, this concept allows one to take an irregular 

cash flow distributed over time and compute a present worth. This then is distributed 
. . 

a s  an even payment cash flow which has the same economic force a s  the original cash 

flow, These evened out payments (or credits) are  called the lllevelizedll payments. In 

the' prediction of prices in inflationary times, this concept generates a much more useful 

number for comparison purposes. It should not be compared to costs br  prices at a 

single point in time, however. The details of the calculation were takenfrom and a re  

discussed in a study guide prepared by the Electric Power Research Institute (Ref. 6). 

In this calculation the effects of different rates of inflation on operat*g and power costs 

can be addressed. In addition, this routine calculates tax rates, accelerated depreciation 



allowances, and investment tax credits. The initial iuvestment can be broken into debt 

and equity financing and different interest rates can be assigned to each. Finally, 

there is a provision for a "retirement dispersion allowance" to add a safety factor for 

random differences h actual plant life. 

This routine ends the objective function calculation and control is returned to the 

main program which tests for a lower levelized gas price than calculated in previous 

cases. Also returned are  onthe order of 200 other values such a s  design parameters, 

efficiencies, component sizes, and cost breakdowns. A list of these is given in 

Appendix B. Program execution notes a re  listed in Appendix C and a complete 

Fortran listing is contained in Appendix D. Figure 4-10 shows a sample final output 

optimum case. This run tested the sensitivity of three parameters, cell area (#5) ,  

current density (#6), and module temperature (#3) using a 4 x 8 x 4 grid o r  128 function 

evaluations. Execution time was 0.9 C. P. U. seconds and the cost was $2.00 = 

for daytime priority execution. This run was executed on a C.D. C. Cyber 76 

computer operated by Itel, Inc. at their Dallas, Texas facility. 

.., - 

3.2 TEST OR BENCHMARK CASE STUDIES 

3.2.1 Input 

To evaluate the model's predictive power and to debug the program, a particularly 

interesting test case was tried, this being an 80 KW D. C. , dual irriguous (i. e. , anolyte 

and catholyte) system sized for electric power generator cooling. Appendix A lists 

the specific input parameters used for this case, while Appendix B lists the total output 

results. The following is a generalized discussion of the input. 



The first  major input parameter is, of course, .the input module D. C. power. 

For  this example, the required maximum hydrogen gas output is -250 SLM which ' " -. 

translates to  -50 KW o r  11,000 Kg ~ ~ / y r .  Using a 62.5% D. C. to gas efficiency; this 

means a D. C. input requirement of 80 KW. Having selected a particular D. C. input, 

if a higher efficiency value for the module is subsequently calculated,' ,then the output 

gas flow would be greater than required. It is possible to design the computer code to 

use a constant, specified gas output a s  the size parameter but this would require an 

expensive reiterative procedure to converge simultaneously 'on current efficiency, 

voltage efficiency, number of cells, and input power. 

The other parameters can be grouped loosely into three divisions, (1) technical, 

(2) manufacturer, and (3) operator. . Technical parameters include diverse items such 

as cell polarization characteristics, operating temperature and pressure, electrolyte . 

concentration, module design and tie rod design parameters, flow curves, fluid systems 

and thermal systems design parameters, gas conditioning and storage systems design 

parameters, etc. The second grouping includes specific components cost vs. size 

curves, manufacturing and materials costs, catalyst costs, design and engineering 

costs, installation, test and facilities costs, etc. Also included in this set a re  profit 

margins on three general areas, components, installation and facilities. The third 

grouping includes both cost and technical items. Technical input from the system 

operator includes cooling water temperature and maximum flow rate, plant ambienl 

temperature, gas storage requirements and outlet pressure. Economic input is comprised 

of items l*e power cost, duty factor, capitalization methods and interest rates, tax 

credits, accounting method, inflation rates, manpower costs, cooling water costs, etc. 

For the baseline case, the cell polarization curves were taken from previous 

test results in this and preceding contracts. Baseline electrodes were nickel-200 wire 

screens and asbestos was used a s  a separator. Costs for this cell technology are  fairly 



well established since commercial systems produced by TES utilize the same materials 

in a similar design. Module design parameters (fluidics and mechanics) were also taken 

in large part from commercial systemdata although there is the major difference that the 

commercial system operates in the lfsingle irr iguous l t  mode (single flowing electrolyte) 

whereas this baseline system uses two electrolyte streams. Cold rolled 18-8 stainless 

steel characteristics define the tie bolt parameters and 316 stainless steel was used in the 

end plate design (Ref. 9). Fluid manifolds were chosen from previous studies done for 

8 EPRI. ' Cell frame parameters were taken from UDEL polysulfone design literature (Ref. 10). 

System temperatures chosen are  representative of those encountered in practice. 

An operating temperature of 60" C and an ambient of 25" C was selected. A module temp- 

erature rise of 8.33"C defines the electrolyte flow rate when coupled with the module 

heat load. The heat exchanger and condenser heat transfer coefficients a s  well a s  the 

various efficiencies a re  taken from the commercial design. Many of the numbers a re  

arbitrary such a s  heat exchanger outlet temperatures, reservoir.and filter sizes, etc. 

~ d u c a t e d  guesses a r e  the "rule of thumbw here. Gas conditioning system design parameters 

a re  based on molecular sieve dryer, design (Ref. 11) and standard compressor design 

curves. 

Cost curves were generated from commercial systems design and wherever 

available, standard cost vs. size exponents were used. The numbers represent mid-1979 

prices and a re  the latest available to the author. Other economic factors such as  

capitalization methods and interest rates also are-somewhat arbitrary and will vary widely 

from case to case, A power cost of $ 0 . 0 2 5 / ~ ~  was selected along with an inflation 

rate of 10%. 



3.2.2 ~ e s u l t s  of ~ e s t / ~ e n c h m a r k  Case 

N m E :  In this section, the numbers in parentheses a r e  referenced to the 
position in the output list in Appendix B. 

The detail output results from the benchmark case a re  tabulated in Appendix B. 

The predicted levelized gas price (ill) is $6.99/Kg HZ and the first year (#16) price 

$4.03/Kg H2 or $0.96/100 SCF. These prices reflect the revenue required to covey 

capital, power and operating expenses, with return on internal investment and taxes 

included in capital charges. The gas output mass (#In) i s  9,554 ~ g / y r  at an 85% duty 

factor o r  translated to peak flow, 0.0214 ~ g / m i n  (9.01 ~ ~ ~ / m i n ) .  Levelized total 
I 

costs per year (#21) a r e  $66,835 which a re  factored into levelized capital cost per 

year (#24) of $16,152, levelized power cost per year (#22) of $35,879, and levelized 

operating costs per year (#23) of $14,803. These three costs will,be further subdivided 

and discussed in the following paragraphs. 

The total capital price (#7) for the system is $87,013 and includes the original 

selling price for the components (system and all electrolysis modules used over the 

20-year book life), the cost of installation and startup, and building and facilities costs. 

Original design and engineering charges a re  also accounted for separately. For this " 

case, module plus components costs (#28) amounted to $34,186 which includes credits 

for returned electrolysis modules. This cost was then incremented by 75% to allow for 

vendor gross margin. ~nstallation and startup costs, 627) were $3,417, again to be 

incremented by 75% for profit margins. Finally, the building and facilities (#26) were 

estimated to cost $17,108, with no profit assumed. ~ e s i g n  and engineering costs (iY200) 

were $410,000, of which 1% was charged to this plant (i. e., amortize D & E over 100 

plants). This sums finally to the total capital price (#7) of $87,013. 



For a 20-year book life system capitalized at a 11.4% discount rate (#17), 

capital costs must be recovered (#20) at 12.89% per year, i. e., 12.89% of the original 

capital cost must be paid back each of the 20 years to cover the original debt plus 

interest. An additional 5.4% is required for income taxes (#153) on equity return and 

2% was required' for property tax and insurance (input #172). An accelerated depreciation 

allowance (#152) of 2.5% can be taken, however. Another 0.75% for retirement 

dispersion (#155) must be allowed. The sum of all  these costs yields a 18.56% yearly 

fixed charge rate (#25) on the original capital or  $16,152/yr (#24). This is  a levelized 

number but it should not change dramatically over time. 

The compone~ts costs (#28) of $34,186 can be broken into $17,913 for non- 

electrolysis module components (#11) plus 1% ($180) for original spare parts inventory 

(input #187), and $16,094 for two electrolysis modules (#13) to last an estimated (#12) 

10 years each. The cost for non-module components is further broken down in Table 3-1. 

The estimated module cost (#66) of $10,258 can be attributed to costs for cell 

components, end plates, tie rods, and assembly. The baseline module requires 90 cells 

2 (#15) of 670 cm area (0.72 ft2) (input X5) which operate at a current density of 6000 

2 A/M (557 ASF). More will be said about the predicted module design later in this 

section. Module costs a re  broken down in Table 3-2.' A s  mentioned before, these 

costs relate to nickel screen electrodes, asbestos separators, polysulfone cell frames, 

and stainless steel end plates. Material utilization factors' for die cut parts a re  taken 

2 2 into account, in this case a. 1.4 M stock (square) size i s  required for a 1 M (round) 

part.. 

A replacement module for this system costs $5,836 (#118). This smaller cost 

comes from the assumption that the end plates and tie rods a r e  reusable but only an 



Table 3-1. Components Cost - Baseline Case: 255 SLM H2 Out 

Fluid, Systems Costs (Including Subassembly, Labor, and Burden1 

-- Catholyte 

Plumbing $ 464.00 (#172) 

Filter 77-64 (#176) 

-p. 769.60 (#I 80) 
Heat Exchanger 665.50 (#178) 

~ e s e r v o i r / ~ h a s e  Separator 904.90 (#182) 

$2881.84 

Gas Systems Costs (Including &bassemblY, Labor, and Burden) 

Plumbing $ 219..90. . . .  "(#174) 

Condenser 

Dryer 

Compressor 

Bottle 

Anolyte 

$ 464.00 (#171) 

. 82.67 (#275) 

760.60 (#179j . 
659.90 (#177) 

904.90 (ff 181) ----- 7 

$2881.07 

Other Costs (Including Subassembly, Labor, and Burden) 

Purge Gas Plumbing 

Insulation 

Cooling Water Plumbing 

Feed Water Plumbing 

Ventilation 

Structures 

Control and ~nstrumentation 

Power Supply 

Unassigned (5% of subtotal) 

TOTAL 



Table 3-2. Module Cost Breakdown 

Cost Per Cell 

Cell Internal .- 
Bipolar Plate $ 8.550 (#64) 

Flow Members (2) 5.783 (#65) 

Anode 6.778 (#162) 

Cathode 6.778 (#163) 

Separator 1.169 (#63) 

Cell Structural 

Cell Frames (2) 17.66 (#168) 

Cell Seals (2) 7.231 (#169) 

$53.95 x 90 cells .(#33) = . $4855.50 

Tie  Rods $188.80 (#166) x 8 (input #49) = $1510.40 

End Plates (pair) $2984.00 (#165) 

Assembly (L + B) $ 907.50 (#170) 

TOTAL MODULE COST (#66) $10,257.40 



effective small fraction of' the cell internal and structural members a r e  reusable. An 

additional 50% disassembly charge is tacked onto the returned module as  a reassembly 

cost. -- 
The yearly operating cost for the system, excluding power cost is broken into 

four categories: material, labor, overhead, and general and administrative. The 

yearly materials allotments a r e  for cooling water, feed water, consumable parts, 

electrolyte, and purge gas, for a total of $1493/year. Labor cost is estimated at 

$2524/year (#159)(0.18 man year @ $14,00O/yr). The input overhead rate of 100% is  

applied to this labor cost to yield $2524 (#161), while no G & A is charged (#160). The 

cooling and feed water requirements reflect the 85% duty cycle input, while the other 

material factors and labor requirements do not. The total is $6,541 (#9) for the first  

year while the levelized figure (#23) is $14,803 reflecting a 10% inflation rate (input #166) 
. 

and 11.4% (#17) discount rate. 
. .. 

The yearly power cost is simply calculated from the A. C. power requirements . 

(85.2 KW), duty factor (input #169) (85%) and power cost (input # 167) (2. ~&/KWH). This 

cost turns out to be $15,85fj/yr (#8) for the first  year o r  $35,879 (#22)'for the levelized 

cost. The A. C. power of 85.2 KW (#2) is the sum of 877.6 watts for auxiliary systems 
! 

(#137) and 84.3 KW for the electrolysis circuit. The overall system efficiency is  

59.28% (#3) for A.  C. in to gas out based on the heat of formation of water: 
.. 

5 
H2(g) + 112 o2 (g)+H20(1) AH ='-2.86 x 10 Joule 

Module efficiency is 63.9% (current efficiency = 95.49% (#34), voltage efficiency = 

66.92% (#35)). Gas purification efficiency is  98.66% (#37) and rectifier efficiency was 

input at 95%. 



Not only a re  the costs described above returned by the program, but also several 

design requirements for the electrolysis module, fluid loops, and gas conditioning 

systems. For the baseline case, the 'model predicted a 90-cell electrolysis module is 

required. ~he ,end-&ate  dimensions are  57.7 cm (diam) x 9.8 cm (thickness (#51). 

The cell frame annular width is 11 cm (#46) and tie rod diameter is 2.2 cm (~49) .  

2 
Using heat exchangers with an overall heattransfer coefficient (U) of 568 W/M C and 

35°C cooling water, the program predicts heat exchanger areas of 2,183 and 1.196 M 
2 

for anolyte and catholyte, respectively (#loo, #101). Heat loads here a re  on the order 

2 
of 14 KW each (#41, #102, #103). Condenser areas a re  0.061 and 0.098 M for oxygen 

and hydrogen (#86, #87). The total water mass flow rate is predicted to be 0.835 Kg/sec 

(#88) (12.9 gpm). The gas output mass flow rate for this case is  9554 Kg/year (#lo) 

o r  using the 85% duty cycle, a peak output of 3.5609 x Kg/sec (#123) (255.1 SLM 

o r  540.5 SCFH). 

Although many of the inputs were arbitrary and more than a few were educated 

guesses, the values returned for this case do reflect believable quantities based on 

past experience. It is important to remember though that this type of study yields price 

estimates with only limited (~t40%) accuracy and should not be treated a s  project control 

estimates, much' less final values. It is extremely useful for comparison of alternatives 

when the same values of economic variables a r e  utilized,'and even more useful a s  a 

tool for gauging the true sensitivity of design alternatives. 
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4 . 0  S E N S I T I V I T Y  ST.UDIES 

The initial computer runs conducted as part of this task were arranged into 

four studies. Study-.One tests the sensitivity of the gas price to overall system size 

'measured in terms of module input power. Two electrode technologies were evaluated, 

the first utilizing baseline nickel-200 screen electrodes, the second utilizing the C-AN 

advanced cathode and nickel-200 screen anode. A s  suggested by BNL at the start of 

the task, four sizes were employed, 80 KW, 250 KW, 500 KW, and 1000 KW (1 MW). 

Study Two tests the effect of operating temperature on the prices of the two electrode 

technologies. Study Three is a deeper effort based on Study Two and tests the effects 

of current density, temperature and' module size on .both technologies. The last study 

requestedby BNL, Study Four, shows the effect of system duty factor and the electricity 

rates upon the gas price, again for both electrode technologies. 

4.1 STUDY ONE. EFFECT OF PLANT SIZE 

To ascertain the magnitude of the economies of scale on alkaline water el'ec- - 
trolysis systems, the program was run for four sizes ranging from 80 to 1000 KW D. C. 

input power. For each size the computer picked an optimum cell area but the current 

2 
. density was set at 6000  amp/^ and the operating temperature at 60°C. Most of the 

inputs were the same as  the baseline case, although a few estimates were required to 

be input for the bigger systems in the few areas where the model will not solve for the 

required size. Figure 4-1 shows a plot of gas price vs. size for the baseline technology. 

The model predicts a reasonably linear behavior for the price when plotted versus the 

logarithm of power, a slope of about -$I. 30/Kg H2 per decade power. The price shown 

here is the 20-year levelized value. Figure 4-2 gives a similar plot for first  year prices. 

The cost of clcctricity for all sizes was 2. S ~ ~ V H  a s  in the'baseline case. Also shown on 
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these plots a r e  the proportion of yearly costs going to fixed capital costs, power costs, 

and to other operating costs. It is interesting to note that in the 80 KW system the 

capital and power costs share equal magnitude only when considering first year costs. 

"since capital is a (relatively) fixed value whereas power is inflationary, the levelized 

numbers reflect a much greater sensitivity to power costs. For larger plants, this 

. dominance is increased since in the absence of size-deperdenl. electricity rates, power 

costs  how no economies of scale. 

Figure 4-3 is .a  log-log plot of the major costs calculated for the baseline tech- 

nology in this study. The first year power cost. curve has a 45" slope in reference to 

the axes, again because of no economies of scale for power. The top curve is the total 

capital price of the system including installation and facilities. For the 80 KW system, 

the price is -$88K and increases to $480K for the 1 MW (input) system. A s  indicated 

in the figure, the slope is much less than 45". Whether the trend continues or  not can 

not be predicted by this study since, a s  mentioned above, the cost curves utilized a re  

accurate only in low power regimes. The indication is, though, that the price of hydrogen 

decreases dramatically with increasing system size and further study, including obtaining 

more accurate cost data,. is warranted. 

Similar runs were made using cost und curreul-voltage data for  the C-AN 

advanced cathode technology. These are  presented in Figures 4-4, 4-5, and 4-6. 

Comparing Figure 4-1 (baseline technology) and 4-4 (C-AN cathode technology), the 

levelized price curves, one notes that the cost ratio curves a re  almost superimposable. 

  his may seem strange until the reader remembers that the model is comparing plants 

of similar input power and the C-AN containing plant would then use the same power 

to produce more gas. A s  indicated, the advanced technology results in a lower cost 
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of hydrogen. Table 4-1 makes a comparison of the two technologies for the 80 and 1000 
. ' 

KW cases. 

There is a small difference between the baseline case described in Section 3.2 

and the 80 KW system here. This is because in this set of runs, the computer selected 

the;optinium cell size of 0.15 M ~ ,  over twice the area of the baseline cell. Figure 4-1. 

shows the effect of nickel-200 technology cell area on gas price for the b u r  plant .sizes. 

In the larger plants the effect is  remarkably flat except in the low area region.. ,For  the 

80 KW system, the effect is more pronounced, due mainly to the greater proportional. - 

price of end plates in the smaller modules. The minimums fof?all these curves will:vax-y 

when other parameters a re  allowed to vary, particularly the cell current density .as will 

be seed in the third study. . .. 
, ' .  

3 

4.2 STUDY TWO. EFFECTS OF TEMPERATURE: 80 KW UNIT 

This study consisted of two computer runs, the first for baseline nickelscreen 
'. < 

cell technology, the second for C-AN cathode technology. Temperature was varied 

from 55 to 125°C and while the other input parameters were kept at the baseline cas'd' 

values, the principal units being 85% utilization, 80 KT47 size and 2. ~&/KwH. Figure 4-8 

summarizes the results from this study. The levelized price of hydrogen does, indeed, 

decrease with increasing temperature. Each of the curves here is made up of segments 

from a family of curves describing systems requiring 2, 3,  o r  4 electrolysis modulcs 

over the 20-year book life of the plant. Recalling that part of the input information 

is the module life at two temperatures, in this case, module life was estimated to be 

10 years a t . 5 0 " ~  and 5 years at 125 "C. The program interpolated between these two 

lifetimes using an Arrhenius type behavior and calculated the number of modules required 

over the plant life, rounding to an integral number. A more detailed calculation may not 



Table 4-1. Study One: C-AN vs Ni Screen Technologies, 

so and 1000 KW plants 4 60°c, 6000 A/M' 

Nickel Screen Cathode C-AN Cathode -- 
Size 

Ipvelized gas price , 

Firstyear gas price 

Gas output 

Efficiency 

Cell  voltage 

Cell area 

Cell cost 

Number of cells 

Module cost 

Capital price 
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FIGURE 4-7. GAS PRICE VS. CELL AREA: BASELINE TECHNOLOGY 
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round this way but instead calculate the remaining life in the last module and take a 
. . 

resale credit for it, thus smoothing out the curve. It i s  interesting to note that because 

of this effect the minimum for the C-AN technology is at  105°C although the value at 

125°C is very close- One additional reason for this can be seen by considering the values 

presented in Figure 4-9, a plot of current and voltage efficiency versus temperature. 

The voltage efficiencies of both technologies a r e  increasing with temperature at close 

to the same rate. The current .efficiencies a re  almost identical. (Not plotted a re  the 

gas purification efficiencies, 98.7% in all cases, and the rectifier efficiencies, 95% 

in all cases. ) Therefore, from 55°C to 125°C the overall efficiency in the baseline 
' 

system changes from 58.8% to 66.7%, an absolute increase of 7.96%and a relative 

increase of 13.55%. For the advanced technology, the absolute increase is 7.72% but 
. :  

the relative increase is only 11.65% since the low temperature efficiency is a higher 

value to begin with. This means that one does not gain as  much going to higher tem- 

peratures in the advanced system case which explains part of the lower curve in Figure 

4-8. Again, the significant conclusion is both curves indicate that operation at higher 

temperatures is economically advantageous if the module life (and system life) is not 

substantially diminished at  higher temperatures. 

