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ABSTRAC T

Methods of determining Hinshelwood rate correlations from non

isothermal catalyst data was studied. It was determined for any

chemical system involving a reacting gas mixture over a porous

catalyst a node analysis could be used to determine chemical con-

centration and temperature variation through the pellet. Calcula-

tion performed with a spectra 360/Fortran 4 program defined the

Hinahelwood equation from estimated surface rates. Then utilising

nods analysis to determine concentration and temperature variance,

transport and rate equations were integrated through the pellet to

obtain a total pellet rate of reaction. For acceptance of Hinshel.

wood equations the calculated total rate must equal the measured

total rate and the Hinshelwood constants must meet the Hinsheiwood

acceptance criteria. A sample problem employing Hydrogen and

Oxygen catalysed over platinum was used for checkout.
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INTRODUCTION 

A topic of significant interest in the field of catalyst research

is the application of computer techniques to determine Langmuir Hinshel

wood Rate Mechanisms as applied to the design of catalytic reactors.

Hinahelwotd Rate Mechanisms are defined by the rate equation which best

fits experimental reactor data. The rate forms are all based on the

assumption that one reaction step controls the reaction rate and that a

linear Langmuir isotherm for adsorption of reactant is descriptive of

the chemical reaction being studied.

A comprehensive review of the available literature in this area and

the work done by previous investigators revealed that HinSh Wood rate

equations determined to date have been primarily based upon experimental

data using fine particle catalyst. This vas apparently because the in-

fluence of temperature and concentration variation associated with fine

particles is small thus minimizing errors in the results. In commercial

chemical production plants, however, catalysts are generally in pellet

form and such catalyst structures do encounter significant variations in

temperature and chemical concentration.

From these considerations, the question arose whether the Hinshel-

wood rate equations based upon the fine particle catalyst data were valid

for other pellet geometry, catalyst properties and flow conditions.

a wes hypothesised that the errors introduced by the change in

geometry might be reduced if the pellet data could, by s e method, be

analyzed directly to determine the catalytic mechanises. The object of

the work undertaken therefore, was to establish a means of determining

Hinshelwood equations directly from pellet d ta.



The method developed estimated Hinshelwood rate equations from

reactor pellet data. The process encompassed estimating surface rates,

and then integration of the transport equations through the pellet to

arrive at a total rate which agreed with catalyst total rates determined

experimentally.

Node analysis was selected for integration of the transport equations.

A computer program was asseibled and sample problems examined via this

form of analysis. One such sample encompassed several computer runs for

Hydrogen•Oxygen Catalysis over platinum summarised at the end of this

discussion. Discussion of program input and nomenclature is presented

in the Appendix.



II

DI U "ION OF ANALYSIS

A. Catalyst Reaction, 

A review of reaction rate controls indicated that a catalyst will

not make a reaction proceed between chemical species that would not

proceed in its absence, but it can increase reaction rates. The catalyst

property promoting reaction rut, is conjectured (1) to be chemisorption

of gas or liquid en the catalyst surface producing an activated complex.

The gas to catalyst complex is unstable and requires less energy for

reaction to occur than is needed for reaction of the gas as without a

catalyst. The change in the path of the chemical reaction sequence along

with the accompanying decrease in energy requirement per step leads to

greater chance of chemical reaction upon gas to catalyst contact. Interest

in catalysts therefore, relates to the effect they have on the reaction

rate. For purposes of analysis, one transport or reaction step is

assumed to control. If the chemist is to determine a representative rate

equation for catalyst data, he needs to know which of the following

mechanisms is controlling.

TYPO. of Pate Controllim Methallisms

1. Mass transfer from the mainstream to and from the solid surface.

2. Diffusion of chemical species into and out of the catalyst

pore structure.

3. Activated adsorption of reactants and desorption of products.

4. Speed of reaction of the adsorbed species on the catalyst.



For establishing a method of determining hinshelwood mechanism

from porous catalyst data, it is of major importance that the effect

of each controlling mechanism or catalyst reaction be obtained. Then

in the process of integrating the rates through the pellet, all factors

will be accounted for providing the means for defining both the rate

controlling step and estimating total pellet reaction rate. The repre-

sentative rate equation should be based upon rates defined by reaction

kinetics, unaltered by transport phenomena. Each of the four rate steps

or mechanisms mentioned are considered in brief as follows.

1. Main stream to poll t tranamort. The Type 1 rate control

-main stream to pellet,- limits the rate of reaction by failure of re-

actant to diffuse rapidly enough to the pellet surface to feed the

reaction. This results from film formation over the catalyst, decreas-

ing the diffusion rate of the reactant. If the main stream flow over

the surfaces is high, films are swept away. Careful control of reactor

flow conditions will make these effects negligible and minimise their

influence on catalytic reaction rate. The influence of the variation

of surface concentrations produced during transport of reactant from

the main stream to the pellet is small as long as pellet pore diffusion

effects observed are small. If variation caused by pore diffusion should

be large, then Surface concentration should be adjusted to account for

effect of transport from the main stream.

2. Pellet diffusion. The Type 2 rate control -pellet diffusion-

is incurred by chemical diffusion limiting the flow into the catalyst

pores. Th diffusion effect upon reaction rate is analytically deter-
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minable by integrating the mass transport equations through the porous

material. Reaction rates may be estimated from the concentration versus

pellet location relationship. if diffUsion limits are severe, the re-

action rate may further be limited by the inability of the species to

penetrate the pore structure or for the product to escape fast enough,

preventing the feeding of the reaction.

For development of the analytical approach (8) integration of trans-

port equations is accomplished in the following manner. It is assumed

that the catalyst is in the shape. of a sphere and that the difftsion of

the reactant "A" of partial pressure P is diffusing through a thin spheri-

cal shell of thickness -,f1P. The difference between the amount of reactant

diffusing into the shell, Na/in, and the amount exiting from the shell,

Na/out, equals the amount depleted by the reaction in the shell.

Na/in - Fajout (1)

The mass flux is equal to the product of the effective diffusivity

for porous catalyst (LA) and the concentration or partial pressure drop

(dp/dr) across the shell. Substitution for NA gives us the following

results

DA a A/).B./in - c). PA/a /out la .AS it 4 R

rw) - is ; z= o

(2)

The above equation may be solved if rate r is first order with

respect to partial pressure of "A" (KPA). The equation is then of the

form as followss

/() r ( PA /d r) - ) PA a 0 (3)
DA



The term PSK has been arbitrarily set equal to the square of the

Theile modulus hp. Integration of the differential equation provides

the partial pressure curve through the pellet as a function of radius.

A

- 12 0 (R

For estimating the rate of reaction in single pellets, the transport

equations have been solved using first order rate approximation of the

data. ',,ihen the total pellet rats is determined, it is divided by the

rate for the same volume of catalyst unaffected by diffusion, obtaining

a pellet effectiveness (E). Effectiveness is plotted against Thine

modulus for first order reactions, thus rates can be determined from

these effectiveness plots for any given values of the modulus.

Estimating pellet rates becomes more complex if the rate equation

is not a first order approximation. Since all Hinshelwood rate equations

are ore complex, it is the latter case in which we have the greatest

interest.

An example problem illustrates mthods of solving for pellet con-

centrations and rates. Analysis of carbon and c rbon dioxide catalysis

was performed by Austin and Walker (2). The reaction of carbon dioxide

to form carbon monoxide is written as follows:

C + CO2 -1 2C0
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Small amounts of carbon monoxide inhibit this rogation. Thus.

diffusion of the carbon monoxide out as welt as carbon dioxide into the

catalyst must be considered. It was ascertained beforehand that a

Binsheiwood rats equation represented the rat. date:

r EPA (1. + K2 * PA + K3 * PB) (4)

Considering the mass transport equation for carbon dioxide PA and

carbon monoxide PB, we obtain transport equations for CO2 and CO,

1.) carbon dioxide (CP2)

/),s (DA () A R)..rs [Kt * PA/(1 + K2 * PA + K3 * o 0 (5)

2.) carbon monoxide (co)

(DB) Pah.r) « 2fS17.K1 • PAM. +K2 * P + K3 * 
0 (6)

•

Multiplying equation (1) by (4) and equation (2) by and subtracting

3 from 1. we get the following*

alas (DAaPAiR) *alai EDB?PB/artj (7)

Integration occurs in two stops, and in each case F is the independent

variable.

Step 1 Integration Yields the following:

DA )Pit/.0 se 4 DB )PE4/R +C

Solving for C we note the condition at pellet easter where mass
flux is sero.

