
. 

A DIGITAL PROGRAM 

FOR DESIGNING MINIMUM WEIGHT 

FUEL CELL POWER SYSTEMS 

N 

0 

E 
0 

L 
(THRU) //? 

PREPARED UNDER CONTRACT NAS 8-5392 

. RESEARCH DIVISION 

2 ALLIS-CHALMERS 

MILWAUKEE, WISCONSIN 53201 

GPO PRICE $ 

CFSTI PRICE(S) $ 

Hard copy (HC) od 
* / d  

Microfiche (MF) 

ff 653 July 65 * 

JUNE 1965 



LDJGITAL PROGRAM FOR DESIGNING 

MINIMUM WEIGHT FUEL CELL POWER SYSTEMS 

June 1965 
. I ..._--.L-c--.- 

Prepared Under Contract NAS 8-5- -.- 

BY 

Research Division 

ALLIS - CHALMERS MANUFACTU.WG-*WMPANY 
/-' 

--.,._-_.,.L.e* - I-.-- -*- 

Milwaukee, Wisconsin 

Author: Ramesh R. Desai  

Programmers: Jayesh Dalal and 

_..-_ 

Paul Cbllen 



A BST R A C T  

This document presents an IBM-704 FORTRAN program 

to design minimum weight fuel cel l  power systems. 

a selected power profile, Le. , power versus  mission 

time , and voltage requirements; this program provides 

the significant parameters  of a system. In addition, it 

permits computing design parameters for  a combined 

fuel cell-battery system, where batteries supply power 

F o r  

J. R. Hurley, Manager 
' Systems Research and 

Development Section 
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Detc;:r.miaa?ion of ci m.ir~imz;m we igh t  fue;l c e l l  power system design requires the 

sc,-.:-tion of a complctx. s;tstr.m of equatiors. 

has been devt:loped tc. irnprovt?. accuracy and conserve time. 

plairiirrg mi:tbod!s of solution, a.nd u s e  of the program, w a s  written to aid ir, the 

optimization of a fuel cell. pciwcr system w i t h  respect to weight. 

Therefore, a digital computer program 

This document ex- 

It should hti ~ r o t c d  that t he  s:ibsystems a r e  optimized, i. e . ,  for a given problem 

both the fuel s to r Jge  a d  h a t  sink suhsystems are cizsigned for minimum weight. 

Several mcthods t o a  Jt s-ign.i:ig t k c s e  subsystems are inclcded 1:: the program. 



DESCRIPTION OF -rim PROGRAM 
-.c - 2.. 0 

Arncii., g d+-k ices presently under colnsndeTation for supplying auxjliary power to 

spat t veh.icZes, f w  i cells arc gaining m o ~ e  and more prominence. A system 

consisting 0 f  fmX cells a n d  hatteslcs presents some interesting advantages; fuel 

c e l l s  w c ~ i l d  svpply ?kc; normal or base power, and the bat ter ies  wo:;ld supply 

part of the pcak powrr. 

An auxiliar-f power system for space vehicles IS weight limited. 

presents a general  metf;.od for  minimizing the weight of a combined fuel cell and 

battery system, and dcscr'ibcs a digital compl;ter program foI performing the 

n.ece saary  calc*.l;tt!oui. 

mum weight wh?n fuel ct-?'xls are the only source of power am5 then che.cIc.ing whether 

thc? use: of storage batteries leads to further weight reduction. 

This report  

Hasically, the method consists of determi9liyg the mini- 

The basic power system shown in Figure 1 contains a fuel cel l  stack, reactant 

supply, heat sink, and auxiliaries. The weight of each of the f i r s t  three i tems can 

be expressed in  t e rms  o f  it single independent parameter.  

variable is the individurll cell operating voltage. 

The most convenient 

F r o m  the appropriate expressions for  subsystem weights, that value of voltage 

can be found f o r  which the total system weight is  a minimum. 

system weight is not necessarily csrxicidont with mi3imum fuel, cell,  reactant, or 

heat sink weight. 

mized a s  a whole. 

one c a n  determine whethek the i ise  of batteries would furt3;'sr rt-duce this weight. 

In these analyses,  the amourit of power provided by bat ter ies  Is g r a d i d l y  in- 

c reased  until the weight of the cambircd system reache8 a minimum. 

The minimum 

H e x r ,  the weight of a complete power system must be mini- 

Once the minimurn wc,ight of a pur.. fuel cel l  system is  known, 

When power requiremeats are constant and continuous, and when voltage is a 

l inear  function of pcawc,r density, simple explicit solutions for the optimum 
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opeIating voltage can bc obtaincd, Most  spact. vehicles, however, require 

several  "ievels of auxiliary powcr during a mission. Typical profiles show a 

largt difference bstwe6.n peak arid minimum power levels and in the duration 

nf t k s e  levels. 

throughout the load profile. 

generally non-linear, further complicating an  analytical solution of the minimum 

weight problem. 

Addit:orially, voltage must b e  regulated within specified l imits 

Finally, the voltage-power density relationship is 

In view of  these complications, this problem w a s  programmed for  a solution by 

d digital computer. The program can determine: 

Area  of cells 

Number of cells 

Operating voltage for each power level 

Operating current  at each power level 

Rate of heat dissipation 

Total  heat load 

Rate of reactant consumption 

Tot a1 r e  actard cmsumpt  ion 

Optimum cell voltage 

Optimum system weight a r d  slystem weights at different cell  voltages 

Weights of each subsystem at optimum and other cel l  voltages 

Fuel  cell stack weight and reliability. 

2 .  1 Analysis 

The analysis is  conductd.  in ~ W O  stagcs. 

using only fuel ce l l s  is computed. 

First,the minimum weight of a system 

Them, the proportion of load to be assigned to 



bat-teries is  dL termiwxdr, and fi-ia+i?y th.e weight of the combined system is calcu- 
I lated, 

2. 1. 1 A;I;L?~-s:s tG DetcImine t k  Minsmum Weight of a System Using  Fuel 

C;c.l?s Only 
-- -- 

- 

The. system weight i s  computed for several values of individual cell  

voltage, V 

mum w c r ght 

The optimnm system is selected on the bas i s  of mini- 

Wh c: r e  W ,I' 

system, stack, auxi;i.irie s, reactant storage and supply, and radiator,  

W C ,  WA, WFJ and W R  are the weights of total  

The weight of the stack, Wc , i s  based on the cell  area A and cell 

constact, SC 0 

psC - ASC = -  
V J  

The w e i g k  of the reactant storage and supply subsystem , 
OR the en t rgy  supplied by fuel cells. 

methods of fuel storage: 

W F ,  is based 

It is computed for three different 

1 
(1) S a i p ~ , ~ ' ~ r i t i ~ ~ d  Method 0f Storage 

-4- 



I (2) Subcritical Method of Storage 

( 1 + a) .f ( 0 .  00345 T )  

2 
( 3 )  Empir ical  Method 

S 

i z  1 

Where P i ,  ti , arid V i  ~ are power, t ime and voltage, rc:spectively, 

corresponding to the Sth period sf the power profile. S is the total 

power profile and F i s  FarxdayPs constant. 



I 

is based on the heat wR' Th& weight o f  the hcat 

generated by the fuel cell. 

radiators.  

subsystem, 

It is computed for  four different kinds of 

3 
I 

(1) Flat Rad.r,ator W i t h  No Environmental Heat Input 

1. 5 3 3  0.5 
55.6 (PPR) ( T T )  

)O. 5 
_- 

3. 57 ( T C  - 2 2 0 )  ( 1  - Rps  
w R  - 

4 
( 2 )  CylindI ncal Radiator With No Environmental Heat Input 

H. = [(0.0001138 PpR) wI] (W,) t (W,) (W,) ( W 6 )  

W h e r e :  

w5 - (0 .906 )  (0.0833 TT)  w 1  

)O. 1974 0. 01 5 (0.000 1138 PpR 

0.0314 1 w2 .- _- E'?'. 3 -t (0. 0833 TT)  "'7 E O .  04166 TT)  

(Ln RpS .- Ln 
- 34.6 

2 , 8 2  . w 3  



w4 

6 

0.2467 
-- (0.0001141 T T )  

1.227 
:. (0.00003412 PpR) 

5 ( 2 )  Empirical Method 

w R  

6 ,  7 
(4) Flat Radiator w i t h  Provision for Environmental Heat Input 

wR = C1 (0,0043 PpR) 

- 5  
.+ (1.667 x 18 1 TT 



I .  

- - -31.6 t 8.6 x loe5  t (2.917 T~ c 5  
RFS 

- 4  
t (1.29 x 10 ) PpR 29389. 5 4" 

4.08 x I O m 6  
r. 0,20808 - '6 - RPS 

can be expressed as below: R '  pPR In all the equations for  W 

max QW P 0.0002 165 P 
= ( 1  - 0.67 V )  (P,,,) t - P - 

pPR 0.67 V 

Where 

the mission duration, and P is the total parasi t ic  power. 
P 

Pmax is the maximum power eupplied by the fuel cells ,  TT is 

The weight of auxiliaries, WA , is based can the maximum power supplied 

by the fuel cells.  

= K t Pmax S i  wA 



Thr: values oi individual ccll voltage and number of cells in  a fuel 

cell stack are so  selected that the stack voltage is always within 

specificd l?mits. Hence, a particular cel l  voltage that yields mini- 

mum system weight will not be accepted if a corresponding value for  

number of cells cannot be found to meet  the stack voltage regulation 

1imit.s. 

0.8 volt, corresponding to a maximum power level of 2, 000 watts. 

A l s o ,  let the value of minimum power be 200 watts and the regulation 

requirement he 2 8  ’! 2 volts. Cell voltage corresponding to minimum 

power w i l l  be 1. 021 volts. At  minimum voltage, 3 3  cel ls  a r e  r e -  

qulred; at ma.x:tmum voltage, 29 cells. This indicates that voltage 

regulation is  not possib1.e for a cell voltage of 0. 8, aad V IT 0.8 is 

not acceptable. For P V should be at least  0.929 for these 

requirements.  The fuel cell  system is thus at  minimum weight and 

within voltage regulation limits. 

F o r  exxmple, let the cell voltage for minimum weight be 

max ’ 

2. 1. 2 Analysis to  Size a Fue l  Cell-Battery Combination for  Minimum Weight 

This  minimization is obtained by an i terative procedure. 

a slightly l a rge r  fraction of the peak power is allocated to the battery. 

A check is then made to determine whether the secondary battery can 

be recharged during normal power demand periods. 

t inues uritil the weight of the combined sys tem reaches a minimum. 

At each step, 

The process  con- 

* 

A summary  of the procedure for  a simple profile with two power levels, 

shown in Figure 2, is given below: 

- P ) into N equal intervals with Step 1 Divide ( Pmax min . 

m i n  - P  max P 
d P  = 

N 

-9- 



wF..tre, I '  is the minimum power supplied by fuel cells ,  m iri 
is the maximum power supplied by fcel  cells. and Pmax 

Calculate the optimum weight W of the system when 

P 
0 

Step 2 

maximum power supplied by fuel cells, is equal 

by using the analysis given in 2. 1. 1. 
fc maxP 

to 'max 

Step 3 Set i = 1 

by idP. Go to  Step 5 in the c a s e  of a m ax Step 4 Reducc P 

rechargeable battery. Go directly to Step 28 in  the case 

of a pr imary battery. 

Step 5 Determine first profile segment where battery power w i l l  

be needed; segment number two in  this case. 

Step 6 Determine next load segment where battery power will  be 

needed; segment number four in this case. 

Determine available charging time, T between above two peaks. A '  Step 7 

Calculate the discharging CUI rext, 'B D- Step 8 

_ _  i ( d P )  
'BI) -- 

( v ~ ~ ~ ~ )  ( E ~ ~ )  

'- 10- 



Step 9 Set. the depth crF >artery discharge d equal to Its maxi- 

mum al lowable value, d which IS an input quantity. 

This is done in an attempt to use a battery of as low a 

capacity as  possible. 

max ' 

Step 10 Calculate C capacity of the battery. 

Also ,  obtain the corresponding energy density, RD , bj 

referr ing to the table of C ve r sus  R D  

Step 11 Set 
MIN 

This is  done to  increase the charging efficiency of battery. 

'BC Step 12 Calculate the charging current ,  

Step 13 Calculate the current  corresponding to the power for  load 

segment three. 

w i l l  take place. ) 

(The segment during which battery charging 

'LOAD 
'LOAD - 

'P LOAD 

-11- 



Step 14 Since f u t l  ct ' l ls  w i l l  have to supply botk c)..argir.g and load 

currents ,  total current supplied by fu;el cells ,  

be the sum of these. 

will 'FC ' 

Step 15 Calculate J F C  , the currcnt  density corresponding to 

Step 14. 

T .I IFC. 

Cell Area  F C  

by referr ing V J F C  ' Calculate: cor  responding pow e r density, 

to  t he  V-J  table, and then calculate power, P charge (pch) 

= VJFC (cel l  a r e a )  ('Number of cel ls)  ck? P 

ch ' is l ess  than P Pch with PFCMX. If P~~~~ Step 16 Compare 

combine load profile segment two and four. 

Step 5 to determine whether the total time for recharging (now 

the combined segmPrits three and fivc) can recharge the 

battery. Contir,ur th:s process  until 

g rea te r  thanr. P 

Ther, go back to 

is equal to o r  P~~~~ 
Then conmtinw with Step 1'7. 

G h' 

Calculate required charging time, Tc Step 17 

- 12-  



This  f o r m u h  IS valid if the bhttery can be recharged at 

constant current. However, if the maximum al!owable 

is reached during charge, it charging veltage V 

is w c e s s a x y -  tcr reduce the charging current  so that 

V ~ X B  
time T w i l l  be computed by subroutines SUBA and 

SUBA1. 

U X B  

is not exceeded. Should this occur the charge 

C 

Step 18 Compare T with the available chdrging timt:, TA . If 
C: 

T is grea ter  than T A ,  increase c: 

compare T with TA and if T is grca-ter than TA, con- c c 

tinue increasing until i t  has reached the valut 

If T 

until &becomes d r n i n .  If T is sti l l  g rea te r  than TA, 

combine two adjacent power peaks (segment 2 and 4 in this 

c a s e )  and repeat this process  until T 

is st i l l  greater  than TA , s t a r t  reducing d by A d  
C 

C 

is equal to o r  leas  than 
C 

(See listmg of subroutine SURP. ) TA' 

Step 19 Repeat Steps 2 through 18 for  the re8t of the power profile. 

Compare the reqGired capacit-cs of the battery for each peak, 

and thus determine the maximum capacity of the battery. 

calculate the depth of discharge for  each peak. 

Re- 



I 

I charge * 

Stcp 20 M o d J v  t 5 -  oTsgl'=LaS power profile by using the calculated 

charging power, P 

f o r  !he modified power Wfcl 
Step 2 1  Ga lc ' c l l a t~  thc optimum weight, 

prsiile by using the, method given in 2. I. 1. 

Corrt spcnding to  the recalculated values of o( and - 
determine V by referring to the discharge table 

for t l -e  battery. 

( Step 22 

mi n 

Step 2.5 C;alculate, n the number of cells reqairc\d in the battery. 

" BMIN ri :: 

min  
V 

If n 1s not an integer, then use the next integer as the 

value for n . 

Step 24 CalcriIclSe the maximum voltage f0r Qbe battery L-o-Lsisting of 

D ('631Bs. 

Step 25 Calcdlstc. W , t h z  weight of voltage regulator 



WRBi Step 26 CalcuirL%e t1.e w e i g h t  of rechargeable batte ry, 

Step 27 Calculate W TRBi 

cells and a rechargeable battery. 

totali weight of a system using both fuel 

Go to  Step 29. 

Step 28 Calculate WTPBi ts ta l  weight of ri s y s t e m  usirig both fuel 

cel ls  and a pr imary battery. 

Step 29 Repeat Steps 4 through 2 8  for  i = 2, 3 ,  4, and so on 

up to I :: n . The optimum combination is  the  one that 

wenghs th: least. 

This method has bcen extended In the computer program to  

power profile with a maximum of fifty strps.  

multi-step 

- 15- 



7. 0 EXPLANATION OF THE TERMS USED IN THE PROGRAM 

'The fcllowing is an explanation of the t e rms  and symbols used in the program. 

L Y ~ : L - L X  values of some of the t e r m s  a r e  provided as an  aid to the use of the 

p r og ram. 

r .  . 

3. 1 T e r m s  Used in the Input 

Except fo r  the power profile, a l l  t e r m s  used in  preparing the input a r e  printed 

on Page one of the output. Input power profile is printed on output Page two. 

1 Power Profile 

NOPROF I- Number of points on power profile. 

the 

5,000 

3 ,000  

2,000 
1,000 

500 

Time and power vaiucs for the profile. This can  best  be explained by 

following examplp. 

Number of points on the power profile 

:I Number of power stages + 1 

Time, Hours 



In the above power profile, there  are s ix  power stages and hence 

seven point 8.  

is c-ircled. 

Each point to be considered i n  the preparation of input 

The card input should be prepared as f0110Ws 

T P 

0 5, 000 

5 2 , 0 0 0  

30 0 

T P T P 

1 2,000 3 3,000 

10 1,000 20 5 00 

Where P I S  power in watts and T is time in hours. Thus, the points 

at which both thc power and t ime change should be listed in the input. 

Note that number of points on the power profile should not be greater  

than fifty. 

3. 1. 2 Voltage-Current Density Curve of the Fuel Cell 

N X P  is the number of values selected to represent  the V-J curve, 

where V i s  the individual cell voltage in volts and J is  the current 

density of the cell in amperes  per  square foot. Note that a product 

of V and J , power density of the cell, is tabulated on page one of 

the output. Also  note that the maximum allowable value of N X P  i s  

thirty. 

3. 1. 3 Explanation of C0nstant.s and Nomenclature 

The following pages coatain the explanation of constants and nomen- 

clature. 

-17- 
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I 3. 1.4 List  of Control Characters -- 

NPP- .  0- Ai.! the output pages w i l l  be printed. 

1- Output page five and six wil l  not be printed. 

LBT- 

LFL- 

LRD- 

IBAT - 

0.. 
I-. 

2 -  

3 -  

Only ( onsider fuel cclls, 
Consicier fuel cell..rechargeable battery combination. 

Consider f u e l  cell-primary battery combination. 

Consider both fuel cell-rechargeable battery and 
fue 1 c c 11 -pr im dry bat t e r y comb inat ions . 

0.. 

1.- 

Calcuiate weight of reactal=-ts only. 

Calculate weight of reactants together with the 
weight of supercrit ical  storage and supply system. 

Calculate weight of reactanta together wi th  the 
we sght of subcritical storage and supply system. 

Calculate weight of reactants and tankage using an 
empir  j c d  method. 

2 . .  

3.- 

0- 

1.-  

Do not consider a heat sink subsystem in the optimization. 

Calculate the weight of heat sink subsystem using a flat 
radiator and not considering heat input f rom the 
environment. 

2- Calculate the weight of heat sink subsystem using a 
cylindrical radiator, and not Considering heat input 
f rom the erivnronment. 

Calculate the weight of heat sink subsystem -using an 
em pi ric a 1  rclat lonship. 

Calculate the wejght 0f beat sink subsystem   sing a 
flat radiator and considering heat input from the 
environment. 

3.- 

4- 

1 -  Considt I NI-Cd rechargcabie bat ter ies  

2-  Consider Ag-Cci ~echa rgeab le  bat ter ies  

:+- Coaisidrar Ag-Zn rechargeable! bat ter ies  



LV 1-  Effect of very small changp in cell  voltage due to  
modification of P Q W ~ T  prof i le  is considered. 
systcm weight might change by less than 0. 5 percent. 

Effect sf very small change in cell  is not considered. 
This reduces the computer time by approximately 
5 0  percent. 

Total 

0 -  

I QW- 1 loo-. System weight when water i s  not collected. 

0-  System weight when ent i re  amount of generated water 

System weight when ninety percrrrxr, of the generated 

is colleckd. 

water  i s  collected. 
110.8 

3. 2 T e r m s  Used on Output Page TWO 

This page presents the input power profile, ~ 

I 

3. 3 T e r m s  Used on Oztput Page THREE 

Stage: The number of incrementa of power supplied by batteries. 

0- 
1- 

2- 

N- Portion of powcr equal to N (A P) i s  suppbed by the batteries.  