4.3 STUDY THREE. OPTI31IZATION O F  CELL SIZES AND CURRENT DENSITIES: 

80 KW UNIT 

This study was basically an expansion of Study Two in which temperature, 

current density, and cell area were allowed to vary, temperature from 50°C to 125°C 

2 2 in 25°C steps, current density from 3000 to 10,000 A/M in 1000 A/M steps, and cell 

2 2 2 area from 0.05 M to 0.55 M in 0.1  M steps. This optimization was run for both 

technologies. Figure 4-10 is a plot of the levelized price of hydrogen versus cell current 
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density at the four temperatures for  baseline technology electrodes. There is a rather 

2 
broad minimum in all cases ranging from 3000 A/M at 50°C to 5000 A / M ~  at 125°C. 

2 The program predicts a small area module (0.15 M ) for higher current densities. 

The optimum cell area increases a s  current density decreases and the dashed lines on 

Figure 4-10 show which cell area is optimum. Figure 4-11 gives the same information 

for the C-AN cathode technology module and a s  before, significant savings a r e  predicted 

independent of the operating conditions. The optimum current density is generally 

higher than in the baseline case. It is interestingto note that in the advanced technology 

case there were three combinations of parameters disallowed by the model due to thermal 

2 
instability. They al l  were at 125"C, and 3000 A/M and large module size. This is the 

reason that the lower curve in Figure 4-11 rises at the left side and actually crosses the 

100°C curve. It is possible that insulation could be added to maintain 125°C operation, 

2 but since the optimum is at  - 6000 A/M anyway, this option was not pursued. The 

overall conversion for both technologies is shown as  a function of temperature in 

Figure 4-12. 

,For  this 80 KW case the minimum levelized gas .price for baseline technology 

was $5.92/Kg ($1.40/100 SCF) and the first year price was $3 .60/~g ($0.85/100 SCF) 

2 occurring at a current density of 5000 A / M ~ ,  cell area of 0.25 M and at 125" C. For 

the advanced technology, the optimum levelized price was $5.35/'Kg ($1.27/100 SCF) 

and the first  year price was $3 .25/~g ($0.77/100 SCF) occurring at the same tem- 

2 
perature and cell area but at 6000 A/M . 

4.4 STUDY FOUR. EFFECT OF ELECTRICITY COSTS AND UNIT UTILIZATION 

(DUTY FACTOR): 80 KIV UNIT 

This study was conducted to test the sensitivity of the two technologies to the 

cost of electricity and the system duty factor. A11 other inputs were the same as the 
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baseline case so these do not represent optimized modules at any given point, but serve 

to illustrate the cost trends. Figure 4-13 is a carpet plot of the results from the base- 

1ine.technology run. A s  one would expect, the lowest gas costs occur for a 100% duty 

factor and lowest elictricity cost. There is  not a direct increase in gas cost a s  the 

duty factor decreases however. At  KWH the cost of hydrogen goes from $7.30/~g 

to $8.90/Kg when the duty factor is decreased frorn.100% to 60%. Figure 4-14 is a 

similar plot for the advanced technology case. In order to facilitate direct comparison, 

Figure 4-15 presents the same two plots on one page. 

Previous studies have emphasized the plant utilization o r  duty factor would have 

a significant influence on the cost of hydrogen. What is indicated in this study is that 

with use of 10% inflation as  applied to the major cost factors in hydrogen economies, 

namely the power to the module and the other operating costs, duty factor, which only 

controls the capitalization expense, is not a s  significant an influence. What the proper 

value for inflation should be, remains for future studies. The selection of 10% may even 

be considered incredibly low at this report time. 
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5 . 0  DISCUSSION 

5.1 MODEL FOR ALKALINE WATER ELECTROLYSIS SYSTEMS: "MAWES" 

i 

5.1.1 General 

By far  the major amount of effort during this task went into the development of 

the llMAWESfl computer program. It was not until near the end of the task period that 

the program was considered to be effectively "debugged. l1 A s  shown in the previous section, 

several cases . have been run using it and some of the program's strong points and 

drawbacks have become apparent. 

On the positive side, the computer program is relatively flexible and easy to 

operate. Although it is structured for the alkaline electrolysis systems, it is flexible 

enough to allow many variations within normal configurations by only changing a few data . 

cards. The mainprogram also has no limitations with respect to plant size and oper- 

ating temperature save the previously mentioned limitations in accuracy based on cost 

estimation and lifetime data.* The other major point is that while generating fairly 

detailed design and cost information, the program is rather rapid and therefore cheap 

to operate. If used in a compiled form, each case requires on the order of one cent to 

execute, and detailed output for a case only doubles that price. Finally, based on historical 

values, the model generates numbers that a r e  in credible ranges and so  the program 

becomes very useful for sensitivity studies and preliminary cost estimates. 

There are  some drawbacks, however, that deserve mention. A s  discussed in 

Section 3.1.1, the optimization technique used is limited to points on a user supplied 

grid. Considering the speed of execution using a more sophisticated "simplex" technique 

is certainly viable. It would also be advisable to develop another subroutine which would 

* Added in proof: At present several of the subroutines do have constraints. Modifications 
to these subroutines would be fairly easy to make to allow calculations of larger plant 
economics. 



allow the user to manipulate groups of variables in concert rather than independently. 

While this has not been necessary to date, there a r e  several cases where one 'might 

wish to recalculate an input value based on other inputs, for example, the price curve 

for a heat exchanger based on its overall heat transfer coefficient. Another helpful 

addition would be an output subroutine which reports the results in a more convenient 

format allnh a s  in Tahles 3-1 and 3-2, for example. A s  it stands now, the program 

possibly reports "too much, " i. e., one can be deluged with data that, while interesting, 

is probably not necessary for every user. 
\ 

5.1.2 The Objective Calculation 

A s  mentioned above, the present objective calculation can be considered very 

powerful and certainly accurate within the constraints of available data. This is not to 

say that it should be considered in its final form. A s  design techniques improve these 

should continually be incorporated into the calculation. There a r e  several places where 

the calot~lxtion could be improved and even speeded-up, and there a r e  several points 

where m'ore detailed analysis is warranted. In addition, since so miich of the accuracy 

is dependent on accurate cost versus size curves, it is imperative that these curves 

he updated on at least an annual basis, especially in light of today's inflation. The 

module lifetime/temperature curves should be updated reflecting the results from 

ARIES testing. Areas where improved algorithms a r e  advisable a r e  (1) heat exchanger 

overall heat transfer coefficient calculation, (2) electrolyte reservoir design, (3) 

electrolyte filter sizing, (4) gas dryer design, (5) manifold electrolysis loss 

esti~;~ation, and (6) powcr oonvorsion efficiency esHmation. Tt may be advisable to 

eliminate the module internal fluid distribution calculation or  replace it with a more 

flexible module pressure drop calculation. In the costing routines, one area that 

could be made more flexible is the calculation of the total capital price, especially 



with respect to vendor profit. A s  it presently stands, a simple gross profit margin 

. is used but it may be advisable to estimate this number instead based on plant size, 
i 

return on capital, projected sales and company profit goals. One final suggestion 

which deserves consideration is the choice of D. C. module power a s  an input and gas 

production rate a s  an output. In many cases one would rather have gas output fixed 

and calculate the required input power instead. This means, though, a time consuming 

reiterative technique would have to be used since the efficiency calculations flow most 

directly from the input power, current density and module parameters. It would also 

be advantageous to structure the program so  the user can select either mode of 

calculation. 

There a re  two additional "final" subroutines which could make the program 

more flexible and more realistic but should be considered only for single case, i. e., 

optimized plant, calculations since they a re  quite detailed. The first would be the 

development of a detailed year-by-year revenue requirement calculation. The 
. * 

levelized technique is very fast but it makes several. argumentative assumptions such 

a s  constant rates of inflation, lumped (year zero) capitalization, fixed tax rates, etc. 

By using a year-by-year formal accounting procedure, one might more accurately 

predict product costs and time effects. The second development would be to employ 

a variable power and power cost factor. With this type of input, one could more 

accurately 'estimate the economics of operating an electrolyzer coupled to a variable 

power source, for example a. snlar array o r  off-peak power. 

. It must be reiterated that a s  it stands, the computer model is a powerful and 

effective tool for prediction and estimation. The above suggested improvements 

would serve to make it more so. . . 



5.2 THE'STUDY : A DISCUSSION OF FINDINGS , ' 

5.2.1 Baseline. Findings 

The most hiportant result issuing from the baseline study was that the first year .-, 

cost of hydrogen for a 80 KW, 60°C, proven technology electrolyzer i s -$4 /~g  or  $0.96/ 

100 SCF. Remembering that'this case used 2.  KWH power and 11.4% cost of money 

(discount rate), the price is competitive with merchant gas rates in many parts of the 

country. Whcn considering leyelized values, the hydrvgerl from an on-site generator 

becomes a better bargain. For example, if merchant gas is $0.96/100 SCF at the end of 

year zero, and 10%/yr inflation is forecast over 20 years with the discount rate at 11.4% 

then the levelized cost of merchant gas is $2.17/100 SCF compared to the levelized cost of 

electrolytic gas of $1.66/100 SCF. These costs reflect only one set  of economic. con- 

ditions, a certain amount of prognostication and a non-optimized system but the trend 

is certainly encouraging for small scale, on-site electrolytic hydrogen. 

A second result of the baseline casc study was thc conclu~ion thnt thc gao pricc 

tends.to be energy intensive even for these small systems. It is important.to remember 

that a s  a different set of economic assumptions can easily change the sensitivities, 

although increases in efficiency are justified, capital costs cannot be neglected. The 

first  year price tends to emphasize capital cost over that of power but leveliied prices 

indicate power and operating costs become more important. Most modern companies 

would tend to choose among economic alternatives based on the levelized price. 

5.2.2 Sensitivity Study Findings 

Several results of the four sensitivity studies tend to substantiate the baseline 

results. 



First, the C-AN cathode techno'logy does offer a real savings over nickel 

screen technology. Of course, this is a rather inexpensive technology, adding only 

2 2 $ 2 1 / ~  for catalysts and yielding a significant (-300 mV @ 5000 A/M ) voltage 

reduction, so the benefits appear intuitively obvious. For a 80 KW system (Study Four, 

80% duty factor) the levelized savings range from 5 5 k / ~ g  at  KWH electricity to . . 

$1.24/kg at  KW KWH electricity or  for all electricity rates, about 11% savings in gas 

cost. 

Second, in all the trials, operation at a s  high a temperature as possible yielded 
. . 

the lowest gas price except for the previously discussed case shown in Figure 4-8. It 

is important to realize that these results a r e  very sensitive to temperature/life data. 

If a module has more drastic limitations in life at high temperature than used in these 

studies, the optimum operating temperature could decrease significantly. The same 

holds true for component life effects and maintenance rate versus temperature effects. 

However, the results obtained thus far indicate that higher temperature operation is 

definitely worth pursuing. 

2 Third, the current density chosen for ARIES testing was 4500 A/M . The current 

density sensitivities yielded in most cases a rather broad minimum centered in the 4000- 

2 6000 A/M region for small plants. For larger plants, higher temperatures or  more 

expensive cells, this value tends to become higher. However, there was no lifetime 

versus current density information built into the model. If such correlations exist then 

that information should be included and will affect the optimum current density accord- 

ingly. Perhaps more surprising was the tendency to optimize at larger cell areas. 

There a re  several assumptions implicit in the model which may have significantly 

influenced this result, e.g., the assembly and electrode costs proportional to cell 

area. This is another area where further study is warranted. 



5.3 ADVANCED ALKALINE WATER ELECTROLYSIS PROGRAM DIRECTION. 

SOME SUGGESTIONS . 

Thus far, the MAWES computer model has served to reinforce the previous state- 

ments made by TES personnel relative to the advanced alkaline water electrolysis program. > 

There a r e  two possible explanations for this. First ,  we a r e  excellent prognosticators, o r  

second, our technical biases have been built into the computer code and input data. 

In view of the absence of hard data in so many areas,  the second explanation is more 

likely. Since cell component life data prnha.b!.y has the largest biao, wo rccommend as' 

a top priority the continued evaluation of materials and cell components in the ARIES 

system and other test fixtures in order to establish meaningful lifetime and performance 

data at elevated temperatures. It is also necessary to continue the development of 

the "Model for Alkaline Electrolysis Systemsr1 in order to increase its flexibility and 

reliability. There a re  two aspects to this development, that nf the model itself and that 

of its data base. Several improvements to the model have been discussed in section 5.1.1 

but these a r e  not inclusive. The model should never be treated as a final version but 

should be continually improved. The same holds true for the data base. A s  nlentioned 

previously, the order of magnitude cost estima.tinn method yields at best 110% aoouracy. 

This is obtainable only if the data is current and not too far  removed in size from the 

systems under investigation. 

Given these caveats, one can suggest a direction for the technology in general. 

Firs t ,  since the studies to date indicate the levelized gas cost is energy intensive, 

efforts should be directed to finding higher efficiency cell components, concentrating on 

lowering the cell internal resistance and possibly the anode polarization without incurring 

overwhelming cell component cost increases. Second, high temperature operation should 

be pursued for the same reasons, keeping in mind that current efficiency effects cannot 



be neglected. Third, in order to keep capital costs from escalating, the module life 

and, in general, component reliability a s  functions of temperature should not be 

neglected. Fourth, novel approaches to cell and system design which could be less 

expensive should be encouraged. Since the predicted price of hydrogen for smaller 

systems indicates.an edge over merchant gas, the market for such systems should make 

such efforts worthwhile to the developer. 

For  larger systems, there a re  possibly some overlooked uses that should be 

studied. First, it is not too early to investigate the economics of coupling solar photo- 

voltaic power generation to electrolytic hydrogen production. Rapid strides a re  being 

made in the former while the problem of efficiently utilizing such a variable power 

source remains to be adequately addressed. Second, one should reinvestigate the 

economics of electrolytic hydrogen a s  a peak power shaving technology, this time for 

large coal-fired baseload plants. It may be advisable to build high efficiency baseload 

systems to cover peak demand while using the excess off-peak energy to produce 

hydrogen. 

5.4 A PRELIMINARY COMPARISON OF ADVANCED ALJCALiNE (AAWE) AND 

SOLID POLYMER (SPE) ELECTROLYSIS: 1 A l W  SYSTEM -. - 

It is possible at this time to do a preliminary comparison of these" two leading 

water electrolysis technologies. The MAWES program was used to predict the prices 

for advanced alkaline technology a s  it has been demonstrated to date and for a future 

goal technology. Data for the SPE case is taken from the latest General Electric Reports 

(Ref. 12 and 13). There, too, there are two cascs, these being demonstrated and goal 

technologies. The same economic. conditions should apply to each system and these a r e  

listed in Table 5-1. 



Table 5-1. Economic Input Variables for SPE/AAWE Comparison* 

Plant size 1 MW (thermal equivalent output) 

Power cost -. 3.0 k/KW 

Rate of inflation 0% 

Cost of capital 10% 

Percent debt financed 100% 

Dook life f; years . 
Module life 6 years 

Oxygen credit None 

Duty factor 

Investment tax credit 

90% 

None 

Capital recovery factor (calc. ) 23% 

Fixed charge rate (calc. ) 23-3/4% 

SPE - Solid Polymer Electrolysis 

AAWE - Advanced Alkaline Water Electrolysis 



The demonstrated technology for alkaline water electrolysis consists of the 

best technology demonstrated to date using the ARIES test system. This is the C-AN 

cathode coupled with nickel screen anodes and asbestos separators. The SPE tech- 

2 nology consists of the best reported performance of the 2-1/2 ft G. E. technology. 

 able 5-2,is a comparison of the economic output values. The advanced alkaline data 

was obtained from the model for alkaline water electrolysis systems (MAWES), the 

SPE data from the G. E. reports. Zero inflation, although impossible, was used to 

equate the G. E. values of 1975 or 1980 constant dollars. In several places the 

reported SPE numbers a re  subject to variable interpretation but based on our under- 
' 

standing of the reports and limited conversations with BNL personnel, the comparison 

is valid. .It is very interesting to note the closeness of the total system capital price. 

This is somewhat surprising in view of the report fact that the SPE design calls for 

titanium plumbing whereas the alkaline system is stainless steel. It is  also intriguing 

to see a lower module cost predicted for the SPE technology than for the existing technology. 

This probably indicates either underestimation on the part of the SPE designers o r  

overestimation on ours, o r  both. No further breakdown of the capital price is known 

for the SPE system but it would be enlightening to see how these separate items con- 

tribute to the overall price. One last factor that is extremely different is the yearly 

operating cost of the two systems. Although the use of the lower operating cost would 

be more advantageous, the higher value would appear to be more realistic considering 

that it involves burdened labor, cooling water, feed water and maintenance spares. 

Examination of goals of both parties was made and the data a r e  presented in 

Table 5-3. The goal technology for advanced alkaline water electrolysis incorporates 

the following features: (1) C-AN cathode, (2) a high temperature separator with half the 



Table 5-2. Existing Technology - 1 MW Electrolyzer 

(As Demonstrated in Applied Research Testing) 

SPE AAWE 

Gas output 

Peak output 

Owrcnt density 

Operating temperature 

Cell area 

Number of cells 

Cell voltage 

Overall efficiency 

Module cost 

Cell cost 

Total capital price 

Total ycarly cost 

Yearly power cost 

Yearly operating cost 

Yearly oapitul cost 

Non-module plant cost 

Components cost 

Gross profit on components 

~u i ld ing  and facilities cost 

Gross profit on B & F 

Installation and standard cost 

Gross profit on I & S 

Design and engineering cost 

D & E per system 

Levelized cost of hydrogen 

2.00 x 10 5 

1.00 X lo6 

l U ,  760 

8 8 

0.23 

-300 

1.85 

72' (?) 

100,000 

588 

460, OOO* 

468,000 

328,600 

28,000 

109,200 

? 
? 

? 

? . .  . 

? 

? 

? 

? 

0 (?I  
2.33 

17.35 

16.46 

* "Installed cost" @ $ 4 6 0 / ~ ~  ( ~ e f .  13). 



Table 5-3. Goal Technology. - 1 MW Electrolyzer 

Gas output 

Peak output 

Current density 

'operating temperature 

Cell area 

Number of cells 

Cell voltage 

Overall efficiency 

Module cost 

Cell cost 

Total capital price 

Total yearly cost 

Yearly power cost 

Yearly operating cost 

Yearly capital cost 

Non-module plant cost 

Total component cost 

Gross profit on components , 

Building and facilities cost 

Gross profit on B & F 

Installation and startup cost 

Gross profit on I & S 

Design and engineering cost 

D & E per system 

SPE 

2.00 lo5 
1.00. 

10,760 

150 (?) 

0.23 

271 

1.60 

87.5 

65,000 

194 

400, OOO* 

388,700 

270,308 

23,379 

95,000 

? 

? 

? 

? 

? 

? 

? 

? 

? 

AAWE 

2.09 x 10 5 

1.04 

10,000 

125 

0.5 

146 

1.55 

87.4 

66,700 

45 9 

329,400 

406,650 

282,300 

46,200 

78,200 

94,600 

162,200 

121,700 

33,150 

0 

6,611 

4,958 

793,300 

793 

Levelized cost of hydrogen ( $ k g )  1.944 1.947 

($/MBTU) 14.51 14.53 

($/Gs) 13.76 13.78 

* llInstalled cost" @ $ 4 0 0 h V  (Ref. 13). I 



resistance of the present chrysotile asbestos, (3) a lower overpotential anode, (4) 

single seal, single frame cell construction, and (5) a less costly end plate design. 

These advances a re  quite. possible based on results reported by others working with 

this technology. ~ h k  G. E., SPE announced goal technology remains a s  the 1975 data 

(Ref. 12, 13). The similarity in final prices was completely unexpected and many of 

the points raised concerning Table 5-2 above a re  visible here again. 