R ao ,)PA/ R- is PB/,) R a 0

(8)
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Setting C

D . ?/ );* -1/2 D R (10)

Again integrating the partial pressures with repot to we gat

the followings

D w .4/2 DB. C al)

We mike net of the vecend .7,sundary condition that the partial pressures

at the ralet rface are the, stream conditione.

r p
46,11 ",

1/2 P

PAO

aubetituting and refining the equation, we get the following,

21. (P.," Pft)
4

(12)

The author interrate,e. the NUSktiOn 4SSUMIng P1 of carbon nomad*

is zero at the surface and substituting back itte the initial transport

equation centa ng partial pressure (ki) as a runction of radius.
(10

(DA )-PAI rS(Iri * PAM, + K2 * + K3 * DA /DB(A PA ) )

It is worthy of note that the transport equations for eifnuflor of

each chemical specie, are interelated by the chemical mats balanc.. Also,

the conditions of knows ourface concentrations and sero diffusion rate

et pellet center are influential in nods analysis. Node analyses are

described (,2) as used in dotornining temperatures of natorialo at specie

fie locations called nodes.
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The Austin... Milker example consieers two chemical c eats. if

these analyses are extended to consider a reaction of the type

(A + R t 0,  the four chemical species require four mass transport

equations. Temperature variation through the catalyst provides a fifth.

use of the larg number of partial differential equations involved

a node analyAs was selected for deteraination of ninshelwood rata

equations fer non-isothermal pellet data.

3. Adkort 211 and desorotioq. The Type 3 rate control e adsorption

and dosorption occurs when the speed of reaction is limitec by the

rate of aesorption and desorption of chemical speci a. It is noteC (e)

that the concentration €a') of chemical species acsorbed on a solid sur-

face is related to the partial pressure of "ie' in the main stream. This

relation is dalsed as the Langauir Isotherm.

a ('.)n (13)

For adsorption rates or condensation on the catalyst surface, rate

is assumed proportional to the partial pressure of "A". This is based

upon kinetic theory of gave, when the reaction is controlled by the

number of molecular collisions molecule "A" makes with the catalyst

surface. ate of adsorption le A (i -61. ::ere or is the surface

covered with reactant or product, and a linear isotherm (n 1) has

been assumed. resorption on the other hand is function of the product

of a constant and the concentration of the adsorbed proJect.
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The desorption rate is dafins . as follo!,7ss

Rate of Desorption 2

At equilibrium condensation rate equals evaporation rate.

IPAU = K2 cr-

= Ki * PA/(12 * pA) (16)

Further development involved study of more than one Chemical species

vying for the same site. Parameters or and erare the coverage of metal

surface by species A and 1:4 respectively. Then (1. - 6- 6 ) is the un-

covered catalyst surface.

Condensing rate of A = 1.1 . ) 11,41 (17)

Evaporatiqn rate

A stmflar equation for species 12, can also be defined.

KIIPB (1 ) = er

(18)

The catalyst surface coverage of component T3, (crs) may now be obtained

from the two equations for species A and B if we 8.861=4, that the slow

step is the adsorbing of "A". Thus surface coverage of "IL" er-. is

negligible and influences the reaction very little. Solving the above

equations for el- 1 we obtain the followings

0— t si Kips [ 

+ A=t pB
(19)

The rate of reaction of "A" is the product of the free surface (1 -6-1)

and the specific rate of adsorption of "A" per unit free surface, or the

rate of reaction of A. proportional to a constant times partial pressure



of species "A" upon the free adsorption sites (c-- = 0).

r KP -cr

) PAr K K2# 
(  

Kit??
(20)

This is the form of one Hinshelwood equation. Other equations may

be determined by assuming adsorption of B or desorption of products R

and S control.

4. -Surface reaction. The Typo 4 rate control surface reaction ir,

associated with the speed of the reaction on the catalyst surface. Con-

centrations of the chemisorbed reactant are controlled by the adsorption

equilibrium between fluid and solid while the surface rate is a !Unction

of the surface adsorbed reactants and vacant site locations. In the case

of a monomoleallar reaction (I).

A.-4p R

The chemical reaction is defined by the following equations

(PA - PB/KE) (21)

If the reaction rate is controlling, the adsorption steps are

assumed to be in equilibrium between condensation and evaporation of

reactants and products. Surface concentrations of A and R can then be

determined from Langmuir isotherm considerations. It is noted for specie

"A" in the previous section, the following equation was defined.

CA al = K * PA/(1 K * PA) (22)
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It is further noted that for equilibrium condition in a reaction,

the equilibrium constant is defined as the ratio of the forward rate

constant divided by the reverse rate constant.

Ki (1 . a") PA = N 07

K Ki/K2 c7(1. • cr ) PA (23)

If component "A" is in an admixture with several other casponants A,

and adsorbed on active sites, adsorption equilibrium equations may be

written for each component. Available frog sites will equal to the total

number of sites less those sites (CA, .e, CR) used by the components

CL = (1 - a") = L (CA + CR) (24)

Concentrations CA and CR are defined by equation 22 where the concentra-

tion is the product of the equilibrium constant, the number of free sites,

and the activity or partial pressure of the caaponent (CA = K(1 -6-)PA).

The concentration of free sites may then be defined as follows:

CL TAX 7.7 (r)PA 4. KR (1 • O) (25)

Since C EQUALS L 6- we solve for CL arriving at equation

C L = L/(1 KA * PA 4. 4 ) (26)

The equilibrium concentration of "A" on the catalyst surface is obtained

by substituting for CL or (1 u. a") in equation CA 42 K(1 PA.

CA 61 KA ( L/(1 + KA • PA + KR * PR) PA (2?)

and for the product concentration CF

(L/(KA * PA. + Kp * PR (28)
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Making substitutions for GA and (7.,.; in the rate equation we obtain

f = Xi (OKA * Fp + KR * PR)) (LA FA . KR * PR)
KE

( 29)

Additional equations have been derived assuming different surface rate

steps controlling the talk of which are known as liinshelwood rate

equations. A least square approximation of the ratio constants is used

to derive an equation representative of the rate versus concentration

data. The equation best fitting the data is considered representative

and because the equation is based upon a specific rate controlling step,

the controlling mechanism is identified.
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Hipsholwood ?ate Lsuatkon Determinatipn 

The previous section discussed the control mechanisms and how the

nature of these mechanism* affect the derivation of Hinshelwood equations.

It was found that catalysis is composed of a sequence of reaction stops,

and for analysis one step is assumed to control the overall rate. To

pin point the controlling step the rate equation is determined for a

reaction A + 13 unio R + S the general rate equation as defined in (5) eat

r
K (PA * P2) — * P )/X7

(1 + K2/ * PA + K3t • P +K41 * PR K • 
p3 
)n (30)

The Hinshelwood rate constants are then K, K21, K31, K41, and K51„

To determine these constants fray rate data the equation is rewritten with

all the unknown constants to one side of the equation.

1 
+ X

2 
* P

A 
+ FM3* ] 1/n (31)

L r

Solution of these constants is accomplished via least square linear

approximation. Feeent studies show non linear analysis to be more

accurate for rate correlation but, here it was not needed to demonstrate

methods of estimating constants from pellet information. The linear

least square analysis assumes various rate equations and solves for

values of KI, through K5 using rate (r) and concentration data PA, PB.

PR. and P. As an example, let us consider the rate equation for ad-

sorption of "A" controlling. Large equilibrium constant makes the

second term of numerator negligible.

1(i K31 * ib + 1:41 * Pr + * Ps)n (32)
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Placing all rate constants on one side of the equation we obtain the

rate for (Ki + K3 * PB + K4 * Pa +K5 * Ps) =X * Pi * PB/r. For the

results of the least square analysis to be acceptable the terms Kt, K3,

Kite and K5 must all be positive or sere otherwise equilibrium constant

(forward and reverse rate) must be of opposite sign and cannot be equal

as required for equilibrium. And since PA does not appear in the

denominator the constant K2 suet be sem In dollar ammo a large

number of reactions are tried until all constants are positive or sore.

When *11 the constants meet these requirements, the equation is found

acceptable. Of the acceptable equations, the equation whiCh shows the

least deviation of the calculated rate from the measured rate is generally

selected.
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C. Reactor Pellet Data Analysis 

The rate data itself is of importance to the analysis. Since re-

sults of Hinshelwood analyses are sensitive to errors introduced by

the data, it is desirable to measure rates in a reactor segment where

little change in physical conditions occur and chemical changes are

readily measured. The two principal types of reactors used to measure

rates are the differential and integral reactors.

The differential reactor is of interest because chemical reaction

is performed in short reactor sections where conditions of temperature

and stream chemical composition can be held constant. The reacting

mixture is cycled through the reactor and the change in chemical com-

position noted. The rate of reaction in this increment of volume is

defined (5) by an equation relating the changes in feed composition

(1-•/X) to the rate of reaction (r) in the small increment of catalyst

(Z144)1

F r * W (33)

Integral data is obtained from reactors where temperature and

concentration vary. To determine reactor site integration of the equa-

tion 31 provides a relation between reactor weight catalyst, the feed

rate F, and the amount of reaction X) occurring in the reactor bed.

F/W dX/r (3k)

Integral data is plotted in terms of conversion X versus Wft.