VOPT- Optimum cell  voltage for the fuel cell system corresponding to 

W T  TOTAL Total system weight, polmds. 

W T  CELL Wejght of fuel cell subsystem, pounds. 

W T  AUX Weight of auxiliaries, pounds. 

WT F U E L  

A l l  the power supplied by fuel cells. 

Portion of power equal to A P  is supplied by the batteries. 

Portion of powex eqi,al tu 2 A P is sLippkied by the batteries.  

the maximum power supplied by fuel cells,  volt. 

Weight of reactants together with the weight of reactant 
storagp and supply package, pounds. 



W T  RAD Welghi. ai heat sink subsystem, ponnds 

W T  BAT Weight of batteries, pounds 

NO CELL 

CELL AREA Area of one square feet 

W T  REG Weight  oi voltage regulator, pour_ds. 

Number of individual cells in a fuel cell stack 

( A )  

'. 4 T e r m s  Used on Output P a g e  FOUR 

Al l  the values preserited an this page are for the optimum combination 

of rechargeable battc'ries and fuel cells. 

t e r m s  i s  given in input and output page Three. 
described below. 

Explanation of somt of the 

Rest of the t c i m s  a r e  

DISRAT -* 

'rx, PX- These represev-t the modified power prcfile that is 

Ratio of dischazge current  to the capac-ty of the 
battth ry,  hr" 

Rupplied by fuel cells. Power profile had to  be 
modified to include the effect of recharging the 
%mtt,c,ries, TX is t ime in hours and P X  is power 
in watts. 

C *- 
RD - 

Capacity of the batteries, ampere-hours 
watt -.hour s Ecergy density of the batteries, poucd 

BAT - 
VBMAX- 

Numbe r of individual batteries required. 

Maximum value: of the total battery voltage. 

3. 5 T e r m s  Used on Output Page FIVE 

This page presents  the system weight tabulation for twenty.,flve different 

values of individual fuel cell voltage between VAB and VOC when N P P  

is  zero. No outpst wi l l  be presented 0n this page if N P P  is one. 



Indlvid \iaB ;.ell vOILtage c o r r e  sponLding to the maximum 

lncllvidual cell voltage corresponding to the minimum 

power supplied by the fuel cel ls ,  volts 

positive power supplied by the fuel cells ,  volts. 

WT, WTC, WTAUX, WTF, WTR, W'TRB,  and WTREG have the same 

rnpafiing as WTTOTAL, W'T CELL, WT ACX, W T  F U E L ,  WT RAD, 

WT BAT, and WT REG respectively of outpl;t page THREE. 

3. 6 T e r m s  Used on Output Page SIX 

T k i s  page w i l l  be printed snly i f  N P P  0 

Module weight r. Weight of a single fuel cel l  module = 

weight of cells  -+ weight of auxiliaries 
total number of module s 

T z Duration of power stage, hours 

P F C  

V MOD = Stack voltage, volts 

I/ A - J - current  density, amperes per  square foot 

I = Stack current,  ampere% 

P W  

:- Power supplied by the fuel cel l  system, watts 

-- Waste heat to be removed f rom a stack, watts 

-- Stoichiometric rate of hydrogen consumption for 

7 Stoichiometric rate of oxygen consumption for a 

a stack, pounds per hour 

stack, pounds per hour 

WHZ 

wo2 

SUMT :- Total mission duratisa, hours 

SUM PEC*T :- Energy supplied by the fuel. cells, watt-hours 

SUM PW*T 

SUM WHkT = Total hydrogen consumed by a stack, pounds 

SUM WO:kT I- Total oxygen consumed by a stack, pounds. 

I- Total waste heat Temovcd from a stack, watt hours 
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NOMOGRAM FOR APPROXIMIATING MINIMUM 
WEIGHT-OF h,-02 FUEL CELL SYSTEMS 

- 

- . . . .___ - __ __ . __ . - - 

600 

5001 
40 

VOLTAGE L I M I T S  = 29t2 VOLTS 
RE ACTA N T S STO R E 0 S U PER C R I T IC ALLY 
RADIATOR PROBABILITY OF SURVIVAL= 
0.993 

MAXIMUM POWER < 3:1 
MINIMUM POWER - 

1965 CELL DATA 

- 7 ' O "  
90 

80 i 70 
160 I 

I 

i 
--j 50 

to 1 
7 

-j I5 
-1 

c- 
i 
I 

1 



4.0 CON(: LUSTONS 

This program w i l l  cakulatc:  the minimum weight of fucl cc15 sys tems 

sl.ippl~-i~g power wrtbrin set voltage limits. 

pages approximate th t  m;nimum system wcight for various energy and 

pcw-r lei-els. The wergkts are detcrmined on the basis of present Allis- 

Chalmers capabilrties, a supcrcritica': reactant storage,  a radiator with 

a 0. 999 prcababildy ck survival, and a voltage regulat3on requirement of 

29 2 volts. 

Nomograms on the following 

Minimum system weight can be further reduced b y  using e i ther  pr imary o r  

rechargeable batttlries to supply a port iot  of peak power, The reduction in 

weight  c a n  l x  fifty pc rc t :n t  o r  mort if t h e .  peak powcr is €our to five t imes  

the base load. 

rt pentedly. Percentage weight savings that ca.; be obrarnr. ii under an 

ideal set of conditions by using rechargcable b a t t e s l ~ ~ s  arc. prc-ser;ted in  

Figures  7, 8 ,  and 9. These ideal cond2ions arc.: 

Rechargeable batteries shsda  b r n  :ised f t he  p. aks occur 
12 

A sufficient charging t ime is available duxing low level portions 
of the load profile. 

The power supplied by the fuel ce1l.s during any interval of t ime 
plus the power requ.ired t o  recharge bat ter ies  is always l e s s  
than or equal. to the maximum power supplied by fuel cells. 

Battery weight is 0.04 pounds per watt hour. 

Requjred charging c:rrrrent i s  lese than maximum specified 
charging current.  

Charging ar.d discharging cffkiencie. 8 a r e  equal  to om?. 

Weight.  of t h e  woltage regulator its zero. 

Tht. system will always s t a y  withlr, the voltage regulation limits 
regardless of the depth of dischare;?.. 

Fuel  ce5i.s must be capable of recharging batteries. 



I 10 lap00 --- 

I r NOMOGRAM FOR APPROXIMATING MINI MUM WEIGHTY 

I 1 

i i- 

_______ 
OF H,-0,  FUEL CELL SYSTEMS 

ALLIS - C 

VOLTAGE LIMITS: 2 9  t 2 VOLTS 
REACTANTS STORED SUPERCRITCALLY 
RADIATOR PROBABILITY OF 
SURVIVAL = 0-999 

< 3: I 
MAXIMUM POWER 
MINIMUM POWER - 

IHALMERS 1965 CELL DATA 

2,000 

1,500 

APPROXIMATE 
WEIGHT , LBS J 4600 

500 

400 900 
800 

500 

400 

300% 

3 300 
Y 3 
s 200 To z 

- - 
200 - - 

100 220 
- 2 9 -  



5. 0 

I. 

2. 

3.  

4. 

5. 

6. 

7. 

8. 
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Y nrdney E i e  ctric C h r  parat ion, personall communication, November 

19, 1964. 
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QPR-002, Seco;.d Quarterly Report, Research Division, A l l i s -  

Chdmc rs Manufacturing Cornpnv,  March 15, 1965. 
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6 . 0  APPENDIX A 

Included in this appendix are a flow diagram, a listing of the main program, 
sub-routinea, and a table identifying error mealrages for the program. 

- 32- 



1 6.  1 Flow Diagram 

Calculate the weight of the oyrtem when 111 of power io  
supplied by the fuel cells. (Subroutine S ?Q' 
Total Weight = weight of cell + weight of 

+ weight of fuel storage t 

+, 
radiator. 

I 

~~ ~~~ I Print  Results on Line one of output page three I 

I 

Calculate the increment of Power (DP) 

Max. power - min power DP = 
F N  

I 
Calculate PFCMX 

PFCMX = M a x L m ~ p o W e f  - DP 

A l l  the power lcrr than PFCMX will  be supplied by the 

fuel cell. Al l  power greater  than PFCMX wil l  be supplied 

by the batteries. 

h 
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Using PFCMX calculate weight of battery, weight of regulator, 

and new power profile. 

1. 

2. 

3. 

4. 

5. 

6 .  

7. 

a. 

9. 

10. 

Determine f i r s t  peak where battery power wi l l  be needed. 
( Subroutine SUB B ) 

Determine next peak where battery power will be needed. 
(Subroutine SUBB) 

Determine charging time available for the section of :he 
power profile being considered. (Subroutine SUBC) 

Determine capacity of battery, Ratio 1 and Ratio 2 for  the 
section of the power profile being considered. 
SUB A)  

(Subroutine 

Is charging t ime sufficient to recharge battery? 
combine peaks and go back to Step 2; otherwise continue. 

If not, 

Store the capacity of the battery needed for  this  section 
of the power profile. 

Have al l  peaks been considered? 
othe FW i se continue . If not, go back to Step 2; 

Find maximum capacity. 

Using maximum capacity find co r re  sponding VMINB; also 
find new power profile which includes charging power for  
battery. (Subroutinee SUBAl , SUBE, and SUBD) 

Find weight of battery and regulator. 

- 34- 



I 

Using new power profile calculate weight of 1 
fuel cell system necessary to supply all power 
legs than PFCMX 

Add weight of fuel cell system, weight of 
battery, and weight of regulator. Store total : weight of system. 

I 
1 

Print line for this stage 

PFCMX = PFCMX - DP 
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I I '  , -  

Using primary batteries find weight of 
batteries necessary to supply the power 

greater than PFCMX. 
i 

8 
PFCMX = Maximum Power - DP 

I 

Calculate and store total weight of ryatem. k 
Print lim for this stage 

~PFCMX = PFCMX - D P I  

- 3 6 -  



Find minimum total weight of system 

using primary batteries. 

Find which minimum weight is optimum; 

weight using all cell, weight using re- 

chargeable batteries, or weight using 
primary batte rie 8 .  

J 

I Using optimum condition, recalculate 

c 

all necessary variables. 
B 

Print last two pages of output. 
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6.2 Listing and Subroutines Of The Program 

C PAUL CALLEN DEPTo 3258 PROGRAM NO- 3258-734  MAIN 
C 
C I 8 M  704 PROGRAM WRITTEN IN FORTRAN 11 
c CARGE NO. 02-4800-00008 
C FOR OEPT N 0 - 0 - - 3 3 4 1  
C JOB N O o o o o o - - 0 - 3 2 5 8 - 7 3 4  
C 
C T H I S  PROGRAM DETERMINES THE COMBINATION OF FUEL CELL AN0 
t BATTERY FOR WHICH TOTAL SYSTEM WEIGHT I S  MIWIMUM, 
C THE POWER PROFILE AND TYPE OF BATTERY TO BE USED AR€ SPECIFIED 
C 
C MAIN PROGRAM 
C 
C 

DIMENSION PABT(55)  r T A B T ( S 5 )  
DIMENSION TRD(494)  ~ T C D l ~ l l ~ 2 ~ ~ ~ C 0 2 ~ 9 t 2 l ~ T I B C ~ 7 ~ ~ l A ~ P H A ~  1 O ) r  

l T V M I N 6 ( 1 0 , 7 )  ~ P ( ~ S ) ~ T ( ~ S ) ~ T A ( ~ ~ ) ~ P A ( ~ S ) ~ T X ( ~ S ) ~ P X I ~ ~ ~ ~ . V ( ~ O ) T  
ZAMP( 3 0 )  rVJ130) ,TR (751 r P R ( 7 5 )  r U T F ( 2 )  rWTC( 2 ) r  WTRI 2),WT(2) 

D I  MENS1 ON 
E Q U I  VA LE NC E 

WTCELL (25) r AAREA 425 ) 
4 NXP NV 3) 9 t VM A X  ,VWAX C 1 9 ( V M IN, VW INC 1 

COMMON NVJ rTCD1 VTCDZ r T I B D  rTALPHArTVMINBrP r T  t 

1TA r PA r T X  r PX r V  *AMP r V J  rNOPROF,NPROFA. 
ZNPROFK, TRD ,NIP ,REJEClrWTC ,UTA ,WTF rMTR (WREG i 
3WRB 9 WTOPT rUTOLD rWTNEW ,DP rPFCHX r S C  ,SAP #CON t 
GVOC 9 VAB 9PPC rPPV *ADD * B A T 1  r T C  t Qw t S P 2  r 
SALFMX 9 ALFMN rBCMIN 9DBC r6CHAX eEC 9ERD rERC rEY12 r 
6XNAM 9 XNRM 1FR rRPS 9FN WDALFA * E X 3  WVHAXC ,VMINC 
7VMAXB t VBMIN *EX4 .EX5 rEX6  r.NPP r L B T  tLFL rLRD r 
B I B A T  9 ICOMB r L S P 1  rTKH #TKO 9 E M I S S  t T S  rCONKR ,NPFL t 

9NPFZ 9 I P X  r I P  r C  9 RAT 101, R A l  I O 2 1  T 1 r T 2  ,AREA 
COHMON T T  r NE( r V C O R  9NWT #PARA t T R  e QR rVJCOR 8 

i s w  swa ,UT rDPCH1 r Z Z  rVCORI  r V O P l  r V J O P l  rTCH e 
2 M 1  t M2 *CODE ,ALPHA r T D  ,COMB , F I B 0  e f J B C 1  r F a B C 1  r 
X R I T  rALFAC rVJBC1 VTCC rD ISRATrVMINB 

C 

t 
t READ F I X E D  TABLES OF DATA 
t 

C A L L  EFM 

DO 1 5  Kelt4 
15 READ 5 r ( T R D ( R ~ I ) r I = l r 4 )  

DO 16 K r l r l l  
16 READ 5 d f C O l t K r I )  r f P l r 2 )  

DO 17 K = l e 9  
17 READ 5 r ( T C 0 2 ( K r I I  r I = l r 2 )  

READ 5 r ( T X B D ( I )  r I = l r T )  
READ S r ( f A L P H A t 1 1  r I + l r S )  
READ 
DO 1 8  K s l r 7  

5 9 ( TALPHA ( I 1 , I  =6 9 10) 

1 8  READ 6 r ( T V M I N B ( I  , K )  r I = l r l O )  
6 FORMAT (1OF7-0) 
5 FORWAT(7FlOoO) 

NIP=3 
20 TRY=O. 
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VOPOLD=O- 0 
R E JEC TsO 
CALL INPUT 

c READ INPUT DATA AND PRINT I T .  
CALL ARANGE ( T,P,NOPROF9TA,PA, NPROFA. PMAX,PMIN) 

C ARRANGE THE POWER PROFILE I N  DESCENDING ORDER OF POWER AND TO 
C DETERMINE THE M A X I M U M  ANC MINIMUM POWER VhLUES- 

WRITE OUTPUT TAPE 2,201 

WRITE OUTPUT TAPE 2,203 

DO 2 0 5  I=l ,NOPROF 

2 0 1  FORMAT (14HlPOWER PROFILE) 

203 FORMAT (~HO,IXILHT r l 1 X t  1HP) 

205 WRITE OUTPUT TAPE 2,207vT4 I ) , P (  I )  
207 FORMAT (lH 2F12.3) 

PMAXXX=PMAX 
P M I N X=PMI N 
CALL SUBQ 

C COMPUTE THE WEIGHT OF CELL,AUXILLIARYtFUEL AND RADIATOR FOR 
C ALL CELL OPERATION OF THE SYSTEM, 

C 
WTOLD=WTC t 11 + WTA+ WTF (1 1 * W T H ( l I  

W TAC = W TOLD 
I STAGE=O 
I Z=ZZ 
WRITE OUTPUT TAPE 21105 

105 FORMAT ( L H l )  

WREG=O. 0 
WR6xO. 0 

IF ( L B T ~ 2 1 ~ 5 0 O ~ 1 5 1 0 9 1 5 0 0  
1500 URITE OUTPUT TAPE 2,1501 
1501 FORMAT ( 1 H  SX,ZiHRECHARGABLE BATTERIES) 

1510 WRITE OUTPUT TAPE 2.1301 
1 5 5 0  WRITE OUTPUT TAPE 2,101 

GO TO 1550 

101  FORMAT ( 1 H  7X, l lHSTAGE V O P T ~ 4 X ~ 7 H U T T O T A L ~ 4 X ~ 6 H H T C E L L ~ 4 R ,  5HWfAUX, 
1 4 X  9 6H UTF W L , 4 X  ,4H URAD 15 X SHWT BAT 4x1 7HNO CELL 9 3X t 9HCELL AREA, 5Xr 
2 SH W TR E G 1 

WRITE OUTPUT TAPE 2 ~ l 0 2 , I S T A G E 1 V O P l ~ ~ T O L O ~ ~ T C (  l I rUTA.YTF( l ) r W T R (  1)  

WRITE OUTPUT TAPE 2,103 
103 FORMAT I lH+ , lOHALL  CELL = )  

I F  (FN-1.0) 3009300 140 

I F  ( L B T - l ) 3 0 0 , 4 S r 4 4  

1 e MRB p I Z,  AREA 9 WREG 

40 OP=4PMAX-PMINI/FN 

44 I F  (LBT-2)45,1100,45 
45 PFCMXxPHAX-DP 

COUNTtOo 0 
I =O 
I F  (NOPROF-1) 3009300,80 

I F  
80 CALL SUBP 

(CODE-1- 0 )  82 9800 9 2 0  
C COMPUTE THE WEIGHT OF RECHARGABLE BATTERY AND REGULATOR FOR 
C THE SPECIFIED TYPE OF BATTERY AND THE MAXIMUM LEVEL OF 
C PgWER SUPPLIED 8 Y  FUEL CELL. 
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82 C A L L  ARANGE 4 TX, PX9NPROFX.T A,  PA, NPROFA, PMAX, PM IN) 
C ARRANGE THE POWER P R O F I L E  A F T E R  R E C H A R G I N G  THE B A T T E R I E S  I N  
C ORDER T O  D E T E R M I & €  NEW W E I G H T  O F  THE S Y S T E M  

C A L L  SUBQ 
I F  (ICOMB)83,83,599 

599 I F  ( C O U N T - 1 0 ~ 0 1 6 0 0 ~ 7 0 0 ~ 7 0 0  
600 IF ( A B S F  ( V O P 1 ~ V O P O L D I - o 0 0 0 5 1 8 3 r 8 3 , b 5 0  
650 V O P O L D = V O P l  

GO TO 80  
COUNT=COUNT+ lmO 

700 WRITE O U T P U T  T A P E  2,501 
501 F O R M A T  ( 3 4 H O O P T I M U M  V O L T A G E  WILL NOT CONVERGE)  

83 I = I + l  
W T C E L L  ( I 1 = W C  (1 14 WTA+WTF ( 1) 4WTRI 1 I +WRB+YREC 
VOPOLD=Oo 0 
I Z = Z Z  
I S T A G E = I  S T A G E 4 1  
W R I T E  O U T P U T  T A P E  2,102 9 I S T A G E ~ V O P l ~ H T C E L L ~  I 1  ,WTC( 1 ) r W T A r . H T F l  1) i  

1 W T R t  1) .WRB , I  Z ,AREA,WREG 
102 F O R H A T  ( L O X ~ I 2 ~ F 7 m 3 , 6 F l O o 3 ~ 1 7 , 3 X ~ 2 F l O o 3 )  

COUNTSO. 0 
A A R E A  t I I =AREA 
P F C M X s P F C M X - D P  
I F  ( P H I  N X - P F C M X + o O l I  84,800 ,800 

8 4  T R Y a l r O  
A R E A = ( P F C M X + P A R A )  / V J O P l / Z Z / X N A M  
GO TO 80 

T A R E A r A A R E A ( 1 )  
J S A V E t l  

800 W T E M P = U T C E L L ( l )  

805 DO 840 J=l,I 
I F  4 WTEHP-WTCELL t J )  ) 8 4 0 p 8 4 0 , 8 1 0  

810 WTEHP=WTCELL(  J) 
T A R E A r A A R E A t  31 
J S A V E = J  

840 C O N T I N U E  
IF ~ L B T ~ 2 ~ 9 1 0 ~ 1 1 0 0 ~ 1 1 0 0  

I F  ( L B T - 2 1 1 3 0 2 r 1 3 0 3 ~ 1 3 0 2  
1302 W R I T E  O U T P U T  T A P E  2,1301 

W R I T E  O U T P U T  T A P E  2,101 
1301 F O R M A T  4 1HO 9 5 XI 1 7HPRI MARY BAT1 E R I  ES I 

1100 P F C H X t P M A X X X  

1303 I U T = O  
1110 I W T = I W T + l  

P F C H  X=PF C MX-0 P 
C A L L  ARANGE (T,P, NOPROF * T  AVPA, N P R O F  A, PMAX, P M I N I  
I YY=O 
DO 1130 I s l r N P R O F A  
P A 6 1 4  I ) = P A  t I 1-PFCMX 