Al l  things considered, there is one inescapable conclusion. That is that advanced 

alkaline water electrolysis is a viable alternative to solid polymer electrolysis. Those 

who a re  familiar with both technologies and more importantly who a re  able to estimate 

the probability of success in achieving the goals in each cannot but help but conclude 

that alkaline water electrolysis should be an equal contender for the future market in 

wafer electrolysis technology. 
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OUTPUT PARAMETERS: Run No. 4, 3 M a r c h  1980 



















- WAS LNTENTIONALLY 
LEFT BLANK 
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A P P E N D I X  C 

DATA DECK STRUCTURE 
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SA
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L

E
 D

E
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NOTES 

1. X = Alphamimeric 
D = Digit 

2. I. 0 flag (card 2)-al1ox:s for exteiided output 
If last digit = 1 then esqended output for all  cases 
If last  digit = 0 tllen extended output for optimum case 
If 4th.digit = 0 then compact output format 
If 4th digit = 1 !hen open output format 

3. #.of parameters  (card 4) sliould correspond to number of parameter cards 
(cards 5-8) 

4. # of active loops (card 10) should correspond to number of loop cards + 2 
(cards 11-16) 

. . 
5 .  In parameter cards (card 5), 1st  digit field is parameter 8,  alpha field is 

parameter name, 2nd digit field i s  value 

6. IXI 1st loop card (card ll), 1st digit field i s  parameter 8, alpha field is 
p a n m e t e r  name, 2nd digit field i s  minimum valve, 3rd digit field is maximum 
value 

7. m 211d loop card (card 12), 1st digit field i s  number of values to be tried, m.in 
and m a s  included, 2nd digit fielci is  loop output flag. Lf "O", then skip I. 0 at 
this le.ve1, if "I", then print optimum result at this level 



. . .  

INPUT lIECI< 

1 t,; ?: :: COO25 
2  T / O  F L L G  C C 2 1 C  
3 1 r M  C c T P U T s  5CI.L T K C I j .  :tYF.L J F E . l i j 2  C!:ST OF P?O!JEY 
4 :! I>!PUT P G R j \ ' 4 - T E 3 S  P C 0 4 0  
5. rj 9 ', 

I , ;  ! r g ~ c i l .  D r: .; :r. r =. + 1 . 1 . Z O C Q E + C O 6  
6 ~ , h q p '  r,- C O C O L  C.L1 F E  = +C.3 
7 ;;, q ;, !I, ! ! r ? r 3 ~ \ 3 ~  1. '; ':i = + l . T 3 2  
b 1,  L f l  (! 3 0 i! 5 C L 6 I,.) = + C * 3 7 3  

S p:,g,h;.' :! ~1 3 C] 1 2 R L. C !. .=  +2.67?i. 'iSF:-OC5 
1 9 P;G,fY ;! G O O 1 1  7 I- TI b.! = +50,.Lt 
1 1  F ' . S S A I I  t! C 3 D 1 2  Et,!EC = + l a 2 6 1  

' .  1 2  PLPAi-!  ;t P O G 1 3  2 1.: E G = +C.065 
I ?, I " ! !  f i  ? O C l : i  P:-!CC - + l c ~ 3 7 4 0 0 E - 0 0 5  

. 1 4  P ; . - K A ~  !.: !':(lo15 T :.: E Z = +7S.O 
15  F A R A ! .  3 .  2 9 C . l t ;  Eh.lGH = + 1 . 2 0 7  
15 i'(;R t , t ;  Y G 0 0  1 7  ! I  7 * O 1 O K 6  
1 7  A 3 O O c l e  5 ;  = + 1 . 3 3 ~ 0 3 t - 3 0 5  
1 i! V L , P A " i  f 2 0 0 1 3  TP IG I . !  = + 1 2 1 . 0  
1 9  P I R P : ?  2 ' 0 3 2 0 3  C = €!5 ,C :O 
2 iJ P I : i l A V  3 . L 3 2 0 4  LF!CCC:: = 2 C - 0 0  
2 1 p i:. ' f l  C 0 2 0 7  C L C C ~ S  = + 2 1 . 5  
5 3  F!,RA!:: $ 9 0 2 5 9  C/;Fij,('.OS = +I. .C?O 
2 3 FARP..?! e P 0 2 1 G  E P K S C C S  = 3 .46  
2 4 c l ! ~ ~ ! . ;  f g o 2 1 9  E F ~ F G C C \ , : =  l r ! n . o  
25 F ,A R B '.!: !I 0 Q 1 9 9 F R F C F L  = + l e C  
26 ?@.Rai ? C O ~ C I ~  . S [ . P C C L  = 4 1 . 0  
2 7 P A R A ?  t !  5 0 2 1 6  F \ ' s ; c ~ ~  = + 0 . 0 0  
2 8 P A R A ?  E C 0 2 . 1 7  F t j P R C C s  = +.C . C C  
2 9  P A S & $ !  fi G 5 2 t l  A S S K l  = + 1 7 * 3 4 .  
3 Cl P A R A t , !  t 9 0 0 5 6  P . I > : C ! A P :  z + O m G Q  
3 1 F k R L N  1 i lOCc7  O U T G I A ?  = + C . C Y  

. . 32 . P t t R k l "  #. G O O S O  c 1, t; F = +30.0 
32  Pb!?hY 2 D O l l l .  RE 'S3  = + c  . 3.3 
3 4  F A R A M  fl . 301;? .9  D?. iEFACT = + 1 0 @ 0 * 0  
3 5 PARAr!:  3 P O 0 4 9  T F( :ti r) =. + 1 6 . ' 0  
3 5  . P A R A > !  1 c o l t 7  F C O S  = +n.c3 
3 -r F A R A F !  3 3 0 1 c . ~  r . 1 ~  F = 4 0 . 0  

, 3 8  P O E ~ , , P '  ti . . c n i , r . . i  cs t :  , = +G.O 
3 9  FA%AM ': 1)OIG2 K $ R  = + C a O  

. 4:. F:&;";..; = . I . . . ?,Cl 6 5  C C C s  = + O m l C  
4 1 P AFt f \hi  11 0  0  11:,9 L?LFACT - +C.90 . 

4 2 P A K A V  B 0 0 1 7 6  Z R V Y  = + 6 . 6  
4 3 . P k R A K  :! 0 0 2 2 4  A!.!LFL = 4';. 0  
4 4  PPRA! . '  r ~ 0 2 2 6  A ~ ? L F F  - -. +5.9 
4 5 0 2 ' T 1 : 9 1 Z F  Y.R.T. c ~ . K ~ ~ ? E L T , c c ~ ~ ~ $ P T ~ : c ~  

. . 4 5 3 OF ; - C T I V E  LCUPS 0 0 C G 4  
4 7 P A R A Y  It 2 0 0 2 5  ~ ! " ! ~ E L T  - - c d * O  T 0 
4 ". I 2.j G O 0 0 3  STF'S COO00 C L T P U T  
4 7 P C R C ~ !  :! n o u ~ ~ j  C?IP  = 0 . 5  . T r! 
5 D 1 ?,! 9 0 0 C 6  S T C P S  O O C O O  c t i T P 3 T  
5 i  PA^&?! 4 G ~ O ~ L  C C C  = 5 c 3 c , @  'rc! . 
5 3  1 ?.; 2 0 0 1 1  S T E D S  C O O C l  O U T P U T  
5 3 P A B A ?  8 0 0 0 C 3  F T r l C D  = 7 5 . i )  Ti) 
5 4 I R: a c n c c  s ~ c - 1 ~ ~  C O C O l  OLTFUT 
5 5  f ,  1.j 0 .. . . . .  . . 





PROGRAM YAWES .( f F ~ P U T ~ O L T F U ' T ~ D E ~ U G = O U T P ' U T  > 
C NODCL F? !?  THE CESIGF!  AUD ECOhDWIC A N A L Y S I S  CF A L K A L I K E  U b T F ! ?  ELECTR:OLYSIS 
C S Y S T E Y S *  \:R!TTTP: 1 2 / 1 9 / 7 5  " Y  ''.S.YAFFE* CGCED I N  FORTRPh F X T E k O E O  ' V E R S I O N '  
C  V E ? S ' l O F ! - q v  CDC-CYBTR 7 5 9  h 0 S l 3 r  1 OP-SVS.  . . .  
C COi-IKESlT CARCS Hf iVE  " C "  TN COLLl'4hl 1 9  OEE!:!G CPRDS HAVE " C 5 "  I N  CCLUMF'S 1 E 2  

C O ~ J . M O N / € L K l / P 4 R . l F ! ( 3 0 0 ) / 9 L 5 ? / € S T O U T ( 2 C O )  
C O X Y O N / ~ L K 3 / ~ P N b Y E ( 3 0 0 ) ~ E C A ~ E ~ 2 D O ) ~ T I T L E l  T T L  
C O M ~ O ? J / ~ L K ~ / P ~ E ~ (  l S ( J 1  ) / B L ~ < ~ / I F L A G ( ~ ~ )  / ~ ~ L K s / E s T ~ . ? € R ( ~ ~ O )  
C O H ~ O Y / P L K 7 / ~ ~ L 0 0 P ~ ~ L O O P ~ 1 5 ~ 7 ~ ~ K L Q O P ~ 1 5 ~ , 3 ~  

1 C O  F O ~ Y I A T I ~ O X . I ~ * ~ X ) ~  
1 i l 1  F O H ~ ~ ' A T ( l O X v I S t l S X ~ C 1 3 . 5 . ~ 1 X I  
1 9 2  ~ ~ ~ ~ ~ T ( . ~ O Y ~ I ~ ~ ~ ~ X ~ E I ~ . S T ~ ~ : ~ E I ~ . ~ ~ ~ ~ )  
1 ? 3  F C ~ ~ ! ~ ' P Y ( I U X I I ~ ~ ~ S X ~  r 5 9 l X l  
1 0 4  F O Q ! ' b T ( [ ! ( A I C ) )  
I n 5  F O R P A T ( P ! - X )  
C C?t6IK K L I Y  PPOCRPH: PEAO RCV N U # B F ? * R C A D  EXTSNDED 1 1 0  FLPG 

s t e ~  1 0 0   PUN . . 
!?<to L O O * l C F L b C  
PEAO 1 G 4 0 f i I T L E B ~ i I r l = l  m t ? )  . 

. R E b D  1 0 0 * N P , l R  
C HEAD F ' I ! ~ . I U ~ P  OF IF!?UT P 2 R A K T T E R S r  T E E N  REhO ?ZRl .? ;€TERS . i 

IF ( ~ ! P ~ . c . c Q . o )  6 5  T O  2 a  
0 0  ; le1,P:PCR 

1 P E A 9  ? O l r I ? r P A R A M (  1 3 )  
REAR 1 0 4 * ( T T T L € 2 - : l ) r I = l .  6 )  
C A L L  H F A D I X G ( N f ? U f J )  

C READ KU!.!I?ER OF LOOP'S U S E U  
F E L I )  1Ol l rY I .OOP - 

I F  (NLCJCP.EC~.O) 5 9 7  
2 DO 3 I = l * P i L C O P  
C  REPC l /ARIBP.LE !uU~~ I?EP~EI I ' I IPUP V A L U E * V A X I I < l J #  .VELI.IE,P OF STEPSIGUTFUT R A G  

R C L C  1 0 2 r f l L 0 0 ? ( l ~ l )  r L ~ L O C P ( I ~ l ) ~ D L O O P ~ I ~ 2 >  
'I F E k 2  ~ o ~ . M L O @ P ( I I ~ ) ; N L @ C P ( I . ~ )  

G E Z C I  I;:': 
4 t 3  T i :  2 1 5  
C  I F  NO O P T I M ' I Z A T I O N  L Z O P S * T r l E : N . C S L L  " E S T I M "  ANCI GO T O  OUTPUT 
5 . C E L L  t:,:TIn 

n c c o  1 3 4  . 
G O  TO 14- 

I ' 
. . 

C  U E G I N  O P T l t l I Z A T I O N  LOOPS hERE 
. . 









. . 

2 0 3  PT; .€14(@3r l )= l .O.E10 
D O  2 0 0 3  I = 2 r 3 0  

2 0 0 3 .  PNEi! (CZ*I)=O.C 
Y 0 3 = M L C O P ( 0 3 r 2 )  
CO 2 2 0 5  N 0 3 = l r f 4 0 . ?  I 

I F  ( R L C O P ( G 3 r 2 )  . E C . ~ )  2 3 0 3 , 2 4 0 3  
23 .03  PARAY ( F ! L O O P ( O 3 r 1  ) ) = n L 3 O P l O 3 r 1 )  

C O  TO 2 C 2  
2 4 0 3  PARAM(MLOOP(03. *1  ) ) = D L l O P t O 3 * 1 )  + ( b l 0 3 - I ) +  

2 ( D L C G ~ ( 0 3 r 2 ) - C L C O P ~ . O 3 ~ 1 ~ l / ~ F 1 L O O P ~ O 3 ~ 2 ~ - l ~ ~  
2 0 2  ,PPCE: (O2r l  ) = l . O E l O  

0 0  20.02 1 = 2 r 3 0  
2 0 0 %  P ! ? E H ( 0 2 r I l = O . O  

v 0 2 = Y L O C P ( 0 2 , 2 )  
P O  2 2 2 2  N C 2 = 1 * Y 0 2  
I F  (NLOCP(02r21 .€ ,6 .11  2 5 C d p 2 Q 0 2  

2 3 0 2  P A R A ~ ( K L O O P ( C 2 r l ) ) = O L O O P C I ! 2 ~ 1 )  
GO TO 2 C 1  

2 4 0 2  P A R A M ( F L O O P ( ~ ~ B ~ )  ) = D L O C P C I I ~ ~ ~ ) + ( ~ I O ~ - ~ ) *  
2(~lr!OP(C2~2)-0!.00F(02.l)~.~l~LOOP(02~2~-tl 

1 P. ' !EM(Ol * l  ) = l . O F l O  
DO 2 0 0 1 .  I = ? r 3 0  

2 0 0 1  P ~ ! E i Y ( O l * I ) = O . O  
M C l = N L O G P ! 9 1 r ? l  I 

o t  2 2 0 1  kO1=1*+!01 
I F  (EILOL'P(C1 92 l.EC.1) 230 .11240 '1  

2 3 0 1  P A R ~ l ~ ~ ( M L ~ O P ( O l ~ 1 ) ) = O L C ~ O P ~ R 1 ~ l )  
G O  T O  i r o  

2 4 0 1  P A R A ~ l ( ? l L O O P ( O l r l  ) ) = D L C O P ( t l e I ) f  
~ ( C L C O P ( O ~ ~ ~ ~ - D L O O P ( C ~ ~ ~ ~ ~ Z ' ~ F ; L ~ O P ~ O ~ ~ ~ ) - ~ ~  

c C A L L  MAIN C ~ L C U L R T ~ C F J  S P R .  n ~ ~ ~ ~ ~ l l  T O  G E U E R A T E  D E S  !GX DAT'A,. S Y S T E ~  CO,STSI 
C AFJD RESULTING GAS F k I C E S .  
200 . C & L L  ESTI I - I  
c S A V E  R E S U L T S  IF P E ' - T E A  T H E N  PKEVIOUS R E S U L T S  A T  E A C H  L ~ V E L  

D O  U I = l . N L O O P  
I F  ( E S T O U T ( l ) e G , E . P M E M C l r l ) )  G O  TO e , - 

D O  i n  ~ i = i , i h  
1 0  P N E R ( T * I l )  = ESTOIJT(TE)  

DO 7 I l = l . N L ' l O P  
9 P Y t M ( 1  r l 6 + 1 1  ) = F A R A P ( r ! L O O P C l l * l ~ )  



COPITIVUE 
I F  (ESTOUT(I).GE.ESTHEV(l))GO TO 1 3 .  
D O  11 1 = 1 * 2 0 0  
ESTi!EM( I :  = F S T O U T ( 1 )  
DO 1 2  I = 1 r 3 0 0  
f S T K E X ( 1 - 2 0 0 ) =  P A R A M ( J )  
I F ~ ( I O F L ~ G . f B . O ) . O R . ( I O F L & G ~ I : ~ ~ ~ l P ) )  GO TC 1 4  
c n L L  LIYOUTI 
E S T C U T ( l r = I . O E I O  
DO 1 5  I = P r 2 C O  
E S T C U T ( 1 l - 0 . 0  
I F  f M L . C O P ( l ~ 3 ) . E Q . O ) 2 2 0 l t 2 5 O L  
Y - 1  

C l L L  L I I . I O U i Z t K )  
P !dE l (  l r l ~ = l . O C 1 0  
I F  (MLOOP(2r3).EQ.O)22G2~2502 
K = 2 
C & L L  L I M : 3 U T 2 ( K )  
F ~ ~ l E M ( 2 r l I = l . O E l O  
I F  ( M L 0 0 ' ( 3 r 3 ) . F 0 . 0 ) ' 2 2 0 3 * 2 5 0 3  
K = 3 
CALL L I M 3 U T ? ( K )  
P M f M ( 3 r l ) = ! . O E l O  
I F  (MLOC' (4  93) . E 0 . 0 ) 2 2 0 4 * 2 5 0 4  
K =4 
C a L L  L I M 3 U T . ? ( Y  
P W E R ( 4 r l . l = l . F F : l O  
I F  (MLOOP(5r?).EG.0)2205*2505 
K = 5  
C L L L  L I ~ ' I O U T ~ ( K )  . , 

? T E M ( 5 * 1 ) = 1 . E E 1 0  
I F  (MLOOP(tr?).fG.n)2206~2506 
K = h  
C e L L  L I x G U T 2 f K )  
P Y E Y ( 6 * l ) = l . O C 1 0  
I F  ( i l L O W ( S r 3 )  . F P . O ) 2 2 0 7 ~ 2 5 0 7  
K = 7  
C A L L  L I K O U T 2 t K )  
P ! ' E ~ 4 ( 7 * 1 ) = 1 . O E l O  
JF(kLCCP(8r3l.EC.Q)2208~2~Oe 



K  =t? 
CALL L I f ~ O U T 2 ( K )  
P ~ E r 4 ( 8 r l ) = l . O E 1 0  
I F  (MLCOP(9r3).FR.O)220?qi~09 
K=9 
CALL L I M O U T P ( < )  
P " E M ( 9 a 1 ) = 1 . 0 5 1 0  
I F  ( ~ L C O P ( 1 0 ~ 3 ) . E B . 0 ) 2 2 1 C ~ 2 5 1 0  
K = l O  
CLLL L I P O U T ? ( < )  
P ~ ~ E ~ ( l C r l ) = l . D E l C  
I F  ( P L O O P l l l ~ 3 ) . E ~ . 0 ) 2 2 1 1 ~ O 5 1 1  
v = 1 1  
CALL L l  POUT2 (0 
P * f Y ( l l r l ) = l . D C l O  
I F  ( M L O O P ( 1 2 r 3 ) . E 0 . 0 ) 2 2 1 2 q 2 5 1 2  
n: lp  
CALL L I M G U T ? (  0 
P  1 E r 4 ~ 1 2 ~ 1 ~ = 1 . ~ 1 F 1 0  
I F  ( M L O O P ( 1 3 r  3 ) . E 0 . 0 ) 2 2 1 3 9 2 5 1 3  
K = l 3  
C4LL L I Y O U T 2 ( 0  
F ~ E M ( 1 3 r l ) = l . D C l O  
Ir ( M L O O P ( l 4 ~ 3 ) . E 0 . 0 ) 2 2 1 + ~ ; . 5 1 4  
K - 1 1  
CALL L I H O U T 2 ( K )  
F t : E t 4 ( 1 4 * 1  )=l . ! lE10 
I F  ~ M l . O O P ( 1 5 r 3 ) . E C . O ) 2 2 1 S r ? 5 1 5  
K = 1 5  
CALL L l P O U T ? ( K )  
P i ' E ! ' 1 ( 1 5 t l ) = l . Q E l D  
DO 18 ! = l r 2 0 0  
E \ T O U T ( I ) = F S T M E M ( I )  
0 0  19 1 = I r 3 0 0  
P A R A M ( I ) = F S T M E M ( I + 2 C D )  
CALL F X C U T l  ( I C F L L t r i d R U N J  
STOP 
rr:o 