Thus fora given conversion it is possible to take the value of W/F and

site the reactor for a given feed rate. Rates are determined by taking

the slope of the plot (j x/6 6r/p), this provides a result similar to

differential rate equation 31.
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Node Analyses 

The approach to determining Hinehelwood mechanisms from nowdsothermal

pellet data employs a node analysis similar to that used in Southwellts

Relaxation Method. In Southwellos method (3) for heat transfer, nodes

are specified geometric locations distributed uniformly throughout the

material. Temperature gradients are calculated from node to node based

upon known boundary temperatures, known material thermal properties and

known fact that the sum of the heat fluxes into each node must be zero

for steady state temperature.

The heat fluxes are determined from node to node based upon the

Fourier equation - q m (KA) 

X (Tnode 2 • ;ode 1) a 431 (TN2 II1)* (35)

Heat fluxes into and out of the nodes are summed with positive values

for heat flux in, and negative for heat flux out. The sums of the heat

fluxes in terms of node temperatures are set equal to residuals R1 to fiN.

The object of the analyses is to make these residuals go to zero. To

accomplish this a table is formed which indicates how large the changes

are in residuals for a unit change in node temperature. Ry inspection,

the largest residual is altered to go to zero by changing one of the

temperatures. Changes in all of the residual terms are noted and residual

terms adjusted. The next highest residual is examined and temperatures

are changed to make it go to zero. This is repeated until all residual

terms ars zero or sufficiently close to zero to be considered negligible.

The set of adjusted temperatures provides the desired temperature distri-

bution through the material*
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Node analysis for heat and ness flux into the catalyst required

significant modification as undertaken in the ensuing investigation.

Temperatures were found to be dependent upon the amount of reaction

occurring in the nodes. Analysis assumed the outermost node exhibited

pellet surface conditions. Surface rates veers used to estimate rate

equations. The sum of the reactions in all nodes was required to equal

the total rate observed for the pellet. Node rates were limited to

values less than that defined by diffusion rates and h, y the rate squash

tion determined from the surface rate estimates.

1, Creentratiop distribution in pallet. With now-isothermal

pellet date the achievement of steady state conditions required that

pass flux into a node be sero. To simplify the computer program

spherical pellet vas selected having four nodes, each node representing

1/4 of the pellet volume. No  in the spherical pellet were defined as

the surfaces of a thin spheres losated central/y+ in the node Shells. It

was assumed that the amount of reaction occurrin; in each shell could be

represented at the node. l'or the purpose of calculation. the total rate

of reaction in a pellet (/;) equals the sam of the rates in all four

nodes. This reens that transport of reactants and products is controlled

by the concentration gradient for each. Thus for a reaction of +

R So the concentration drop between nodes may be determined from a set

of equations describing flow between node N-1 and Ni

-r (N) is DEA • AP(N)/DR(N) CA(N) Chs

-PRAM sr DEP- • Arls)/m(n) cB(s) r. as

*RA(g) * Ap(x)/D7(s) cgs) cRs

Q*FA(N) • DES * AR(N)/11701) C5(5) - Css

('6)
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Rem the diffusien rate of each component is relat= to tftusion

of sp.ctes A or PA r) times a coefficient determined by the mass balance

from the reaction. Since product mass exiting equals reactant mass enter-

ing the node, the requirement that mass flux in equals mass flux oot is

satisfied.

TAfftsion rates are controlled by a requirement to feed the reaction

at the inside notAlieaction rates therefore influence the variation in

concentrations °beery The solution for th concentration curve re-

quires the solving of the above equations for CA(N), Cri(N)„ C (H), arid

Cs (N) at each node N. tliin stream concentrations are assumed known.

The N in bracket refers to the node number and is written in this discus-

sion in Matrix notation similar to the Fortran IV designation.

2. Temperature distribution. ,emperature through a 1,11etis

related to the heat released at each node from the reaction occurring

there. The heat flux rate is tamed upon the heat generated in the inner

nodes which muSt flow out to satisfy pellet steady state temperature

conditions.
4

r4+1
(37)

Temperatures for each node are Obtained Iv summing and adding

these to the experimentally determined serfage temperature.

TN m Ts 1. r',AT (38)

1. Pate deteraiination. For the initial least square approximation

of the surface rates all of the reaction is assumed placed in the write*

node. The program solves (via least square analysis) for the rate
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equation and constants 'which fit the data for high and low catalyst

surface temperatures. If rates are calculated for each node using the

least square equation, the total quantity reacted would be about four

Uses the total mass experimentally observed to react in the pellet.

Subsequent approximations alter the equation to reduce the calculated

rates. Next considering the other extreme, if all the reacting sums

diffuses as far as possible into the pellet, we find that the total

reacting mass diffuses into the first two or three nodes, but because of

diffusion restriction, the total pellet reaction flow mey not readh the

last node. These two conditions are represented by the curves in

Figure 1.

Rate determination is accomplished by rent aseeming an initial

rate distribution through the pellet. In this analysis.** assume that

the pellet total rate is disseminated# to the interior nodes to the letItes,

trim Allowable by diffusion. Then by decreasing the equation estimated

rates at each node, the reacting mass in the inner nodes are moved. to

the outer ones until ell nodes rates summed equal. the total pellet rat

Chemical concentration variance is estimated based on the following

deception critical to the argument presented; Th  amourt or diffusion

(quantity of mass) traveling from one node to the nowt it controlled by

the rate of reaction occurring in the innermost nodes. If we take the

center (Innermost) node, the amount diffusing into the node is the amount

being reacted there. An equal mass must leave the node ..• in this case,

the products of reaction. Product accumulation does not allow a steady

state chemical composition in the node. In similar canner, the amount
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Equation limited rates

Diffusion limited rates

t3urface nter

1. 3

nolse

FIGURE 1

RATE VS VODE
(Rased upon Diffusion Limits Least Square Approximation -

First Iteration)
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of diffusion between second and third nodes can be estimated as equal to

the quantity of reactant needed to feed the inner nodes three and four.

The same holds true for difftsion between nodes one and two. For calcu-

lation of interior node concentrations, the surface node concentration

must be known. Internal rates and resultant concentration gradients

provide the driving force for flow of reactants into the inner nodes.

These concentrations and temperatures are subsequently used in the

rate equation to calculate node rates. Estimates of node one rate (sur-

face rate) are used to determine the Anshelwood rate equation. %ploy-

ing equation calculated interior node rates, a difference determined

node one is estimated by subtracting the node two, three and four rates

from the total pellet rate. If this node on© rate is Willer than the

rate used to define the equation, the equation rates are decreased by

taking incrementiily smaller surface rate estimates. To achieve this,

a percentage cut of the last surface or node one estimate is used. This

is done by using a multiplier term call U. The term ZD is decreased

and then used to multiply all pellet last estimated node one rates.

ZD = 0.8 * ZD
( 39)

r(1) = ID * (last node one estimate)

A /east square approximation from the decreased pellet node one

rates is calculated. Next, all rates used to define the Hinshelvood

equation are compared with the difference determined rates. This process

is continued until the surfaee node for pellets provides a ZD * (last

node one estimate) product inorementally leas than the difference deter-

mined node one rate yielding a rate versus node curve as shown in

:Figure 2.
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7quation United
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FIGUP4 2

PM vs NODE
(ZD • last node estimate)
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Up to this point, we considered single pellet analyse*. The least

square approximation rate curve is defined from many pellets. As in-

dicated earlier,  he least square equation defined from all pellets is

modified until node one equation rates r(1) for all pellets are Imre-

mentally smaller than the difference determined node one rates. This

means that one pellet sets the low value of rates and of D. The other

pellet node one rates determined via the difference approach mill tend

to be high compared to their final value. if the difference between

the least square appre%imation calculated rates ( RiCALC) and the dif-

ference determin • node one rates is small. the equation is accepted.

ellen the difference as indicated by the coefficient of variation between

node one rates calculated from the least squares approximaticm and dif-

ference determined node one rates deviates so as to reject the equation,

the last difference determined node ono rates are used for the next

least square approximation. Thus. the shape of the curve is altered

to reflect the high or low node one .rates resulting from the previous

pellet calculations. Each iteration should bring the least square

approximated curve closer to the node one difference estimates as in-

dicated in Figure 3.



rm = total pellet rate
(iteration sera) r1=r,rmr(2)-r(3)-r(4)

Difference rates
(Iteration 1)

r(1)=LD*(Nodo 1
estimate)
(Iteration 2--equation)

r = ID*(Node 1 estimate)
(Iteration I --equation)
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E. Node ?imam Dessrption 

It was concluded from the analysis that a Node method for determin-

Hinshelwood equations from catalyst data was feasible. In view of

the extensive number of calculations needed to converge to a representa-

tive Hinsholwood equation for the surface rates, a computer program

appeared to be the only reasonable means of attaining the solution. A

computer program Vas thus assembled which was composed of three major

sections or loops designs, to perform the following computations

1. Least square node one approximation.

2. Diffusion, temperature and node one rate determination.

3. Comparison of difference determined node one rates with

the least square approximstior nod* one rates.

These loops are shown in the computer control diagram presented in

Figure 4. The diagram indicates the controls statements but Gay calls

out the analysis to be performed in each part. The three major loops

are initiated from an if statement indicated by a diamond on page 23,8.

The diamonds (INs2) are in the diagram lines containing indicators

I m 1 and I im 2.