I F  ~ P A B T ~ f 1 ~ 1 1 5 0 , 1 1 5 0 ~ 1 1 2 0  
T A 6 T I I I = f A 1 1 )  

1120 I Y Y = I Y Y + l  
1130 CONTINUE 
1150 P T S U M = O e O  
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00 1 1 6 0  I = l , I Y Y  
I 160 P 15lJM=PTSUM+PARl( I )  + T A R T (  I I 

U TPRH =P l S I J M * f 3 A  T I 
1)O 1 t 9 0  I 2 1 VNPRUF A 
I F  f P A ( I ) - P F C M X ) 1 1 7 0 1 1 1 7 0 r 1 1 8 0  

I 1 1 7 0  P X ( I ) = P A ( I )  
T X  1 I 1 = TA ( I 1 
GU TO 1190 

1 1 8 0  PX( I )=PFCMX 
T X ( 1  ) = T A ( I  1 

1190 CONTINUE 
C ALL A R A  NGE ( TX  9 P X 1 NPROF A 9 1 A 9 P A, NPROF A, PM AX 9 PM I N  1 

I CALL SUBQ 

! 
AAREA(IHT)=WTPRB 
W TCE L L  ( I UT) = W  TC ( 1 1 + WT A+WTF t 1 1 +WT R ( 1 1 +WT PR 8 
I 2 = Z Z  

I UHI TE OUTPUT TAPE 2,103, I WTwVOPl 9WTCELLl IWT) ,  WTCt 1 ),WTA~WTFf 1 1  9 

I 1 W  TR t 1 )  9WTPRBt I ZI A R E A  
IF (PMI  NX-PFCMX+DP+.Ol) l l lO 9120011200 

1200 I P S T G = l  
WTPRB=AAREA(L) 
WPRI M=hTCE LL ( 1) 
DO 1260 I = l 9 I W T  
IF (WPRIM~WTCELL~I))126Ot1260r1210 

1210 I P S T G = I  
WTPRB-AAREA(1) 
WPRI M=WTCE LL 4 1 )  

XTEM=IPSTG 
1260 CONTINUE 

1 

I F  (LBT-2)  2091270 91400 
1 2 7 0  I F  ( W P R I ~ U T A C ) 1 2 8 0 ~ 3 0 0 , 3 0 0  
1280 PFCMX=PHAXXX-XTEH*DP 

DO 1350 I = l rNOPROF 
IF IP(I)-PFCMX~1300~1300~1310 

1300 P X ( I l = P ( I )  
1 x 1 1  1 = f l  I )  
GO TO 1350 

T X ( I  ) = T (  I )  
1 3 1 0  PX( I )=PFCMX 

1 3 5 0  CONTINUE 
C A L L  ARANGE 
WRITE OUTPUT TAPE 2,1351rIPSfG 

( T X  9 PX 9 NOPROF , TA,  PA, NPROFA, PM AX 9 PM I N  ) 

1351 FORMAT ( lHOvSX926HTHE OPTIMUM CASE IS STAGE I 1 2 ~ 2 5 H  USING PRIMARY 
1 BATTERIES) 
CALL SUB0 

WRR=WTPRB 
GO TO 500 

WHEGfO- 0 

1400 I F  (UTAC-WPRIM) 1410~14101142O 
1410  I F  I WTAC-WTEMP)300,300,400 
1420 I F  (WPRIM-WTEMP) L28091280,4OO 

910 I F  (WTEMP-WTAC)400,300,300 
300 CALL ARANGE (1 P p NOPROF , T A ,  PA, NPRUFA, PMAXI PMIN 1 

CALL SUBQ 
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W TOPT-WTC ( 1 )+WTA+WTF ( 1 )  + W T R I  11 
WREGsOo 0 
W H B s O o  0 
H R I T F :  OUTPUT 1APE 2 . 1 0 4  

104 FORMAT (LHO~lOXr28HTHE OPTIMUM CASE IS ALL CELL)  
GO TO 500  

400 XTEM=JSAVE 
PFCMX=PMAXXX-DP*XTEH 
AREAITAREA 
CALL SUBP 
IF ( C O O E - 2 o 0 ~ 4 1 0 , 2 0 , 2 0  

41 0 CALL ARANGE 4 TXVPX 9 NPROFX 9 TA, PA, NPHOFA, PHAX, P M I N  1 
CALL SUB0 
WTOPT=WTC ( 1) +WTA+WTF (1 1 +WTR( 1) +WREG+WRB 
H R I T E  OUTPUT TAPE 2.106 

WRITE OUTPUT TAPE 2,107 

WRITE OUTPUT TAPE 2,101 

106 FORHAT ( l H 1 ~ 5 X ~ 4 0 H O P T I M U M  CASE U S I N G  RECHARGABLE BATTERdES) 

107 FORMAT (1HO) 

J = J S A W  
I STACE=JSAVE 
WRITE OUTPUT TAPE 2 ~ l 0 2 ~ I S T A C E ~ V O P l ~ W T O P T  r H T C (  l).WTAr.WTFI 11, 

WREG 
WRITE OUTPUT TAPE 2,107 
WRITE OUTPUT TAPE 2 ,l08,VMINB, ALPHA, I BAT, OISRAT 

1 UTR ( 1 1 WRB 9 I 2 ,AREA 

108 FORMAT ~ l H 0 , 1 0 X 1 7 H V M I N B  =,F7.3,3X,IHALPHA =tF7.3, 3X,.6HIBAT =C 13; 
1 5 X  9 8 H D I  $RAT 1 eF7- 3) 

WRITE OUTPUT TAPE 2 r l l l  

DO 113 I=l ,NPROFX 
11 1 FORMAT ( l t 4 0 ~ 1 5 X ~ 2 H T X ~  1 LXr2HPX)  

113 WRITE OUTPUT TAPE 2 r l l 2 r T X ( I ) , P X ( I )  
112 FORMAT ( 1 H  , l l X t F 8 . 3 r S X 1 F 8 - 3 1  

WRITE OUTPUT TAPE 2 r l l b ,C ,EX3  

WRITE OUTPUT TAPE 2 r l lS ,EX2 ,REJECT 

E X3+CeVBWI N*ERO/WRB 

114 FORMAT (lHO,LSX,3HC =rF8o3,6X14HRD z r F 8 . 3 )  

11 5 FORMAT ( lH0,13X,5HBAT .3,3Xt 7HVBMAX =, F8-3 
845 DO 900 3 ~ 1 , 2 5  

900 AAREA 4 J) ~0.0 
W TCE L L ( J) =Oo 0 

I F  (NPP-1)500,20,500 
500 C A L L  SUBR 

GO TO 20 
E N D ( O ~ l r O e l r 0 )  
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I ‘  

I 

COlYMON NVJ 
1 T A  t P A  
ZNPROFX, TRD 
3WRR WTOPT 
4 V O C  t V A R  
5ALFMX 9 ALFMN 
6XNAM XNRM 
7VtYAXB p V B F t I N  
8 I B A T  9 ICOMB 
9NPF2 9 I P X  

COMMON TT 
1s” I swo 
2M 1 

rTCO2 t T I 8 D  
TPX ? V  
tREJECT,WTC 
9WTNEW ,DP 
(PPV ,ADD 
t D B C  ( H C M A X  
tRPS 9FN 
9 E X S  ,EX6 
tTKH *TKO 
,f ,RATIO 
t V C O R  (NWT 
rDPCHl t Z Z  
TALPHA ,TD 

I F  ( 11 -11  6 0 0 r 4 7 5 ~ 4 1 5  

READ 2 5 , ( T [ I )  , P ( I ) , I = l t N O P H O F )  
475  READ 20r”lPROF 

N=NOPKOF-l 
TT=TINOPROF 1 

5 9 5  T I I ) = T f I + l ) - T ( I l  
NOPROF=NOPROF- 1 

600 I F ( I 2 1  8009800,625 
6 2 5  READ 2 0 t Y X P  

DO 595 I = l , N  

READ 
00 700 I - l r N X P  

800 I F ( I 3 )  9 0 0 ~ 9 0 0 r 8 2 5  
82 5 R €AD 
900 I F ( I 4 )  1 0 0 0 ~ 1 0 0 0 t 9 2 5  

259 4 V t  I 1 VAMP 4 I )  91 31 vNXPI 

700  V J ( I ) = V ( I ) * A M P I I )  

5 , SC 9 SAP ,CON VOC t VA6 9 PPC t PV 

9 2 5  READ 5,ADD rBATT, TC ,Qk, SP2 9 ALFMX, ALFMN 
1000 I F (  15) 1 1 0 0 ~ 1 1 0 0 ~ 1 0 2 5  
1025 READ ~ ~ B C M I N , D B C , ~ C M A X , E C ~ E R D I E R D ~ E R C ~ S P ~  
1100 I F f I 6 )  1 2 0 0 9 1 2 0 0 t 1 1 2 S  
11 2 5 READ 5 9 XNAMt XNRMt FR RPSVFN VDALFA, S P4 
1200 I F ( I 7 )  1 3 0 0 r 1 3 0 0 9 1 2 2 5  
1 2 2 5  READ 
1300 I F ( I 8 )  1 3 ~ 0 1 ~ 3 5 0 ~ 1 ~ 2 5  
1 3 2 5  R E A D  S , T K H , T K O , E M I S S t T S , C O N K R  
1 3 5 0  I F f  19 )  1400,1400,1375 
1 3 7 5  READ 

5, VHA XC t V M I  NC 9 VMAXB v VBMI NvSPS r S P 6 t S P 7  

30, NPP rLf3Tv L F L  ,LRD, I BAT, I C O M B ,  L S  P1 
C 
C P R I N T  OUT INPUT DATA 
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1 4 0 0  PWlNT 5 S , ( T I T L E ( I l r I = l ~ l O )  
P R I N T  6 0 r N X P  
P d I N T  65, I V I 1  ) , A M P (  I )  , V J f  I )  , I = l  , N X P )  
P R I N T  70 

P R I N T  R O  

P R I N T  90 

P R I N T  100 

P R I N T  110 

P R I N T  130 
P R I N T  
P R I N T  120 
P K  I N T l 2 8 ,  N P P t  L R T  9 LFL, L R D  9 I BAT , ICOMf3, L S P l  
R E T U R N  

P R  I N  T 6 8  9 SC SAP ,C ON 9 VOC 9 V AB 9 PPC , P P V 

P K  I N T  6 8 ,  A D D  9 B A T T  TC Q W  , SP2, A L F H X  A L F  MN 

P R  I N 1  68,BCMI N t D B C  ,BCMAX,EC,ERD,ERC, SP3 

PR IN T 68, XNAM XNRM VFR 9 R P S  9 FN, D A L F  A S P 4  

PR I N T  6 8 1  VMAXC p V M I  NC ~ V M A X B T V B M I  NtSP5 t S P 6 t  S P 7  

6 8 ,  TKH, T K O t t M I  S S ,  T S  r C O N K R  
I 

I 

5 F O R M A T ( 7 F 1 0 , O )  
12 F O R M A T  t 101 1 , 1 0 A 6 l  
L O  F O R M A T ( I 2 )  
25 F O R M A T i  6F 10.0) 
3 0  F U R M A T (  7f 1) 
55  F O R M A T ~ 1 ~ A 2 0 X ~ l O A 6 / / l X ~  
60 F O R M A T ( 2 8 H  NO OF P O I N T S  ON V - J  C U R V E  = I 3 / / 6 X ,  l H V l O X ,  A H J ~ Z X T Z H V J / )  
6 8  F O R M A T (  l X F A 0 ~ 5 , 6 i 2 X F 1 0 ~ 5 ) )  
65  
70 
80 F O R M A T  ( L’ iO ,  3 X 3 H A D D 8 X 4 H B A f T 9 X ~ 2 H T C l O X 2 H ~ ~ l O X 3 H S P 2 7 X 5 H A L F M X 9 X ~  

F U R M A T  ( 1 X F  10.5 e2 X F  1 O m  5 92 XF 10.5 1 
F O R M A T  ( A Y 0 , 4 X 2 H  SC lOX3HSAP9X3HCON9X3HVOC9X3HVAf39X3HPPC9X 3 H P P V  1 

1 5 H A L F M N )  
90 F O R M A T  ( 1.101 1 X S H B C M I  N9X3HDBC6X5HBCNAXlOX2HEC 1 O X  3 H E R 0 9 X  3 H E R C 9 X 3 H S P  3 l 

100 FORMA 1l1!-4O12X,4HXNAM8X4HXNRM9X2HFR9X3HRPS 1 0 X 2 H F N 8 X 5 H O A L  F A 9 X  3 H S P 4  1 
110 F O R M I T  ( l H O ,  l X 5 H V M A X C 7 X S H V M I  NCbX5HVMAXB7X5HVBHIN9X3HSP51OX 3HSP6, 

19X3H SP 7 1 
1 2 0 FOR MA T ( 1 H 0 3 X 3 H  NP P 9  X3H L B T 8  X 3  H LF L9 X 3  HL R D 8  X 4 H  I B A T  R X  S H L  V 8 X  4HL SP 1 1 
128 

415  P A U S E  111 
.- GO -TD’ 425 

F O R M A T (  l H 0 1 3 X 9 7  ( I  1 v 11x1  1 
130 F O R M A T (  ~ Y O , ~ X , S H T K H , ~ X I ~ H T K ~ , ~ X ~ ~ H ~ M I  SS ~ ~ X , ~ H T S I ~ X I S H C O N K R )  

E N D  1 0 , 1 , 0 , 1 r O l  
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C JAYESH G, OALAL OEPT-3258 X-3362 
C SUBROUTItUE T O  REARRANGE THE POWER PROFILE I N  OESCENOLNG ORDER 

Sb8ROUTfNE ARANGE (T,PrNOPROF,TAe PbrNPROFA,PMAXsPMIN) 
DIMENSION T t 1 )  r P ( 1 I  r T A I l )  r P A ( 1 1  
00 10 I= l rNOPROF 
TA ( I 1 =T(  I 1 

1 0  P A ( I ) = P ( I )  
C PA AND TA CONTAIN POWER PROFILE ARRANGED I N  OESCENDING 
C ORDER OF POWER 
C 

I F ( NOPROF-1 1 L O O  9 100 9 2 0  
20 KI.=NOPROF 

M= NOPROF 
K 2 = K l + l  
00 77 K = l r K 1  
DO 76 I t 2 . H  
IF(PA(I-l)-PA(I))75,76,76 

75 T E M l = P A ( I - l l  
TEMZsTAt 1-11 
PA(  1-1 )=PA ( I  1 
TA 4 1-1 I =TA ( I 3 
PA 1 I I = TE M 1  
TA ( I 1 = TE H2 

76  CONTINUE 
MsH- 1 

77 CONTINUE 
PMAXXPA (1 1 
PMIN=PA(NOPROF) 

c COMBINE EQUAL POWER VALUES 
C 

79 1=2 
8 1  I F ~ P A 1 1 1 ~ 3 0 0 ~ 3 0 0 ~ 8 0  
80 I F ( ABSF ( PA ( I )-PA 1-1 1 3-e 0 1) 2009 200, 90 
90 1=1+1 

GO TO 81 
100 PMAXrPA(1)  

P M I N = P A ( l )  
NPROF A =l 
GO TO 320 

K2sK2- 1 
DO 210 J s I r K 2  
PA ( J 1 =PA ( J+1) 

210 T A ( J ) - T A ( J + l )  
GO TO 79 

300 NPROFAzKZ-1 
320 I F  (SENSE SUITCH 4)3501500 
3 5 0  PRINT 4 0 0 r P M A X ~ P M I N ~ N P R O F A I ( P A (  I I r T A 4  1 1 9  I -L rNPROFA)  
400 FORMAT( BHOARRANGE/SX,5HPMAX=rF10.4~5HPMIN~,  FLOo4~7HNPROFA=r 

200 TA ( 1-1 1 t T A  1-11 +TA 4 I )  

1 I3/1H r l O X r 2 H P A ~ l O X r 2 H T A / 4 1 H  r2F12043) 
500 RETURN 

END 4 O m 1  r o t  1 r O )  
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I , P A I L  C A L L E N  O E P T .  3258 
5 l J I ) H O I J I I Y f  hTFUCL 
I i J U I V A L f V L t  
DIMFNSION 

(NXPtNVJ)  t ( V M A X t V M A X C )  9 ( V M I N t V H I N C I  
TRO(494)  t T C D l ( 1 1 9 2 )  t T C 0 2  f V t 2 1  t i  IBD( 719 T ALPtiAt LO I t  

l T V H I N 8 ( 1 0 , 7 ) , Y ( 5 5 )  r T ( 5 5 )  t T A ( 7 5 )  , P A ( 7 5 ) , T X ( 7 5 ) r P X ( 7 5 ) t V ( 3 0 ) ,  
LAMP ( 30)  V J  ( 30)  9 TR ( 7 5 )  rPR175)  9HTF 12)  t W T C (  2 1 p W T R (  2 )  ,WT ( 2) 

CCIMMON NVJ  V T C D 1  tTC112 r T l B O  ,TALPHA,TVMINBtP t T  t 

1 T A  t P A  t T X  I P X  t v  VAMP t V J  9 NCJPRDFpNPRUFAt 
ZNPROFX, TRD ,NIP tREJtCTSUTC 9 W T A  VdTF ,HTR r W R E G  t 

3kRB p WTOPT rWTOLO rWTNEW r D P  9PFCMX t S C  * S A P  t C O V  t 

4 V O C  t VAB pPPC rPPV ,ADD t S A T T  r T C  t Q W  t S P 2  t 
1 
I SACFMX 9 ALFMN V B C M I N  t O B C  9BCMAX 1 E C  S E R D  r E R C  ,EX2 9 

I 6 X N A M  9 XNHM ,FH ( R P S  t F N  VDALFA ,EX3 r V M A X C  tVMlNC 9 

7VMAXB 9 VBMIN SEX4 * E X 5  * E X 6  PNPP ,LBT t L F L  tLRO 9 

8 I H A T  9 ICOMB ,LSPL r T K H  , T K O  * € M I S S  t T S  tCLiNKR 9NPFL t 

W P F 2  t I P X  V I P  t C  9 RAT I O 1  t R A T  I 0 2 r T  I r T 2  9 AREA 
CUMMOrV T T  tNN ,VCL)R tNWT *PARA t T R  t PR VVJCOR 9 

LSMH 9 SkO r H T  tDPCHL 9 2 2  S V C O R I  t V O P L  VVJOPl  ,TCH t 

ZM 1 rM2 T C O O E  ,ALPHA , T O  *COMB , F I S D  r F J 8 C 1  t F I B C l  t 

3 C R I T  ,ALFAC V V J R C l  p T C C  ,DISRAT,VMINB 

I 

CALL ACFLAG ( V C O R  pVJCORtNXPpNIPtVtVJ)  
SUM-TR 1) /VCOH 
N l=NPRUFb-NN 
I F  1 Nl- 1) 205,205 9 100 

LOO Dl1 2 0 0  I=ZgNL 
VJCOKI=PR(I )+VJCOR 

2 0 0  SUM=SUH+PR{ I )+TRLI 1 / V C O R I  
205 A H = S U M * ( P A [ N N + l ) + P A R A ) * T T  

CALL ACFL4G ( V J C O K I  t V C U R I  ~ N X P , N I P I V J ~ V )  