BLOCK DATA 
C  THE E A S E L I N E  CASE I N  "PLOCK D A T A n  REPRESENTS 80.0 KW(DC) CUPL TRRIG. S Y S T E Y  

COr2b!ON/ELK1/PARAt'  ( J C O )  
C C N M O N / B L K Z / E S T P U T ( 2 0 0 )  
C O ~ f i O N / E L K 3 / P l d A ~ E  (300 1 r f P : A F : E t 2 0 0 )  
CCI'YON/FLK4/P! 'EP.( 1 5 a )  
C O K H O N I F L K 5 / I F L L C  ( 3 2 )  
COY~ON!r<LKC>/ESTXCN ( 5 C O  
C O ~ ~ % N / P L K 7 / N ! - O O P . C L C O P ( l 5 . 2 1  * P ! L o ~ P ( ~ ~ v ~ )  
L A ' T P  ( C S T C U T ( P ) , I = ~ , ~ U ~ ) / ~ . O F : ~ O ~ ~ ~ ~ + ~ . ~ /  
D a T A  ( ( P M E ~ ( 1 ~ I l ) r I ~ l r l S ) ~ l I ~ ~ r 3 1 ~ / 1 5 * 1 ~ O E 1 0 ~ 4 5 0 * 0 ~ 0 /  
DATA ( I F L A G ( I ) . I = l r 3 2 ) / 3 2 ' 0 /  
DATA ( L S T M E f i t !  ~ r I = l r 5 f i 0 ~ / 1 ~ 0 E 1 0 r 4 9 9 * 0 0 O /  
DATA N L U C P / O /  
DATA ((CLOGP(Irll)rl=lrl5)rIZ=lr2)/30.0.0/ 
DATA ( ( ~ ? L O O ~ ( 1 ~ 1 1 ) ~ ! = i ~ 1 5 ) ~ 1 : = 1 ~ 1 ) / 1 5 * 3 0 0 ~ 1 5 + l r 1 5 * 0 /  
DATA ( P M h M E ( I ) r I =  l r 1 0 0 ) /  

t7HCi-Pt lP r 7 Y P T A P 8  .7t!PTMOD o 7 H P L I F E  r 7 H C A R  r 7 E C C D  r 1- 6  
Y.7FCTHK r7HFiOL. '  r7 t !SLOW B ' IHRLOV r 7 H T L O U  -7HEF:ED 9 ,  7 -  1 2  
R7HS?!ED r 7 H k Y f D  i7HT'!ED * 7 H T P I r J H  r 7 H S t i I G H .  r 7 t R k  I G H  r 1 3 -  1 8  
9 7 Y T H I G H  r7HCCOPlP r7HELCOP! r 7 H F L D F L C  ' r 7 H A M P R E S  r 7 H A M C E L P  1 9 -  2 4  
' 7HARDELT r 7 H P C K T R L  r 7 H F M P T Y  a7HEYPTY r 7 H E M P T Y  r 7 H F P P T Y  r 2 5 -  3 0  
3 7 H A K S T Y  r 7 l < E P S T Y  r 7 H A X X C E L  r 7 H A Y A S P  r 7 H E P D C F  r 7 E C P w G D  r . 3 1 -  7 6  
S7PEPEOCT .7Hf?P. l<n r 7 e E P M U  r7FEt 'PTY r 7 H E Y P T Y  r 7 k S L T H K  r 3 7 -  4 2  
P 7 H S L L D  r 7 H S L L D T  r 7 H S L H C I S  * 7 H E ? P T Y  . r 7 H ! " D T Y  r7FEP'PTY r  4 3 -  4 P  
L7HTRNO r7HTRt:OD r7HTR'4OOT 9 7HTRCTE r 7 H T E Y L D  r 7 H T P Y L D T  r 4 s -  5 4  
F 7 Y T R S F  r7 \ . 'TRRvO .7HTKNl I  r7PL 'MPTY ' r7HC,FRHO r 7 E C F l < T S .  * 5 5 -  6 0  
S7HCFMTST r7 t iCRr4LN r 7 E F W T Y  97HAINr 'AN r7HOUTMPN r ? . e A I t J D I A M r  6 1 -  6 6  
6 7 H O U T D I  C K r 7 t ! k l  WPL r 7 t i O U T P L  r7Pk INPC! ,  r 7HOUTPPR r 7 t l P I P ! f  L  * 6 7 -  7 2  
F7 l iOL lTEL  r7HEb'PTY r?HF.VPTY *7HEPPT,Y r 7 H C M P T Y  r 7 l < F P P T Y  7.?- 7 8  
F.7HE"PTY +7HS.CFXt?R r 7 t t S t F M X R  r 7 w S C F X  r 7 H S C F C  ' . ? F T l ! T A l  , 9 7 9 -  P 4  
7 t T t l T 2  r 7 H i : l ' l ' ~  r 7 H E P O X  r 7 H f P I C  .7HEPCC y 7 H L F F  v 8 5 -  9 0  
t 7HE TO r 7 H E K P T Y  r7t 'FWPTY *7HE1<PTY r7HT14PTY r 7 H E t J P T Y  r 9 1 -  96 
t 7 H C V T  r 7 E C U K F  . r 7 l iFS IT  r 7 H n P D I .  / 9 7 - 1 L ' O  

D L T A  ( P A R A M ( I ) r I =  l r l O O ) /  
8 8 0 0 3 0 .  9 2 5 .  r $0; 9 2 0 .  r 0 . 0 0 7  . 6 0 0 0 .  * 1- 6  
I H e S 2 r - 3  r 1 . 2 8 7 2  r O . > S l  r4.26:-5 r 5 0 . 4  r l .Ol . t l  r  7 -  1 2  
8.C.233 . 3 . 0 0 € - 5  9 7 6 .  r 1 . 0 j 9  - 0 . 1 7 9  *3.GOF-5 r :  1 5  -18 
f . 1 2 1 .  r 2 . 4 1 3 E 6  .0..25 r 0. O i !  r R . 6 1 9 E 5  90. 3 . 17' - 2 4  
8 8 - 3 3  r5OO. ~ O ~ ~ ~ ~ ~ D O D T ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ O O D O O O ~ ! O O ~ O ~ ~ O O O O O O ~  2 5 -  3 0  



E l .  9 1 0  r 1 5 0 .  r l .  r 7 . 6 2 E - 5  1200.E5 r 
KO. 9 7 9 5 0 .  r 0  - 3  ~ 0 ~ 0 0 0 0 ~ G 0 r 0 ~ 0 0 0 0 0 0 0 r 5 ~ f ~ 4  9 

F 1 0 . 3 4 E 6  rG. rO.l!5 . 0 . 0 ~ 0 0 0 0 0 ~ 0 . n 0 ~ 0 ~ 0 O ~ C C C O O O O 0 O ~  
9 H  . r 2 0 0 . C 9  90. 91.65E-5 i 1 . 1 3 8 E 9  rO.0 9 

50.33 9 7 9 5 9 .  r 0 . J  r 0 . 0 0 0 0 0 0 0 r 1 . 2 4 F 3  r 1 6 . e E 6  r 
P,-1.02E5 90.03 r 0 . 0 0 0 0 . O C O r l .  11. vC.04 9 

F.0 - 0 4  r 0 . 0 4  r  0.04 90 .233  90.233 r 0 . 3  9 

90.2 r 0 ~ 0 0 0 0 0 ~ 0 t 0 ~ @ 0 0 D O C O r O ~ O C O O O ~ O O ~ @ ~ 0 C O O O O G v 0 ~ C O O C O O 0 ~  
6 0 ~ 0 0 0 0 0 0 0 r 0 ~ 6  -1.4 r l  - 5 3 6  . r6.72E-E ;I .05 9 

Cl.5 ~ 1 . 8 3 2  . r14 .35C-E r l . f 3 5 2  . r 1 4 . 3 5 E - f i  90.5 r 

P0.4 r O ~ V O I E O O B 0 ~ 0 ~ ~ O O O O C O r C ~ O O I ) O O ~ O 0 ~ 0 ~ 0 0 0 O C O O r C ~ O O O O C O O r  
P.35. , i .e:9 9 25.  r 2 . ? 5 E 3  1 

OATA (P I lAMC(  I ) r l = L 0 1 * 2 0 0 ) !  
Y.7HPLMIN r  7HPLA r7FFPDPPC r7HFSRC 7HHXPOPPOr 7FET APROTr 
?.7H!'KTH 1 7 H E L F H  r 7 H E L F D  r7HRESH i 7 H R C S O  r 7 P E L P M T  
&7HKTAPVM r7HTCOO r7YTCOH r7HDTOO -7HDTOH r 7 H E Y P T Y  r 
?,7HOCHEF r7HHCMEF r7HFTAL'P *7HFTAWFM i 7 H C X P T Y  r  7HCf'PTY r  
K7HCFKTi-l r 7 H A N I N S -  r 7H,Ai<I l iSP *7HCFKTkI *7Hf iESHEF r 7HREST.KSTr 
67PRFSIb!SKr'TPUHXA ~ 7 k U t i X C  r7HVCT3FR i 7 P C M P T Y  r 7 k E P P T Y  r . 
t7!lHI014R ~7t1OIG:F.NCLv7HC.FUIP * 7 U F P U 9  r 7u!lONO r7kCHhilO 
R7HDOCYC r7HOHCYC r7t!f?SMVH r 7 l i n S V O I O  .7HDSCP 97HCTChG r 
97tiCSDEh! .7UDLO,R' r7HnUTHK r7HOVDhNS -7PDVCP .71JFFS r 
t 7 H P O S  r7t 'ETr\CCFr1r 7tI i?2TCO?Pr 77C!?ASR .r7HH!.'4SR4 r7HORE'URG I 

C7FTSS , 7 1 4 ~ ~ 9  r7HCSCOS r7HRCCOS ,r7HDCOS ' r 7 t E I L F  r 
R ~ H ? ' ~ O S  r7bIPCEH r 7 H C I I F b C l  r 7 l l T X R  r 7 P T L R  r7HTXCP r 

f .79PTXIR r7HACCTFLGr7HCYVRZ r 7 H Z E V Y  q7HPSV r7l 'CVSPCOSr 
?.7HFMSPCOSv7HAYf<TR' ~ ~ H P G S Y C C S I ~ H ~ L B P R T  9 7HGhRATE 17 t lCAFATE r 
97UCASPCOSr7HOFEkTbUr  7YG I K Y E h  r 7 H D k E K  .7HPh!EFACT r7PGl'F.h.GC r 
8 7 P A I V S T K  r 7 H G ? l b P G i  r 7HRLK r  7 k F C L K  r 7Ht t<CRGPF*  7 h P L A S C S h  
C 7 H C F L P L I i D r 7 H K O P C O Z T r 7 t l F R P C E L  r 7 H S L P C E L  / 

OATA ( P b R A M ( l ) r I = ' 0 1 r 2 0 0 ) I  ' 

Z2. ~ 0 . 1 8  - r1.6. 920 .  Y 0.4 rO.8 l 

8 1 5 .  rC.4 . !0.165 9 1 - 2 2  ~ 0 . 1 7  r 1 . 0 1 6 E - 3  r  
P.0.A ' r 5 J .  r 4 1 .  98.5 ~ 8 . 5  . r O . C 0 0 0 0 0 0 ~  
P.57. ( 1 1 4 .  90.6 v0.A r 9 ~ 0 0 0 0 0 0 0 ~ D ~ 0 0 0 ~ 0 ~ 0 ~  
415.  r O .  90.01 r 0 . 2 6  - 4 0 0 0 .  r 0. r 
g0.01 r5Cf!. , ,568.  90.5- ~ ~ ~ 0 0 0 0 0 0 0 r C ~ 0 0 0 0 0 0 0 r  
t 0 . 0 0 2  92. r  0.98 90 .9995 8 2 .  92. 9 

8 1 4 4 0 0 .  r 1 4 4 0 0 . .  90.15 ~ 0 . 1 5  ,1046.  9300.  l 

E 7 1 4 .  9 5 -  93.40E-3 9 7 9 5 0 .  ~ 5 0 0 .  90. r 



SO. 90.5 97 .  9 1 -  90.0 r 0 . 2  r 
LO - 3 0  r 3 . 4 0  r O e C 8  0 . 1 5  90.10 r G . 1 0  9 

8 0 . 0 2 5  r!.OO rO.85 r 3 . 4 6  r 0 .667  1 0 . 0 0  r 
CO.02 91.0 90 .75  910.0 rO.0 r 0 1 5 8 2 E - 4  r 
C 1 . 3 2 1 E - 3  92.0 . - 0 . 5 3  r 1 4 0 0 0 .  r 1 . 0  90.0 r 
F 0 . 4 9  9 1 4 .  9 0 . 0 1  1'2.4C4 r 1 0 0 . 0  r 0 . 7 5  r 
Y.200. r 0.. 7  5  9 2 5 .  r 1 0 0 0 .  r0.C r n . 4 2 2  r  
4 2 0 0 0 0 0 .  95.0 . 92 .  92.  1 .  

D h T P  ( P N A V Z t  I) r I = 2 0 1 9 3 0 0 ) /  
t 7 H S L K C O S  r 7 P S L P C O S  r7t!knJSCOS u ~ H A ~ C C O S  r 7 H A ' P R C O S r 7 k C A S C P S  r  
P,7HCXCCnS r 7 h C E ? R C O S r 7 H S E P S C O S r , 7 H S F : P P C C S r 7 H R P T H K  r 7 H e P C E b S  r  
47HFIPMSCOS,7H!'PPCOS r.7HFMTHK r7HF i lSPCOSr7HFWP,COS r 7 H E P V S C O S r  
& ~ ~ ~ E P M F G C S . ? H T R K C O S  r 7 H T R P C O S  r i H T R H C O S  .7HFWPTY r 7 H S K L F L  r  
t 7k 'TXLLOW 9 7 H A Y L F H  r 7 F T K L H I G H q 7 ~ A X C F  r 7 H C V C F  r7FCt 'CF - r 

R7HHVCF r 7 H E L P E K  I r 7 K E L D 2 K 2  ; ? H C S S P K ~  t 7HGSP?K2 r 7 P F  I L K 1  r 

R 7 H F I L Y 2  r 7 H H X K I  r 7 H H X Y 2  q ? H P U M " K l  r 7 l ' P U M P K 2  r 7 H P C . S w l  r 
L 7 H H F S K 2  .?PRESKS q 7 l ' C O N K l  r 7 H C O N K 2 ' r ? P C O N K 3  r 7 H A l N F K l  r 
R 7 P t W F B K  1 ? 7HFI!P$!K1 9 71iCF11 K 1  - 7PFLlRGK1 r 7 H ; I P Y K l  r7HCRYK 2  r 

C 7 H V E N X 1  - 7 P S T R T K I  r 7 F C O r K l  - 7 b ! F P T Y l  r 7 H P S K l  r 7 l ' C h A S K l  r  
P .7HASSYKl  r 7 H A S S Y K i  r 7 H E M P T Y  17HEMPTY r 7 H F P P T Y  e 7 P F Y P T Y  r 

K7HCWPTY v7t ICMPTY r 7 H F X P T Y  ,7HEF*PTY r 7 H C M P T Y  97HEf'PTY 
L 7 H f M P T Y  ;7HEMPTY r7HCf4PTY n7HCHPTY r 7 H C P D T Y  r 7 H f t ) P T Y  r 
. L 7 H r l ? P T Y  ,7HENFTY r 7 H E M P T Y  ~ ~ H E ! ~ ? T Y  r7HE:.rPTY r 7 P E N P T Y  r  
U,7HTF!PTY r 7 H f u F T Y  r 7 H F M P T Y  r 7 H C Y P T Y  r 7 U C S D T Y  r 7PEW?,TY 
P:7HEKPTY ;7YE!!PTY r 7 H E K P T Y  .7HFt lPTY r 7 H E P P T Y  r 7 H E t ' P T Y  r 
?.7!lfNPTY 4 7 H F H P T Y  e7HEHPTY r7HPI IYMY / 

DATA ( P A R A M (  l ) r  I = , 2 0 1  r 3 0 0 ) /  
C11 .50  ri?.I:C 969 .6  , 90.0 90 .25  r b s a ' 6  9 

FO.O ' 90 .25  rTI.00 r 0.70 r 4 . 5 7 2 E - 4  r P P 0 0 .  r  
8 1 3 . 2 3  - 3 . 5 0  rO .16E-2  r1 . .66E4 90 .40  q6.4: 8 

! .650.  96.24 91 .10  * 9 0 0 .  r 0 ~ 0 0 0 0 0 0 0 ~ 1 0 ~  . r 
$ 5 3 . 0  r5 .C 9 1 2 5 . 0  $ 1 .  * I =  r l .  9 

f. 1 . r4.764F .5  10.5 95 .3  t 0.33 r I r 7 ? 5 F 5  r  
F1.0 r 5 . 7 6 7 C 2  90 .@ r3R4.A  r l .  r ' b312 .  . r 
60 .5  9 2 5 0 .  r 5 5 5 6 .  r 3 . 6 3 E 5  r0 .H  993.0 r  
P 2 2 0 .  9 2 0 0 .  - 9 3 4 0 0 .  r .130 .  r3 .OOEh 90.7 r 

9 2 1 2 .  r 1 7 4 2 .  r 5 . 0 f . 7  ,700l-l. r 3 . 3 5 4 E - 2  r 0 . 0 5  r  
9 2 8 . 9  r 6 6 7 . 0  ~ C ~ ~ ~ D D O O O ~ ~ C ~ ~ ~ ~ ~ ~ ~ ~ ~ O O D O O O O O O ~ O ~ ~ ) O O O O O O ~  
~ ~ o . o o o o ~ o o ~ o . ~ ~ ~ o o ~ ~ ~ o . o o o o ~ o ~ ~ n . o n o o o o o ~ o . c o o o o o o ~ o . n ~ n ~ o o o ~  
F O ~ 0 0 0 0 0 0 0 r C ~ 0 0 0 0 0 0 0 r 0 ~ ~ ( 1 0 0 0 0 0 O r ~ ~ O 0 0 0 0 0 0 r 0 ~ U U O O 0 0 O r U ~ 0 0 0 0 0 0 0 r  



~ o . o o o o n o o ~ o . o t o o ~ o o ~ ~ . o o o o ~ o d ~ o . o ~ o o ~ ~ ~ , o . o o o o o o o ~ o . c o ~ o o n ~ ~  
L 0 ~ 0 0 U 0 0 0 0 r 0 ~ 0 0 0 0 0 0 O r O ~ O O O U O O O r O e O O O O 3 O O r O ~ O O ~ O O O O ~ ~ ~ O ~ O U O ~ ~ r  
? ~ 0 ~ 0 0 0 0 0 0 0 r 0 ~ 0 0 0 C C 0 0 r O ~ O O O O O O O r O ~ D ~ ! O @ 3 O O r O ~ ~ O O O O O ~ ~ O ~ O O O C O O O r ,  
~ ? . O ~ O O O O O O O r O ~ O O 1 O O O ' O O r O ~ O O O ~ O @ O r O ~ O O O O l O O /  

OATA ( t R A M E ( I ) v I = l v l O O ) /  
9.7tiALVGF4Y. r71iACC?U!? r 7 l i t T A T O T  r  i H C i l O L ?  r 7 H E B V  r 7 t F ! P  I r 
R 7 H C A P P R I X r 7 H l I P C C S  t 7 V A O C O 5  r7HGASOLJT r 7 F P L T t O S  r 7 H A W L I F E  r 
E 7 H T X O O C O S r 7 H S Y S G R E A r 7 t 1 T O T C C L  r 7 P S P G P Y X  a 7 H D R I S C  r 7 V G F P T R A T r  
F.7HUCC r 7 H C R C B  r 7 F A L A T C  r 7 I ' k L A P C  v7HALAOC r 7 t 6 L E C C  9 

5 7 H A L P F C R  i 7 H B L ? t F 3 L r 7 E & I K S T L  r 7 t ' C 9 ~ 4 ? E O S r 7 H U O U T  r 7 l ' T F F I  r 
77HCELCUR r 7 H P M ) f l  r 7 H A H C E L  r 7 H C T A V  r 7 H E T P I  * 7 p E T A P  r 
k 7 H E T P P  r7 "PP 'JR  r 7 V E T A E  7 H V T H  17HAb!ODQ r 7 H A Y L E N  
K 7 H i F l 4 A S  r7HCF'!OO r7k!CFHOD r 7 H C F A N  r 7 H t F S A f i  .7WTPLEP! 
9 7 h T R D I  SF r7 t lT .RYCS 17l4;PTHK * 7 h E ? A ! 4  r7 I 'EPVOL r7HEF"P .S  
t7HA!.'MFL r 7 H A M V F L  r 7H' lCL I N  r 7l 'VELOUT 1 7 H P U S T K  r7HPCf4PD r 
R7HCFVAX r 7 H C F 7 1 N  r 7 H S E F C O S  r 7 Y B P C O S  r 7 H F w C O C  ~ ~ P O W O P C O S I  
P 7 H P I D A  r 7 H F I O C  r 7 H P O D A  r 7 t i P I I D C  m7HPl'OA v7l'CkDC r 
F .?HPIPA i i V P I ? C  r7 tJCCCON r7ERF.COM 17FOt4FL 1 7 e t Y F L  r 
?.7HU:?FL03 r 7 H k l ! l F L h ?  . *7HFL !KFL  1 7 P P S P A  .I 7FPSPC . 7 t l C k F L C C  1 

L7HCWFLHC r7HOCAP .7HHCbR r7HCLfMFL v 7HFVPP r 7FCFODCV r 

S7HPLENA r 7 H P L E N C  r 7 H k M F L O 2  r 7 t i U V F L H Z  r7HU8VFLOl  *7HL!'FLHl r 
b 7 k S T K L E N  r 7 H Q R E S C V  1 7 H C P I P E C V 1 7 H A H X A R  1 

DATA ( f K P M E ( 1 )  r l = l O l r 2 C O ) /  . . 
F7VCEXAR r7HClJFAHX '  r7k ICVFCHX r 7 H O A H X  q?HCCHX ' r 7 P C T A H X  r  
f i7VCTCHX r 7 H A V 0 2  r 7 H C V O L  ' 9 7 H P f N ' A T  r 7 V P K O H  - 7 H P P F L  r 
?,7tiPAK.FL v7HFCf'FL r 7 t i P A V F L  r 7 F P C V F L  q7HGVOL r7YRP4ODCOSq 
T 7 H E P P T Y  r 7Hn i ' tFLH r 7 k k " F L C  ,7HO:4FLOIT,7HHkFLGUTr 7i-L:vFLC5 r 
R 7 P U " F L H 5  r 7 H W C F L C 4  r7HVPFLI-14 r7HOSMO r 7 H P S M H  . r7t 'CCC , 1 

&7HODH r 7 l i D L O  q 7 H D L H  r 7t1GPO r 7 E C P H  r  7kOPf'J 9 

47HAlJXPWR 9 7'!OCPJR r 7 H H C P V R  r7HOCOMPC r 7 H H C 0 4 P S  7POSTOR r 
C71JHSTOR r 7 H E K P J Y  r 7 H t Y P T Y  r 7 H P C L F  r 7 H G I M L F .  r 7 H S L r E P R  r  ' 

b7HATOEPR r 7 V F L F r  r 7 t ! C P F T  r 7 P P L A A C E  r 7 V P L A I T  . 7 t ' A L I I T C P r  
t 7 F P D P  v 7 t l A C V C O S ' r 7 t ! A F V C O S T r 7 H A ! 1 A T C C S r 7 t 1 A L I ! R C C S v 7 H P C P C O S  r 
L7HAOHCOS r 7 H A N C O S T  r 7 P C Z C O S T  r 7 H C E L C O S T r 7 H E P C O S T  r 7 H T R C O S T  r 
8 7 H M O L D C O S r 7 t l C F C O S T  r 7 H S L C O S T  r 7 F A S S Y C C S * 7 Y k ? ! P P C O S v 7 ? ? C A P P C O S r  
9 7 k O X P R C O S r 7 F H Y P ? C C C - r  7 H P I J F L C O S *  7 t lGNhXCOSr  7HCAblXCOSr 
R 7 ~ A t ! P k l C O S r 7 t l C A P K C ' J !  r 7 H C C ! ~ R S C @ S 9 7 P C A R S C 0 5 9 7 V P l l R 6 C C S 9  7l ' rXChlCOSr 
L 7 t ! H Y C N C O S r 7 H O X O F C O C ~ 7 H H Y @ R C O S r 7 H A I N S C C S ~ 7 H C U P P C C S r 7 H F ~ P ~ C O S ~  
R 7 H V L N T C O S r 7 H S T R ~ C O S r 7 P O X C M C O S v 7 H H Y C f i C O S r 7 H O X F T C O S r ? k E Y F T C O S r  
7.7HPSCO.5 r 7 H U ? J k S C O S r 7 l i C N  1NCOSr  7HDNECOS / 
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WAS INTENTI'ONALLY 
L E F T  BLANK 

L I 



SURROUTINE HEAC ING(NRUF!) 