The indicators (I) are used to reference the storage matrices B and

C. Storage matrices are defined as m tricee in which experimental data

has been placed. rrior to the three loop split the ratrix values of B

or C are transferred to working matrix As Then, after perforning compu-

tations in the first loop, the indicator I designates -which matrix. (B or

C) the computed values are to be stored. will consider operations in

each loop in the following discussion. Input and output is discussed

in the APFLNDIX. A program printout is also shown in th APPENDIX.
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1. Li at scope anorgelimatioppoo UN is I). in loop i and node 1.

rates and concentrations are used for defining the ainshelwood rate aqua.

tion. Node one rate estimates are initially specified in the input data.

The Hinsh lvood rate form is preselected by the programmer and called

out in the input to the computer. Using the preselected rate forms. the

computer performs a linear leaf square analysis of the surface rates

evaluating the equation for the rate equation constants. These constants

are used to calculate the Arrhenius constants. The last operation in the

loop determine  the closenens of fit of the equation derived rates to the

previously determined node one rates. Closeness of fit of the difference

determined node one rates end the Iiimdmoixmmd equation calculated rates

is indicated by a coefficient of variation.

a. Apshelwood rate emotion. The calculations performed in loop

one are as followss The rate equation is assembled by calling for terms

from several :Unction subroutines. Rate forms are designated from

addresses included in the program input. Ref r to the Appendix for a

ore detailed description. The generalised rate form is defined by the

equations

r Xinstla torn / pc), YltiAl tern

(adsorption Ter)11

Table I through IV provides a list of terms in Kinetic, potential

individual adsorption terms encompassing those included in the sob.

routines. The equation is rewritten in terms of reactant and product

concentrations as fellows&

1(1 + 1-12 * PA * * 1213 s (112) 1/N (40)
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Part A

Table Reaction Rate Mechanisms
(Tables are from Ref. 9)

• DRIVING POTENTIAL TERMS

Reaction • A -6R --- A "R.,S A+B --,' R A-B ' R'S.--

Adsorption of A con-
trolling

aA 7-
aR 
K a A _K - aRaS __ -4 1 % '' g aR ii . - alias

-rai

Adsorption of B con- 0 3 a - aR B - aRaS
trolling B xi

A 1-i;

Desorption of R con-
trolling

aRaA -. K_ aA - aR__ ,_
as 4

a a - aR ,
A B K-

aAaa - aR

as r
Surface reaction corn

trolling

aR
aA- -.;_,

K. •
AA - aRaf,

- —1C—

-aRaAaB .-R a a -, aRaSA B --ic---

Impact of A control-
ling (A not
adsorbed)

0 • 0 aAaB- 
AR

•

aAaB - aRaS
K

.
Homogeneous reaction

controlling

an
aA --.7 aRaS-

,- 
-,-,--aA A

aR
a .an - ---,
A 0 A

a4as
''' ..- +

aAaB A

Part B
.REPLACEMENTS IN THE GENERAL ADSORPTION TERMS.

(1 • 
KAaA• kbad•KRaR • KSaS • rIaIln

--

%eactIon A '-- R A :LP R'S A•3 "R A•B ...I.' R•Sj

Where adsorption of A is
rate controlling
replace KAaA by
..4

Where .bsorption of 8 is
rate controlling
replace Kbaa by

Where desorption of R is
rate controlling '
replace Koji by

Where adsorption of A is 
rate controlling controlling with
dissociation of A
replace KAaA by

KAaa

K---

•
0

"RaA

KAaas X 1.ti KAaRas
-__AL_

A

,
0 •

A,
KX‘ -

as .

1-Ei
•

. Keit

Cii-

. .Kees

...CaA

a-a3
KKR :

A

Vir

A!! Ma aBA

t.I.aRt .
-4

KAaRas

-1
.

11 K.a.
4

-Xi-B
.........___

iIKAaRas

I K ad

Where equilibriuo adsorption of

. r.7"-----
of A replace KAaA by . 

1 
ileAaA

• ' Ii
and similarly for other components adsorbed

A takes place with eissociation

11 KAaA •
 I
i KAaA

with

Ii-KAaA

dissociation.

Where A is not adsorbed
replace KAaA by

1 
0

and similarly for other components

.

0

which are not

1 0

adsorbed.



Table I Reaction Rate Mechanisms
(Continued)

(Tables are from Ref. 9)

Part C
KINETIC TERMS.

Multiply each of.the torms below by EL except for the

homcgenous.:eaction.

Adsorption of A controlling Ick

Adsorption of B controlling kp

Desorption of R controlling kaK

Adsorption of A controlling with dissociation y k4

Impact of A controlling • kAKB

Homogoneous reaction controlling

Surface Reaction Controlling

A -4' R 1 A .7:0.4.2.j A•B A+B rt+S

Without dissociation kuKA ks KA kss KANB ks 8 KAK3

With dissociation ofA kss KA • kss KA kssC-1XAKB kss(s-4KANB

B not adsorbed - ks KA ks a KA_ ks KA k8 KA

B not adsorbed, A di.-
sociated

kg KA
'

k3 d kA ks a KA ks.8 KA

Part D
EXPONENTS OF ADSORPTION TERMS

Adsorption of A controlling without dissociation
Desorption of A controlling
Adsorption of 'A controlling with dissociation
Impact of A without dissociation A• R

Impact of A without dissociation A•B -4R•S
Homogenuous reaction

n .- 2
rt,.. 0

Surface Aeactien Controlling - •
A:: R A --" R•S A•B -4° R A•B R.S.

No dissociation of A 1 2 2 • • 2
Dissociation of A . 2  3 .t ' 3
Dissociation of A (B

not adsorbed) • 2 2 2 i•
No dissociation of A
(B not Adsorbed) . 1 1 . 2
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This equation form is used for linear fitting of the node one rate

data. The linear least square analysis is performed as described by

Hougen and Watson (). Values for the terms Ki, K2, K3, and S4 and K3

are stored in a matrix E in preparation for the next step that of compu-

tation of the Arrhenius constants.

b. Arrbeniul sonstant determination. After the rate constants in

loop one are calculated for then matrix B and matrix C data at two surface

t peratures, the temperature dependence of the constants is represented

by the Arrhenius exponential functions

K.KoexP(-APT) (41)

':.'harm Yo and A. are constants to he determined, is the universal

gas constant and T is the temperature of the reaction. 'he Arrhenius

constants are determined by taking the log form of the above equation.

substituting into two simultaneous equations the E1:3 and W. constants

from matrix E, A and E. are then defined by the equations below.

A le P. (Ti - 732/T31 * TS2) log (K1B/K1C)

Ko 1115 (AP: * T31)

The Arrhenius constants in the computer program defined as AK

for Ko and DE for A.

c. Caeficient of v5ciet:tion. The coefficient of variation indicates

how far apart the node one rates re from the equation determined rates.

A coefficient of variation is determined for each matrix (P. and C) in the

following mann . We set the termperature (2) for the Arrhenius constant

equal to the surface temperature and compute values for the Hinthelwood



constants using the Arrhenius equation. Rates are calculated for each

pellet based upon these constants and the surface concentrations of the

species.

rc YOT

(K1 + K2 • PA + K3 • PIO
(43)

These calculated rates are then compared with the rates R(1) deter...

mined from either the initial estimate supplied by the programmer in

the input or from the difference determined node one rates which are

calculated in loop two and stored in terms 4(10.1i) or C(1.0.? ).

R (1) 2= (total rate) * (7ultiplier defined in the program)

The multiplier is the product of the node one rate fraction from

matrix terms B(10,M) or C(10,M) and the value of ZD which is set equal

to 1 for the first iteration but is decreased in loop two during nib-

tequent iterations. The term M corresponds to the pellet assigned

number in the matrix.

The coefficient of variation is determined from the rat©s by

solving the following equations

COY (B or C)

When coefficients of variation have been computed for data in

matrix B and C. the computer sets IN equal to 2 sending the program to

loop two indicated as Location I in the diagram.

2. Ditrusion, tampersturfi,t bindnodeons rate determination (TN m 2).

The second loop location F, performs several key operations. The calcu-

lations performed in this loop determine diffusion rate limits, node
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temperature, node concentrations, and node rates. st cal Gelation

for diffesion limits is performed ehen indicator Lr in loop two equals 1.

The calculations employ average effective diffesivities at t.:2nar. eteeee

observed for the nodes. Temperature dependent diffusivities may be in-

troduced. into the program but average values were selected here to

simplify calculation. After d termining the diffusion limits for all

data points, LP is set equal to 2 and further analyses bypass this sec-

tion.

The second section of loop two calculates temperatures at each, node.