SWH=4AH/12100oO) I loO+ADD)  
SWO=f ,  Y5,  SWH 
I F ( LF  L - l ) 2 0 L t 2 0 2  1 2  LO 

210 I F  I L F L - 2 ) 2 0 3 , 2 0 3 t 2 1 2  
2 1  2 F SS=TKH*  SWH+TKO* SWO 

GO TO 204 
?01 F SS=SlrJH+SWO 

GO TO 204 

GO TO 204 
203 FSS=30.20+9.7*S~H+(,OO345*lT)*SWH**~666667 
204 WTF(NWT)=FSS 

202 FSS=30-29+  1103+SWH+ 1 0  O0345*TT) *SWH**, 666667 

TEMP = I  (PA ( N N + l )  +PARA) / V J C O R )  *SC* (KNAM+XNRM)/XNAM) 
W TC ( N W T )  =TEMP 
R E T U R N  

END ( O t l t O t l t O )  
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C SL'BROUTI NE TO CALCULATE RADIATOR 
5t:RRDIJTI YE RAOWT 
EUUIVALFNCE (NXPtNVJ)  9 I V M A X p V M A X C )  (VMINtVMINC)  
D IMENSIUN THO ( 4  94 1 K O 1  (1  192  1 qTCD2 (9 9 2 )  , T  IBO( 7 1, TALPHA( 10 1. 

lTVMINB 1 1 0 ~ 7 )  r P 1 5 5 )  r T ( 5 5 )  t T A ( 7 5 )  r P A I 7 5 ) r T X ( 7 5 )  r P X I 7 5 ) r V I  30)s 
2AMP( 30)  V V J  ( 3 0 )  9 TR ( 7 5 )  9 PR ( 7 5 )  9 WTF (2) WTC( 2 1, W T R ( 2 )  WT( 2)  

EQUIVALENCE [NXP,NVJ) 9 ( V M A X , V M A X C l  , (VMIN,V#INC) 
COMMON NVJ TCDl ,TCD;Z ,T IBD ,TALPHA,TVMINBtP ST t 

1 T A  I PA v T X  rPX CV *AMP rVJ rNOPROF,NPROPA, 
ZNPROFX. TRD ,N IP  tREJECT9WTC ,WTA ,HTF WWTR ,WREG t 

I 3WKB 9 WTOPT rWTOLD rWTNEW tDP tPFCMX r S C  *SAP *CON 9 

4 V O C  9 VAR ,PPC VPPV *ADD tBATT ,TC Qn r S P 2  T 

5ALFMX p ALFMN ,BCMIN , D B C  ,BCMAX ,EC ,ERD ,ERC ,EX2 t 

I 6XNAM 1 XNRM VFK ,RPS pFN 9DALFA *EX3 ,VHAXC V V M I N C  9 

I 7VMAXB VBMIN V E X 4  ,EX5 #EX6 ,NPP rLBT r L F L  t L R D  

I 

~ 

I 

R IBAT I C O M B  VLSPl  tTKH ,TKO ,€MISS , T S  rCONKR t N P F 1  t 

9NPF2 t I P X  q I P  ?C RAT I O 1  9 RAT I 0 2  , 11 ,T2 9 A R E A  

lSWH 9 SWO rWT rDPCHl 9 2 2  t V C O R I  r V O P l  ,VJOPl  ,TCH 9 

2M 1 rM2 *CODE *ALPHA * T O  VCOHB , F I B 0  WFJBCI r F I B C 1  t 

3 C R I T  ,ALFAC , V J R C l  r T C C  tOISRATrVMINB 

COMMON 11 t NN rVCOR (NWT #PARA r T R  9 PR PVJCOR 

PPR=O. 0 
I F  (NPROFA-NN) l5 r lSs10  

PPRzPPR 1- (. 0002165* PA (NN+ 1)  *QW/VCOR) 
PPR=PPR+. 1 7 5 *  (PA ( 1) -PA (NN+111 

10 P P R l = {  (lo0--67+VCOR)*PA(NN+l)+PARAI/(o67*VCOR) 

30 I F  (CRD-1121,22,24 
2 4  I F  1LRD-3)23,40,50 
50 RPSl=l.O-RPS 

C1=0,70935 
C 2 r l  .56+PPR+2. lSE-6+2-  0 € - 6 / R P S l + T T * l o  667E-5 
C 3 ~ 0 -  2 08. ( 0.01 /RP S1) ** ( 20808-4o 08E-6/  RPS 1 1 +TT+2.083€-5 
C 4=0. 2 088+ 0- 0 0 0 5 2  1* (0.01 /RPSL 1 **l 04 
C 5=- 3 1 6+ 8 6E - 5 /R P S 1 + 1 T*2.9 1 7 E-5 + 2 9 3 8 9 5/  T C+P PR+ 1 29 E - 4  
WTRAD=Cl. ( ( 0043*PPH)++C2 1 * (  ( T T / 2 4 - 0 )  +*C3 1 * (  ( oOl/RPS l ) * N 4 ) *  

I ( (559 .8 /TC )+*C5)  
GO TO 2 5  

GO TO 2 5  

GO TO 2 3  

GO TO 30 

40 HTRAD=PPS*3-415*CONKK/ tEMI  S S * O o  1 7 3  ( (TC/100m ) **4-1 TOftOO,3**41) 

2 1 WTRAD= 0.0 

1 5  PPR=. 175*PA(  1) 

2 2 W TRADl=55.6*PPR*+ 1 533 *TT++Oo 5 
WTRAD=WTRADl/ { 1- 0-RPS)  + * O m  5/(TC-220.0)**3.57 
GO TO 2 5  

23 W l=O. 906r ( . C833333*TT)  ** ( 0.015 (0.0001138 *PPR ) * + O  . 1974) 
W T l = t  0.0001 138.PPR) * * W  1 
WTZ=( 2 7 - 3 +  (0 .0833333*TT)  **0.3065)  ( (0 o O 4 1 6 6 6 6 6 + T T  ) * * O . O 3 1 4 )  
W 3=10o  4 3 4 2  94* 4 LOGF ( RPS 
W13=W3* ~ 0 ~ 0 0 0 1 1 4 1 * T T ) + * ~ 2 4 6 7 * ~ O ~ O O O 0 3 4 l Z * ~ P R ) . + l o 2 2 ~  

-LOGF ( 99 1 I / 2 8 2  I ** 1 - 0 7 - 3 4  6 

W TRAD=WTl* WT2+WT3 

R E  TURN 
2 5  WTR[NWT)=WTRAD 
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c 
C 
C 
C 
C 
C 
C 

, 
~ 

I 
I 
I 

JAYESH D A L A L  0-3258 JOB-734M ACFLAG 
3 324-493 (DP-303)  DUFKESNF 
X=INDEPfNOENT VARIABLE 
NXP=NU OF X POINTS 
NIP=NU OF INTERPOLATION QUINTS 
XPzX P O I N T S  I N  TABLE 
YP=Y POINTS I N  TABLE 

SUBROUTI YE 
OIMENSIOY XP(1)  r Y P ( L )  

A C F L A G  I X f Y  r NXP . N I  P,XP, Y P I  

C 

1 I 

I 
5 

15 

20 

2 5  
1 

C 
3 0  
40 

I 

I 44 
45 

50 
5 5  
60  

C 
t 
C 
65 

TE ST=O, 
I F ( X P (  1 l -XP INXP)  1 4 , l r l  
T E S T = l .  
N=NXP/2 
M=NXP 

HOLD=XP ( I 1 
XP ( I 1 = XP 4 MI 
XP{M)=HOLD 
HOLDaYP I I )  
YP ( I 1  =YP i M )  
YP(M)=HOLD 
H=M-1 
CONTINUE 
N IPA=N I P  
V A R = X  
IF (VAR-XP 4 11 I 
AN S=- 1. 
GO TO 100 

DO 3 I = 1 9 N  

5 ,  15915 

DO 20 I=1,NXP 
I F  (XP 4 I ) - V A R )  20,25930 
C ON T I NU€ 
AN S=- 1 . 
GO bo 100 
ANS=YP( I )  
GO TO 100 
TEST I F  NO OF INTERPOLATION POINTS IS EVEN 
IF(NIPA-(NlPA/2)+2)44,40.44 
NQ =N I PA /2  
GO TO 5 5  
I F  (ARSF( XP(I ) - V A K ) - A B S F (  VAR-XP( 1-11 I I 4 5 9 4 5 9 5 0  
N Q = I N I P A - 1 1 / 2  
GO TO 55 
N Q = { N I P A * l l  /2  

J J = l  
G O  TO 76 
I - N Q  IS THE POINT TU START INTERPOLATING WITH 

P O I N 1  PLUS THE NO OF POINTS T O  INTERPOLATE WITH 

I F ( I - N Q 1  60,60965 

NXP 9 THE NO OF POINTS MUST NOT EXCEED THE STARTING INTERPOLATIOV 

I F  (NXP- ( I -NQ+NIPA) )  7 0 9 7 5 9 7 5  
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70 

7 5  
7 6  

80 
0 5  

I 

90 
100 : 

I 101 

1 0 3  
110 

J J=N XP + 1-NI  PA 
GO TO 76 
JJsI -NO 
A N  S f O .  
J = J J  

S A  VE = Y P J I 
K = J J  

HOLD=XP ( J I-XP (lo 

SAVE=( VA3-XP (KI 1 /HOLD+SAVE 
K=JJ+M 
CON T I NU€ 
ANS=ANS+SAVE 
J = J J + L  
CONTINUE 
Y=ANS 
IFITEST) 1 0 1 ~ 1 1 0 ~ 1 0 1  
M=NXP 
DO 103 IslqN 
HOLD=XP ( I 1  
XP l I 1 =XP (H 1 
XP ( H I  =HOLD 
HOLDsYP ( I 1 
Y P ( I ) = Y P ( M )  
YPIPII=HOLD 
M'M- 1 
CONTINUE 
RETURN" 
END( 01 1 9  01 1 t 11 

00 90 L = l , N I P A  

DO 88  M = l , N I P A  

IF [HOLD) 8 0 ,  8sT  ao 
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PAUL CALLEN DEYT. 3258 
SLRROUTI NE SURO 
FQUIVALfVCE tNXP,iJVJ) r ( V M A X , V M A X C )  r ( V M I N , V H I N C )  
0 I M E N S l O V  TRD ( 4 ~ 4  I , TCDl I1 1 92 I , TCD2 ( 9 1  2 )  P 1 I BD( 7 1, TALPHA( 10 1 T 

l T V M f N B ( 1 0 , 7 )  f P ( 5 5 )  J ( 5 5 )  , T A ( 7 5 ) , P A ( 7 5 ) , T X i 7 5 ) r P X 1 7 5 I , V ~ 3 0 ) ,  
2AMP ( 3 0 )  WVJ (30 )  VTR (75) r PR (75) I WTF ( 2 1 ,  WTC( 2 I p WTR( 2 1 ,  WT( 2 )  

COMMON NVJ ,TCDl ,TCDZ , T I E D  rTALPHAvTVMINB,P r T  1 

I 1 TA i PA r T X  1PX ,V rAMP r V J  rNOPROF,NPROFA, 
I ZNPROFX, TRD , N I P  ,REJECT,WTC ,WTA tWTF ,WTR t W R E G  9 

3WRB p WTOPT ,WTOLD ,WTNEW COP r P F C t l X  r S C  , S A P  ,CON t 

4VOC VAH ,PPC tPPV (ADD ,BATT ( T C  9 Q W  ,SP2 9 

SALFYX ALFHN ( B C M I I J  ,ORC rBCMAX ,EC , E R D  ,ERC * E X 2  t 

I 6XNAM XNRM (FR ,RPS ,FN (DALFA VEX3 dVHAXC ( V M I N C  9 

'IVMAXB 9 VBMIN * E X 4  , E X 5  ( E X 6  sNPP r L B T  ,LFL v L R D  9 
I 

PCONKR wNPF1 9 81RAT 9 ICOMB r L S P l  r T K H  ,TKO s E M I S S  9 1 s  
I 

9NPF2 p I P X  , I P  ,C 9 R A T 1  01 HAT I02 ,T 1 9 1 2  v A R E A  
COMMON TT t NN 9VCOR 9NWT ,PARA r T R  1 PR ~ V J C I J R  9 

lSWH 9 S U O  ,WT r D P C H l  ( Z Z  r V C O R I  r V O P l  VVJOP1 r T C H  
2M 1 rM2 (CODE (ALPHA ( T O  (COMB ~ F I D D  ,FJBCl  W F I B C l  9 

3 C R I T  , A L F A C  , V J B C 1  ,TCC , O I S R A T I V N J N ~  

I 

I NN=O 
N I P = 3  

2 2 2  VCOR=VAB 
DELTAV=(  VOC-VAB) /SO.O 

AMKRtO.0 
N J UMP =2 00 
NPG3=O 
NWT=1 
N 5=0 
NCNT2-0 

' NCNT3=O 
20 PARA=PPC*XNAM+PPV*PA(NN+l) 

K A  T=NPROF A-NN 
DO 2 1  I = l , K A T  
I l = I + N N  

2 1  PHI I I =  ( P 4  ( I l ) + P A R A )  / ( P A  ( N N + l I  +PARA1 
TSUM=O.O 
K =NN+ 1 
DU 2 2  I = l r K  

22 TSUM=TSUM+TA ( I  1 
TR ( 1)  = T S U M / T T  
DO 23 I =Z ,KAT 
I l = I + N N  

2 3 TR 1 I 1 =TA 1 I 1) / TT 

24 W T A = (  I P A ( N N + l ) + P A R A )  * S A P / X N A M + C O N ) * I X N A M + X N R M )  
IF (NPG3162r24r62 

3 3 3  CALL WTFUEL 
CALL RADWT 
WT INWT) =WTC INWT) + WTA+HTF ( NHT)  +WTR (NWT 1 
I F  I N S )  30931 r 3 0  

3 0  VUPl=VCOP 
GO TO 32 

3 1 I F  (NCN 1 2 - 1  I34 9 3 5  36 
3 4  VCOR=VCOA+DELTAV 
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3 5  
136 

36 

3 8  

39 

37 

3 3  

32 
40 

4 3  

44  
4 5  
4 6  

47 

57 

3 8  
4 1  
4 9  

I 

4 1  

5 2  

50 

NkT=2 
FJChlTZ= 1 
LO TO 3'33 
I F  { U T {  1) b W T ( 2 )  137,379136 
NWT=1 
VCOR =VAB 
C A L L  TERP ( A H K R ~ 2 2 , D E L T A V 9 V C O R , W T  (1) 1 
I F I A M K R l 3 8 r 3 9 . 3 8  
N C N T 2 = 2  
GO TO 333 
V O P l = V C O R  
GO TO 33 
VOP 1 = V A B  
"l=l 
VCOR =VAR 
C A L L  W T F U E L  
C A L L  K A D W T  
WTT =XTC f NWT) +WTA+WTF tNWT)+WTRtNWT 1 
I F  ( N J U M P - 2 5 0 )  40941 942 
C A L L  A C F L A G  { V O P l  , V J O P l r N X Q , N I P 9 V * V J )  

C A L L  A C F L A G  t V J O P Z 1 V O P Z t N X P , N I P , V J e V )  
IF(VMIN)i3,44t43 
2 Z=I NTF ( V M I  N / V O P l  +r 999999) 
GO TO 45 
2 2  = I  NTF VMA X / V O P 2  1 
f F ( VMA X-ZZ+VOPZ)  47,46966 
Z Z = M A X l F ( Z Z , I N T F  I V M A X / V O P 2 ) )  

V J O P 2 = V J D P l * P R  { K A T )  

GO TO 555 
VNOP 2=VM4 X / Z Z  
ZZMOP-322  
NWT=l  
C A L L  A C F L  AG ( VNOP2 9 V JNOPZ 9 NXP, N I  P 9 V 9 V J 1 
V J N O P l = V J N O P 2 / P R ( K A T )  
C 4 L L  A C F L A G  ( V J N O P 1  g V N O P 1  , N X P , N I P f V J , V I  
I F I V N O P L )  57157958 
VNOP L=VAB 
GO TO 49 
I F  ( V M I N - L Z + V N O P L  I 50-50 949 
N k T = 2  
z z = z z -  1. 
V N O P l = V M I N / Z Z  
C A L L  A C F L A G  ( V N O P L  9 V J N O P l v  NXP, N I  P , V r V J )  
V J N O P Z = V J N O P l + P R  ( K A T )  
C A L L  A C F L A G  ( V J N O P Z I V N O P ~ , N X P I N I P ~ V J , V )  
I F ( V M A X - V N O P 2 + Z Z I  4 9 r S L r 5 1  
VCOR=VNUP 1 
N J U M P = 3 0 0  
N 5 4  
GO TO 333 
V C O R = V N O P l  
V T E M P = V N D P l  
N J UMP =2 50 
GO TO 52 -52 -  



42 IF ( N W T - 1 1 5 3 r 5 6 ~ 5 3  
5 3  I F ( W T ( 2 I ~ W T ~ 1 ) ) 5 4 r 5 4 , 5 5  
54 UT4 11=WT(2)  

W TR ( 1 1 = WTR ( 2 1 
W T C ( l ) = W T t ( 2 1  
WTFQ l )=kiTF321 
GO TO 56 

5 5  VOPl=VTEMP 
zz=zznoP 

5 6  WTT=WT( l )  
5 5 5  WTMOD=.( WTC 4 1) +UTA I / 4  XNAM+XNRM) 

AREA=( PAINN+1 )+PARA) /VJOPL / Z Z / X N A M  
CALL ACFLAG (VOPl~VJOPl~NXP,NIP,V,VJl 

I F  { S E N S E  SWITCH 41600962 
600 P R I N T  11O,NN,VOPl vWTT,WTC (1 )  ,WTAIWTF( 1) vWTR(  1 ) r  Z Z ,  AREA 
110 FORMAT(SYOSUBQ/9H NN- I3 ,7X ,8H V O P l t  FAOe598H U T T t  FT0-3, 

18H- Nit= F10.3981-I UTA= F10,3/9H WTF= F101398H WTR= F10-3, 
Z Z m  F10-398H AREAS F10-5) - -  28H 

- BP'RETUW 
END( 0 , l v O v  1 v Q )  
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JAYESH OALAL 0-3258 3258-734M SUBP- 

THlS SURROUTINE DETERMINES UT OF REGULATOR AND RECHARGABLE 

I T  A L S O  DETERMINES CAPACITY OF BATTERY, ALPHA AND HOOIFIEO 
POWER PROFlLE AFTER CHARGING BATTERY- 

B A T T E R Y  FOR A SPECIF IED POUER LEVEL OF FUEL C E L t  OPERATION- 

SUBROUTI NE SUBP 

DI MENSION TRD(4 r4) r T C O l {  11 1 2 )  TC02(9 r  21 r T  1801 7). TALPHA( 101, 
1TVMINB(10,7) ,P(55)  ,1155) ~ T A I 7 5 ) , P A ( 7 5 l r T X ( 7 5 ) r P X t 7 5 & r ~ U ( 3 O ) r  
2AMPt 301 1 V J  (30) , TR ( 7 5 )  , PRt 75 1 sWTF1 2 1 ,WTC( 2 ),WTR( 2 1 (UT4 2)  

(NXP, NV J l  9 € V M A X r V M A X C  1 r {VMINr  VM INC €QUI  VALENCE 
COMMON NVJ 9TCDl rTCO2 , T I B D  ,TALPHArTVMINBrP r T  * 

3WRB p WTOPT rMTOLD rWTNEW vDP ePFCMX , S C  r S k P  ,CON r 
4VOC 9 VAB ,PPC rPPV *ADD * B A T 1  r T C  r Q W  r S P 2  , 

1 TA r PA t T X  ? PX r V  ,AMP p V J  pNOPROFrNPROFA~ 
ZNPROFX? TRO S N I P  tREJECT?HTC rWTA 9WTF sWTR 9YREG 

SALFMX 9 ALFMN rBCMIN ,DBC 9RCMAX r E C  rERO WERC ,EX2 
6XNAH XNRM r F R  rRPS r F N  r D A L f A  r E X 3  rVHAXC rVIJINC v 
7VMAXB 9 VBHIN *EX4 .EX5 VEX6 rNPP ,LET rLFL r L R O  
81BAT 9 ICOMB r L S P l  tTKH *TKO rEHISS r T S  VCONKR r N P F l  
9NPF2 9 I P X  V I P  * C  ~ R A f I O l , R A T I O Z ~ T 1  rT2 *&REA 

COMMON TT P NN rVCOR ,NUT ,PARA p T R  , PR 9VJCOR v 
lSWH w SUO ,UT rDPCHl *ZZ rVCOR1 r V O P l  r V J O P l  rTCH 
2141 r I42 ,CODE ,ALPHA ,TO *COMB r F I B D  rF i38C1 r F f B C l  r 
3 C R I f  rALFAC rVJBC1 r l C C  WDISRA?,VMINB 

DIMENSION S T 0 1 1 3 0 1  rS102t30)r Sf04 ( 30 1 STOSt 30 1, STO6( 30) 
I xx=o 
NPK=l  
NP=O 
ALPHAtALf MX 
RATIOl=BCMI  N 
RAT102*01 
COMB=Oo 
CODErOo 
CALL SUBB l PtNOPROF 1PFCMX. NP,NPl) 

SCAN THE INPUT POWER PROFILE T O  DETERMINE A POLNT WHERE THE 
POHER REQUIREMENT EXCEEDS THE MAXIMUM L I M I T  FOR FUEL CELL- 

N P F l = N P l  
NPaNP1 
TO=T 4 NPF 11 
DPBATsP ( NPF1)-PFCMX 
E D=TD* DPB A T 
E Xf=ED 
F IBD=DPBAT/(VBMIN+ERD) 

=FIBD*TO/ALPHA 
CALL SUBB PtNOPROF 9 PFCMXr N P r N P l )  
I F  (NPL 11 OO,lOO1300 

lOOo..THERE IS ONLY ONE PEAK I N  THE POWER PROFILE HSGHER THAN 
PFCMXOHENCE RECHARGING OF BATTERY I S  NOT NECESGARY. 

y90mooTHERE I S  ONE MORE HIGHER POINT ON THE PROFILE SO 
C 
C 

L 
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I 

e RECHARGING IS REOUIREDm 
100 DO 1110 I=l,NOPROF 

P X (  I 1  =P( I) 
110 T X ( I J = T ( I )  

PX(NPF1) =PFCMX 
NPROF X-NOPROF 
D I  SRAT=FIBD/C 
C A C L  +SUBH ITRD , I  BATICIRO) 
CALL SUB€ 

C DETERMINE MINlHUM BATTERY VOLTAGE, 
BAT-INTF ( V B M I  N/V.MI NB+Om99 1 
E X2=BAT 
VHAXB T=BAT+VMAXB 
RE JEC T=VHAXBT 

WRB=ED/(ALPHA*RD) 
WREGtFIBCl+ (VNAXBT-VBMIN)/ZOOo 

I F  (SENSE SWITCH 41149,160 
149 PRINT 150, WREG eUR6,BAT rC, ALPHA, RAT IO1 WTOLO 
150 FORHAT( 5HOSUBP/9H WREG=FlOoS,8H WRBs FlO.5, 8H BAT= FLOo5. 