1 '00  F O R M L T (  I H 1 /  
8 1 0 X r 4 8 H X  " 

fi X  Y X X  XX XXXXXXXX X Z X X X X X X /  
E l i l Y * ~ t 8 l ~ X X  XY. X X > X  XX XX XZ X  X  / 
g l 0 : < r 4 R t i X X X  XXI: KX XX XX XX X N  X  X  / 
F. l O X . 4 8 h X X F X X K X Y  'NX XX XX XX XP X  x / 

R 1 0 X * 4 B P X X  XX XS KX ' X X  XY. YX X!! XMXXX X X X X Y X X X /  

4 10X,4nPXx  X> NXXXPXXX XXXXXxXX XX v x / 
E 10X,48t lXX XF ' < X  XX YXX XXX XX X X /  

8 10?r"HPXX X Z  < X  XX XX YX Xx Y X /  . 

i! 10Y*4f ; t :XX X5 'X XX. X  X X ~ X X X X X X  X X X X X X X X )  - 

P R I N T  1 0 h r N R U N 1 1 0 D l Y  
1 C h  F O R M A T ( 1 H O ~ l O X ~ f O k R U F I  W k l E S R * I 3 * 1 4 H .  C X t C U T E O  ON r A l O )  

P R I N T  1 0 2 r ( T I T L E l ( : ) ~ l = l r ~ ) * ( T I T L F : 2 ( 1 ? r I = l d )  
1 0 2  F O R ~ ' A T ~ I l X ~ A A l O / R ~ ~ ~ . O )  

P R I N T  1 0 3 r ( I c ' P h P M E <  I ) r P A R A k l ( I ) r I = 1 * 2 6 2 )  
1 0 3  FORf.!AT ( 6 0 ( 2 X 1 5 1 1 3 , 1 H . r A 7 r  l t ! = * l P G 1 1 . 4 1 2 v ) / ) )  

RFTURN 
E O D  I 



SIJBROUT l N E  E S T I M  
C  S DE'PUG 
c s  C I L L S  
c c  FIJQCS 
C  5 TRACE 

- C %  STORKS t D C P U R * P P W R * b M C F L * C I  *PMOO) 
C.SUBROUTIF!I:  " E S T I M "  I S  T R A F F I C  COVTROL CENTER FOP D E S I G N  R COST EST1: 'PTION 
C  SEE PEFEREblCE T A e L E  FOR MNEMONIC. D E F I N I T I O N S  CFlO U R I T S  

C O M M O N / E L K 1 / D C P ~ V H ~ P T * P T E 1 O D ~ X 3 ~ C A r ! ~ C C D ~ X 6 ( 2 ~ ) ~ A M S T Y ~ E P S T Y ~ A R X C E L ~  
2 X 3 3 ( 1  S O ) ~ A Y L F L I T L C ~ I ~ I ~ . ~ L F H ~ T H I E H  

C O Y ~ ~ O N / H L K 2 / 4 L G P R X ~ C . C P V R ~ C T 4 T C ~ T ~ C V ~ f i B V ~ E P I ~ ~ C A P C O S ~ A P C O S ~ A O C O S ~ A G @ ~  
~ P L T C O S Z ~ A M L F ~ L P C O S Z ( S A R ~ P C ~ : L ~ Y ~ ~ ( ~ ~ ) ~ C I ~ P M O O ~ A ~ ~ C E L ' ~ ~ T ~ V ~ ~ T A I ~ E T A P ~  
3 E T 4 P * P P K R * E T P k r l ' T H q A N O C G ~ L M L E N i Y 4 ? ( 2 )  *CFHOD 

CoI4Y.Oi!/PL'K51IFL&G ( 3 2 )  
D I M E N S I G N  A M E ? ( J 2 * 4 )  
C A T 4  ( ( k M E S ( l ~ J l ~ J = l ~ 4 ) ~ I = l ~ ~ l /  

1 1 O H 1 - E ~ D O T t l E R r 1 O H Y l C  AVERAG*OOwE C E L L  V O L r l O H T A G E  t 

2 1 0 H 2 - I N L E T  I ~ A q . 1  i?H.(:?IFOLOS O V * l b F E R S I Z E D  r 1 0 H  9 

3?0! !3-OUTLET M , l ? H A N l F O L D S  P * I C I ' V E P S I Z E D  r 1 0 H  9 

~ ~ O H ~ - S L ' P P I N ~ I ' P ~ ~ ~ H I I ~ '  FLOW I N r l O P  OYE: OR E l O r l C t i R E '  CELLS, 
S lOH5-OVERMhX1, lOHMUM FLOW I r ! O H N  ONE OR MI~OHORE C F L L S  r 
6 1 , O H t - P C Q * D  C O I ~ O H O L I N G  h 'ATEv IOHR FLOW T00 .10H L I R G E  
7 1  0117-HEhT L D S *  I CIES 4 7  CC'NDE* 10I'NSER T 0 0  CII CYP.4GE 9 

F l O t I E - H E A T  . L 3 S * l l r H S  3Y . C O N V E * l ! ? k C T I O N  TO0 r l O t l L P R G E  * 
SlUt iY-PJET HE!IT* 1 C H  LOSS TOO t l O H L E R G E  r l O H  / 

1 0 0  FORP!AT(79HONEXT CASE I S  OUT OF RAYCE ON) 
I 0 1  F C R " A T ( l X ~ 4 1 1 0 )  

0 0  2 0 0  l Z l t 3 2  
2 0 0  I F L A G  (I ) = O  

C A L L  VOLTCLC r R E T U R N S ( 1 0 0 0 1  
C I  = C A Q + C C @  
PPVR =DCPWR 
P C E L = P P V R / ( C V + C I  
PNO!!=PCEL/P.NY.CEL 
Pb!OD=? 1NT t P Y Q O ) * l . O  
A ! ' C E L = A I N T f F C E L / P M O D l  +l.O 
PCEL = AMCFL'PYGC 
PPWR = P C E L *  C I  +CV 
BBV = At'oCEL*CV 
BSI = CI 9 ~ 1 4 0 ~  



VTW=1.4813+1.b3nf-4*(PT-25.) 
E T A V =  V T H / C V  
C A L L  ETAPEC i 

I = I F I X ( A K S T Y )  
' .  I F ( l . E C . 2 )  G O  7 0  21'2 

C A L L  CFRMI),RE:URFIS ( 1 0 0 0 )  
G O  TO 205 

2 0 2  C P L L  R F K ~ O ~ E E T U R N S ( l - O D 0 ) .  
205 C A L L  E T A C U R  

ETA?l= E T A 1  * E T A V  
. A K ~ D O = ( I . O - E T L V ) * C I * R B V  

C A L L  MAbJANAL , F E T l ! Q h S (  1 0 0 0 )  
C A L L  HMPP . R E ~ U R ~ : S ( 1 3 0 0 1  
S A R =  2 . + P V O O * t ' ~ L E h * C F H C D  
C A L L  c n m T T  
C A L L  ETAFJET 
C A L L  P L T C O S T  . . 
C A L L  L I F E ( T L O ~ ~ A P L F L I - W I G H B A C ~ L F H P T D P L F )  
C,<LL MODCOCT 
C A L L  C a P c o s T  
C P L L  OPCOST 
C A L L  GASCOST 

! 

R r T U R N  
1 6 0 0  PRIP!T 1 P O  

0 9  2 0 6  K = l r 3 2  
I F  t ' I .FLAG(M).. f 'O.O) GO TO 2 0 6  
P R I N T  ~ O I . ~ ~ ? C S ~ M ~ ~ ) ~ A P E S ( ~ ~ ~ ~ A M E S ( N I ~ ~ ~ A ~ E S ( N B ~ ~  

2 0 6  C O N T I K U K  
ALSPRX = l . O E l O  
RETURR 
C KO 



SUBROUT I N 1  E,XOUT.l(  I O F L A G r  NRUN) 
C ? Y M O N / E L < l / P A R A M ( 3 ? D )  
C O M l i O N / B L < 2 / C S T C U T (  i00) 
C O W ! 4 O N / % K 3 / P ~ P P C ( S O O ) ~ E W A N E ( 2 0 O ) ~ T I T L f 1 ( ~ ) r T I ~ L E ' ( ? )  
C 3 ~ ' ~ O N / B L K 7 / M L O O P ~ C L 0 0 P f  1 5 9 2 )  * M L O O P ( 1 5 * 3 )  
FORKAT ( 2 Y  r 6 A 1 0 1 P P 1 0 )  
FOR!.?AT ( l R t 4 1  'OPTIIJ;UM F O R  RUN, - 9  I 4 r 6 H  W I T H  q I 2 r 1 6 H  LOOP PARAMETERS)  

FOP!'AT ( 6 0 ' ( 2 ~ ~ 5 ( 1 5 r l ~ . r A 7 ~ l H = r l F G 1 1 . 4 ~ ) / ) ' )  
FOR?iAT (20140 OUTPUT PARAMETERS ) 

FORYAT ( 1 5 ( 3 X ~ 1 3 r l H . * A 7 ~ l W = ~ ] I P G 1 1 . 4 r 4 H  TO r l P G l l m 4 ~ 4 t  I N  r I S r  
S 1 9 H  S T E P S *  OPTIMUP A T  r l P G 1 1 . 4 / ) )  

FORYAT ( , 1 5 O ( ! H @ r 2 ( I ? ~ r l P . r A 7 r l H = r  l P G 1 1 . 4 r 4 2 ) o C ) )  
P R I N T  1 0 ~ * t 8 R l I R * P ! L O O P  
P R I N T  l O C ~ ( T I T L E l ( l ) r l = l r ~ ) ~ I T I T L E 2 ( I ) ~ l = l ~ ~ , )  
P R I N T  1 O ~ ~ ~ ( ~ L O O P ( I r 1 ) ~ P N A M f ( N L O O P ( T r l ) ~ r O L O O P ( 1 r l ) r D L O O ~ ~ ~ r 2 ) r  

4 > ~ L O O P ( I r 2 ) ~ P A R A R ( K L C C P ( ~ I ~ l ) ) ~ I = l ~ N L O O P )  
I F  ( ( IOFLAGIEQ.~O) .OR.  ( I O F L A G . E r ! r ! l l ) )  GO TO I 
P D l N T  l t 2  . 
P R I N T  1 0 3 r ( l r P N A X C ( l ) r ? A R A M ( i ) t I = l r 2 6 2 )  
P R I r l T  1 C 9  
P R I K T  1 0 S ~ ( I ~ E N A M E ( l ~ r E S T O U T [ I ) ~ I = l ~ 2 0 0 )  
GO TO 2 
PR IF!T 1 0 2  
P R I N T  1 0 6 r ( I r P N A M E ( I ) r P , A R A M ( I ) r I = l r 2 6 2 )  
P R I N T  I F 4  
P R I N T  1 0 5 r ~ l r E h ' A M E ( I ) , ~ E S T O U T ~ ( I ) ~ I = l r 2 0 0 )  
RETURN 
E VC 



S ~ I P E O L ' T I ~ ~ E  . E T ~ C U R  
C 5  DCSUG 

C O E P O N / ? L K l / X O t 2 )  r P T t ~ C I ) * X ? . r C A R ~ X 5 ~ C T H K * X 7 ( 1 3 ) * C L C O b ~ * E L C F L C r A M ' R f S *  
~ A ? D E L ? I A N O E L T ~ > ~ ~ ( ~ ~ ! ) * A F : N ( ~ ~ ~ )  

C O ~ ~ O N / ~ L K 2 / Y 0 ~ 3 ' l ~ C V ~ ~ 4 ~ 2 C . ~ ~ C I ~ P ~ O D ~ t ~ C E L ~ ~ F T A V ~ ~ T A I  
D I M E N S I O h I  R 1 ( 2 r 2 ) . r R 2 ( 2 r 2 ) r R 9 ( 2 * 2 ) r C L O S ( 2 d )  

C  L = I b ! r O U T r  K = H r C  
H H O ( T ~ C ) = 1 ~ / ( 1 1 ~ 0 2 - ~ 1 ~ S 5 8 * T + 1 D ~ O 5 * T * C ~ 1 9 5 ~ 9 * C ~ l ~ ~ O P * T * C * C  

! . - 4 1 + . 5 * t * C )  
z = c ; I / c 1  
no 1. r . = l r 2  
0,9 1. L = l r 2  
T.NAN=PTNOD+(FLOAT ( L  1 - 1 . 5 )  *AHl?CLT 
CKAN=ELCO5! + ( 1  . 5 - F L O A T ' ( K )  ) + E L O W  
R = R R O ( T M ~ N ~ C M A N ) * ( ~ . * ~ . ~ ~ * ( L - ~ ) * ( ~ - K I )  
R l ( L * K ) = ( R  C Y N ( l L r 3 1 ) / ( 0 . 7 P . 5 4 *  : C T H : K * A M N ( L r 4 ) ) * * 2 )  
R 2 ( L * K ) = ( R  . * C l H X ) / (  . 7 P 5 4 * A M N ( L - . 2  1 2  . 
P . 4 t L * K ) = ( R  * k M N ( L * 5 ' l  ) / ( 0 . 7 H 5 4 * i . i . l ! J ( L t 2 ) * * 2 )  

1  CALL L O S ( C I ~ A ~ B : C L , ~ ~ R ~ ( L . C ) ~ R ~ ( L I K ) ~ F : ~ ( L ~ K ) ~ A L C S ( L ~ K ) )  
TOTLOS- A K ~ ! ( l ~ l ) * ~ ~ ~ L ~ S ( 1 ~ l ) * ~ L O S ~ 1 ~ 7 ~ ~ + k F : ~ I ( 2 r l ) r ~ A L ~ S ~ 2 ~ l ~ + A L O S ~ 2 ~  

. ' 2 2 ) )  
E T A T =  1 - 0 - T O T L O S / . ( C 1 * A u . C E L - * C V )  
RETUP.!I ' 

T k D .  



SUBROUTINE L O S ( I l r R N r Z t R l r R 2 r R 4 r A L O S )  
C$ DEBUG 
CI AREA ( * r 5 0 ) r ( 3 0 0 r * )  
CP STCRFS ( I l r A N r Z r R l r R 2 ~ ~ 4 ~ A L 0 S r I r F l t D I r E l r D r E )  

R E b L  1 1  
D I # E N S I O N  A ( 2 0 , 0 ) r F ' ( 2 0 0 ) r  I ( 2 0 ? ) . P ( 2 0 1 )  
OOUeLE P R E C I S I O N  A q R * I * P r O r E r O l r E l v S l r S 2  
N l = I F I X ( A N )  
N . ? = N l + l  
O l = Z / ( R 2 * 2 . 0 * R l * Z )  
E 1 = 6 : 1 / ( R 2 + 2 . 0 * R l * Z )  
A ( I ) = l . O  
A ( 2 ) = 0 . 0  
8 ( 1 ) = 0 . 0  

' B t z ) = l . o ,  
9 = - 7 / 6 l  
E = ( V  * 8 9 4 * Z ) / R l  
A ( 3 ) = D  
B ( 3 ) = E  

. s 1 = 0 . 0  
s 2 = 1 . 0 .  
E = ( Z * 2 . 0 * R l + R Z ) / R l  
DO I 0 0  N =  5 v N 1  
k ( M + l ) = & ( N ) * E - A ( N - l ~ + o  
~ ( ~ i l ) = e ( ? l ) * f - Q ( M - l )  
S l = S l + A ( N )  
$ 2 = S 2 + E  ( N )  

1 0 0  C O N T I N U F  , 

, -  S l = S l + A ( I C 2 )  
S Z = S 2 + 9 ( N 2 )  
F ~ = ( O ~ + ~ ~ * A ( N ~ ) - A ( I ! ~ ) ) / ( R ( N ~ > - E ~ * ~ ( N ~ ) ) ~  
I ' ( ~ ) = A R * I ~ / ( M ~ - S I - S ? * F ~ )  
1 ( 2 ) = F l * l ( l )  

5 0  D O  2 0 0  J = 3 v % 2  
I ( J ) = A ( J ) * 1 ( l ) + l i ( ~ i ? 1 ( 2 )  . .  