An initial rate estimate for the nodes is that the pellet reacting mass

is diffused into the pellet an far as possible. In some cases this re-

sults in all of the reaction occurring in node four (all reacting mass

diffusing into center node). The method of analysis used starts with

high estimates of interior node rates and decreases the rates in each of

the innermost nodes two, three and four by decreasing the linear least

square approximation rates. The outermost node (node one) rate referred

to as the difference determined rate is the rate determined from the total

pellet rate less the rates from nodes two, three and four. )hen the

difference determined node one rates become incrementally larger than

the estimated surface rate we know the sum of the node rates must be

slightly less than the total observed pellet reaction rate. This condi-

tion exists because the difference determined rate is larger than the

surface rate estimate which was used to define the rate equation and

calculate node two, three and four rates. These node one rates are for-

warded to loop three fora final comparison of the rates determined from

the equation versus those from the difference methods.
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a. Diffuoion limited rates. The calculations performed in loop

two are as follawst in section one of loop two calculations of the mass

flex ,....etween the nodes is determined. several assumptions are made.

The maximum flow of reactant Into the pellet in aes-mmed not to exceed

the total reaction takine place in the pellet. ,lffasion of each re-

actant and product is assumed related 17 the chemical reaction rasa

balance to one another. Thus, the reaction concentration diminishes

proportionately to increases in product concentration. For a given

pressure and temperature, the total number of moles/unit volume for a

gas is knovel. The sum of the molar concentrations of the reactants and

products in the node, moles per !mit volume, must be equal to the total

molar concentration noles/unit volume. Concentrations are subsequently

calculated for each node with the exception that node one is assumed to

have the same concentration as that of the main stream.

Starting th total rate of reaction of A in the pellet to be that

diffusing to node two, the concentrations at node two is determined from

the following equations. Terms AR and DP are the mean transfer area

and distance between nodes respectively and RA is the diffusion rate of

specie A. Terns CAA to C33 are surface concentrations.

CA - - RA * Dr(2)/(DEA * AP(2)) 4.C4s

m F * RA * DT. (2) /(DEB * AR (2)) + C133

C * FA * aqa)/(DEF * Ali (2) Cps

_ +Q * * D1':(2)/(1..6 * AR (2)) +C35

(45)

This process is repeated for node throe assuming the values of CA



through Cs determined for node two are the new values of CAs to Cs3.

After calculating each set of concentrations, the concentrations are

summed and compared with the total nomberr of moles which a node (1/4

pellet volume) will hold. The total node quantity is bracketed by limits

FD and FR placed in the program input.

(CA + Cs + CR gm Cs) 1 FD

(CA + CB + CB +C ) s FR

rr the sum falls outside these limits, the value of PA is decreased.

FA = 0.93 * rA

(46)

(47)

It is known that for RA equal to zero the concentration must be that of

the surface concentrations CAs + CAE etc. Thus it is expected as RA goes

to zero that some value of RA will provide a total concentration that

falls within the defil e limits F) and FR.

b. Tamperatutre determination in nodes. Peturning to section two

of loop two, the temperatures are determined on the basis that heat

generated by the reaction must flow out of the pellet for thermal equi-

librium . The &T can be determined if an effective conductivity is

used in the following equation;

= F(N) * ET' = (a lk(N) ' AT)/ "(N) (k8)

The temperature rise from nod. tea: node is determined and added to the

surface temperature to determine the node temperature. For each itera-

tion node temperatures are recomputed.

T • TS + T (49)



c. Difference determination of node 1 rates. r.( N) In the determina-

tion of representative node one rates a reduced rate term R(S) is compared

with diffusion limit rate RA(i4) and the calculated rate hi CAlL. he CAlL

is determined from the least square approximation using nod* temperatures

and concentrations estimated. If ii.(N) is larger than either of these

rates, an increment of rate is removed from the node reduciru R(N). The

increment of reaction is then placed in the next outermost node.

since initial node rates are determined from difference of diffusion

into and out of the nodes, all of the reacting mass RA (N) is allowed to

diffuse to the innermost nodes, therefore if anything is changed, it is

the removing of some of the reaction from the inner nodes. The rates in

each node one to four are compared with diffusion limited rate and with

the calculated rates from tile iiinshelwood equation employing Arrhenine

constants. if there is more reaction in the node than allowed by these

limits, it(N) is decreased.

r(N) a 0.95 * F(N) (50)

When R(N) falls within these limits (Least square approxitistion and

diffusion limits) the rate is considered representative of that node

rate. Then, using a node one difference rate (total rate less inner

node r tee) a comparison i made between the node one rate and one defin

by the product of 2.1) and the initial node 1 rate. estimate. To obtain the

initial node on estimate, the product A(10,a) * A.(5,) is determined

where A(10,V) is the node rate fraction inputted or calculated and A(5,M)

is the total rate. if from the comparison we find the difference rate

ie the lesser.the value of ID is decreased.

ZD le 0.8 * ZD (51)



The new value of ZO is sent back to loop one and multipli s ail

node one rates stored in matrix 3 and Z1) modified rates are used

to obtain another least square approximation; a new Arrhenius constant,

L wag coefficient of variation aml the program returns to loop two where

the sane at ac;iustvent process is continued. This process is repeated

until tiu; difforeilca determined rates for the pellets are greater than

t  respective values of the product 2a; and the initial node one rat.

oetimate. Uen the node one ratts are defined, they are stored in matrix

ndL as D(1.41) and C(1001) and are iormarded to loop three.

3. or ?election of least sanare linear

approrkmation. The last loop (0) determines a second coefficient of

variation. This time it provides a measure of deviation between the dif-

ference determined node one rates and the least square equation node

one rates. The new coefficient of variation COVAR is than enensred with

the previous coefficient of variation COV. In the program es it present-

ly stands, if COVAR is less than twice CCV, the equation is accepted and

constants printed out.

:ha calculations performed in this section repeat those performed

la section one, part C„ with the exception that the initial and final

coefficients of variation (COV and CCNAP) are eempsred.



F. drç en (yen Catalysis - 'Sample Problem 

A sample case, Y'ydrogen - Cxygen over platinum catalyst was used to

determine the types of problems rhich might be encountered in the pro-

posed computer analysis. Data was reviewed from two papers. The papers

described experimental studies in which the first paper investigated.

catalyst particles and pellets subjected to mixed streams of Hydrogen and

Oxygen gas simulating a stirred tank reactor, and the second paper studied

catalysis of Hydrogen/Oxygen in a small tubular flaw integral reactor.

In the former paper by Maymo and smith (6) the low oxygen concentration

range (O- mole ) was examined and it was concluded that rates were

nearly first order with respect to oxygen partial pressure:

0.804R toi 0.655 exP(-2.22) 02
RT

(52)

Leder and Putt (2) studied the law hydrogen end of the gas mixture range

and concluded that a Hinshelwood equation represented the data. They

concluded that surface adsorbed oxygen reacting with hydrogen in the gas

phase controlled rates thus providing Correlation with the following

rate equation;

K PO2 'll22 (53)
+ 1i0 P02 + EvPie

zaymo and with also noted that reactions at high oxygen/low hydro.-

gin mixture ratios were second order with respect to hydrogen concentrwtion.

The problem posed les does the mechanism implied by the Einshelwood equa-

tion submitted by Leder nd 3utt provide an Acceptable rate form for the

data at the opposite ends of the hydrogen/oxygen mixture range obtained

by %sync) and Smithl
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1. Tessdicta. Data from (j) is summarised in Table /I, part A.

Rates were reported by 1.;aimo and 5mith in moles per gran - second at

in this application, rates for entire pellets (average weight 2.0 grams)

are listed becauee the total pellet rate was used in the analyaLs. The

rates at avgen partial pressure varying from 0.009 to 0.111 atmos-

pheres ranged from 19.2 X 10- 6 eacs  to 267 X 10-6 no% 
pellet sec, pellet sec.

The observed surface temperatures were between 89°C and 180°C. Other

parameters reported and used in the computer analysis were the effective

diffusion rate for oxygen of 0.166 cm2/see, the effective conductivity

of the pellet 6.4 X 10'4 cal/cm(see) (°C) and the beat of reaction of

115,000 cal/gm mole. All other values used were selected or calculated.

Diffusivities of hydrogen (4.37 se) and water vapor (0.6 cm2/sec) were
sec

estimated from the effective diffusivity equations employing bulk and

Knudsen diffusion. Specific heat and equilibrium constant were obtained

from the Handbook of Physics and Chemistry. The results of several

computer runs performed with input dsta (Table II, Part 13) are discussed

in the following sections.