18H CI: F 1 0 o 5 ~ 8 H  ALPHA= F10,5/9H R A T I O l =  F 1 0 o 5 ~ 8 H  WTOLOs F10-5) 
160 RETURN 
300 N P F 2 t N P l  

CODE =Om 0 
M 1 =NPF 1+ 1 
H2sNPF 2-1 
F I B C l = C * R A T I O l  
F JBC 1 =F I BC 1 /ARE A 
CALL SUBC 

C DETERMINE CHARGING TIME AVAILABLE 

C 
CALL SUBG I B A T v R A T I  01 sCRIT,ALFAC,, ALFHX, BCHAX 1 

DETERMINE THE C R I T I C A L  VACUES OF R A T I O 1  AND ALPHA 
CALL SUBA 

C DETERMINE THE CAPACITY OF BATTERY AND R A T # O L ~ R A T I O Z  FOR THE 
C SECTION OF POWER PROFILk’BETWEEN N P F l  AND NPF2 

I F  (CODE) 310,3109500 
C 5OOm.oCHARGING TIME IS NOT ENOUGH BETWEEN N Q F l  AN0 NPF2- 
C COMBINE MORE PEAKS Ab0 TRY AGAIN. 

310 STOl {NPK)=NPF l  
ST02(NPK)=C 
S TOS 4 NPK 1 =NPF 2 
I F  ( IXX)311,311,312 

312 ST04(NPK)=-EO 
ST06(NPK)=FIBD 
GO TO 313 

311 ST064NPK)=DPBAT 
ST04{NPK)=TO 

3 1 3  NPK=NPK+l 
I xx=o 
NPFl=NPF2 
NPmNPF2 
ALPHA= ALF M X  
R A f I O l = B C M I  N 

TD=T 4 NPF 1 1 
R A TI 02 = O o  
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DPBATzP (NPFL 1-PFCMX 
ED=TD*DPBAT 
E XS=ED 
FIBD=DPBAT/(VBMIN*ERD) 
C =F I BD*TOIALQHA 

3 2 0  CALL SUBB f P ,NOPROF PFCMX 9 NP, NP1) 
I F  t N P l  I400 1 4 O O r 3 O O  

C 4000.0THERE I S  NO HIGHER PEAK IN THE POWER PROFILE BEYOND 

C AT NPF1. 
400 STOl (NPK) =NPF1 

C NPF2oCOHPUTE THE C A P A C I T Y  OF BATTERY REQUIRED FOR PEAK 

I F  ( C O D E ~ 1 4 0 0 ~ 1 4 0 0 , 1 0 0 0  
1400 STO2(NPKI=C 

S T 0 4  4 NPK) =TD 
STOS(NPK)=NPFZ 
ST06(NPK)=OPBAT 
GO TO 600 

C 6OOo.o BATTERY CAPACITIES ARE DETERMINED FOR EACH PEAK GREATER 
C THAN PFCMXoDETERMINE THE MAXIMUM CAPACITY OF BATTERY 
C REQUIRED AND HENCE THE WTSo OF BATTERY AND ReGULATOR 

500 NPsNPF2 
ALPHAtALFMX 
RA TI 01 =SCMX N 
R A T 1 0 2 ~ 0 .  
I xx=1 
ED4EO+ (P tNPF2 1-PFCMX) *T t NPF2) 
EXS=.ED 
CnED/(VBMIN~ERD*ALPHAI  
PNPF 1=P I NPF 1 1 
00 520 JJsNPF 1 rNPF2 
IF(PNPF1-P(JJ)I510,520~520 

5 1 0  P N P F l S P I  JJ) 
520 CONTINUE 

F I  BO= 4 PNPFl-PFCMX)/ (VBMIN*ERD) 
GO TO 320 

DO 620 IS1,NPK 
I F ( CMA X-ST02 ( I 1 1 6 10 e 62 0 9 6 2 0 

600 C M A X t O ,  

610 CMAX=STOZ( 1 )  
620 CONTINUE 

DETERMINE THE WEIGHTS OF REGULATOR AND BATTERY FOR THE MAXXMUH c 
L4 

C VALUE OF C. 
C 

C=CMAX 

IPX=O 
I fl 

NPF2=STO511) ~ 

6 5 0  I P = O  

660 N P F t = S T O l (  I )  

IF ( S T 0 6 ( 1 1 C 6 7 0 p 6 8 0 r 6 8 0  
670  E D o - $ T 0 4 ( I )  

F IBO=ST06 4 I 1 
i- GO TO 690 

680 TD=ST04( f 1 
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I 
I 

I 
I 

1 

! 

i 

i 

1 
i 

I 1 

I 
I 
t 

r 

~ I 

I 

DPBAT=STO6 t I )  
FO*TD.OPBAT 
F fRD*OYBAT/(VBHIN*C R I ) )  

RATlOl=BCWIN 

01 SRAT=FIBD/C 
H 1=NPF 141 
M2sNPF 2- 1 
F I B C l = C * R A T I O l  
F JBC l=F I BC l / A R E A  
CALL SUBC 
CALL SUB€ 
ST02 ( I ) = V M I  NB 

hq(r A L P M A ~ t B / ( C * V 6 M f  N*FRO) 

R A f 1 0 2 = O o  

I F ~ I ~ N P K l 7 0 0 ~ 8 0 0 ~ 8 0 0  
700 CALL S U B G ( I B A T r R A T I O 1  ~CRITIALFAC,ALFHX,BCMAX)  

CALL SURA1 
IF 

7 2 0  CALL SUBD 
I = I + 1  
GO TO 660 

800 I P - I  
CALL SUBD 
V M I N B = S f O Z ( l )  

4 CODE-20 0 )  720 , 1000 ,720  

00 900 1 s 2 r N P K  
I F ( VHI  NB-STO2 I I 1 1 900,900 t 8 10 

810 V M I N B = S T O Z ( I )  
900 CONTINUE 

CALL 
B A T = I N T F  (VBMIN/VMINB+0.99) 

SUSH ( TU0 , I  BAT ,CHAXt RD 1 

E XZ=BAT 
VHAXB T+B AT*VHAXB 
RE JE C T=VMA XB T 

WRB=C* VB M I  N*ERD/RD 
WREG+FIBCl* (VHAXBT-VBHINl/200o 

I F  (SENSE SWITCH 4)950r1000 
950 PR I N T 1 5 0  9 WREG 9 WRB 9 BAT C 9 ALPHA, RAT IO 1, WT OL 0 

C 
1000 RETURN 

E N D ( O t l r O r 1 , O )  
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JAYESH O A L A L  0-3758 3258-734M SUBA. 

I 
i 
I 

I 
1 
I 

I 

I 

I 

I 
I 

I 
I 
I 
j 

I 

i 

I 

I 

I 

I 

T H f  5 SUf3ROUTI NE COMPUTES THE VALUE OF R A T  I O 1  AND RATIO2  AND 

T I  ME 
A T  THE SAME T I M E  CHECKS I F  THERE IS SUFFICIENT CHARGING T I M E 0  

SUBROUTINE SUBA 

01 MENSION TRD (494 1 9 T C D l ( 1 1 9 2 )  fCD2199  2) 9 1  IBD(  7 )  TAL.PHA( 10 1, 
l TVMINB(10 , I )  ~ P ( 5 5 ) ~ T ( 5 5 ) r T A 1 7 5 1 r P A { 7 5 ) ~ T X ( 7 5 ) , P X ( 7 5 L ~ V ~ 3 0 ) r .  
2AMP (30)  9 V J  (30) , TR ( 7 5  1 9 PRI  75 1 9  UT F 2 1, WTC( 2 1, MTR( 2 1 , HT( 2 I 

€QUI VALENCE t NXP. NV J) 9 ( V M A X s V M A X C  1, (VMIN, VMINC 1 
COMMON NVJ ,TCOl ,TCD2 ,T IBO ,TALPHA,TVHINBsP , T  'I, 

*TX  t PX T v  ,AMP r V J  ,NOPROFINPROFA, 1 TA 9 PA 
ZNPROFX, TRD ,NIP ,REJECT,WTC *UTA ,UTF ,WTR ,UREG i 
3WRB 9 WTOPT ,UTOLD rWTNEW rOP 9PFCHX r S C  ,SAP #CON t 

4VOC T V A 6  ,PPC rPPV ,ADD ,BAT1 ,TC r W  rS92 9 

SALFHX 9 ALFHN r 8 C H I N  ,DBC rBCMAX rEC pERO 9ER.C #EN2 v 
6XNAM p XNRM rFR rRPS ,FN ,DALFA ,EX3 bVNAXC ,VMINC v 
7VMAXB VBMIN ,EX4 ,EX5 ,EX6 rNPP r L B T  rLFL tLRD 9 

81BAT ICOHB VLSPl  TTKH * T K O  ,€MISS r T S  9CONKR r N P F 1  9 

9NPF2 p I P X  r I P  ,C 9 RAT 101, RAT I021 T 1 112  9 AREA 
COMMON TT e NN VVCOR ,NUT ,PARA r T R  s PR rVJCOR e 

lSWH e SUO rUT ,DPCHl 9 2 2  rVCORI  ,VOP1 r V 3 0 P 1  rTCH 
2 M  1 ,M2 #CODE ,ALPHA , T O  *COMB * F I B 0  t F J B C 1  r F I B C 1  9 

3CRIT  PALFAC VVJBCl 9TCC rDISRAT,VMINB 
C 

C 

10 
2 0  

C 

30 
35 
40  

COOE=O. 
COMPARE THE REQUIRED CHARGING T I M E  WITH THE AVAILABLE T I M E - K H o  
I F  ( T C H ) 4 0 0 , 1 0 0 r l O  
I F (RA T I  0 1 - C R I  1) 20 r 2 0  ,100 
TCC=ALPHA/ (ERC*EC*RATI 01 1 

CHECK FOR C R I T I C A L  VALUE OF CHARGING TIME-TCH 
IF(TCC-TCH)30r30,200 
I F  (SENSE SWITCH 4 1 3 5 9 5 0  
PRINT 
FORMAT( 5HOSU8A/ 9H TCCs F 1 0 o 5 9 8 H  ALPHA= F l O . S ~ B H R A T I O 1 ~  F10.5, 

40 ,TCC 9 ALPHA,RATI 01 , RAT 102 9 C,TCHINPFlr  NPF2t  CODE 

18HRATI 02s F l o e  5,8H C= F 1 0 * 5 / 9 H  TCHo F 1 0 - 5 ~ 8 H  NPFlS 32,8X 9 

2 8 H  NPF2s 12rSX,8H CODES F10.51 
50 RETURN 

100 TCC=TCH 

11 0 TEMPoEC*RATI Ol*TCH*ERC-ALPHA 

C CHECK FOR C R I T I C A L  VALUE OF ALPHA 

I F ( A L P t i A - A L F A C ) 1 5 0 ~ 1 5 0 ~ 1 ~ 0  

RA TI 025RATf  01 ( ALFAC-1EMP) / (1 EMP+ALFAC 1 
I F (RA T I  02 )200~200,120 1 I1  

120 IF~RAT102-RATIOl)30~30~200 
150 R A T I 0 2 = 2 ~ * A L P H A / ~ T C H + E C + E R C l - R A T I O l  

200 RATIOl=RATIO1+DBC 

21 0 F I BCl=C*RATI  01 
F J B C l = F I B C l / A R E A  

GO TO 111 

I F 4 RA T I  Ol-BCMAX 1 2 10 2 LO , 3 00 
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I 
I 
I 

I I 
I 
I 

I 

I 
I 
I 
I 
I 
I 
I 

I 

CALL SUBC 
CALL SUBC ( I 6 A T t H A T I O l  t C R I  1 9  ALFACt  ALFHXt RCMAX 1 
l r lJ  fQ 10 

A LPHA=AL PHA-DALF A 
IF (ALPHA-ALFMN)40Ot3~0,310 

3 IO C =E X5 / ( VB I41 N*ERD* A 1  PHA 1 
G O  TO 210 

300 R A T I O ~ = B C H A X  

400 C O D E P l r O  
P R I N T  4 l O t N P F l  tNPF2 

410 FORMAT 110XtbHPEAKS t I 2 9 6 H  THRU p I2919H HAVE BEEN COMBINED) 
GO TO 30 
EN04 01 I r O 1 1  to) 
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. J A Y t  S t i  IJALAL 9 -3258  3 2 5 8 - 7 3 4 M  S U B A l  

r H f $  ~Ul1HLJIJJINT C U M P U I E S  1HE V A L U E  OF R A T I O 1  AND R A T I O 2  
C O H H E S P O N D I N G  T O  CMAX. 

S U R R O U T I N E  S U B A l  
C 

C 

D I MENS I O N  TRD ( 4 t 4 1 T C D l (  11 t2 1 t TCDZ ( 9 t 2 1 t T I BO( 7 1 t T ALPHA4 10 t 

l T V M I N 8 ( 1 0 ~ 7 I ~ P ( 5 5 1  t T ( 5 5 )  t T A ( 7 5 1  . P A ( ~ S ) T T X ( ~ ~ ) T P X ( ~ ~ ) T V ( ~ O ) T  
2AMP ( 30 1 t VJ ( 301 TR ( 7 5 1  t P R l 7 5 )  f W T F (  2 1 W T C 4 2  1 t Wr R I  2 )  9 WT( 2)  

E Q U I V A L E N C E  ( N X P t N V J )  t (VHAX,VMAXC)  t ( V M I N s V M I N C )  
COMMON N V J  T C D l  t T C D 2  t T I B 0  t T A L P H A t T V M I N B * P  t T  t 

1 T A  t P A  t T X  t P X  t V  T A M P  t V J  t NOPROF, N P R O F A t  
ZNPROFX,  THO tNlP t K E J C C T t W T C  t W T A  t W T F  t W T R  tWHEG t 
3WRB 9 WTOPT t W T O L D  tWTNEW T O P  pPFCMX t S C  * S A P  t C O N  t 

4VOC t VAR tPPC t P P V  *ADD t B A T T  , T C  t W t S P 2  1 

5 A L F M X  t A L F M N  , B C M I N  t D B C  t B C M A X  ,EC P E R 0  t E R C  * E X 2  9 

6 X N A M  XNRM t F H  t R P S  ,FN VDACFA ,EX3 r V M A X C  t V M I N C  t 

7VMAXB 9 V B M I N  V E X 4  * E X 5  t E X 6  t N P P  r L B T  tLFL t L R O  t 
8 I B A T  9 I C O M B  S L S P l  r T K H  * T K O  t E M I S S  t T S  VCONKR t N P F l  r 
9NPF2 I P X  , I P  tC R A T  IO1 t RAT IU2tT 1 t 12 9 AREA 

COMMON T T  t NN t V C O K  tNWT * P A R A  ,TR t PR t V J C O R  t 

lSWH SWO tWT t D P C H l  tZZ V V C O R I  t U O f 1  r V J O P 1  I T C H  t 

2M 1 t M 2  t C O O E  * A L P H A  910 *COMB * F I B 0  rFJ8C1 r F I B C 1  $ 

3 C K I T  t A L F A C  t V J R C 1  ITCC t D I S R A T 9 V M I N 6  

10 IF(RAT101-CRIT120t20tlOO 

IF ( TCC-TCH I30 30,200 

T2=0*  
31 I F  (SENSE S k I T C H  4 1 3 5 ~ 5 0  
3 5 P K  I N T  
40 F O R M A T ( 6 H O S U B A l /  VH TCC= F 1 0 * 5 , 8 H  ALPHA= F l O ~ S t 8 H R A T I O 1 =  F10.5, 

L B H R A T I O Z =  F 10. 5t8H C= F 1 0 * 5 / 9 H  TCH= F10.518H NPFl -  I 2 t 8 X  9 

28H NPF2s 1 2 r 8 X p 8 H  CODE= F l O * S )  

2 0  T C C = A L P H 4 / ( E R C + E C + R A T I  011 

3 0  T 1 = T C H  

40 9 TCC * A L P H A  9 R A T 1  01 RAT I 02 t C ITCH, N P F l  9 NPF2, CODE 

50 R E T U R N  
100 T C C = T C H  

110 T E M P = E C * S A T I O l *  TCH+ERC-ALPHA 
I F I A L P H A - A L F A C  1 150 9 150 t 11 0 

H A T  1 0 2 - R  4 T I O 1  ( A L F A C -  TEMP 1 / ( TEMP* A L F A C  1 
T I = ( A L P H h - A L F A C )  / ( E C * E R C * R A T I O l  1 
T Z = T C H -  11 

111 I F I R A T I 0 2 ) 2 0 0 t 2 0 0 t 1 2 0  
120 I F ( R A T I O 2 - R A T I O L l 3 1  ~ 3 1 , 2 0 0  
150 R A T 1 0 2 = 2 . * A L P H A /  1 T C H * E C + E R C ) - R A T 1  G 1  

1100. 
T 2 = T C H  
GO TO 111 

2 00 R A T I 0  1 = R h  T I O l + D B C  
I F ( R A T  1 0 1 - B C M A X I  2 10 92 10 

2 LO F I H C  l = C + R A T I O L  
300 

F JBC l = F  I B C  l /A ( \KEA 

-60- 



C A L L  C,tJHS 

G(J  10 
C A I . 1 .  !ntJItG ( I HA I 9 R A l l  tJL c C R I  T 9 ALFAC 9 ALFMX, RCMAX 1 

300 P R I N T  310 
310 F D R M A T ( 6 H O S U R A 1 / 1 0 5 H  E R R O K  I N  C O M P U T I N G  C H A X e F U R T H E R  C O M P U T A T I O N S  