2 0 0  CONTINUE ' . . 
P ( 1 ) = 1 ( 2 )  
l ( N 1 + 2 ) = 0 . 0  
D O  3 0 0  J = 2 r N 2  
P ( J ) = I ( J + I ) - I ( J )  



3 0 0  C O N T I N U F  
A L O S = ( I ( l ) - I l ) + A N  
RETUilFJ 
END 



SURROUTIWE VOLTCLCrRf  TURRS(N)  
C O M h O N I S L K l / X O r X l r  T r X 3 r X ' t r C C O r X 6 r C V P ( 4 , 3 )  
C O M K O N / 3 L K 2 / Y 0 ( 3 ) r C V / F L K 5 / I F L A C ( 3 2 )  
I = 3  
I F  ( T . L E . C V P ( * r ? ) ) I = l  
T I = ( T - C V P ( ~ ~ I ) ) / ( C V P ( ~ ~ ~ ) - C V P ( ' I V I ) )  
R =  f C V F ( 3 - 2 ) - C V D ( 3 * 1 )  ) * T l + C V P ( 3 r l )  
S =  ( C V P ( 2 r 2 ) - t V P f 2 r J ) ) * T l + C V P ( ? * I )  
E =  (CVD(1q2)-CVP(lrI))*Tl*CVP(l& 
CV= F +  S * ( P L O G l C ( C C D ) ) +  RfCCD 
I F  (CV.GT.1 .4R)  G O  TC 1  
I F L A G ( l ) = l  
RFTURN N 
SETURN 
C KD 



1 SUE.ROUTINE ETCREC 
2 C O ' F M O N / P L K 2 / Y 1 ( 3 5 )  rETAR 

j .  ETbR=0.95 
4 RETURrJ 
5 CkC 



SUBROUT I N C  CFRMO*  RETURb!S(tJ) 
CS DEBUG 

C O Y ~ O N / F L K l / X O ~ X l r P T B ! C C ~ X 3 ~ C A H ~ X 5 ~ C T H K I X 7 ~ 1 2 ) ~ C C O M P ~ X 2 0 ( 2 ) , ~ A ~ P R ~ S q  
2 X 2 3 ( ~ ) r t P S T Y ~ X 3 2 ~ A f 4 A S P ~ E P O E F ~ E P M O I ; ~ € P M O D T r F P ~ H O * ' E F N U ~ X 3 ? ( 2 ) ~ S L T H K ~  
~ S L L ~ ~ ~ S L L ~ T I S L K D I S ~ S L D C D I S ~ X ~ ~ ( ~ ) ~ T R F J O ~ T R ~ O ~ ~ T R R O C T ~ T R C T F ~ T R U ~ S ~  
~ T R U T S T ~ T R S F ' ~ T R R ~ O . T R N O ~ Y . ~ ~ ~ ~ F R H O ~ C F M T S ~ C F M T S T ~ C F M A N ~ X C ~ ~ A M ~ ( ~ ~ ~ )  

. C O Y P C N / E L K % / Y 0 ( 4 l ) r b M L E N ~ C F Y A S ~ C F V r ) D ~ C F H O D ~ C F A ~ l ~ C F S A P  
C O M ! ~ O N / P L K S / I F L C G  (32) 
C = S C R T f C A R / f  . l . + l 5 4 )  
ARC=(R+RMN(lr31*AI<N(l~2)/2.0)*1.57OH 
H O L ~ ~ A M ~ ~ ( l r l ) * A ~ ~ h ~ l t 2 ) ' 2 ~ 0 * ( 2 ~ C * A ~ ~ N ( l ~ l ~ - l ~ O ~ * S L M D I S  
I F  (HOLE.C.T.ARC) I F L A G ( . ? ) = l  
A R C = ( 4 * A f 4 N ( 2 r 3 ) + A ~ J ~ b ! ( 2 r 2 ) / 2 . 0 ) + 1 . 5 7 0 ' 8  

. H O L C = A ! ' N ( 2 ~ 1 ) * & l ~ N ( ~ ~ 2 ~ * 2 ~ O + I 2 ~ O * A K N ~ 1 ~ 1 ) - l ~ O ~ * S L M D I S  
I F  ( H O L E . G T . A R C )  I F L A G ( 3 ) = 1  
I F  ( I F L . A G ( ? ) * I F L P G ( 3 ) . G T . O )  R E T U R N  N 
T S = ( C F t l T S - ( P T M O 9 - 2 5 ) * C F I ! T S T )  
S A N D =  A M A X ~ ~ ( A M N ( ~ ~ ~ ) * F ~ N ( ~ * ~ ) ) V ( A M N ( ~ ~ ~ ) * A K N ( ~ ~ ~ ) ) )  
AND = A M P R E S * ( R * Z A N D ) / T S  
I F  (AFJD.LE .CFMAN)  AND=CFMAh 

. . C F A N =  SARD+AF!O 
C F H G D =  2 f  ( C F A t J + R )  
C F V O D i C F H O O  
C F S A R = . ~ A ~ ~ * ( C F H O D * * ~ - ~ . + R + + ~ - ~ . ~ ( A N N ( ~ ~ ~ ) * A K N ( ~ ~ ~ ) * * ~ + A ~ ~ N ( ? ~ ~ )  

Q * A ? l J ( 2 r 2 ) * * 2 ) )  
C F Y A S = C F S A R * ( C T H K - S L T H K ) * C F R H O  
I = I F I X ( E ? S T Y )  
I F  ( I . E Q . 2 )  GO T O  1 0 2  

1 0 1  C A L L  C E P S l  
R E T U f i V  

1 0 2  C A L L  C C F S I  
RFTURFJ : 
E NO 



. S U 3 R 3 U T I N f  C E P S I  
Ce. DEHLG 

C O ~ N O N / X K ~ / X O ~ X ~ ~ P T C O C ~ ~ X ~ ~ C A R ~ X ~ ~ C ~ H E L ~ ~ ~ ~ ~ ~ ~ C C O ~ ~ P ~ X ~ O ~ ~ ~ ~ A ~ P R E S ~  
2 X 2 3 ( 8 ) ~ L P S T Y . X 3 ? r A M A S P ~ F P O E F ~ E P F ! O f i ~ E P Y . O ~ T ~ ~ P R H O ~ E P N U ~ % ~ ~ ( 2 ) ~ S L T H K ~  
: S L L C . S L L O . T . S L M D I S I S L D C O I S ~ X ~ ~ (  2 )  * i R ~ J C t l ' P , f i O C ~ T R M n D T ~ T R C T i  + T R U T S *  
4 T ? U T S T ~ T R S F ~ T ' H R h C ~ T R , R U ~ ~ 5 7 ~ C F R E O ~ C F M T S ~ C F M T S T ~ C F M A K ~ ~ C 2 ~ A ~ R ( 2 ~ ~ i )  

. C04 I<Or4 /BLK2 /  YO ( 3 2 )  r A Y C E L t Y Z 3 ( 8 )  9 A N : L E N q C F ~ 4 A S * C F V O D * C F E C D * C F A h *  
~ C F S ~ R ~ T R L E N I T R ~ I A K * T R M L . S . C P T H K * F P ~ R R E F L ~ L * E ? M A S  

S L P = (  S L L P +  tPTMOO-?!5. ) + S L L D T )  
E  = ( E P t ~ O D + ( P T N O C - ? S .  ) *EPF iOGT)  
P =  BMPRFS+CCO:.lP 
T R l I = T R S F *  ( T F U T S *  (PTMOn-25 .  ) * T R U T S T )  
ANYI-~.O/EPF!LI 
R 0 =  S O R T ( C A R / J . 1 4 1 5 5 )  
A T =  C F l i O D / 2 .  
F1=  (12*AFi+(t.O.) * A ? *  bO/(I!I..+l - 0 )  
F 2 =  + 4 . 0 * P C . * T 0 * 4 L O G ( R G / a C )  
F 3 =  - ( 7 . * A M + 3 . ) * R O * R 0 / ( P . V * 1 . 0 )  
F = 0 . 1 1 3 7 ~ * A Y F R T S * ( P I ~ * ~ f ? - l . ) * R O * R O * ( F : O * F 2 + F 5 ~ / ( E * A P C * P M )  
A L 1 7 = 0 . 2 5 * ( 1 . - . 2 C * ( l . O - E = P ~ l I ) * ( I . - ( R C / P * O ) * * S ) - ( R O / A 0 ) * * 2  * (1 .0 -  

R : ( l ~ O * T P l J U ) * G L S G ( R O / L O )  ) )  

& 1 . 1 1 = 0 ~ 0 1 5 h ; ! 5 ~ ( 1 ~ 0 + 4 ~ ~ * ~ ~ R ! ! / A 0 ) * * 2 ) * 5 ~ 0 ~ * ( ( R O / A 0 ~ * * 4 ~ +  4 . 0 * ( I R J / A O )  
R * * 2 ) * ( 2 . 0 + ( ( 4 7 / L . 9 ) * * 2 ) ) * . 4 L O G ( R O / A O ) >  
G = ( ~ L . P * ( A O * * 4 ~ / ( 2 ~ O * E ~ ~ * l P L 1 7 / ( 1 ~ f E P N U ' ~ - 2 ~ * A L l l ~ * l 2 ~ * ~ l ~ O - E P f ~ J * * 2 ~  
C P T H K = (  ( F + P ) / E P D E F ) * * . 1 3 3  
A 4 L D =  l 0 . 7 @ 5 4 * P O * * 2  - C F S A R ) * P  + C F S A R * S L P -  
T R D l  AM=SORT ( ~ I ' L D /  ( T R M O * O . ~ ~ ~ ~ * T ~ . T S )  
E P A R =  3 . 1 4 1 5 9 * ( ( A @  ) * I . S * T R D I A b ! l * * 2  
EPVOL= TPAR * f P T H X  
EPWAS= EPVOL*CPRHO 
AMLENZ Ar . lCEL*CTHK*2.0*EPT!HK 
TRLEbi= CMLEN+B. @ + T R D  l,tM 
TP,'\ 'n=TRF;O 
TRRKO=TRRHC 
TSWAS= TRLFN*TRkO*TRRH0*0.7854*TRDICH**7 

R E T U R N  
EtdD, 



S U R R O U T I t l E  ?FRMOIRETURRS ( N ) '  
C O M M O N / E L K 1 / X O ~ X l v P T ~ O @ t X 3 ~ C A R ~ X 5 ~ C T H K ~ X 7 ~ 1 2 ~ ~ C C O f i P ~ X 2 @ l 2 ~ v A f i ? ~ E S ~  

2 x 2 3 ( ~ )  . C P S T Y . X ~ ~ ,  ~ ~ ~ A S P ~ ~ P D E F ~ E P M O D ~ E P ~ O D T . C P P . ~ I ~ , ~ P ~ ~ U . X ~ ~ ~ ~ ~  V S L T H K *  
~ S L L C I S L L D T ~ S L X D I S ~ C L C C C I S ~ X ~ ~ ( ~ ) ~ T R I J O ~ T R ~ ~ O D ~ T R K O ~ T T T R C T ~ ~ T R U T S *  
~ T ~ U T S T I T R S ~ ~ T R R ~ O ~ T ~ ? ~ U ~ X ~ ~ ~ C F R H D ~ C F M T S ~ C F K T S T ~ C F ~ A ~ ~ ~ X ~ ~ ~ A M ~ ( ~ ~ ~ ~  

C O X M O N / B L K 2 / Y 0 ( 4 1 ) . A E 1 L E N ~ C F M X S ~ C F V O @ ~ C F H O D v C F A N ~ C F S ~ R  
COMt!ON/SLKS/ I F L A G  ( 3 2  

. V I L =  S C R i ( C L R / A K A S P )  
H I L = C A R / J I L  ' 

H G L F =  P ~ < ~ ( l ~ l ) * C K N ( l r 2 ) + ( 2 . * ~ M N ( 1 ~ 1 ) + 1 ~ 0 ~ * S L M O 1 S  
I F ( H O L E . ; T . H I L )  I F L b C ( 2 ) = 1  
H O L E =  A V ~ ~ J ( ~ . ~ ) * A K N ( ~ I ~ ) * ( ~ . * A F " N ( ~ ~ ~ ) + ~ . O ) * S L M D ~ S  
I F ( H O L E . ; T . H I L )  I F L . A t ( 3 ) = 1  
l F ( I F L ~ G r ( 2 ) * I F L A C ( 3 ) . t T . 0 )  RETURK N  
T S =  C F Y T S - ( P T V O C 1 - 2 5 . ) * C F N T S T  

, AND= S C ! R T ( ( C A H * A F ! P H r S ) / ( 1 . 5 3 * T S ) )  
I F ( L N D . L L ' . C F P A N )  AhC= CFMkN 
t F V f ? D =  V J L +  2.*A,P!D+ ! . R K ( l r 2 ) * A P N ( 2 r 2 ) + A M h ' ( l * 3 ) + A M N ( 2 * 2 )  
CFHOD = H I L + Z . * A N D  
C F R A N Z  ( C F V O D - V . I L  /2.0 
C F S A R = C F V O P + C F H O D - H I L * V I L  -1.570A*(AKN(lrl)*AMN(1~2)**?+AMN(211)* 

S A R N ( 2 * 2 ) * * 2 )  
CF !4AS=CFSAR*  ( C T H K - S L T H K )  * C F F H O  
I = I F I X I E P S T Y )  
I F  ( I . C C . 2 ' )  GO TO 1 0 2  

1 0 1  C A L L  R E F S 1  
RETUR!? 

102 C A L L  R E F S 1  
R E T U R N  
C- F;D 





SLJ6ROUT Ih iE  H A N A N A L r R E T U R N S 0 : O )  
DEBUG 
AREA ( * r , 8 ) r 1 2 r * ) .  
TRACE 

I 

COTOS . . 

E 'YTERNAL DEN ~ V I S I C F  
C O ' ~ ! M O N / G L K 1 / X 0 ( 2 ~ r P T ~ O D ~ X 3 r C A R ~ C C O r C T H K r X 7 ~ 1 2 ~ r C C O ~ P ~ E L C O N . r E L O ~ L C r  

~ A H P R E S I A M O E L P * A ~ ! O E L T * X ~ ~ ( ~ ~ ) * A N N ( ~ * ~ ) * X ~ ~ ( ~ ) * S C F M N P ~ S C F K X R * S C F X *  
3 S C F C o T P T A l r l H T A 2 r E P I X ~ E P I C ~ 6 : P O X r E P O C ~ A F F ~ E T O  

C ' O Y ~ C N / E L K 2 1 Y 0 ( 3 2 ) ~ A ~ C E L ~ Y 3 3 ( 7 ) ~ A ~ O @ G ~ Y 4 1 ~ 1 3 ~ ~ A M M F L ~ A V V F L ~ V I ~ V O ~  
~POSTKIPRMODICFMAY * C F P ' I N r X 6 2 ( 3 4  ) * A L E N  

CONMCN/F. :LKSt  I F L S G ( 3 2 )  . 
D I M E G S I O N  G E  ( 3 ) r E ( ? ) r 6 ( 2 0 0 ) r Z ( 2 0 0 )  
J = 1 
R = I F I X ( A M C E L )  
R H O I =  O E N ( P T M 0 P r E L C O N )  
V I S I -  V I S I P T # O O r E L C O N ) / R H O 1  
C P I -  C F  ( P T ~ K O D v C L C O N )  

. AI'MFLZ AMOOG/I  t . f 4 9 F L T + C P I )  
AMLIFL=AKMFL I R I i O I  
A'JFL = A H V F L * A F F  I 

- A L E N = C T H K * A R C E L  i 
V I =  P V F L / ( A R N ( l r l ) * O . 7 8 5 4 * S K N ( 1 * 2 ) * * 2 )  
C l = A V F L  
G H ( ? ) = A V F L / h f ! C E L  
A S U P K = A V C E L = ( C T H K * A M N ( l * 4 ) I d M N ( l r 2 ) ) * * 2  
A R A T = ( A ~ ~ N ( l r l ) * P M N ( 1 ~ 2 ) * * 2 ) / ( P Y N ( 2 r l ) * A M N ( 2 ~ 2 ) * * 2 )  
C : : = I ; f i ( 2 )  
V l = V I  
C-"0.0 
V ~ = G ~ / ( A M I C ( I  r l ) * 0 . 7 8 5 4 * ( c T K K * A M N ( l * 4 ) ) . * * 2 )  
P C = ( G 3 / S C F C ) * * S C F X  
9KNO= V 1  * A w A ( I v 2 ) / V I S l  
F T = 6 4  ./RENO 
I F  (REXO.GT.2ilOG.) F I = 0 . 3 1 6 / R E K 0 * * . 2 5  
RE! !O=RENO*KPN(2r2  ) / A t < K (  1 9 2 1  
F!7=64 . /RERO 
I F ( H E t < O . t T . 2 0 0 0 . )  FO=0 .31h /RENO*4 .25  
GO ? i = l r N  
P = ( F 1 / ( 2 . 0 * 1 M N ( l  r l ) * A n N ( l  dl) F O * A R A T * * ~ / ( ~ . O * A M N ( ~ ~ ~ ) * A ~ ? N ( ~ * ~ )  



2 ) * V 1 * * 2  - (THTA L - T ~ T C 2 f A R k T * * 2 ) * V l * ( A S U 9 F : / A L E N )  *L13 
P = - ( R H O I * P ) * C T H K  
G9=.59*G: 
G ( I ) = G J  

. PO=PO+P 
I F  (PO.LT.0.0) GO TO 5 . .  . 
G:= SCFC* (PO*+  : l .O/SCFX))  
V3- C 3 / ( A # h ' ( l r 1 )  * O . . 7 8 5 4 * ( C T H K * A f l N ( l r 4 )  : + * 2 )  
v 1 =  ( ( G l - G 3 ) / C I ) * V l  
t l =  GI -G3 .  
RENO= V 1  + f i Y N ( l r 2 ) / V I S l  
F l=64. /RFb lO 
I F  (REF!O.GT.2'JBO. F I  =0.3 . l  b/EENO**.25 
R E P ; C = R E N O * A f l N ( ? r 2 : ) / b E ! I J (  1 9 2 )  
FO-64 . /F.EKO 
IF(RENO.GT.2000.)  FO=0.31S/REN0+*.25 

2  CQMTINUF. 
3  E f 2 ) =  G$-PVFL 

I F  ( A 6 S ( E ( 2 ) ) . L T . O . l )  GO TO 7 6 0  
, I F  fJ .GT.1)GC - 0  6?O 

t H ( 1  ) = G a ( 2 )  
G R ( 2 ) = G e ( 2 ) - E ( ? ) / A X E L  
GG TO 7 2 0  

6 9 0  ~ ~ ( 3 ) = ~ 6 ( 2 ) - ~ ( 2 ) * ( 6 8 ( 2 ) - ~ 8 f l ) ) / ( E ( 2 ) - ~ ~ 1 ) )  
C B ( I ) = C 8 ( 2 )  - ' 

G 0 ( 2 ) = C A ( 3 )  
7 2 0  E ( l ) = E ( 2 )  . . 

i l l J ) =  C A ( 1 )  
J = J * 1  
FO TO ,1 

7 6 0  PDSTK=PU 
P O M O O = ? D S T K + ( A Y F L / E P I C ) * * E P I X + ( A V F L / E P ~ C ) * * E P O X  

C CHECK FOR OUT OF, BOUNCS OR SINGLE CELL FLOY 
C F l ? A % = G ( l )  
CFHIN=G(  1) 

9 DO 'I I - 2 r t . I  . 
C F M A X Z  ' A ! $ A X l ( C F V A X r G ( I ) )  

4 CFMIF!= AMIN l (CFb ! I .N rC ( I  1 )  
IF(CFMIN.GE. (Al 'FL*SCFWP!R/ANCEL)) G O  T O  5 
I F L A G ( 4 ) = 1  . 



R E T U R N  NO 8 1 
8.2 . 5 I F ( C F M A X . L € . ( A V F L * S C F V X R / A H C E L ) )  G O  TO 6 
4 3  I F L C G ( 5 ) = I -  
8 c R E T U R N  NO 
3 5 h ' R F T U R M  
@ 6  . E XI) 



SUPROUTINE e r = B ~ ,  ~ETIJRP;S( IU)  
C I  L'C9I;G 
C  3 TYACFI 

EXTERNAL DEN ,VIS,CP 
R C h L  . N U S * K A I R  
C O M ~ ~ O N / ~ L K 1 / D C P U R ~ ? T E . M R ~ P T ~ 0 O r X X 3 ~ C A ? r X 5 (  1 5 ) 9 E L C O P l * f . L ~ F L C ~  

IAMFRES*AMDSLP, -  
2 A P . I ! E L T * Y 2 5 ( 5 ) r A P S T Y r > 3 1 ( ' 5 9 )  q A F F r X 9 i l ( L l  rCUT*CVYF,FUTrCPCL r P L R I N r  
SPL*;FPi'PPD*FSRC I H Y P I : ~ F D ~ ~ : T A P I ~ O T ~ P K ~ ! ~ L F H ~ C L F O ~ ~ F S H ~ Q ~ S E ~ E L P U ~ E T A P V M  
4 ~ T C C O r T C O ~ ~ D T O O ~ D T O H ~ X 1 D ~ O C H E F ~ H C H E F ~ E F A U P ~ E T A U c M ~ X l 2 2 ~ ~ ~ ~ F P K T H ~  

~ S P ! ~ ~ I N S T ~ A ~ ~ I ~ ~ S K I C F K T H ~ F F S I - I E F ~ R E S I ~ ! S T ~ R ~ ~ I I N S K ~ U H X A + U ~ ~ X C ~ V C I D F K ~ X ~ ~ ~  
COYKON/P:LK2/YO(29.)  r F F F 1 r C I ( F t ~ O L ! t A 1 4 i C C L r Y 3 3 r E T A I r Y ? 5 ( 5 ) ,  fil~FDC;,4FCLENV 

~ Y ~ ~ * C F V O U * C F H C D I C F A F ~ ~ Y ~ I ~ ~ ( ~  I * E P T H K * E P A R + Y 5 2 ( 7 )  q ? D Y O @ v Y 6 0 ( 6 )  v O 3 * C C *  
3 0 D A ~ O D C ~ P H D A ~ ~ h D C ~ P l F A ~ ? I P C ~ G C ~ N O r 3 C O ~ . H ~ O M F L ~ H V F L ~ h ' ~ l F L ~ 3 ~ ~ J ~ F L H 3 ~  
~ F W M F L I P P A * P P C I C U O C ~ C L ~ H C * D C A R ~ H C A R * C ' J I ~ F L * K ? P * O M O P L ~ R L E ~ : A ~ R L C P J C *  
~ ~ U M F L O 2 ~ W M F L H 2 r U M F L O l t W ~ F ~ H 1 ~ A L F : N ~ C R F S ~ ~ G P l P E ~ ~ X A A R ~ H X C P R ~ C W F H X A ~  
~ : C W F ~ X C ~ C H X 4 ~ G - X C r C T A ~ C T C ~ h V C L r C V O L r P U h T ~ P K O H r P N F L r P C M F L ~ P C F ! F L r  . 
7Pb'JFL *PCVFL*GbOL 