2. oral computer runs were made to determine

if the Jinshelwood equation proposed by Leder and Butt would fit the

experimental rate data of Maymo and Smith. The forms need we as follows:

(a) r P02/(K1 K2 * P02)
(%)

(b) r P.02 • Pq2/(Ki + K2 pn )

In determining the equation constants the program employs the partial

pressures of 4drogen and Oxygen in the following equations s

K2 * o2 K3 ' (ko2 4"1.2-
/e. (55)
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TABLE I/

PART A

RATE DATA (6)

Pallet Surface Ornsa glidrogen Pellet Rate
Number Teeperaturs Concentration Concentration nole/pellet

°C -teeleien3 neleied• Cr x 106)

11-1 101 0.029 0.971 57,8

11.2 101 0.054 0.946 101.0

11-3 100 0.0094 0.991 19.2

12...3 102 0.060 0.940 106.0

24-1 206 0.046 0494 267.0

-3 130 0.046 0.954 110.0

244 117 0.111 0.889 248

21 127 0.027 0.923 81

21 181 0.027 0.973 118
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In•Pot Description

TABLE II

PART B

IN-PUT DATA (7)

Computer
Tern

Ezamplo Vain

1. Number of rate
medhanimas

2. Rate mechanism
(addresses)

3. NuMbor of Data
Points

4. Matrix B Data

5. Matrix C Data

6. DiffUsion Constants

7. Constantss
radius, Specific Heat
of Gas, Heat of Re-
action, Equilibrium
Constant

8. Constants Fran Mass
Balance A + F*3
H*R 4.goS

02 + 252-1
2H2°

9. Surface Temperatures

10. Constantss Molitor
of Constants to be
solved for, afoot-
Wok Marna Conduct-
ivity of Pollot,
Universal Gas Constant

11. Nunber of Iterations

NO 2

MO. MU. KV, MX, 2. 11, 1, 2. 2. 1. 3
MZ„ TN, VO

MF, NF 4, 2

B(1. 1) .027, 0.973, 0# 0,
B(14, MF) 0.1E44, 1, 1, 1, 1.

.025, 1.0, 1.0, 1.0, 1.0

C(1. 1) Same
B(1144 BF)

DU. DEB, prit, 0.166, 0.60, 1.0, 0
DES

RP, CP, BR, KE 0.93, 7.0, 115,000, 2,000

F. H, Q

TS1, TS2

U2, CK, GC

FM, FN

2,2,0

3730K, 4030K

2, 6.5 I 104. 1.98

3. 3
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Solution involves determination of Ki, K2, and K3 for each mechanism

investigated. The constant for water is indeterminable because of

pellet surface water vapor pressure being negligible. To determine

if the constant K
3 
is zero for the case of adsorbed oxygen reacting

with hydrogen in the gas phase, it is necessary to solve for the three

constants but if one of the constants is zero, the subroutine SOLV now

in use (see Appendix) writes out the word EXTOL. The computer by-

passes further calculation of that case. Thus the method of evaluating

the constant is to run three rate forms. The first form with all con-

stants Ki, K2, and K3. The second rate form with Ki and K2 only setting

3 equal to zero, and the third rate form containing only Ki and K3

setting K2 equal to sera. It is noted that the simultaneous equation

solution performed by subroutines KAT and SOLV when replaced by the

existing computer library subroutines will print out zeros for these

constants which are zero and accomplish this analysis in one run.

3. 14iptutiftiog 9 Computer anslYsts Performed. During this in-

vestigation, computer runs were performed on oxygen/hydrogen rate data.

The analyses considered calculation of constants Ki and K2 assuming K3

zero. Equations examined were as fellows*

and

(

(

213: P02

Ki Po2

r Po2 * PHI

Ki 4' K2 * p02

(56)
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Four data points were placed in trix P all having surface temperatures

of 373° K and two pellet data points placed in matrix C with surface

temperatures of 403° K. An iteration limit of three we imposed to

limit machine time. Initial rnns indicate that convergence was occur-

ring extremely slowly and results of node one rate comparison indicated

wide deviation existed at the end of three iterations and so the number

of pellet points were reduced to three in matrix a. The next run appear-

ed to conver7e more rapidly than the rrrn7,1_ovs one, hut die not reach

convergence within the three iterations allowed. Therefore, the nuMber

of points in matrix 13 was decreased to two and the iteration 'Vitt in-

creased to five. Converence ton fixed value appeared to have been

achieved in this run. The coefficients of variation for the two mochivb.

null were close with the coefficient for mechanism two appearing

slightly batter as indicated in Table III. The rate equation defined for

the eecemd mechanism can be written as follows placing the values of

K and K2 in Arrhenius constant form in the denominators

2
r P02 PH2

0.0128 mop (2122)-i-(6)9T - 2,600.000) Pot
RT

(5?)

The linear form of the equation for the temperature dependant constant

is used if one or more constants determined from least square analysis

are negative. The Hinshelvood constants printed out in program are

tabulated in Table IV.

The rate data comparison between calculated node one and difference

determined node one rate are summarised in Table V.



TABLE III

COEFFICIENTS OF VARIATIOM

Mechazion COVN B COM C

/Os *p
02
) 0.166 E-04 0.224

r nt P P /(K02 H2 + K
2 0.164 E-04 0.140 E-04
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TABLE IV

RATE CONSTANTS (H2/02)

Hinehelweed Coefficients

Temperature Ki

Matrix B 373° K 2230 - 22000

Matrix C 403° K 765 - 2840
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TABLE V

COMPARISON OF FATE DATA
(Iteration Meclumina)

0 P'112
N e Noctt.,1 Total
Cale. Difference Tinh Rate

Matrix .0283 0.972 16.6 x 10-6 20.9 X 10
-6

57.8 X 10

F3 .0580 0.942 54.0 x 0-6 68.0 X 104 106 X 104

Matrix .027 0.973 37.1 X 10'6 49.5 x 10'6 81 X 10'6

C 0.044 0.956 62.9 X 10-6 78.6 x 10-6 110 X 10-6



Ai14

The calculated rate varies from the difference determined rates in

each case by a factor of 0.8 which is equal to the size of an iteration

step used. Iteration steps were made large to reduce computer run time

btit for greater accuracy the iteration step needs to be decreased such

that the product of ZD and the rate multiplier varies only a few percent

instead of the 20% used in this case. A second conclusion drawn from

the table is that a large portion of the total rate is estimated to be

occurring in node one. Looking at the matrix print out we get a reading

of the reacted fractions for each node in Table VT. From the node rate

fractions shown in the table the amount of the reaction taking place in

node one increases with pellet rate. In the enlng discussion It is

seen that this condition is a result of the temperature sensitivity of

the linshelwood rate constants which nay or nay not result from a recog-

nisable Physical phenomenons

k• Discussion of analysis. From the analysis we are interested

in whether the Hinshelwood rate form fits the data and whether the node

one rates are of sivklar magnitude to the intrinsic rates obtained for

particles. The first question is unsioubtedly debatable because very

little data was used, and there is sane question of how representative

the data was. aowever, in reviewing the runs performed, there appeared

to be a consistent pattern in the way the linahelwood constants (Ki and

.2) in the equations

+ K
2 
* P

02 (58)

behaved with temperatnre. In all cases Ki decreased slightly (see

Table IV) with teelperature increase while Y underwent a major increase.
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TAME ITT

NODE RATS FRACTIONS

MATRIX B KATT-17 r

Point 1 2 1 2

Node 1 (436 0.642 0.609 0.714

Node 2 0.352 0.207 0.199 0.146

Node 3 0.201 0.107 0.123 0.0963

Node 4 0.0659 0.044 0.0687 0.044



The rise in K2 was so pronounced that rates 
dropped off with distance into

the interior of the pellets. Physically it does not appear reasonable

that such a change in adsorption equilibrium constant would take place,

and for this reason the mechanism proposed by Leder and Butt at low hydro-

gen high oxygen concentration does not seem applicable to the Maymo and

Smith data.

In regard to calculated rates equations several results are noted.

The first iteration in the case number 2 provided an equation indicated

as follows:

2P P02 H2
✓ (59)

0.411 exp (6180) + 1.66 X 1011 'xi) (-WM- PO2
RT RT

U we assume negligible value for P02 we can rewrite the equation as

follows:

RT
205 exP (14119.) n 2

• 111 N2 (6o)

This activation energy (603) does not differ greatly from that reported

by Maymo and Smith.

r = 0.655 exp RT * P02 (61)

However, after five iterations, the equation was altered to the

following forms

2
P P

• 02 H2✓ (62)
oq)

.0128 exp RT + (639T - 2,600,000) P02

or in this case, assuming negligible P02 the equation becomes the follow

(.10800) 2
r = 80 exp RT P02 

PH2 (63)
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The activation energy of 10.8 kilo calories is quite close to that

of Leder and Butt who reported 10 2 kilo calories as the activation

energy for the Hinshelwood equation they defined in their data. These

equations are illustrated in Figure 3 showing each of the above equations

plotted as rate versus the partial pressure of oxygen. The rates are

for node one of th pellet and thus, results in rates of reaction per

1/4 pellet or per 1/2 gram. In all cases the program calculated curves

have steeper slopes than the rate curve defined by Malmo and Smith paper.

At low partial pressures the rates are about the same for each equation

bat rates differ significantly at high partial pressures. Deviation is

caused by the combined effects of the rate form being examined and the

temperature variation of the data.

This problem also showed that the selection of specific rate forms

have a major influence upon the percentage of reaction occurring in each

node as a function of pellet radius. This was evidenced in the Maymo and

Smith data as represented by the ilinsheiwood equation proposed by Leder

and Butt. The equilibrium constant (adsorption of oxygen) in the denomi-

nator of the rate equation increases rapidly with temperature, which

would not happen if this specific constant was assumed sero and another

one studied. This results in rate decreasing with temperature.