1 T E R M I N A T E D . P R E S S  START T O  PROCEED WITH T H E  N E X l  SET OF D A T A )  
E R R O R =  1 . 0 
PAUSE 22222- 
CODE =2 . 0 
RETURN - .* 
END( 091 0 9 1  9 03 
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C NtErUKN TU C4RPENTEH DEPT 3258 
c 

c 
C 

St1RRfJlJf l  Y t  SUBRIP,NClPHOF,PFCMX,NP,NPl 1 

tlINENSfON P ( 1 )  
K = N P + l  
J=NOPROF 

C I S  THE PROFILE POINT GREATER THAN PFCMX(MAX1MUM POWER LEVEL A T  
C WHICH FUEL CELL OPERATES) 

C PROFILE P O I N T  LESS THAN PFCMX 
5 0  I F  ( P  ( K 1-PFCHX) 60 6 0 , 1 0 0  

60 K=K+1 
I F ( K - J ) 5 0 , 5 0 , 7 0  

C NO PROFILE POINT GREATER THAN PFCMX 
7 0  N P l = O  

GO TO 110 
C PROFILE P O I N T  GREATER THAN PFCMX 

LLO I F  (SENSE SUITCH 41LSOr300 
1 5 0  P R ' I N T .  200rNP1,PFCHX 
2 0 0  FORMAT( 1JO,22HSUBROUTINE SUB6 Wl=r13w 6HPFCMX=r F10.4)  

100 NPl=K 

< L -  
- .  3 O M T t . R "  

END( O , l ,  0 9 1  



I 
I 
1 

I 
I 

I i 
I 

t 

t 

I 

i 
I 
i 
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C PAUL CACLEN DEPT. 3258 SUBROUT INE SUB0 
C 
C T H I S  SUBROUTINE MODIFIES THE POHER PROFILE TO COMPENSATE FOR 
C THE POnER REQUIRED T O  RECHARGE THE BATTERIES 

C 
SU8ROUTf NE SUB0 

DIMENSION TRD (4 94 1 r TCDl ( 11 e21 r TCD2(  99 2 )  r T  IBOI  7 t TALPHAt 10 1 r 
1 TVMINB ( 1097) e P ( 5 5  I 9 T(55)  rTA(7S 1 9 P A t 7 5  19 TX (75)  9 PX( 7 5 ) . ~ V (  30 I t  
ZAMP(30) r V J f 3 0 )  r T R ( 7 5 )  p PR(75lsWTF(2),WTCl2 ) r U T R (  2) rWT(  2)  

E Q U I  VALENCE 
COMMON NVJ r T C D l  r T C O 2  r T I B O  ,TALPHA,TVMINBmP * T  r 

*AMP r V J  rNOPRQF~NPROFAp 1 TA r PA 9 T X  t PX * V  
ZNPROFX, TRD ,NIP r R E J E C T r W T C  ,UTA rWTF rWTR rWREG r 
3WRB 9 WTOPT rHTOLD mWTNEW rDP rPFCMX r S C  .SAP *CON 9 

QVOC 9 VAB rPPC r P P V  ,ADD 9BATT rrC r Qu rSP2  r 
SALFMX 9 ALFMN WBCMIN tD8C ,BCMAX r E C  e E R 0  r E R C  rEH2 
6XNAH XNRH rFR t R P S  r F N  WOALFA *EX3 .VHAXC rVNINC r 
7VHAXB e VBHIN *EX+ * E X 5  ,EX6 9NPP rLBT ,LFL 9LRD c 
818AT 9 ICOHB rLSP1 rTKH # T K O  WEMISS ETS rCONKR r N P F l  r 
9NPF2 I P X  , I P  9C 9 RAT IO1 9 RAT 1029 T 1 s 12 

lSWH s SWO ,UT rDPCHl r Z Z  r V C O R 1  WVOPL rVJOP1 rTCH r 
2M 1 9 M 2  ,CODE *ALPHA r T D  *COMB *F IB0  eFJffC1 rFIBCl r 
3 C R I T  ,ALFAC r V J B C l  r T C C  tDISRATrVMIN6 

I NXP 9 NV J) 0 4 VMAX, VMAXC I 9 ( V  MIN. VM INC 1 

,AREA 
COMMON TT r NN rVCOR *NUT *PARA r T R  s PR 9VJCOR 

C I P  I S  A CODE USED T O  INDICATE WHICH PART OF THE POWER PROFILE I S  
C BEING MODIFIED 

Ml=NPF l+ 1 
I F  ( I P )  A0930950 

10 I F  (NPFL-NOPROF 1119210 ,210 
11 00 20 I=MlrNOPROF 

I P X = I  P x+ 1 
T X ( I P X ) = T I I  1 

20 P X ( I P X ) = P ( I )  
GO TO 2 1 0  

30 DO 40 I = l r M P F l  
PX( 11 = P I  I )  

40 T X t I ) = T ( I l  
I P = l  
P X (NPF 1) =PFCMX 
IPXSNPF1 

5 0  FISCL=RATIOL*C 
F IBC2=RATI02*C 
F J B C l r F  I B C 1  /AREA 
F JBCZ=FIBCZ/AREA 
TSUMl=O.O 
DO 200 I=Hl,NPF2 
I P x= I P x+ 1 
I F  ( P ( I ) - P F C M X ) 6 0 ~ 1 4 0 ~ 1 4 0  

C ALL ACF L A G  
60 PXXX=P(I)/AREA/ZZ 

( P X X X  ,F X X X  9 NV J 9 N I  P 9 V J r AMP 
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I 

I 

I 
I 

I 

! 
1 

I 
I 
I 
I 
I 
I 
I 

DPCHl=PXXl*AREA*ZL-P( I )  
DEtP2rQXXZ*AREI. fZ-P( 1 )  
f l f L Y Z -  ~ 0 f i L P 7 + 0 ~ c t 1 1 ) / 2 . 0  
I I: ( 'f I - I SUM1 ) 12 0 9 110 9 10 

1 F ( PTEH-PFCMX) 80 980 9 150 

I F  ( 11- TSUM1 )100190990 

70 PTtM*PI1 )4DPCMl  

80 T S U W l = f S U ~ l + T ( I ~  

90 T X ( I P X ) = T ( O  
PX(  I P X )  =P( I )+DPCHl 
GO TO 200 

100 TX ( I PX)  =T l -TSUHl+T ( I 1  
P X ( I PX 1 =P ( I 1 +OPCH 1 
I P X = I  P x+ 1 
P X I  I PX)  =P ( I )+DELP2 
T X ( I P X )  = T I  I ) - T X ( I  PX-1) 
'GO- TO 200 

120 PTEM=P (I )+OELPZ 

130 T X ( I P X ) = T ( I )  
P X I  I P'X) =P 4 I )+DELP2 
GO TO 200 

140 PX! IPX)=PFCMX 
T X (  I P X )  = T I  I )  
GO TO 200 

1 5 0  P X ( I P X ) = P ( f l  
T X ( I P X ) = T ( 1 1  

2 0 0  CONTINUE 
210 NPROFXfIPX 

I F  ( P T E M - P F C M X ) l 3 0 ~ 1 3 0 ~ 1 5 0  

I F  (SENSE SWITCH 41300,600 
3 0 0  WRITE OUTPUT TAPE 29500  

WRITE OUTPUT 1APE 29510 
WRITE OUTPUT TAPE 2.520 9 NPROF X 9  F I  BC19 FI 8C2 
WRITE OUTPUT TAPE 2.530 
WR I TE I =  1 9  I PX 1 
FORMAT 4 1 MO 9 15x9 1SHSUBROUT I NE SU BD 1 
FORMA T ( 1HO 93 X 96HNPROF X 9 4 X  9 5HF IBC19 4 X  9 5HF I BC2 1 

OUTPUT TAPE 2,560 1 4 TX I I I 9 PX ( I 1 
500 
51  0 
520 FORMAT (1H 1792F11.3) 
530 FORMAT (l t i014X.ZHTX9 10X.ZHPX) 
540 FORMAT(1H 92F10.3) 
600 RETURN 

END 4 0.1 e 09 1 t O )  
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I 

I 

I 

1 

C P A U L  C A L L E N  D E P T o  3258 
S U B R O U T I N E  SUBE 
D I  HENSIQN T R D ( 4 9 4  1 9 T C O l i  11 ~ 2 )  9 T C 0 2 ( 9 p  21 9 1  I B O (  719 T A L P H A t  10 1 r 

LTVMINJB 4 109 7 1 r P  455 1 r T t 55) r T A (  75 1 9 P A 1  75 1 r TX ( 75 1 t PX t 75 1 9 . V 1 3 0  1 9 

ZAHP ( 30) 9 V J  ( 30) 
COMMON N V J  r T C O 1  r T C D 2  , T I 6 0  r T A L P H A r T V M I N 6 r P  # T  1 

1 TA r P A  r T X  1 P X  t v  * A M P  r V J  r N O P R O F r N P R O F A r  
2 N P R O f X 9  TRD * N I P  r R E J f C T , W T C  PWTA r W T F  rWPR (WREG 9 

3WRB HTOPT rWTOL0 r W T N E U  P O P  9PFCMX r S C  ,SAP *COY r 
4VOC r VA8 9PPC r P P V  , A 0 0  . B A T 1  r T C  rQW r S P 2  

TR ( 7 5  1 9 PR 4 7 5  1 9 MTF ( 2 1 9 WTC( 2 1 9 WTRt 2 1 9  W T 1 2  1 

5 A L F M X  9 A L F M N  9 B C M I N  9DBC r 6 C M A X  9 E C  VERO ,ERC rEK2 9 

6 X N A M  r XNRH rFR 9RPS 9FN WDALFA VEX3 9VHAXC 9 V H I N C  9 

7 V H A X B  r W H I N  * E X 4  *EX5 . E X 6  9NPP r L B T  wLFL rLRD 9 

8 I 8 A T  r ICOMB 9LSPl 9 T K H  ,TKO , € M I S S  r T S  rCONKR rNPF1 9 

9NPF2 # I P X  V I P  rC 9 R AT I 0 1 9 R AT I 0 2  9 T 1 r T 2  
COMMON TT ?" 9VCOR ,NUT * P A R A  9 T R  r P R  r V J C O R  I 

lSWH 9 SWO rWT r D P C H 1  9 2 2  P V C O R I  W V O P l  r V J O P l  rTCH e 
2H 1 t M 2  rCOOE * A L P H A  9 1 0  r C O M B  ( F I B 0  p F J B C 1  r f I 8 C 1  r 
3 C R I T  t A L F A C  r V J B C l  r T C C  ~ D I S R A T ~ V M I N B  

.AREA 

E Q U I V A L E N C E  4 N X P 9 N V J I  9 ( V N A X r V M A X C )  s 1 V H I N t V M I N C )  
N S A V E s N X Q  
N I P=2 

C IF I B A T s l  - N I C K E L  C A D M I U M  B A T T E R Y  I B A T = Z  - S I L V E R  C A D M I U M  
C f B A T t 3  - S I L V E R - Z I N C  

C N I C K E L  C A O H I U M  B A T T E R Y  
I F 1 I B A T-2 1 50 r 1 00 3 00 

5 0  N X P = l l  
C A L L  
I F 1 0 I SR A T- 1 j 600 e 600 9 7 5 

ACFLAG(ALPHA,VMINBqNXPrNIPtTCD1( l r 2 )  t T C D 1 (  l r  1)) 

75 V H I N 8 ~ V M I N B - 0 . 0 2 2 5 ~ ( O I S R A T - 1 o 1  
GO TO 600 

C S I L V E R  CADMIUM BATTERY 
100 NXP=9 

C A L L  ACFLAG(ALPHA,VHINB~NXPrNIPrTCD2( l e 2 1  r T C D 2 (  1 9 1 L 1  
I F  ( ALPHA-Oo 1 1 110 9 1  10 r 150 

110 V M 1 N B ~ V M I N B - O o O 0 3 2 * ( O o Z ~ A L P H A )  * 4 D I S R A T - l -  I 
GO TO 165 

1 5 0  V N I N B ~ V M I N 8 - 0 . 0 3 2 *  (OISRAT-1.1 
165 I F t D I  S R A T - S o 5 5 1  6 0 0 ~ 6 0 0 r l S O  
180 I F ( A L P H A - 0 . 5 )  20092009 275 
2 00 V M I  N6= V H I  NB-0.03. ( 0  I SRAT-5  55 1 

GO TO 600 

GO TO 600 
C S I L V E R  Z I N C  B A T T E R Y  

275 V M I N B = V M f N B - O o 0 3 *  ( ( A L P H A / O  051 **1075)*( O I S R A T - 5 - 5 5  1 

300 N X P = l O  
I =1 
I F ( D I S R A T - T I B O I I 1  1 350r350~310 

I F t D I S R A T - T I B D 4 1 1 )  3759350r380 

GO TO 390 

J2z.I-1 

310 00 380 1 ~ 2 ~ 7  

350 J = I  

375 JL=f 
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GO TO 500 
3 8 0  CONTINUE 

J - 7  

GO TO 600 
390 CALL A C F L A G ( A L P H A ~ V H I N R ~ N X P ~ N I P ~ T A L P H A , T V H I N B ~  1, J 1 1  

500 CALL A C F L A G ( A L P H A ~ V M I N 6 L ~ N X P ~ N I P ~ T A L P H A ~ T V H I N B (  1.J 11) 
ACFLAG (ALPHA,VMI N62,NXP,NIP,TALPHA,TVnfNB( 1, J Z I )  

I 

CALL 
VMINB=VMINBl+ ( V W I  N62-VMf NB1) +( T I  BO( J 11-DISRAT I / (  T IBOI J L 1-T 180( J2 I 1 

600 I F  (SENSE SUITCH 41650,800 
650 PRINT 
700 FORMAT41H0, 4HSUBE/1H rbHVMINB=,FlOob, 6HALPHA-, Fl0.41 5HIBAT=r 

700 9 VHI N6 ,ALPHA, I BAT , 01s R A T  

1 I 3 , l H D I S R A T ~ ~ F L O o ' i )  
800 NXPtNSAVE 

NIP=3 
RETURN 
ENOI  0.1 t O e 1  9 0 )  

i 
1 
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C JAYESH O A L A L  0 - 3 2 5 8  J O 6 - 7 3 4 M  SUBG. 
C S U B R O U T I N E  TO DETERMINE ALFAC AND C R I T  FROM THE CHARGE T A O L E S  
C FOR 4 S P E C I F I C  TYPE OF RECHARGABLE B A T T E R Y ,  
C 
C 

C 
C 

S U B R O U T I N E  SUBG ( I R A T  , R A T 1  01 , C R I  T 9 A L F A C T  ALFMK 9 BCMAX 1 

A L F A C = A L F M X  
CK I T=BCMA X 
I F I f B A T - 2  )30920,10 

10 CRIT=0.12 
GO TO 2 1  

20 CRIT=Oo25 
21 A L F A C = R A T I O l - C R I  T 
30 IF(SENSE SWITCH 2180990 
8 0  P R I N T  L O O ~ I ~ A T ~ R A T I O L ~ C R I ~ I A L F A C  

100 F O R M A T (  540SUBG/7HOI BAT= I2 9 4 X 9 8 H R A T I  01= F8e'ir 4 x 9  6 H C R I T S  F8.49 4 x 9  

1 7 H A L F A C =  F8.4) 
90 RCTTURN -- 

END 0 ~ 1  s O r  1 r O I  
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C PAUL C4LLFN DEPT. 3 2 5 8  X-3362 
r, ' itJHH3UTINE T O  D E T E R M I N E  RD U S I N G  TABLE TRD FOR THE 

I t  SPtCIFIEO CAPACITY AND TYPE OF BATTERY 
r. 

SURROU T I  V E  SUBH TKD r I BAT t C t RD 1 
I C 
I C 
I DIMENSION T R D ( 4 t 4 )  
I t 

I = I6 A T+ 1 
I F  I TRD ( 1 s  1)-C 1 2 0 9  1 0 1  10 

I 

I 

10 K = l  
GO TO 200 
I F ( TRD I 4  t 1 ) - C  1 30 t 3 0  r40  2 0 I 

I 30 K=4 
GO TO 200 

40 00 100 J z 2 r 4  
I I F ( C - T K D 4  J t 1 )  )60950t100 

I S O  K = J  

6 0  K2=J 
GO TO 200 

K l=J- 1 
GO TO 110 

100 CONTINUE 
110 C l ~ T R D ( K l r 1 )  

C 2zTRD t K 2  v 1 1 
RD 1=TRD t K 1 9 I 1 
R 0 2 = T R D I K 2 9 1 )  

C 
R D = R D l + ( ~ D 2 - R D l ) ~ ( C - C 1 ) / 0 2 - C 1 )  
GO TO 300 

C 

C 
200 R O = T R D ( K ~ I I  

300 I F  ( SENSE S U I T C H  4 1 5 0 0 r 6 0 0  
500 P R I N T  4 O O ~ X B A T r C t R O  
400 FORMAT( 1 H 0 ~ 2 8 H S U B R D U T I N E  SUBH - 0 0  I BAT= I 2 r 5 X t  3HC= qFbo29 SXt 

14HRD- rF6 .2 )  
600 RETURN * 

END(  O t L t  0 ,  1 r 0) 
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C P A U L  C A L L E N  DEPT,  3258 
S U R R O U T I Y E  SUBR 
E Q U I V A L E Y C E  I N X P , N V J l t ( V M A X p V M A X C )  9 ( V M I N t V M I N C )  
O I M E N S I O Y  T R D ~ 4 ~ 4 ~ t T C D l t 1 l ~ Z l ~ T C D 2 ~ 9 t 2 ~ t f I R D ~ f ~ t T A  H A (  10 t 

lTVMINB(lOt7),P(55)rT(SS) ~ T A ( 7 5 ) t P A ( 7 5 ) t T X ( 7 5 l r P X ( 7 5 ) , V ( 3 O ) ~  
2AMP ( 30 1 9  V J  ( 30) 9 TR ( 7 5 )  r P R 4  7 5 )  VWTF i 2 1 t WTC ( 2 

COMMON N V J  t T C D l  r T C O 2  , T I B D  ~ T A L P H A ~ T V M I N B I P  t T  t 
1 T A  9 P A  ? T X  9 P X  t v  T A M P  t V J  ~ N O P R O F ~ N P R O F A I  
2 N P R O F X t  TKO ,N IP ,REJECT,WTC ( W T A  t d T F  tWTR ,WREG t 
3WdB 1 WTOPT TWTOLD tWTNEW T O P  VPFCMX r S C  * S A P  vcov t 

4 V O C  9 V A B  ,PPC t P P V  ,ADO t B A T T  r T C  v QW t S P 2  r 
S A L F M X  9 A L F M N  ( B C M I N  tDBC ,BCMAX t E C  t E R O  v E R C  ,EX2  t 
6 X N A M  9 XNRM 1FR pHPS t F N  t D A L F A  * E X 3  v V M A K C  t V M I N C  t 

7VMAXB V B M I N  * E X 4  VEX5 ,EX6 tNPP t L B T  rLFL ,LRO t 
8 1 B A T  9 I C O M B  t L S P 1  ,TKH ,TKO , € M I S S  t T S  r C O N K R  t N P F L  t 

9NPF2 t I P X  T I P  ,C t R A T I O 1 , R A T I O Z t T l  t T 2  9 A R E A  
COMMON T T  9 NN ,VCOR tNWT t P A R A  v T R  t PR t V J C O R  t 

lSWH t SWO tWT r D P C H l  tZZ t V C O R I  r V O P L  r V J O P l  t T C H  t 

2M 1 tM2 (CODE # A L P H A  t T D  *COMB t F I B D  tFJBC1 r F I B C l  t 
3 C K I T  t A L F A C  9 V J B C l  t T C C  , D I S R A T t V M I N B  

, W l R (  2 )  ,UT(  2) 

W R I T E  O U T P U T  TAPE 2 ~ 1 0 8  
108 F O R M A T  ( l H 1 2 0 X 3 6 H T A B U L A T I O N  OF T O T A L  WT OVER USABLE V v / l H 0 1 6 X ,  

1 3 H V I N  6 X t 3 H V 2 N  7 x 1  2HWT 8 x 1  3HWTC 6x9 SHWTAUX 6& 3 W f F  8x1 
23HWTR 5x9 4HWTRB ,6X,SHWTREG 

I C O O E = O  
WTMOO 1=4 WTC 4 1) + W T A )  / ( XNAM+ XNRM) 
VCOR=VAB 
O E L T A B = t  VOC-VAB) / Z S o O  
DO 81  1=1,25 
C A L L  H T F U E L  
C A L L  RADWT 
W T P G 4 = W T t l l ) + H T A + W T F ~ l ~ + W ~ R ~ L ~ + ~ R B + W R E G  
W R I T E  O U T P U T  T A P E  Z t109 ,VCOR,VCORI  WT P G 4 t  U T C l  11 9 W T A r W T F (  1 ).WTR( 1) t 