C O f i W O N / E L K 5 / I F L 6 5 ( 3 2 )  
V I S A I R ( T ) = 1 . C - C * ( - 4 ~ 2 2 6 + ~ 0 4 0 2 7 * ( T * 2 ~ ' 3 ~ 1 5 +  9 . 3 4 2 E - 5 + ( T + 2 7 3 . 1 5 ) + * 2 )  
H V A ? ( T ) = l . E h * C 2 . 4 6 0 - 9 . 1 9 3 ~ - 4 + T - ~ ' j h O ~ ~ E - 6 * T * * 2 )  
V " ( T ~ C ) = 1 3 3 . 3 P 2 * F X P ( 1 ~ 5 3 9 + . 9 e ~ 3 * C - ~ ~ 9 0 6 * C * * 2 + ~ 0 6 5 1 2 * 1 - ~ 0 0 6 2 6 8 * C * T  

P . + . . C 0 1 6 5 3 * T * C * + 2 - 1 . 4 0 b F - 4 ~ ~ T * * 2 * 2 . 2 0 7 1 . - 5 ~ * C + T * * 2 + 3 . 8 1 9 E - 6 * C * * 2 * T * * 2 )  
KA!R(T)=4 .164C-3  * 7 . 2 6 7 f - 7 + ( T + 2 7 3 )  
CPUV(T)=8157.0-37.343*(T*273)+.0748*(T+273~**2-4.956E-5*~T+273)**3 
C~~(T)=L441.3+63.105*(T+273)-.1683R*(T+273)**~+1.52lC-4*(T+273)**3 
C P O ( T ) = ? 5 0 . 6 P - . 4 4 5 1 * ( T * 2 ? 3 ) + 1 . - 7 9 5 E - ? *  ( T + 2 7 3 )  +*2-P. .46F-7* ( T . + 2 7 3 ) * * 3  
A L F A ( T ) = ( - - 2 9 9 9  + 1 . 7 1 4 E - 3 * ( T * 2 7 3 )  ) * l E - 4  
CF'k'=CilPh.7 

C  CALI: MAST; FLOWS 
COidC= E L C O N + O . 5 * f L t i E L 3  
CON&= E L C O K - 0 . 5 * f L C E L 3  
CFF = 1.- AFF 
RHOA= 3EN(PTl' .r l3rCOCiA) 
R Y O C =  DfK(PTt?CnLl,COKC) 
E C F I =  C I  +kXCEC*PHOD*E TAX 
P : 4 F L = A W D Q * P K C ) / t A X D f  L T *  G A F F * C P ( P T i l O O ~ C O N A ) + C F F * C P ( P T M O P ~ C O N C ) )  1 
PAMFL= AFF +FMFc 
P C X F L =  CFF *Ph'F? . 
PCVFL= PCMFL/RHOC 



4  1 P A V F L =  .?Ab1FL/RHOA , 
4 2 H K F L =  E F F I * I . O 4 4 7 0 E - 8  
4  3  O ' Y ~ L =  E E F I  *6.29C9hF-8 
114 C  E L E C T R C L Y T E  P I P E  S I Z E  S E L E C T I O N  
4 5 D A =  \'A=OD.\=O 
(4 f1 OC= V C = 0 0 3 = 9  
4 7  I F  t f iFF .E ; l . l . )  G o  TO 2 
4 3  . 1 .  D C = C . O i , * D C  
(1 9 R F = P C ? ! F L / ( 0 . 7 8 5 4 * O C * V I S ( P T H O O t C O N C ) )  
5 0  V C = P C V F L /  [ 0 . 7 A 5 4 * C C + r 2 )  
5  1 F = 6 4 . / h E  
5 2  ' IF (RE.CT.2bO0. )  F = 0 . 3 1 C / E E * * . 2 5  
5  3  D P D L C =  F * H l i O C * V C + * 2 / ( 2 . + 0 C )  
5 4  ' . I =  (DPDLC .GT.DPOL) GO, TO 1 
5 5  . ODC=DC+CLPiJ . . 
5 6 2 DA=DA+O.Ol  
5 7  '. R E = P A R F L / 1 0 . 7 8 5 ~ * C & * V I S ( P T " O D ~ C O F J A ) )  

. . -58  ' -  ' V A = P A V F L / : 0 . 7 8 5 4 * C E I * : )  
5 3  - F = 6 4 . / P E  
6 0 I F ( ? E . G T . 2 0 0 0 . )  F = 0 . 3 1 6 / F E * + . 2 5  
~i 1. GPDLA='  F * R F r ! A * V A * , * 2 / ( 2 . * C f t )  
6 2  , IF .(DPi )LA  .'GT.DPDL) CD TO 2 
6  ?I .DA=DA+ELP.4 !  
6 4 C  PRESSURE CROP/PUNP. SI L I N G  
65 P P C = P I P C =  RLENC=D 
h 6 I F  (JFF.EP.1. )  G O  TO 4 
6 7 RLEE!C= ( P L . i I t I +  P L K ' +  (DCPW!?* *  . 3 3 3 )  1 + ( C F F )  
6 A F S P O C = ( R H O C * F S F C * V C * * 2 ) / 2 .  
6 9 PHCC = ( R L E N C * D P D L C ) * ( l . O + F P C P P O + H X P D P P D ) * F S P D C  PDf'OD 
7 3 ETktDC=(l-O.H/(PCKFL*15.e5 ' ) * * . 2 5 ) * E T - A P V K  
7 1  . PPC=?! iDC*PCVFL/ETPtDC 
7 2 P I P C = P ? C / F T A P i A O T  
7 3 I F  ( P T P C  . LT . lOC. )  F I P C = l U O .  
7  4 4  R L E N A = ( P L K I N + P L K + ( O C ? V R * * . 3 3 3 ) ) * A F F  
7 5  - F S P O A = ( R H n A + F S R C * V A * * 2 ) / 2 .  
7 6 PHDA = l R L ~ M k * D P C L P ) * ( l . O * F P D P F D * H X P D P P D ) * F S ? D I r *  PDYCD 
7 7  ETAHOP= (1-0 .b/  ( P A ? ! F L * 1 5 . 8 5 )  * * . 2 5 ) * E T A P V P  
7 8 P P A = P H D & + P A V F L / f T k H D A  
7  3 P I .PA=  PPF. /ETkPKOT 
8 0  . I F  (P IPC.LT .100 . )  P I P A = 1 @ 0 .  



C H Y C R O G E N  C O N C E N S E R  H E A T  A N D  K A S S ,  R A L A h C E  
T = T C O H  
T C l ~ . F = P T K 0 0 + 0 . 5 + P Y O E L T  
I F  ( T C I H . L T . T J  T - T C I e !  
P H = A P P R E S + 0 . 5 + A V C E L P  . '  
V P R V = V P ( T C I H I C C ~ N C )  .. 

k ? F L H I =  ( l ~ . 0 1 5 3 + V F R L I t . H K F I I ) / ~ 2 .  0159*IPH-V?FU+l.O1325E5)) 
V P R U - V P  ( T 1 0 . 0 )  
L ! ~ i F L H 3 = ~ 1 8 ~ 3 1 ~ 3 * V F R W * H K F L ~ / ~ . 2 ~ 0 1 5 9 * ~ P H - V P R U + l ~ O l 3 ~ 5 ~ 5 ~  1 

. . V M F L H 2 : W M F L H l - U P F L H . 3  
I F  ( i M F L H Z . L T . . O . O )  U P F L H P = O . O  
QCGKh=(HMFL*CfH((T*TCIF)/2.)+U~FLHl=CPKV(fT+TGIH)/?.))*tTc~H-~) 

8 + W M F L H 2 + H \ ' P P ( ( T * T C l K ) / 2 . )  
C W H C = C C O N H / ( D T C ~ + C P ' Y I  
H C E . ~ = O t C N H / ( H C H E F * ( ( l C T H - T - C T O F ) / P . L r J G C ( T C I H - C V T - O T O H ) / ( T - C U ~ ) ) ) )  

C  O X Y G t N  C O N D E N S E R  H E A T  ANC N A S S  EALAi ' !CE 
T = T C t O  
T C ! O = T C I H  
I F  ( T C I O . L T . T : a  T = T C I C -  
P O = A V t P C t : S - O . 5 = C Y D E L P  
V P R U = V P  ( T C I O I C O ~ J A )  
U ' ~ F L ~ ~ = ~ ~ ~ . O ~ ~ ~ * V P R U I . O M F L ~ / ~ ~ ~ ~ ~ ~ R ~ ~ ~ P C - V P R Q + L ~ O ~ ~ ~ ~ E ~ ~ ~  
V ? R ! - ~ = V P ( T I O . O I  
U ~ I F L 0 3 = ( 1 R . O 1 5 3 * V P R U * O M F L  J / t  3 1 . 9 9 e 8 * ~ P O - V P P W + l . O 1 3 2 5 F S ) )  
V M F L 0 2 = U M F L O l * V # ~ L Q 5  . . 

I F  ( S P F L 0 2 . L E . G . O )  V! lFLCE=O.O 
T A Y  - ( T * T C I C ) / 2 .  
G C O ? l O = ( O F F L * C ? G ( T A V )  + U K F L ' O l * C P W V ( T A V l  ) * ( T C I D - T ) * Y K F L 0 2 + H V A P ( T A V )  
C ! J O C = O C O U O /  (C :T@O*CP. l . l  I ' 
C ! : I \ R = O C C N C / ( C C I I E F * ( ( ~ I C ~ ~ - T - D T O O ) / A L ' ? G I ( T C I H - C I W T - D T ~ ~ ) / ( T - C ~ T ) ) ) )  

C  C A L C C U L L T E  f ~ ~ E T ' R L ' ? I A i N I N G  l4EI.T' L O A O I  S E T F L S G  7 I F  N € . G A T I V E  
0 3 E f ~ = ~ . ~ O C O * P M D ~ + P P C * P F A - Q C 0 i J 0 - O C r ! ~ H  
IF(CQC:. ! .GT.O.)  G O  T C  5 
l F L A G ( 7 ) = 1  
R E T t i R f r '  P! 

5 CI\ '?lFL =C~ . : 'CC*CUIFC 
I F  (C. ; l l . lFL.LT.CVf<F ) G O  T O  6 
1 F l . A 6 ( 6 ) = 1  
R E T U R k '  N 

C  F E E O V A T E R  R E Q U I R F M E % T S  



1 2  1 6  F Y M F L  = HMFL*OMFL*UMFLO3*M!<FLU3 
1 2  2  V P P = 4 M P R E S * F U M F L / ( 9 9 7 7 * E T A 1 4 F * E T A U P M )  
1 2  3  I F  (bPP.LT.100.)  bdI-P=100. 
1 2 4  C  C O h V t C T I V E  HEAT LOSS C J L C U L A T I > N S * P A = R A L E I G H  YINU=NUSSELT # r T F = F I L M  T. 
1 2 5  C  bOGULF CNDPLATCS 
1 2 6  T S = ( P T A K B * P T M 0 0 ) / 2 .  
1 7 7  ALC= A K S T Y * C F V O D / 2 .  
1 2 8  7 T F = ( T S + P T A P E ? ) / 2 .  
1 2  5 R A =  9 . P * ( a L C * * Z ) * ( T S - P T P 3 f l 3 ) / ( ( T F * 2 7 3 . 1 5 ) + V I S 4 I R ( T F ) * A L F A ( T F ) )  
1 3 0  KUS= 0 . 5 9 * ( R A * + . 2 5 )  
1 3 1  I F ( P A . 6 T . l O E 3 )  b !US=C. l * (4h*+ .33 )  
1 3 2  H= N U S * K A I R ( T F ) / 6 L L  
1 3 3  TSN=(PTMOD/((EPTHK/EPKTH)*(AKINST/AMINSK))+(PTAMR*P)) 
1 5 4  R / 1. / ( ( T P T H K / E P K T H ) + ( A M I N S T / A W I N S K ) ) + (  I .  * P I )  
1 3 5  I F  ( A B S ( T S - T S N ) . L T . S )  5 0  TO R 
1 3 6  T S =  TSh' 
1 3 7  G O  TO 7 
1 5 ~  8 Q E P =  2. * E P A R + H + ( T S I : - P T ' K R )  
159 C  I4ODLJLE S I C E S  
1 '1 0  TS=(PT? 'OC*  P T A f i R ) / 2 .  
1 4  1 ALCzCFVOD 
1 4  2  IF( ;YSTY.E0.2. )  A L C z A L E N  * C F V O D / ( A L E k * C F V O D )  
1 4 3  9 I+= 1 . 3 2 * ( ( ( T S - P T A ~ F ) / A L C ) * * t 2 ~ )  
1 '1 4  TSR= ( P T ~ ~ C D + C F K T H / C F A ~ I + P T A M ~ * H )  / ( C F K T H / C F A N * H )  
1 4 5  I F  ( P P S ( T S N - T S ) . L T . S )  S O  TO 1 0  
1 4  6 TS= T S \  
1 14 7  6 0  TO 9 
1  4 @ 1 0  QNOCL=QCP+ 3 . 1 4 1 6 * P L E N  * A L C * H + ( T S N - P T A P B )  
1 '1 9 O R F M =  QREH-PMOC*Ct4OPL 
1 5 0  IF(CREM.CT.0)  G n  TO 1 1  
1% 1 1 6 L A C . ( 8 ) = 1  
1 5 2  R t  TlJRh N  
1 5 3  I I COFITI  NIJE 
13 4  C  R F S E R V O I P S  
15 5 Ah4= I* 2.*CFF 
1 5  6  A L C =  RCSH 
1 5 7  T S = ( P T h M B * 2 + P T V O O ) /  3. 
1 5 8  1 2  T F = ( T S + F T A G f ? ) / 2 .  
l 5 Y  P A =  9 . H * ( ~ L C * * 3 ) * ( T S - P T A ~ l B ) / ( ( T F + 2 7 3 . 1 5 ) * V I S b I R f T F ) * A L F A ( T F ) )  
1 I. 0  H = l e 4 2 * ( I ( T S - P T A M U ) / A L C ) * + . 2 F )  



I F ( R A . G T . l E 5 )  H= 1 . 3 2 * ( ( T S - P T A f < R ) * * , 3 3 5 )  
T S N = ( P T M O C / I ( l . / R F S H E F : , + ( R E S I N S T / R E S I N S K ) ) + ( P T A f i R * P ) )  

R / 1. /~(l./EFS~EF:+(4ESI4ST/RCSfNSY))*( 1. * H I )  

I F (  AES(TSF1-TS,).LT.S) 3 0  TO 1 3  
TS=  TSX , 

G O  TO 1 2  
C?.ES= A N R * A L 3 * 3 . 1 4 * R E S D * H * ( T S N - P T L : 1 B J  

P I P I N G  H E b P  L C j S F S  
T s = P T n c c  
T F = f F T A M B + P T H C L ) / Z .  
A L C =  O O A * A F F * O O C * C F F  
R A =  S . A * ( b L , Z * * 3 ) * ( T S - P ' A W B ) / (  ( T F + ~ ~ ~ . ~ ~ ) * v I s A I R c T F ) * A L F A ( T F ) )  , . - 
k'= 1 . 3 2 * ( ( ( T S - P T A P R J / A L C ) * * . ? 5 )  
I F ( R A . C T . I E C I  ! -=1 .25*  ( (TS-PTA:qF!)  * * . 3 3 3 )  
A R E A = f R L E N A + ! l D G + P L E N C * O D C ) * 3 . 1 4 1 6  - 

C P I P E =  H * A ? f A * ( T S - F T P M R :  
G R E 3 =  O R E M - G P I P C - Q R t S  
IF(QRE!j.GT.Li.)  G O  TO' I T  
I F L A C ( Y ) = l  
RETURN N 
HEAT EXCFAKGEE 
HXCAH=CKFHXC = O  
I F  (CFF.ES.Ct: GO TO 1 4  
QHXC=OREK*CFF 
G T C = Q H X C / ( 2 C ~ F L * C P ( P T M O C l E L C O N + E L D E L C ~ 2 . 1 ?  
C!2FHXC = O H X C / ( D T C * C F U )  
H X C A S z  OHXC/CUHXC* (PTKCO-OTC/2 . -CUT) )  
QHXP=QHE!4*LF; 
D T A = O H Y A / ! P A ~ F L * C P f F T F ? O O , E L C O N - r L D E L C / 2 . ) )  
CWFHXA =OHXA/ (9TA*C.qW)  
tIXAAl?= G H X A / I U H X A *  CPTKOC-DTA/2. -CYT) 
C U Y F L = C V H F L + T Y F h X A + C V F P : C C  
I F  ( c w r l r L . L T . c ~ ~ r < ~ )  6.3 T O  i s  
I F L A C ( 6 ) = 1  
HETURhI FJ 
.COF!TINUE 

E L E C T R O L Y T E  VOLUKE R Y d S S  
C v o L = l ?  
A V O L = . S * A L C N ~ C P R * V O I C F R * - 7 8 5 4 * ( . 5 * R E S 3 * * 2 * R E S H + C L F D * * 2 * F L F H )  
I F ( C F F . G T . 0 )  C V O L = A V O L + . 7 R S Q * R L E N C * D C * * ?  



201 A V O L = A b O L * . 7 8 5 4 * R L E K A * D A * * 2  
2 (1 2 G V 3 L = . 4 3 2 * R F S O * * 2 * R E S H / b F F  
2 0 3 PKOH= ( C V O L + R H O A * C O ~ ! A ) * ( C V O L * R H O C * C O N C )  
2 C 4  P U A T = ( ~ V O L * R P @ & * ( 1 ~ - C O h ' b ~ ~ + ~ C V O L * R H O C * ~ 1 - C O ~ l C ~ ~  
2 0 5 R E T U R Y  
2 n 6 E rvo 



SUeROUTINE COP!OIT 
D E e t.! G 
THACE 
C O K M O N / ~ L U l / X O ~ P T L ~ 9 * X 2 ( 2 C ) ~ C M P R F : S ~ A M D E L P ~ X 2 4 ( 8 9 ~ ~ T C C C ~ T C O P ~  

2 X 1 1 5 ( 2 1  ) r H I O M R * O I K ~ ~ N C L t  . . 
3 O P U R ~ H P U R ~ ~ 0 K 0 c C H ~ ! O ~ D r ] C Y C ~ O ~ C Y C ~ O S H U R ~ I : S V I O O S C P D T C G D S D N  . 
~ C L D R ~ D U T H K ~ D U O E ~ ~ C L I C P * P ~ S ~ P O S ~ ~ T A C O ? ! P ~ R A T ~ C O M F T O Y A S R ~ ~ P A S R ~ D R P U R G  
. COi<XON/i?LK2/Y0 1 2 9 )  * E F F l * C l * P W O D * A M C E L * Y 3 3 ( 3 ) ~ E - A F * Y 3 7 ( 3 C ) * O ! ? F L ~  
~ H H F L I V M F L O ~ ~ U K ~ L H ~ ~ Y R C ( ~ ~ )  1 G V O L ~ Y 1 1 7 ~ Y l l R ~ O M F L t I ~ l i ~ F L C ~  
3 O ! ~ F L t ~ H ~ F L C ~ U ~ ~ F L O 5 ~ V ~ F L H 5 ~ i J W F L O 4 ~ U ~ 4 F L H 4 4 ~ D S M O ~ O % ~ H ~ @ C O ~ O D H ~ ~ L O ~  
4 C L H q C P O * G P H . C P N ~ Y 1 3 4 ~ C C P W = ~ H C P C ! R ~ C C O f l P S ~ H C O ~ P S . @ S T C R ~ F S T O R  

E ~ I F L H ~ = U ~ ~ F L H ~  
U M F L 0 3 = Y M F L 0 3  . 
P I S H = A f l F R C S * . 5 * A M D E L P * l . O P E S  
PIKO=AMFRES-.5* A R D E L P Y ~ .  0 1 E 5  
O E N O = P l b : 0 / ( 2 6 0 .  ( 2 7 3 - 1 5 * l C O f l ) )  
OEPJH=PIP!H/(412Y .* ( 2 7 3 - 1 5 + 1 C O I - )  

HYI lR06EN DRYER CALCULCTICN-( 'ER ORYE31 
CMFLH=HIOMR*HMFL 
HP'FL@=H?FL-0.1: h O * C N F L b  
KMFLHS= (1-HPUR I *HYFL[ I  
UYFLH4=UMFLH3-VFFLH5 . . 
I F  (YMFLH4.L.T.C ) K ! 'FL t4=0 
OSMti= L ! X F L H 4 + 0 H C Y C / ( ~ I V ! . ! R * D ~ h O l  . . 
V Q =  DSt.'H/OSOEN 
G V O L = C V O L * . ~ ~ + C O + O ~ ! N O  
HMFLO= HMFLD - D S V C - I D ~ V O + C E N k / D H C Y C - U M F L M 4 * D R P O R G  
E T & F = H M F L D / H ? F L  
CDH= ( C 1 ? ~ T ( I O 0 + ( 2 ~ ~ V D / ~ 3 ~ P 4 1 5 9 * D L D R ~ ~ * * ~ 3 3 3 ~ ) / 1 0 0 ~  
I F  tDDH.GT.0) G C  T O  1 
DL H  = 0 
t o  TO 2 
D L H = 2 + V D / ( 3 . 1 4 : 5 9 + C . D H . * 2 )  
L Y n =  ~ . 1 4 1 5 C * O F D ~ % * 0 V 1 H U * I r ! L ~ . + I ) D H + D D H * * ~ )  
C P H =  (DTCHG-TCOH)+ (DL . ICF*DHN+CSCP*DSHH) lCbCY,C 

OXYGEN O R Y t E  C A L C U L P T l O N  . 
Ht4FLOz P X O D * ( C I  *A!* l tEL - E F F I  ) * O I M A N C L + l . O 4 4 7 E - 8  
O!-!FLD=OMFL-7.9;b+hWFLC . . 
U!jFLOS= (1-OPUR: +O!!FLD 
UMFLO4=WMFLO3-FMFLG5 



. . 