Since the temperature rises with distance into the pellet, the re-

sultant decrease observed in rate might be explained by decreases in

adsorbed oxygen. In view of this conclusion, a look at how the oxygen

adsorption for platinum varies with temperature should be made.
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EET Reference Equation

0 Table II r(1) sa rt

Computer r(1) = rt r(2) - :0(3) -

Computer r(1) 0 PO2 P 2

0.0128 exp(0800) + (6)9T • 2.6001000) F02
HT

7 (7) P02 0.864 exp(7 117)r(1) = 0.655

r 10-6 moles/(1/4 pellet)sec.

80

60

40

-MOT- 0. --!r;03  0. d.0,

P02 (atm•
)

MAE 5
RATE VERSUS PARTIAL PRESSURE OF A

HYMCGFX OXYGEN CATALYSIS
OVER PLATINUM



It was found that adsorption rate decreases with temperature (2) accord-

ing to the following equation*

) 
(27 MKT)1/2 

- (61)

Since this indicates the forward rate of oxygen adsorption is decreasing

with temperature for equilibrium, the desorption rate must also decrease

indicating a lower rate of product formation. From equation 61 a 30% to

40% decrease may occur for a 2 to I change in temperature but no change

as great as that observed in the computer analysis. It is, therefore,

believed that the large variation in this coefficient is unlikely.



SEC :'ION III

COMMIONS

A oomputer program has been cometracted that takes data free hetero•

genicus reactions, gas phase reaction with solid pellet catalyst, and for

given mainstream compositions, pallet surface temperatures, catalyst

properties, and reaction rates estimates the representative Hinshelwood

rote equation. In the sample problem (hydrogen and omen (*tensed by

platinum) the ealculated equations for the first iteration exhibited a

similar activation energy to that determined by authors of (2)As

r.olltions (2)

mi 0.653 exp ( — ) (65)
PT

Comte; Csaculatati 

2

r '02

0.411 sup (411§2) + 1.66 x 101
4 RT.

wbidh at low values of P62 provides the following equations

r * 2,4 *24) (4Pr ('02)

2

(66)

(67)

The activation energy 61151 cal/mole is of similar magnitude to

5230 cal/mole in spite of the fact that rate forms assumed (first order

versus Hinshelwood) were different. This rate form, however, did not

fully explain the temperature characteristics of the system and the

final equation had an activation energy of approximately 10.8 kilo calo-

ries more nearly agreeing with the 1©w 2K calories observed for hydrogen

oxygen aver platinum study of (a).
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n ative low temperature oxygen adsorption constant was obtained reject.

ing this equation.

The findings of the computer program are by no means conclusive

but several observations are significant in determining the type of in-

formation which may be obtained.

First rate fractions (of total pellet rate) are defined for each

node in, each pellet. pplying the equations defining temperature drop

and concentration variation a a function of node rates from Section 2

of Fart Ls temperature and concentration through th pellet mgy be

calculated. From temperature and concentration versus radius plots, it

is possible to determine how the rate equations affect the shape of these

plots. This may be instrumental in selection of the representative rate

mechanisms.

Such a result was inadvertently encountered when the temperature

sensitivity of the Hinaheiwood constants in the sample problem Part F

produced decreases in rate as the temperature rose with distance into the

pellet. While such decreases can occur as a result of changes in adsorp-

tion constants the abruptness of the change placed this rate form in

doubt.

It is conjectured that When Hinshelwood rate equations represent

the data, Kinetic phenomena controls rates at the pellet surface but as

the reactant diffuses into the center, diffusion can control. Further-

more with variation in chemical reactant or product concentrations it is

possible that further inside the pellet chemical rates may again control
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rate. Such variations are net likely to be picked up bar, First order

rate approTimatiens but would be recognised in the noCe analyses.

This form of analysis, because of its sensitivity to these para-

meter variations can be more usoful in selecting rate equations than

other methods now in use.

The accuracy of the analyses performed is dependent upon the presence

of accurate values for effective difflasivities and effective thermal

conductivity. The node analysis can be made as accurate an required by

increasing the nuMber of nodes, obtaining data eescribing catalyst pre..

rerties and by accurate measurement of chemical concentrations and

reaction rates.
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Iv

RICOHMENDATIONS

The computer program in this study has been designed to give maxi-

mum freedom to the programmer for alteration as may be required for any

hsterogenious reaction. It is recommended that the computer program be

made more accurate by decreasing sise of iteration steps and by ftelling

for the library sub-routine for simultaneous linear solutions of the

rate equations for the Hinehelwood constants.

It is recommended that the computer program be used to study in-

dustrial reactor data and that the Hinihelwood rate equations from the

pellet data be compared with previous correlations derived from particles

or pellets. Results are expected to define areas where further experi-

mental study may be profitable.

In general, it is felt that this computer program can act effectively

in augmenting experimental investigations.
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C CMPUTER 4n Am INPUT AND nuT 1T f'#2 St Ti41'Xc3~t3

This discussion is desiTned to be a guide to utilising the "iiinehel-

wood rate from catalyst data" computer program. In brief, this discussion

considers the input data package aed then some areas Idler. hang-ups way

occur. A nom nelature list summarizes the principal variables Em pages

1. „Input Considerations,

Arst, it is noted that there are eleven dimeneion etet tints and

one eommon statement. Matrices 3 and C are storage matrices, 3 and C

contain the input data with feurteee bits of information used per data

points term cr is the universal gas constant and is levet in what-

ever dime TIon the programmer misbes to use. Ths program is thus able

to work in an7 set of dimensions but the programmer-must make certain

that the input data is in consistent dimensions.

The input Bata :legion with the statement reed 5. 60 and continuos

far twelve statmonts to read 13, F.

ai ry input parameters. The following outlines the data as input

to the computer based upon an equilibrium equation of the reaction of

the type A. + T. s .0 p 3.

The number of cases (K}) or mechanisms to be run end specifies

number of cares in the next sequenee.
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2. MW, MQ. MU, MT. TN, VO - The values MW through MZ define addresses

in function routines used for rate mechanisms. tihr is the address in

the potential function of POTF: MQ the address of the A adsorption

term in function routine KSORfts MU is the address of the B adsorption

term in KSORPB and likewise, MQ, MZ are addresses in the function sub-

routines for defining adsorption terms R and S in KSOFFIt and KSOPPS.

The term TN indicates the power which the adsorption terms are raised.

The term VO defines the terms that are to be used in the SOLV sub-

routine. This accomplished by directing the computer to place terms

generated from the least squares computation in matrix G or in matrix

GV in the correct form for simultaneous linear equation solution. The

equations are solved in subroutine SOLV. VO also is then used to define

the value of the Hinshelwood constants that are returned from SOLV b ck

to the main program. As may be noted from this seque+nc described above,

potential program hang-up may have greatest chance of occurring in selec-

tion of the correct value of VO.

3. The terms MF and NF define the number of points to be placed in

matrix B and matrix C. The two matrices are selected for use with two

pellet surface temperatures observed. The values MF and also deter-

mine the number of inmt cards to follow. Since half the data per point

is allotted to a card, the number of cards will be double that of MF

and NF.

4 - 5. Matrix B(J,Li) and (J2, L2) input data. These matrices are

doubly sdhscripted. The first number (J) representing a unit of data

point and (L) representing the data point number. The first four values
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of J are partial pressures or concentrations of component A, 8, R and S.

The fifth value is the total pellet rate. Terms J6 through 9 are the

diffusion limits at nodes one, two, three, four defined by some fraction

of the total rate for which diffusion may occur. That is RA(M)/A(5,h)

RA representing diffUsion rate which could reach node N from the next

outermost node. The value (A(5,M) is the total reaction rate which was

1.nput to matrix 8 or C. The last terms J10 to 13 are rate limits based

upon combined rate equation and diffusion limits depending upon which

is controlling the rate in each node two to four. The last column J14

is now stores surface temperature but may be used to store additional

data if desired, since surface temperature is introduced in another in-

put location.

6. The diffUsion constant DE ( ) are values of diffusivities of species

A. Bo R and S representing best average value for the four nodes investi-

gated. For greater accuracy it may be desirable to introduce an equation

to correct diffusivities for varying node conditions.

7. Next, several constant RP pellet radius, CP gas-specific heat,

HR heat of reaction and KE equilibrium constant are introduced.

8. Then temperatures applying to surface temperature of pellets matrix B

is T31 and for matrix C is TS2.

9. Another set of constants included are F, H and Q which are the node

relation of species B, R and S to specie A.

(Ir = moles B
moles A for mass balance)



O. Additional information introduced includes the number of unknown

constants to be solved for in the least squares solution (U2), the

effective thermal conductivity of the pal/et/gee combination (CK) and

the universal gas constant (GC).

11, Values of F and FD terms 2 to h indicate the allowable deviation

of the sum of the concentrations in nodes two to four defined for the

diffusion program!.

12. Last, the values for the number of iteration, per mechanism to be

allowed in the calculations. It is estimated that convergence from

initial estimate of total pellet reaction taking place in node one re-

quires at least three iterations. Then, review of data and better initial

estimates of node on. rates should provide convergence more rapidly.