1WR6rWREG 
109 F O R M A T  ( 1 H  t9F10-3)  

8 1  VCOR=VCOR+OELTAB 
80 NTH=XNAM+XNRW 

R O M s E X P F  ( -FR+TTl  
I F  ( X N R M ) 8 2 t 8 2 t 8 3  

82 REST+ROM**NTM 
GO TO 85 

A3 REST=ROM**NTM 
N R M r X N R H  
TERM=ROM**NTM 
00 84 I a l t N R M  
Y = ( N T M - I + l I / I  
T E R M t T E R M * Y +  (1.O-ROM) /ROM 

84 R E S T = K E S T + T E R M  
8 5 P ARM=P AR 4 /XNAM 

WR I TE O U T P U T  TAPE 2,1509 XNAM, XNRM t REST, WT MOO19 PARM 
1 5 0  F U R M A T  ( 1 H 1 7 X t  3 5 H F U E L  C E L L  S U B S Y S T E M  D E S I G N  B A S E D  ON F 5 o O v  21H A 

l C l I V E  M O D U L E S  AND tF5.09 20H REDUNOANT M O O U L E S o / l H 0 7 X r  42HFUEL C E  
2LL SUBSYSTEM R E L I A B I L I T Y  E S T I M A T E  = * F 8 . 5 / 1 H 0 7 X t  1 5 H H O O U L E  HEIGHT 
3= r F 1 0 - 3 ~ / L H 0 7 X ~  24HMOOULE P A R A S I T I C  POWER = t F 1 0 . 3 / 1 H O )  
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W K I T C  OUTPUT T A P E  2 , 1 5 1  

Wi{ ITE  O U T P U T  TAPE 2,152 
151  f I l H M A T  ( l H O 3 8 X ,  32dMM(IT)IJLE O P E R A T I N G  C H A R A C T E R I S T I C S )  

152 FORMA T ( l H 0 7 X  9 l H T l O X ,  l H P l O X , 3 H P F C 9 X ?  G H V M O D l O K  p 3 H I /  A 8 X  9 1HI  10x9 
1 2 H P  W9X 9 31i WH2 8X p 3H M 0 2 6 X  9 4H PMOD) 
NN=NN+k ' 

VX=VOP 1 
S U M L = O o O  
SUMZ'Oo 0 
SUM3=O.O 
SUM4=O. 0 
SUH5=0.0 
SUM6=Oo 0 
V J  X = V J O P  1 
J = l  
DO 95 I = l r N P R O F A  
I F  t I-NN190,90,91 

90 P F C = P A ( N Y I  
VMOD=Z Z * V O P l  
GO TO 96 

91  I T T = I + l - N N  
V J X = V J O P l * P R  ( I  T T )  

VMOD=Z Z* V X  
P F C = P A  1 I) 

96 P M O D = P F C / X N A H  
C UR=PMOD /VMOD 
C URD = V  J X / V  X 

C A L L  A C F L A G  ( V J X , V X , N X P s N I  P v V J r V )  

P N = (  ( l o o - ,  67* V X )  *PMOD+ P A R M )  / (. 6 7 * V X ) - . 0 0 0 2 1 6 5 * Q W + (  PHOD+PARM ) / V X  
M H 2 = (  I PMOD+PARM) /VMUD)  * Z 2 / 1 2 1 0 0 1 0  
W02=7.95+ WH2 
S U H l = S U M l + T A Q I  1 
S U M 3 = S U M 3 + P F C * T A  ( I )  
SUM4=SUM4+PW+TA ( I  1 
SUMS=SUMS+WH2*TA I )  
SUM6=SUM6+WOZ* TA I I 1 
W R I T E  O U T P U T  T A P E  2 , 1 6 0 1 T A ( I )  9 PFCeVMOD,  CURD,CUR,PWIWH~,WO~, 

l P M O D  
95 C O N T I N U E  

W R I T E  O U T P U T  T A P E  2,161 
160 F O R M A T  
161 F O R M A T  ( l H 0 6 X ? S H S U M  T 6 X t  L O X , 9 H S U M  P F C * T 3 6 X ,  BHSUM PW*T4X, 

f F 12.3 9 1 2 X  93F12r 3 9 5 F 1 L  3 )  

l R H S U M  WH* T 5 X w  8H SUM WO*T) 
W H I T E  O U T P U T  TAPE 2 r 1 6 2 r S U H l r  SUM3,SUM4,SUM5,SUM6 

162 F O R M A T  ( F 1 2 . 3 , 1 2 X , F 1 2 . 3 , 3 S X 9 3 F l l o 3 )  
R E T U R N  
END ( 0, 1 , 0 1 1 r O )  
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T O  RESTORE MKR 

T O  R E S T O R E  X 

REM I N P L 3  MODIFIED FOR FORTRAN 
T I R Y  HEM T H I S  ROUTINE HORKS ONLY I N  THOSE PROGRAMS WHICH 

kttH ITERATE ON ONE VARIABLE AT A TIHE. 
F UL 
MZE 0,0,4 
P ZE 
PZE END,O, l  
P ZE 
BCD 1 l E R P  
PZE TERP 
REL 

ORG 0 
F.F.F. EQU 16 

SORT BCD l S O R T  
TERP SXD COMMON+7,4 

SXD TE30.2 
L X A  T E 3 0 r 2  
CLA 1 , 4  
STA TE15 
CLA 4.4 
STA T E 2 0  

TE 3 C L A  194 
STA ++1 
CLA ** 
T N X  T E S , Z 9 1  
STO lE10+412 
T X I  TE3.4,-1 

TE 5 T S X  I N P L 3 t 4  
T E l O  BSS 10 

TNZ *+Z 
S T Z  T E l O  ACCURACY OK 
LOO T E l O  

T E 1 S  STQ ** M KR 
LOQ TE10+3 

E 2 0  STQ ** X 
LXD TE3092 
LXD COMMON+7.4 
TRA 6.4 

TE3O PZE 5 p O . *  

COMMON EQU 8150 
REM 3 POINT INTERPOLATIONp USING ABSOLUTE VALUES OF Y AND 
REM SEARCHING FOR MINIMUM, OR USING SIGNED VALUES OF Y AN0 
REM SEARCHING F O R  ZERO 
REM T S X  INPL3.4 

REM +2 NUMBER OF B I T S  ACCURACY DESIRED, MAKE FX PT 0 TO 27 
RE# + I  MKR MAKE ZERO WHEN STARTING ON NEW ROOT 

REM + 3  DELTA 
REM +4 X 
REM + 5  TO +lo RESERVE FOR ROUTINE T O  USE FOR 
REM SAVING X ( R I G H T ) r Y ( R )  , X ( M l D ) r Y ( M l . X ( L E F T ) , Y ( L )  
REM +1L E X I T ,  IF A C r O  ACCURACY OK, I F  AC=NZ MORE ITERATlONS NEEDED 

I N P L 3  TZE I N 9 7  
ARS 2 MAKE ROOM FOR COUNT 
A t $  2 
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I N S  

I N 7  

I N 8  
I N 9  

I N 1 4  
I N 1 5  

IN19 
I N 2 0  

I N 2 5  
I N 2 6  

IN28 

I N 3 1  
IN40 

SXD I N 1 4 9 1  
SXD I N 3 1 ~ 2  
SXD I N 1 9 9 4  
STO COMMON 
CLA 1 .4  
TNZ IN15 
L X A  IN2692 
S T Z  10.4 
T X I  I N t 9 4 t l  
T I X  I N 5 r 2 . 1  
LXD IN1994 
T S X  INA.1 
CLA F L L  
STO 1.4 
LDQ 194 
FMP 3 . 4  
FAD 494 
STO 4.4 
T X L  IN90rOi** 
T M I  IN40 
T S X  I N A t l  
LDQ 8.4 
MPV 6.4 
TMI I N 2 0  
CLA 0.4 
s SP 
SBM 6.4  
TPL I N 2 0  
LOO I N B Z  
FMP 1.4 
T X L  I N 8 r O . e  

ST0 1 . 4  
C t A  10.4 

CLA 8.4 
FSB 6.4  
STO COMMON 
CLA 5.4 
FSB 7.4  
FDH COMMON 
FMP 8.4 
F A D  7.4  

C L S  - 2 5  

TNZ IN70 

STO COHMON 
LDQ FL3 
FMP 3 .4  
FAD 4.4 
LOO COMMON 
STQ 4.4 
TLQ IN90 
STO 4.4 
TXL IN90,0,** 
ADD FL1 
TZE IN48 

Y t I l  
HKR 

6 

RESTORE 

HKR 
X DELTA 
X t I - 1 )  
x(11 
TO E X I T  
TR I F  COMING DOWN 

CROSSED A X I S  

GETT I NG CLOSER T O  AX IS 
GETTING FARTHER AWAY 

USE 2 PT 

Y 

X FROM 2 PT 

X + 3 D E L T  A 

TO E X I T  
NEW X 
T O  E X I T  
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IN41 

I N 4 2  

I N 4 4  

I N48 

I N 4 9  

I N 5 0  

I N 5 3  

I N 5 5  

IN60 

I N 6 2  

CLA 9.4 
TNL I N 4 1  
l . 0 O  tJ,4 
M P Y  fi.4 
TPL IN41 
C l S  F L 1  
STO 1.4 
TXL IN49.0 
CLA 4.4 
SU8 5.4 
TMI I N 4 4  
T S X  INA.1 
LDQ 694 
MPY 10.4 
T M I  I N 4 2  
CLA 8.4 
s SP 
SBM COMMON 
TPC I N 7 0  
CLS F L l  
STO 1.4 
TXL IN7099 
CLS F L 1  
STO 1.4 
CLA COMMON 
s SP 

TPL I N 5 0  
SBM 8.4 

CLA 7 . 4  

THIRD Y T  FOUNO 
NO THIRD PT 

B OU NOEO 

NEW x 
OLD x 

X BACKED UP 

Y ( I )  
Y (1-21 

CROSSED 
Y I I - 1 )  

X NOT Y E 1  BOUNDED 

NEW PR FARTHER AWAY THAN H I D M E  PT 

STO COUHOW1 
LOO 8.4 
CLA 4.4  
STO 7.4  
CLA COMMON 
STO 8.4 
CLA COMMON+i 
TXL I N 5 3 9 0  
CLA 4.4 
LDQ COMMON 
C A S  7.4 
T X I  I N 5 5 ~ 4 . 4  
ti TR 
STO 9.4 
STQ 10.4 
LXO IN19.4 
LXD I N 6 3 . l  
CAL 6.4 
ACC F X 1  
SLW 694 
A N A  FX3 
TZE I N 6 2  
TNX I N 6 4 9 1 9 1  
1x1 IN60.4.-4 
c L a  5,4 

Y 

FORCE T H I S  PT OUT 
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I N 6 3  
I N 6 4  

I N 7 0  

IN77 

F R A C  2 

X (2  I - X  (31 

LXD I N 1 9 r 4  
FSO 7 1 4  
FDH I N 6 3  
STQ COUMON 
CFA 7.4 - -  
FAD COMMON 
STO 494 
T X L  IN909092 
LXD IN1994  
REM THREE POIUT I N T E R P O L A T I O N  

FSB 9 ~ 4  
STO COMMON X 4 1 I-X( 3 1 
C L A  594 
FSB 7 r4  
STO COMMON+l X ( l ) - X ( 2 )  
TZE I N 9 6  

C L A  594 x SUB 1 

C L A  694 
FSB 8 r 4  
FDH COMHON+l  
STQ COHMON+Z 
C L A  794 
F S 0  9.4 
STO COMMON+3 
T Z E  I N 9 6  
C L A  1094 
F S 8  094 
FDH COMMON+3 
STQ COMMON+3 
C L A  COMMON+3 
F A D  COMMON+2 
FDH COMMON 
STQ COMMON+S A 
FMP COMMON+l 
FSB COHMON+2 
LOO COMMON+5 
TQP *+2 
C H S  CHANGE S I G N S  OF A,B,C 
STO COMMON+6 -8 
C L A  COMMON+5 
SCW COMMON+S SSP 
FDH - 2 5  x 4  
FMP 8 9 4  
STO COMMON 
L D Q  COHUON+6 
FMP COMMON+6 
FSB COMMON 
TMI IN80 F I N O  M I N  
T S X  S Q R T 9 4  
NOP PROVIDE F O R  RETURN FROM S A P  
STO COMMON+l D I S C R I M  
S SM 
F A 0  COMHON+6 -8 

i 

OR FORTRAN 

f N 7 8  FDH COMMON+S 
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FMP fL.5 
I . X O  I N 1 9 9 4  
f Af) 7 9 4  
5 IO CIIHM(JN 
SUB 994 
TPL [ N 7 9  
C L A  COMMON+l 

1 

I TXL I N 7 7 9 0  
I N 7 9  C L A  194 

ADO e 2 5  
TNZ I N 2 8 * 1  
LDQ F L - 5  
FMP 3 9 4  
FAD 494 
LOCI COMMON 
TLQ I N 2 8  
TXL I N 2 8 + 1  

8TXL I N 7 8 r 0  

LXD I N 1 9 9 1  
CLA 2 9 4  

STA I N 9 5  
I N 9 1  C L A  414 

UFS 5 9 1  
LRS 2 7  
CLM 

T Z E  I N 9 6  
T X I  + + l r l t - 2  
T I X  I N 9 1 t Z r l  

I N 9 6  LXD I N 1 4 9 1  
LXD I N 3 1 9 2  
LXO I N 1 9 9 4  
TNZ 1 1 9 4  NUT F I N A L  E X I T  

I N 9 7  S T Z  114 HESET MKR 
TRA 1 1 9 4  F I N A L  E X I T  
R E M  MOVE ALL POINTS BACK 

I N 8 0  C L A  COMMON+6 

I N 9 0  LXA F X 3 1 2  

ARS F 0 F - F -  

I N 9 5  L L S  

I NA L X A  I N A 1 0 9 2  
I N A 2  LOO 8 1 4  

STQ 1094 
T X I  I N A S t 4 1 1  

I Y A S  T I X  I N A Z t 2 9 1  
LXD I N 1 9 9 4  

I N A 1 0  C L A  494 
STQ 5 9 4  
CLA COMMON 
STO 694 
TRA I t 1  

I Y t 3 2  DEC 1.25 
1 \ 8 3  DEC 6, 
F K 1  DEC 1 
F X 3  DEC 3 

OISCKIM 

F = 1 8  F O R  FORTRAN, FzO FOR SAP 

T O  MODIFY DELTA 
CONSTANT T O  F O R C E  OUT PERSISTENT POINT 
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i 

0 25 
F L o 5  
FL 1 
F L 3  
END 

I 

I 

I 

I 

DEC 0 2 5  
DEC 05  
DEC 1- 
DEC 3 -  
B S S  0 
E NO 
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6.2. 1 Explanation of Subroutine TERP - A 3-Point Interpolation Routine 

Purpose 

Many problems can be represented by the equation f ( X )  = Y . Often 

it is derrired to find the value of X to make Y - 0 and this X is 

found by repeated evaluation of f ( X )  . The purpose of this routine i s  

to aid in estimating new values of X by saving the three best values 

and interpolating between them. The routine wi l l  attempt to find the 

X such that f (X) I= 0 if the curve actually crosses the X axis, 

or  it wi l l  find the X such that (x’ = 0 if  the curve does not 

c ross  the axis. 
dX 

( 1 )  In S A P  programs, the routine is entered with the accumulator 

containing the value of X which is associated with the current 

value of X. The calling sequence is: 

TSX 

P Z E  

P Z E  

P Z E  

P Z E  

P Z E  

P Z E  

P Z E  

P Z E  

P Z E  

PZE 

NORMAL RETURN 
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These quantities are defined to be: 

AMKR Y A marker which must be set to zero for each 

new function which w i l l  be evaluated. 

ACC - The number of bits of accuracy desired for an 

acceptable solution--it must be a fixed point 

number between 0 and 27. 

DELTA - The increment to be added to the initial X 

to get the second X. 

X D The current value of X. 

These four quantities need to be set  before the fir& entry to the 

subroutine. The routine w i l l  modify them after that, and the new 

value of X w i l l  always be left in X . The next si# locations con- 

tain the points which a re  being saved and a re  probably of no 

value to the programmer. On exiting from the routine, the accu- 

mulator and AMKR w i l l  be zero if the desired accuracy has been 

reached, and they wi l l  be non-zero if the desired accuracy has 

not been reached. 

(2) In FORTRAN programs, the call statement is: 

CALL TERP (AMKR, ACC, DELTA, X,Y) 

6.2.2 E F M  - 
E F M  puts the program in a floating t rap mode. 

message is printed for each underflow o r  overflow. 

then made for this condition. 

Under this condition, a 

An adjustment is 
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Table of Error M e s s a g e s  

( 1 )  Computer halt 

Computer halts displaying 22222; chis means that RATIO 1 h a s  

exceeded BCMAX, and therefore CMAX cannot be calculated. 

Press start to proceed with the next set of data. 

( 2 )  Error  Messages 

A. "OPTIMUM VOLTAGE W I L L  NOT CONVERGEIl 

This  message w i l l  be printed out only if LV is  1 ar,d the optimum 

voltage does not converge after 10 iterations. 

B.  "PEAKS 1 THROUGH 3 HAVE BEEN COMBiNED 
PEAKS 1 THROUGH 5 HAVE BEEN COMBINED 
PEAKS 1 THROUGH 7 HAVE BEEN COMBINED 
PEAKS 1 THROUGH 9 HAVE BEEN COMBINED 
PEAKS 1 THROUGH 1 1  HAVE BEEN COMBINED 
PEAKS 13 THROUGH 15 HAVE BEEN COMBINED 
PEAKS 13 THROUGH 17 HAVE BEEN COMBINED" 

This message can be explained by the Figure given below. 

I1 3 5 a 9 1 1  13 
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I 

Batteries after discharging at peak 1 could not be recharged 

during the period between p a k s  1 and 3. An attempt w a s  then 

made to see i f  the batteries could be recharged by combining the 

charging periods between peaks 1 and 3 and peaks 3 and 5. 
Batteries could not be recharged during this period. They could 

be charged, however, when all the charging times up to peak 13 

were combined. 

NOTE: Subroutine ACFLAG uses Lagsange method to interpolate 

between values in  a table. If the independent variable exceeds the 

limits of the table being considered, the dependent variable is 

assigned the value of -1. 0; e.g., if V = 0.6, then J wi l l  be 

-1.0. 
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7.0 APPENDIX B 

A sample program is presented to  demonstrate the capabilities and limitations 

of the program. It also explains the steps necessary in the program, shows a 

sample of input-outputdata, and illustrates how the output data might be used. 

7. 1 Given 

A combined fuel cell battery system i s  proposed as a power supply. 

The power prafile for the mission is shown in Figure 3. Sixteen 

points on the voltage-current density graph, see Figure 4, were 

selected. These are tabulated on page 93 . Water generated in the 

fuel cell is collected. Reactants a r e  stored supercritically. A flat 

radiator is used, with environmental heat input. 

should be given to both primary and rechargeable batteries. 

Conside ration 

PPC 

PPV 

ADD 

BAT" 

TC 

ALFMX 

ALFMN 

.- Constant parasitic power -. 