I F  (WMFL04.CT.O) U ? F L 0 4 = @  
DSHO= V K F L O L * D @ C Y C /  (DSXUR*DONO)  
V 3 =  DSMO/CSnEN 
6VOL=tVGL+. :5*VD*DORO 
O ? F L D  =GMFLC- CSVOID*VO*DEXO/DOCYC -UMFL04+DRPURG ' 
ODG= ( A i ~ ~ T ( 1 0 0 * t i . * V O / ( ~ . 1 4 1 5 9 * D L O R ) ) * * ~ 3 3 3 ) ) / 1 0 0 ~  
IF (~DO.GT. 'O : I  GO TO ' 
DLO=O 
GO TO 4  
DLO=2*VD/(3.14159*ODOlc2) . 
D"p l=  3.14 1 5 9 *  C V ~ E N * D V T H K *  ( P L o * O D O + O O O * * ? )  
DPO= ( C T C H G - T C O O ) * ( D Y C P * D H % + D S C P * D S M O ) / I : O C Y C  

NCT POWER S M A T E R I A L  F.COUIREl4ENTS 
DPN= D F O + D O ~ O + D F H * D H N O  

COXPRESSOR C I L i U L A T I C F J  ' - A S S U M E  A D I A B A T I C  P R O C E S S ; K = . ~ . ~ ~ ~  
HYOROGCW 

P O U T = P H S + l . D l S E S  
R A T = P O U T / P I  VH . 
HCP'.!R=O 
HCC)!'?S=4.. 
I F ( R A T . L E - R k T C O P P * * 3 . )  HCOFPS=3.  
IF fHAT.LE .R4TCOwP**2 . )  HCOAPS=2.  ' 

IF.(RAT.LE.RATCOKP ) HCOWPS=l .  
I F ( K S T . C E . 1 .  ) HCOt!PS=O. 
IF(HCOYPS.CO.0.) GO T f l  5 
H C ? ~ R = ~ C O M P S * H ~ ~ F L D ~ ~ ~ ~ ~ . * ( T C O H + ~ ~ ~ ) , ( R A T * * ( . ~ ~ ~ / H C O F P S ) - ~ ) / E ~ A C O K P  

OXYGFN 
P 3 U T = P C S + l . O 1 5 E S  - 
RAT=POUT/P !&O 
o t P V n = n .  
f lCDHPS=4.  
I F  (HAI .LE .RATC.OIW* .5 . )  OC3MPS=3. 
I F  (RAT.LE..RATCO!!F+,2.) OC3VPS=2.  
I F  (RAT.LE..RATCOMP OCDXPS= l .  
I F  (R.bT.Lf  - 1  DC3'MPS=O. 
I F  (OCC:<PS..EC.O SO TC L. 
O C P i ~ ! R = C C @ H P S * O M F L D * 2 6 G * ( T C 0 0 + 2 7 2 ~ ) * ( R A T * * ( ~ 2 8 3 / O C O K P S ~ - l ~ ) / E T A C O H P  

STCRAGC 
HSTOR = HYPSR*4124*1PTAMB*273.)/(PHS+l.O15E5) 
OSTCRZ OMPSR*2hO *(PTA#8+273.)/(POS+l.OlSF5) 





S U R R O U T I N E  E T A K E T  
C O M I < O N / R L K l / X O  ( 2 5 . )  * P C N T R L  
C O ~ ~ ? O N / H L K 2 / Y O I A C ? U P , ~ E T A T r ) T ~ C V ~ R 9 V ~ @ F ! C ~ Y h ( 2 2 ) ~ R O U T v Y 2 ? ( 6 ~ v E T A R v  

2 Y 3 . 6 ( 3 6 ) ~ P I P A ~ P I P C ~ Y 7 4 ( 1 4 ) ~ C P P ~ Y ~ ~ ~ 3 3 ~ ~ H ~ F L O v Y 1 2 3 ~ 1 2 ~ ~ 0 P ~ ' ~ A U X ~ U k ~  
~ O C P U R * H C P W R I Y ~ ~ Y ( ~ O )  

. U O U T = H M F L D + l  .'i 1 E E H  
b U X ? U R = P I P t * P I P A + U P P * D P N + O C P U R + H C P U R + P C N T R L  
&C?UR=! !EC*BRV/ET&R +AUXPUR 
E T A T O T = U O U T / A C F V R  
R E T U R N  
E NO 



1 F U N f T I C N  D E N ( T q C 1  
2 C C =  " A S S  F R A C T I O N  K O H q  T =  3 E G .  C , D E N =  a T r j S T T Y  K O H q K G / M * * 3  
3 OEN~1004-.]179tT-3.221E-~+T*~2*C1H.*C-1.944*C*T+~Ol4?o*c*~**~+ 



F U N C T I O N  C P I T r C )  
C  T  I N  C E L C l U S r  C  I N  M A S S  F R A C T I O N  r  CP I N  JOULE/KG-C 

T l = T + 2 7 3 . 1 5  
X = 2 . 1 3 9 7 - 9 . 6 8 1 3 7 E - 3 * T l + 2 . 6 8 5 3 6 E - 5 * T 1 * * 2 - 2 . 4 2 1 3 9 C - 8 * ~ 1 * * 3  
Y=  2.921E-2*8.954E-l*C-l.h2.ALOGlO(C*0,25) 
C P = X * Y * 4 1 8 4  
RETURN 
E lro 



1 F U N C T I O N  V I S ( T * C )  
2 C  T  I N  C E L C I U S .  C  I N  M A S S F R A C T I O f d r  V I S C O S I T Y  I N  P A S C A L - S E C .  
3 X = I . / ( T + 2 7 3 . 1 5 )  
4 V l S ~ - 5 ~ 3 7 2 + ~ t ~ @ 4 * C + 2 ~ 1 3 ~ * t * * 2 * 1 2 5 C ~ * X ~ 4 ~ O 9 6 ~ + 5 * X * * 2 + 7 ~ l P 5 E 7 * X ~ * 3  
5 V I S = 1 0 . + * V I I  
6 R E T U R N  
7 E ~ J D  



SUSHOUTINE L I F F ( T l * P L l r T 2 v 4 L 2 r T I A L )  
C  CALCULATE A L I F E T l P E  AT T ( C )  G I L E N  L I F E  AT T 1  R 1 2 -  ARRPEAPUS TPEORY 

T A = l . / ( T 1 * 2 7 3 . 1 5 )  
T f i = l . / ( T 7 + ? 7 3 . 1 5 )  
T C - l . / ( T  * 2 7 3 . 1 5 )  
ALA= A L r G ( A L 1 )  
ALR= A L O C ( . " L ? l  
AL= P L P + ( T C - T A ) * ( A L A - A L R ) / ( T A - T E l )  
AL= E X P ( P L 1  
RCTURh! 
E SD 



S U P R O U T I N E  OPCOST 
C  E S T I k l & T t  1 S T  Y E A R  O P E R A T I N G  C O S T * I N C L .  M A T E R I P L S ' r  L h B O R *  C V E R H F A D *  GgA 
C ?  D E e C G  
C I  S T O Q C S ( C U C O S ~ F W C O S ~ A K O H C O S ~ k P G C O S ~ A t 1 G t T C @ S ~ A L ~ ? C @ S ~ P O K C C S ~  
C 1  P . A G A C O S r G O C Q S ~ . T z A E k T f )  

C O l ~ ~ ~ O N / E L K I / ~ O ( I E H ) ~ D F ~ X 1 h 9 ~ & ~ ~ C W S ? C O . S ~ F U S P C O : ~ ~ P M R T ~ T ~ P ~ S V C O S ~  
~ A L ~ R R T ~ O H R ~ I T E I G A R L T ' E ~ C P S P C O S ~ O P E F T A U  

C O Y ~ O N / ? L K ~ / Y O I A C P U R ~ Y ~ ( E ~ ~ A O C O S ~ Y ~ ~ F L T C ~ S Z ~ Y L ~ ( ~ ~ ) ~ ~ ~ ~ F L ~ Y ~ . ~ ( ~ ) I  
~ C U % F L ~ Y ~ ~ ~ ~ ~ ) - P K O ~ ~ Y ~ ~ ~ ~ ~ ~ ~ ~ V O L ~ Y ~ ~ ~ ~ ~ F . ~ ~ A C ~ J C ~ S ~ ~ F U C O S ~ A ~ A T C ~ S ~  
~ A L ~ ~ R C O S I A G A C O S * A O H C O S  

C  M A T E R I A L S  COST 
GARATE=C,PRATE 
h C ~ C O S = C Y H F L * , C W S P C O ~ . * 3 . 1 5 5 7 h E 7 * C F  
A F W C C X = F L ! N F L * E Y S P C Q S * 3 . 1 5 5 7 6 E 7 * D F  
A K O H C O S = P K O H * ~ M ? ; T H T * C P S P C @ S / O . ~ ~  
EPGCOS= ( 3 6 5 . ~ O P E R T k U ) + 5 . * C ~ J O L * F G S V C O S  
AI , lAl  COS=  0 . 0 0 1  + P L T C Q S Z  *APGCOS + k F U C O S  +AKOHCOS +ACUCCS 

C  L A B O R *  tV fRHEP,Cw GRA 
A L B R C O S = ( 0 . 2 5 * A L O G 1 0 ( A C P U R / l . E f . ) ) * A L B B R : f l T  
POHCOS= OHRAT 'T*ALBRCOS 
AGACOS= G k R A T T *  ( A @ E C @ S + A L F R C C S * A M A T C O S b  
P O C O S = k C H C O S * a G A C O S * S L E R 3 C S + A M A T C G S  
R E T U R N  
E N D  



1 S U P R O U T  I N E  N O D C O S T  
2 C B  D E R U G  
3 ' C  C A L C U L A T E  T H E  O R I G I F I A L  M O D U L E  C O S T  F O R  R O U N D  OR R E C T A K G U L C R  N O D U L E  
4 C R A S E 0  O K  O V E R A L L  S I Z F S  
5 C O E ~ O N / R L K l / X ( ' J ) r P L I F E r C A R r X 5 ( 2 5 ) r A M S T Y r E P S T Y r X 3 2 ( 9 ) ~ S L T F ( K r X 4 2 ( 6 ) r  
6 2 T R R C * X 4 9 ( 1 2 5 ) r t R V R Z * Z R V Y * X 1 7 6 ( 1 9 ) r  
7 ~ P L P S C S T I C E L P M L D . A V ~ P C S T * F R P C E L ~ S L P C E L ~ S L M C O S *  

' 8 4 S L P C O S i A N S C C S ~ A N C C O S ~ A 1 ~ P R C O S . ~ C A S C n S ~ C A C C C S ~ C A P R C O S ~ S E P S C O S ~  
9 5 S f P ? C 3 S ~ R P T H K ~ F P C E I J S ~ 6 ~ ~ S C O ~ ~ E ! P P C C S ~ F M T ~ U ~ c ~ S P c O S ~ F ~ P C O S ~ ~ P ~ S C C S ~  
10 6 f P K F G C S q T R ! 4 C O S ~ T R P C C S ~ T R t I C C S . ~ X 2 2 2 ( 3 F ) ~ A S S Y K l q A S S Y K ?  
11 C O X N O N / F L K ~ / Y O ( ~ ~ ) ~ A I ~ L ~ F ~ . ~ T ~ O D C O S ~ Y ~ ~ ( ~ ~ ~  * P H o D ~ ~ M c E L ~ Y ~ ~ ( ~ ) * c F W A S ~  
1 2  2 C F V O D ~ C F H O O ~ Y 4 5 ~ C F S A R i T R L E ~ ~ ~ T R ~ I P ~ q T R M A S ~ Y 5 O ~ E ? A R ~ Y 5 2 ~ E P Y A S ~ Y 5 ~ 8 ) ~  
1 3  3 S E P C O S T . ~ P C O S T ~ F K C ~ S T ~ ~ I 4 O C C O S ~ Y b 5 ' ~ 5 l ) ~ R M O D C O S ~ Y l l 9 ~ 4 ~ . ~ ~  
14 ~ A ~ J C O S T I C ~ C O S T ~ C C L C O S T ~ E P C O F ~ ~ T R C O S T ~ A ~ L D C S T ~ C F C ~ O S T ~ S L C ~ S T ~ A S S Y C O S  
1 S c C A L C U L A T E  C C L L  FFAIWE C O S T S *  ( X C L D C S T  B A S E D  O N  H P X T D  Q U O T A T I O N S )  
1 C. A l ~ L G C S T = 1 0 0 G 0 0 . * A L C G ~ 4 . 1 9 * C F S A H + 1 . 3 8 )  . 

17 C F C O S T = C F M P S * P L A S C S T + A ! ~ L D C I T / C E L P I ! L D + A N O P C S T * F R P C C L  
1 R C C A L C U L A T E  C E L L  S E A L  C O S T  
19 S L C O S T : S L P C E L *  ( S L b ! C O S * C F V O C ~ * C F I ! O O + S L P C O S )  
2 0 C  C A L C U L A T E  C E L L  I N T E R k b L  P A P T S  C O S T .  U F = S T O C K  A R E A / P A K T  A R E A  
2 1 UF=l. 1 
2 2 I F  ( f iMSTY.CQ.1 . )  U F = 1 . 4  
23 .. A N C O S T = A N S C O S * C C R + I I F + P 1 ~ I C C O S * C A R + b h l P R C P S  
2 4 C A C C S T = C A S C O S * C F . R * U F + C h C C O S * C P R + C A P R C O S  
2 5 S E P C O S T = S E P S C O S * C A R * U F + S F P P C O S  
26 ' . E P C O S T = t ! P T K K + C A R * U F * R P D E h S = 8 P M S C O S + B P P C O S  
2 7 F ~ ~ C O S T ~ 2 ~ * ~ 1 ! T H K * C C R * U ~ * F t ~ ! S P C O S ~ 2 . * F M P C O S  
2 6 C  SI!H OF C E L L  P A R T S  C O S T S  

- 2 9  C E L C O S T ~  C F C C S T * S L C O S T * A N C O S T + C A C ~ S T + S E P C O S T + ~ ~ P C O S T + F V C O S T  
3 0 C  C A L C U L A T E  EP:OPLGTE C O S T  
3 1 E P C O S T = 2 ~ . * E P l I 2 S  * f : P I . I S C O S b E P P F G C S * C P A R  
3 2 C  C A L C U L A T E  T I E R O D  C O S T  

T 3 C O S T = T R W A S * T R I < C O S * T R P C O S ~ T R H C O $ * T R D l A M  3 :5 
3 4 C  ORIGINAL I 4 O D I I L E  C O S T  ( F . A R T S  PL:JS G S S E M R L Y )  

,351 P S S Y C O S = f F A R + ( k W C E L * h S S Y K l * A S S Y X 2 )  
3 ir O Y O D C O Z = C E L C C S T + A ~ ? C ~ L  T R C C S T + T R N 9  E P C ~ S T  + A S S Y C O S  
3 i C R E P L A C E i . l C N T  H O O l l L E  C G S T  C L L C I I L L T  I O N  ' 
3 H ! ? = L r l ~  I F L / Z ? V Y  
3 9 1: (?4.Gf.l.) R = l . O  
4 0 RHOCCC,S = P S S Y C O S * l . 5  + A M C E L * C E L C O S T + ( l . ' - C R V R Z * O . - R ) )  



4 1 C TOTAL L I F E  MGDULC COSTS 
4 7 ANORMOD= AINT4PLIFE/ANLIFE*O.S)-l.0 
4 7 T ~ O 9 C ' l S  = P K O C *  t C ~ @ D C O S + ~ ~ O R ' l O C * R i < O C . C @ S )  
4 4 R E T 3 R N  
45 E :J D 



1 S U B R O U T I N E  P L T C O S T  
2 C C A L C U L A T E  I N D I V I D 1 ) A L  ,SUBSYSTEM COSTS AND SUM FOR T O T A L  
3 C.S DERlJG 
4 C.$ S T C R F S ( P L T C 0 S )  

5 C O M ~ ' I O N / P L K ~ / D ' C ? W R ~ X ~  * P T M O D * X ~ ' (  1 9 )  * A F ; P R ~ s * x ~ ~ ( ~ )  * P C ~ T P L * Y % ~  (63) 9 

5 ~ ~ F F ~ X ~ ~ ~ ( ~ ~ ) ~ C W T ~ X ~ ~ ~ F U T ~ D P ~ L ~ ~ ~ O O ( ~ ) ~ F P D P P D ~ X ~ @ ~ ~ H X P @ P F ~ ~ X ~ O ~ ~ ~ ~ ~ .  
7  :PESH*F.ESD* 
8 4 5 L P W ~ X l 1 2 ( 6 ) r O C H E F * H C H E F * Y . l 2 0 ( . 5 )  ~ A M I N S T ~ A t 4 I f + S K ~ X l ? 7 ~ X l 2 6 ~ R E S I b ! F T ~  
9 5 R t S T N S K ~ U H E A ~ U t I Y C ~ X 1 3 3 ( 7 ) ~ D C N O ~ O H ~ O ~ X 1 4 2 ~ 1 1 ~ r P H S ~ P ~ S t 1 l F ; 5 ~ 7 2 ~ ~  
1 .D ~ A I ~ C F I C M C F ~ C ~ M C F I H N C F  q E L ? F ! K l  ~ E L P P K ~ ~ G S P ~ ~ K ~  ~ G $ P E U ? ~ F I ' L K ~  * F I L K ? * H X K ~ *  
11 7 E X K 3 ~ P U K P K l r P U ~ P Y 2 ~ R f S K l r P . E S K 2 ~ P E S K 3 ~ C O ~ K l ~ C C ~ ! U 2 ~ C O N K 3 ~ b I N S K l ~  
1 2  E C W P i ' K l r F L ! P S K l  r C N I K l . r P C R G K 1  r D R Y k l . @ R Y K 2 r V E h ' K l  * S T R T K l ~ C 3 ? ! ~ 1 r E O T K l r  
1 3  . S P S K 1  * \ I N C S K !  
1 4  C O ? ? N O M / E L K ~ / " O ~ A C P W F ( ~ Y ~ ( ~ )  ~ F L T r : O S ~ Y 1 1 ( 2 ) ~ S A f i ~ ~ 1 4 ( 1 7 ) ~ P f J O C ~  
1 5  l Y 3 2 ( 9 )  r P ~ L E W ; Y 4 2 ~ C F V O D t C F l i C ~ D ~ Y 4 5 ( 6 ) ~ E P 4 R ~ Y F ; ? ( 1 4 ) ~ ~ b ~ O C ~ O D P . ~ O @ C ~  
1 6  2 Y 7 D 1 2 ) ~ P I P ~ ~ ? I P C r Y 7 4 ( l l ) ~ O C L R ~ ~ C A R ~ Y 8 7 ( 3 ) ~ R L E N A ~ R L F N C ~ Y ' j 2 ( 4 ) ~ A L E N ~  
1 7  3 Y 9 7 ( 2 ) ~ H X A k R ~ H X C A R ~ Y 1 0 1 ~ 1 3 ) ~ P A V F L ~ P C V F L ~ Y l l ~ ~ 5 ~ ~ O M F L ~ ~ H i ~ F L C ~  
i 8 4 Y 1 2 3 ( 2 ) r U M r L 0 4 r V K F L f i 4 q  
19 5Y 1 2 7  (2) q 0 0 2 r 3 C H t I ! L T ! r O L ) ? * Y 1 3 5 ( 3 )  r D S M F J * Y l 3 7 ( 2 )  * O C O F l P S * F C O ; . l P S * O S T O R *  
? 0 , . 6 t l S T O R r . Y  1 4 3 . ( 2 7 )  r A K P F . C O S r C b P I ! C O S r O Y P R C n S r K Y P P . C O S ~ A N F L C 0 S . C b F L C ' O S r  
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