- Variable parasitic power - 

I Additional fuel fo r  safety - 

Weight constant of primary 

batte rie IS 

e Tempera.tsrre of coolant used .- 

in radiator 

Maximum depth of discharge 

Minimurn depth of discharge 

0 

0 

0. 12 pound/ 
pound 

0. 02 pound/ 
watt hour 

625" R 

= 0.75 

r: 0.01 
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3BC:MZN 

BCMAX 

DBC 

EC 

ERD 

ERC 

XNAM 

XNRM 

F R  

RPS 

F N  

DALFA 

VMAXC 

Miglmum ratio of' charging current to 

the capacity of the batteries 

Maximum ratio of charging current to 

the capacity of the batfFries 

hcrement  in the above ratio 

Charging e ff i c ienc y- 

Re gulat or e f f ic ie nc y dur ing 

discharge 

Regulator efficiency during charge 

Number of operating fuel cell 

stacks 

Number of redundant fuel cell 

stacks 

Failure rate of fuel cells 

Radiator probability of survival 

Numbe r of inc reme nt s between 

the maximum and m i d m u m  power 

Increment in t h e  value of depth 

of discharge 

Maximum fuel cell stack voltage 

-. 0. 06/hr 

0. 50/hr - . -  

0.04/ hr  

0. 90 

0. 90 

0. 90 

1 

0 

0 

0.999 

4 

0. 10 

72 30 volts 
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I .  VMINC .: Mnnimom fuel cell stack voltagt 26 voltis 

7.2 

VMAXB ?r Maximum voltage per cell of the :z 1. 55 volts 

re chargeable. battc ry 

V BMIN 1. Micimum total voltage for  all .E 26 

c;ells of the battery 

Re quire d 

Using the optimizing program establish the following paramr- ters; 

Minimum weight 

Optimum voltagt 

Weights of subsystems 

Cell area 

Number of cells 

Current and voltage for each power level 

Proportion of load assigned to primary o r  rechargeable batteries 

Rate of reactant consumption 

Total reactants consumed 

Total heat generated 

Table of subsystem and total weight for several individual cell 

voltage 8. 
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7. 3 Additional Data Used  

Thr: foB.Bawiag constants and tables were  used i n  designing the sys tem 

sc 

SAP 

K 

VAB 

TKH ak 

TKO * 

EMTSS * 

TS 'k 

CONKR * 

.- Cell Constant - 

- Auxiliary Constant -. 

.- Auxiliary Constant .- 

I Minimum limit of cell voltage - 

2. 95 pounds/square feet  

0. 00548 pounds/watts 

14.49 pounds 

0.35 volts 

I - Weight of hydrogen t tankage 
Weight of hydrogen 

- .- Weight of oxygen t tankage 
Weight of oxygen 

Emissivity 

Radiator sink temperature  

WeieE-t of radiator 
~~ 

Square feet  of fin area 

2. 5 poundsjpound I 

1.5 pounds/ pound 

= 0.85  

= 430" R 

rt 0 . 5  

The table preserited in F igure  5 w a s  also used in designing the system. 

* Values not used i n  the sample prob1e.m. 
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7.4 Sample lnput Data Sheets 

Data sheets for the problem a re  presented in Figure 5. 

T ' k x  program salves the problem and prints data aa shown in Figure 6. 
A reproduction of input data is printed aut along w i t h  the calculated 

re s u Its e 

7 ,  h C o m me c t s 

From output page three, it i s  evident that a fuel celi-rechargeable 

battery combination would result i n  the lightest system. For  such 

a system, maximum power supplied by fuel cells equals 1 ,625  watts. 

More refined results could be obtained by increasing the number of 

increments ( F N ) ,  and by reducing DALFA and DBC. The refine- 

ment in the results would, of course, be obtained at the cost of 

Ponge r m a  hirie time. 
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I. 

FUEL CELL POWER SYSTEM 

R AD I ATOR n 

ELECTRICAL 

FIGURE I 
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v) 
t- 

TWO STEP POWER PROFILE 

ENERGY SUPPLIED 
BY THE BATTERIES 

TO RECHARGE 
THE BATTERIES 

TIME ( T  1, HOURS 

NOMENCLATURE 
= MAXIMUM POWER LEVEL 

= MAXIMUM POWER SUPPLIED BY THE FUEL CELLS 
Pmax 

pf cmax 
pcharip = POWER LEVEL AT WHICH THE BATTERIES ARE 

RECHARGED 

= MINIMUM POSITIVE POWER Pmin 

FIGURE 2 
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V-J- CURVE OF A FUEL CELL 

tn 

0 > 

> 
W a 

5 
L 

n 

U 

a 
5 
0 > 
-J 
-I 
W 
0 

SURRENT DENSITY ( J  1, AMPS/SQ, FT. 

FIGURE 4 
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FUEL CELL OPTIMIZATION 

1 1 1 1 1 1 1 1 1  l p m a x  - 5,OOO; PlOO hrs; Ag-Cd 

TYPICAL INPUT DATA 

Control Card: 

Il = 0 - Do not read set #l 

= 1 - Read Se t  #1 

= 2 - h d  of Job 

I 2 4 l O  = 0 - Set  i absent - 1 - Set  i present 

Title - Data Identification (60 characters maximum) 

FIGURE 5 
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VARIABLE sc SAP 

CARD COL 1-10 11-20 

2.95 .00548 

6. 

7. 

CON voc VAB PFC PW 

21-30 31-40 41-50 51-60 61-70 

14.49 1.10 75 0 0 

VARIABLE ADD BATT 

CARD COL 1-10 11-20 

.12 .02 

TC QW SP2 ALFMX ALFMN 

21-30 31-40 41-50 51-60 61-70 

625. 0. 0. 0.75 0.01 

VARIABLE BCMIN 

CARD COL 1-10 

.0625 

-94- 

DBC BCMAX Ex ERD ERC SP3 

11-20 21-30 31-40 41-50 51-60 61-70 

0.04 0.50 .Y .9 -9  0. 

VARIABLE XNAM XNRM 

CARD COL 1-10 11-20 

1. 0. 

FR RPS FN DALFA SP4 

21-30 3-40 41-50 51-60 61-70 

0. .999 4. 0.1 0. 

VARIABLE 

CARD COL 

0. Set #8 

VARIABLE 

CARD COL 

VMAXC VMINC VMAXB WIN SP5 SP6 SP7 

30 26 1.55 26. 0. 0. 0. 

1-10 11-20 21-30 31-40 41-50 51-60 61-70 

TKH TKO EMISS TS CONKR 

1-10 11-20 21-30 31-40 41-50 

2 - 5  1.5 0.85 430 0 0.5 

VARIABU 

CARD COL 

NPP LBT LFL LRD IBAT LV U P 1  

1- 10 11-20 21-30 31-40 41-50 51-60 61-70 

3 3 1 4 2 0 0 
- 



FORMAT FOR TABLES 

1. Table of d: TRD 

The values are read i n  row a t  a time with four values per card. 
FORMAT (bF10.0) 

2.  Nickel-Cadmium Cell  Discharge Model: TCDl  

The values are read i n  row a t  a time with two values per card. 
FORMAT (2F10.9) 

3 .  SilverCadmium C e l l  Discharge Model: TCD2 

The values are read i n  row a t  a t ime with two values per card. 
FORMAT (2F10 .O) 

4. Silver-Zinc Cel l  Discharge Model 

TIBD: 

All the values of TLBD are read in on one card. 

- 
FORMAT (7F10.0) 

TAWHA: 

The values of TAWHA are read i n  on two cards with five values per 
card. FORMAT (SF10.0) 

TVMINB t 

The values of TWINE are read h column a t  a time on seven cards with 
10 values per card. FORHAT ( l 0 ~ 7 . a )  

FIGURE 5 
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rTEL G3LL OP'I'IMIZATIOI4 

No. Vninb 4 

1 1.290 C. 00 
2 1.250 0.10 
3 1.225 0.20 

5 1.215 0. I10 
'? 1.210 0.50 
7 1.205 0.60 

9 1.195 0.80 

JI 1.320 0.30 

8 1.200 0.70 

10 1.170 0.90 
11 1.100 1.00 

TABLES 

A 

I. Table of d :  PRD (:teference " >  

I 
I 

i 

I I3D/, = 1 

~ 

I 

I, 

I 

i 

2. Nickel.-Csdmium Cell- Discharge Mode1:TCDl (2eferences 7 md 8 )  I 
IBD/, = 1 

" 

FIGURE 5 
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I 3 .  Silver-Cadmium Cell Discharge Model: TCD2 (References 7 and 8) 

No. 

Vminb 

lBD/C 

1 .35  
1.14 
1.06 
1.06 
1.94 

I 1.00 
0.95 

I 0.84 
0.60 

0.000 
0.050 
0.100 
0.1250 
0.150 

0.0000 
0.0555 
0.11 
0.7200 
0.7770 
0.8330 
0.8880 
0.9420 
1.0000 

6 
7 
8 
9 
10 

4. Silver-Zinc Cell Discharge Model (References 7 and 9 )  

a. Table of Values for IBD/C: - TIBD 

0.0208 
0.1000 
0.3333 
1 0000 
2 0000 
3.0000 
6.0000 

3 
b. Table of Values for: TALPHA 

o( No. d. No. 

0.175 
0.250 
0.300 
0.750 
1.000 

FIGURE 5 
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c.  Table of Values f o r  Vminb: TVMINB (Reference 7 and 8)  

0.333 1.0 
1 7 rn 

2.0 ' 3.0 6.0 0.0208 1 0.1 

L_ 

1.66 
1.62 
1.58 
1.54 
1.48 
1.45 
1.45 
1.45 
1.45 

1.50 

0.000 
0 . 0.50 
0 . 100 
0.125 
0.150 
0.175 
0.250 
0 . 300 
0.750 
1.000 

1.62 
1.5 
1.42 
1.41 
1.4 
1.4 
1.4 
1.4 
1.4 
1.33 

1.85 
1.8475 
1.845 
1.845 
1.83 
1.80 
1.60 
1.58 
1.58 
1.58 

1.8 
1.79 
1.78 
1.765 
1.751 
1.72 
1.60 
1.54 
1.54 
1.54 
5 

1.73 

1.7 
1.715 

1.68 
1.66 
1.64 
1.58 
1.52 
1.52 
1.52 

1.7 
1.69 
1.68 
1.64 
1.60 
1.575 
1.50 
1.50 
1.50 
1.50 

L 

1.4? 
1.37 
1.30 
1.295 
1.29 
1.31 
1- 3 3  
1.33 
1.33 
1.2 

FIGURE 5 
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NO. OF POINTS ON V-J CURVE 16 

V 
1.10000 
1.08000 
1.06000 
1.04000 
1.02000 
1 .ooooo 
0.97500 
0.95000 
0.92500 
0.90000 
0.87 500 
0.85000 
0.82500 
0.80000 
0.77500 
0.7 5000 

sc 
2.95000 

ADD 
0.12000 

BCMlN 
0.06000 

XNAM 
1 .ooooo 

VMAXC 
30.00000 

TKH 
2.50000 

NPP 
0 

J 
0. 
4.00000 

1 1 .ooooo 
24.00000 
44.00000 
70.00000 

1 1  0.00000 
1 56.00000 
209.00000 
269.00000 
334.00000 
404 .OOOOO 
475.00000 
550.00000 
628.00000 
7 12.00000 

SAP 
0.00548 

BATT 
0.02000 

DBC 
0.04000 

XN RM 
0. 

VMlNC 
26.00000 

TKO 
1.50000 

LBT 
3 

VJ 
0. 
4.32000 

11.66000 
24.96000 
44.88000 
70.00000 

107.25000 
1 48.20000 
193.32500 
24 2.10000 
292.25000 
343.39999 
391.87500 
440.00000 
486.70000 
534.00000 

CON 
14.49000 

TC 
625.00000 

BCMAX 
0.50000 

FR 
0. 

VMAXB 
1 .55000 

EM1 SS 
0.85000 

L F L  
1 

voc 
1.10000 

QW 
0. 

EC 
0.90000 

RPS 
0.99900 

VBMlN 
26.00000 

TS 
430.00000 

LRD 
4 

VAB 
0.75000 

5p2 
0. 

ERD 
0.90000 

FN 
4.00000 

5p5 

0. 

CONKR 
0.50000 

I BAT 
2 

PPC 
0. 

ALFMX 
0.7 5000 

E RC 
0.90000 

DALFA 
0.10000 

S P6 
0. 

LV 
0 

PPV 
0. 

AL FMN 
0.01000 

5p3 
0. 

5p4 
0. 

5p7 

0. 

LSPl 
0 

FIGURE 6 
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POWER PROFILE 

T 
0.100 
1 .ooo 
0.100 
1 .ooo 
0.100 
1 .ooo 
0.100 
1 .ooo 
0.100 
1 .ooo 
0.100 

24.000 
0.100 
1 .ooo 
0.100 
1 .ooo 
0.100 

24.000 
0.100 

44.000 

P 
5000.000 
500.000 
5000.000 
500.000 
5000.000 
500.000 
5000.000 
500.000 
5000.000 
500.000 
5000.000 
500.000 
5000.000 
500.000 

MOO. 000 
500.000 
5000.000 
500.000 
5000.000 
500.000 

FIGURE 6 
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RECH ARGABL E BATT E R I  E 5 

STAGE VOPT WTTOTAL WTCELL WTAUX WTFUEL 
A L L  C E L L  0 0.929 225.559 79.023 41.890 86.278 

1 0.897 203.570 45.921 35.725 88.455 
2 0.897 190.989 32.589 29.560 90.239 
3 0.867 178.141 15.504 23.395 9 3.586 

STAGE 
1 
2 
3 

WRAD WTBAT NO C E L L  C E L L  AREA WTREG 
18.368 0. 28 0.957 0. 
14.244 19.160 29 0.537 0.065 
8.377 30.093 29 0.381 0.131 
4.21 1 41.249 30 0.1 75 0.196 

PRIMARY BATTERIES 

VOPT WTTOTAL WTCELL WTAUX WTFUEL 
0.897 204.385 45.921 35.725 85.995 
0.897 200.780 32.589 29.560 85.253 
0.867 196.523 15.504 23.395 85.913 

WRAD WTBAT NO C E L L  C E L L  AREA WTREG 
14.244 22.500 29 0.537 
8.377 45.000 29 0.381 
4.21 1 67.500 30 0.175 

FIGURE 6 
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OPTIMUM CASE USING RECHARGABLE BATTERIES 

WTTOTAL WTCELL WTAUX WTFUEL WRAD WTBAT NO C E L L  C E L L  AREA WTREG 
178.194 15.504 23.395 93.639 4.21 1 41.249 30 0.175 0.196 

VMINB 0.980 ALPHA 0.350 IBAT 2 DISRAT 3.500 

T X  
0.100 
0.376 
0.624 
0.100 
0.376 
0.624 
0.100 
0.376 
0.624 
0.100 
0.376 
0.624 
0.100 
0.376 
0.624 
0.100 
24.000 
0.100 
0.376 
0.624 
0.100 
b.376 
0.624 
0.100 
24.000 

4d.000 
0.100 

PX 
16 25.000 
998.512 
951.918 
1625.000 
998.51 2 
951.918 
1625.000 
998.51 2 
951.918 
1625.000 
998.51 2 
951.918 
1625.000 
998.512 
951.918 
1625.000 
568.0 39 
1625.000 
998.512 
951.918 
16 25.000 
998.512 
951.919 
1625.000 
568 .O 39 

‘1 625.000 
500.000 

C 41.209 RD 23.377 
BAT 27.000 VBMAX 41.850 

FIGURE 6 
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I . ’  

TABULATION OF T O T A L  WT OVER USABLE V 

V I  N 
0.750 
0.764 
0.778 
0.792 
0.806 
0.820 
0.834 
0.848 
0.862 
0.876 
0.890 
0.904 
0.918 
0.932 
0.946 
0.960 
0.974 
0.988 
1.002 
1.016 
1.030 
1.044 
1.058 
1.072 
1.086 

V 2N 
0.941 
0.945 
0.950 
0.955 
0.960 
0.965 
0.970 
0.975 
0.981 
0.987 
0.992 
0.99R 
1.005 
1.011 
1.017 
1.020 
1.030 
1.038 

.046 

.053 

.063 
.072 
.082 
.089 
.096 

WT 
177.766 
177.402 
177.194 
177.018 
176.937 
176.967 
177.121 
177.428 
177.948 
178.748 
179.857 
181.370 
183.433 
186.174 
189.860 
194.8 36 
201.783 
21 2.1 73 
227.68 5 
252.755 
295.050 
374.7 10 
530.635 
808.631 

1923.679 

WTC 
8.977 
9.447 
9.965 

10.533 
11.185 
11.939 
12.802 
1 3.800 
15.019 
16.517 
18.297 
20.468 
23.201 
26.584 
30.900 
36.505 
44.053 
55.057 
71.229 
96.867 

139.882 
220.196 
376.814 
695.390 

1770.932 

WTAUX 
23.395 
23.395 
23.395 
23.395 
2 3.395 
23.395 
23.395 
23.395 
23.295 
23.395 
23.395 
23.395 
23.395 
23.395 
23.395 
23.395 
23.395 
23.395 
23.395 
23.395 
23.395 
23.395 
23.395 
23.395 
23.395 

WTF 
97 .O 77 
96.672 
96.27 3 
95.875 
95.470 
95.058 
94.643 
94.229 
93.794 
93.345 
92.91 1 
92.477 
92.021 
91.581 
91.144 
90.697 
90.268 
89.819 
89.31 6 
88.896 
88.317 
87.797 
87.232 
86.771 
86.392 

WTR 
6.872 
6.483 
6.116 
5.770 
5.442 
5.1 31 
4.837 
4.559 
4.296 
4.046 
3.809 
3.58 4 
3.371 
3.169 
2.977 
2.794 
2.621 
2.457 
2.301 
2.152 
2.0 1 1 
1 .878 
1.750 
1.630 
1.515 

WTRB 
41.249 
41.249 
41.249 
41.249 
41.249 
41.249 
41.249 
41.249 
4 1.249 
41.249 
41.249 
41.249 
41.249 
41.249 
41.249 
41.249 
41.249 
41.249 
41.249 
41.249 
41.249 
41.249 
41.249 
41.249 
41.249 

WTREG 
0.196 
0.1 96 
0.196 
0.196 
0.196 
0.196 
0.196 
0.196 
0.196 
0.196 
0.196 
0.196 
0.196 
0.196 
0.196 
0.196 
0.196 
0.196 
0.196 
0.196 
0.196 
0.196 
0.196 
0.196 
0.196 

NOTE: Even though a value of cell  voltage equal to 0.806 volt gives 

the minimum system weight, it cannot be used because of its failure to 

meet the voltage regulation limits of 28  f 2 volts. 

to 0. 867 volt w i l l  meet the voltage regulation limits. The purpose of 

the output on this page i s  to indicate the possibility of weight reduction 

by relaxing the voltage regulation limits. 

Cell voltage equal 

FIGURE 6 
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B 
c 

F U E L  C E L L  SUBSYSTEM DESIGN BASED ON 1. ACTIVE MODULE5 AND 0. REDUNDANT MODULES. 

F U F L  C E L L  SUBSYSTEM R E L I A B I L I T Y  ESTIMATE 1.00000 

MODULE WEIGHT 38.899 

MODULE PARASITIC POWER 0. 

MODULE OPERATING CHARACTERISTICS 

T 
1 .ooo 
2.630 
4.370 

48.000 
44.000 

SUM T 
100.000 

P P FC 
1625.000 

951.919 
568.0 39 
500.000 

998.51 2 

SUM P F C ' T  
57676.876 

VMOD I // I PW 
26.000 356.756 62.500 1173.508 
27.804 204.995 35.913 609.533 
27.948 194.424 34.061 573.199 
29.234 110.913 19.431 301.995 
29.487 96.791 16.957 259.256 

SUM PW'T $ 
31 184.508 

FIGURE 6 
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WH2 
0.1 55 
0.089 
0.084 
0.048 
0.042 

iUM WH'T 
4.920 

w 0 2  PMOD 
1.232 1625.000 
0.708 998.512 
0.671 951.9 19 
0.383 568.039 
0.334 500.000 

SUM WO'T 
39.117 



PERCENTAGE WEIGHT SAVING VERSUS DISCHARGE TIME 

For Ideal Set of Conditions 

8o 1 - d  = 'Depth of Di icharge  = ; O O %  

70 

60 

50 

40 

30 

20 

10 

0 

0 0. 1 0.2 0. 3 0.4 0.5 0.6 

Hours tD Discharge T ime  = 

FIGURE 7 
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PERCENTAGE WEIGHT SAVING VERSUS DISCHARGE TIME 

80 

70 

60 

50 

40 

30 

20 

10 

0 

Hours tD 
- Discharge Time - 

FIGURE 8 
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70 

6 0  

50 

40 

30 

PERCENTAGE WEIGHT SAVING VERSUS DISCHARGE TIME 

For Ideal Set of Conditions 
I I I 

O( = Depth of Discharge = 100% 

1 KW - - 
prn ax 

10 

0 I 

0 0. 1 0. 2 0. 3 0.4 0.5 0.6 

Discharge Time = tD Hours 

FIGURE 9 
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