II. Prot)le! Area', Cc ter May blypounter

First, in providing the matrix GV which is subsequently sent to the

subroutine 3OLV. It is necessary to place the pertinent matrix terms in

form such that unknowns appear in the first (u2) columns with the re-

sidual or known term column in (U2 + 1) column. Thus the subroutine mat

has been used to move the pertinent variable to the correct matrix loca-

tions for solution. At present, mat does not have all the possible

combinations and it may be necessary to add additional ones for GU sets

to be evaluated. Similer considerations of output for the correct Hin-

shelwood coefficient from subroutine $OLV may be required.

It is possible that subroutine SOLW may bomb out if any of the co-

efficients being solved for go to zero at which point the subroutine
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out the word "FITOL" indicating a zero coefficient and the pro.

gram will go to the next case 30(a). Other than these locations, the

program will probably run to completion unless a term exceeds the storage

capacity of the canputer.

The program has taken into consideretion that Hinehelveme coefficients

may be zero end to by-peas difficulties in being stopped at an early

iteration because of difficulties in computing temperature correlation

based upon Arrheniue equation. The subroutine temco computes either an

Arrhenius or a linear relation and uses that for the next iteration.

Thus the print-out of the Hinahelwead constants at the end of a run

should be made to see if constants are negative. This is done by check-

ing values printed out of the matrix 7(2. 5) where values of AK and DB

are listed. A! is the constant and DR is the exponential term (or elope

in linear result) exp(DB/FT).

Putnut data. The program is designed to print out the final values

of the terms in matrix A and B thus giving fractional rates in terms of

diffusion limits and diffusion/rate limits combines. Also printed out

is the coef.,.ciont of variation for the difference betwften noes ono

rates and the equation derived rates. This is printed out of matrix

COVNY(KK) and COVIC(KK). Further data is printed out of the AK and DE

matrices which provide Arrhenius relation coefficients as indicated in

the following equations

r T. (AK) exp (DP,
UM
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Asa check on the validity of AK and 1:7 is matrix E which provides the

Hindhelwood coefficients for each matrix from which the Arrhenius co-

efficients have been calculated. From these data most pertinent results

can be determined both in terms of individual nodes and node one versus

rate equation comparisons. It may be of interest to store calculated

rates and node one rates at the end of the last iteration for each

matrix. This will undoubtedly require additional storage matrices.



NOYFiNCLATUR.‘

(Computer)

cOMPUTER PKYPV

MW Address in seventies POT?

mg. Address in subroutine KSOBPA

MV Address in subroutine KSORPB

MY Address in subroutine KSCPFR

MI Address in subroutine KSOPF5

Tw Exponent of the adsorption term

VO Designates addresses in subroutine AT and SOI)/

A Matrix values used in working program

Matrix used to store data before UAO in matrix A

C Matrix used to store data before use in matrix A

Matrix used to store Rimhelwood coefficients
(K13mE55) (K1C...K5c)

:latrix used. in subroutine Tat° to store hi( ).14,.

K5( )

AK Arrhenius coefficient

Arrhenius coefficient in exponential term

G and GV Ketrices in which *emotion used in least squares
routine are held prior to simultaneous linear
equation solution

1(i) .—M6) Constant* returned by subroutine Satv

T.A.61) Diffusion limited rate

10) Node rates limited by both rate equation and
diffusion

celc () Rates calculated from rate equation

TA,(n) Node temperatures
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and YK

DP(N)

AR(N)

CA(N) or PA

cB(r) or PA

CR(N) or PR

CS(V) or PS

?DM

FR( N)

K30F11

K3ORPB

NSCrPR

MOTS

NF

14

RP

C

HP

K

DEA )
DEB )
DER )
DES )

Tompsrature dependent constants calcu1ate4 free
Arrhenius oquation

Distance between nodes (diffusion path)

Near area between node locations for hoot and
mass flow

Concentration of spielers A. for node

Concentration of species S for node N

Concentration of species R. for node X

Concentration of species $ for node

NOTE: With "S" added to end stands fOr strum
condition

Concentration mum node limit

Concentration sum node limit

Ftnction subroutine A adsorption value

Function subroutine 13 adsorption vale*

Function oubrootine R adsorption value

unction subroutine S adsorption value

Numbor of data points in matrix F.4

Number of data points in matrix C

Pellet radius

Specific heat of gas composition

Heat of reaction

Reaction equilibrium coefficient

Matrix storing values from solutions in SOUV
subroutines

Diffusion coefficients of species A, 3, R and S
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TS1 and TS2 Surface temperatures of llets whose data is supplied
in matrix B and C respectively

F. 5, and Q Moles of B, R. or involved in reaction per mole
of A reacted

U7 Number of unknown in least square solution

CIS Effective thermal conductivity of pellet

GC Universal gas constant

FD and FR Limit of concentration of species summed at each node

LP Indicator defining whether diffusion branch of
program is to be ran or not

TIM Iteration counter in program matrix B

TIN Iteration counter in program matrix C

Matrix S or C indicator

IN Loop indicator

Data point indicator for working matrix

ZD Multiplier for adjustment of rate equation in
iteration process

IZ Indicator which prevents storage of rate values
until ZD achieves satisfactory value

COV( ) Coefficient of variation (different endings with
Location in program)

DEN The denominator of the rate equation containing
the K3ORP tome

SIOP Subroutine which °beaks sign of eons of concentrations
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15Gta    RTR-M i (-21-41)

036 75 FORMAT ( 1X:27H HINSHELWCCD RATE MECHANISM// ,7F10.3)
:•9-1- MA E12.3 T

77 FORMAI( 1.41-1 01'11-I-USD/I TIE5.//:4E10.3)
" 7is FCIRMA 11.1X-12K •FiE 1-ritt();-3-i-5-XT21-t-QIE /0 . 3)-

042 79 FORMAT( IX 93(i RP:E 10.3:3 X:3H CR: E10.313X 13H •HR :E10.3:3H KE:E10.3)
:.,1%:+43 • -8C 1:0.01 A I( it 1X 13N -1J2-,E. /0. 3-110-XT:3ti -0-KTE1-0.3-TrOX
t:044. 81 FORMAI ( //IX :1011 I TERATI ON p2F10.2)

D IMENSION G(5:6) IGV(5:6),K(6)
u III EN-S1014-R141-: RA1-4-ri7C-Att141-:-T-iit4-) wirt4-Tir ,AR (74T

DIMENSION CA (4) :01:1(4) :CR(4 )105(4)
D I V:ENSION FO(.4)-41--- R (4)
OIMENSI6N CCvNB(S) ,COVINC(9)
IVENSICIV 0(4)
R EAL M ,MQ , PY VZ
-R-EAL-ISE •

0-45 --- ....- BL. ...- -PORMAT( 1:4/ /1 X:6H 0CVNt,2E1.5.3)3
04a

C
• 
48

- N

83 FORMAI( 1X//1X 19h MATRIX Ev5E10.3://1X13H AK:5E10.3:3H DB: 5E10.3)-
-84 FORMAI( IX :91-t- IvA-TRI- X -0/L:17E127.3)

106 FORMA T( 7E10.3)



;Kt NERSIZN-3-T- CEVIL 1 DA1E —691I

C 5C 
'051
,r;k0t ••• .

-053 •

go— P.t:t-I NT 75-/14V r.1-1-1C-Kt MITICK1 ,T i Ki--to KK ) 
DO 41 11=1,F

1 PRIN T 761MT:1-ILI dz-`1 1141.
• Do 42 L2=1/ NF

-054, • PRI NT- E4-i•ICIJ2-rt-2) 02=1 /14
(.1. 5 • PRINT 77IDE.AIDEBIL)ER I OES

PRINT R Rise P 411 R I KE
057 PRINT 78,F 0-19Q

1 PRINT ec,L2,c,k, sc,
1..t..55 PRINT ElpFP,IFN
060--- —77-98---K K- 1

tECtl LP •:--1
IT- TTO< K)

L'063 LC=MQ(KK)
(-MO

;." 065 LF=ML( KK)
'066 t.G-VY( KK )
ret7 L F  M Z ( K K )
p O.-6E TIN1=-0.0 
&0o9 TINr-- C.0

ICC- 
r

,_,
71 ZD=1.0

It=1
.01073 101 I = 1
'PO 74 -1/1.71C=V 0 t K K r
;05 NE=MF
A.:76 EN-D4F
-,077 107 J = 1

L1--= 1
r C7S 109 KJ=J
C;6C---------------1-1-t M =1 1 
tCd1 AlKithl =t3(JtL1)

  J=j+ 1
I II IF( J-14) 1 (StiC91112

I.,rc-8.47----- -- 1 1 z- - ------- -3 --=-1- - - - - ..- ------- --- - -
L I = Li + 1

-------I-Fit-1==MF-1---17C9TitS I /14
'1,4-0'87 114 IF( 1N-2 ) 200 g2SS p599
:Ct.i8 -11-5 . 1-- = 2 . ...

V CK= VCI KK )_.,

OS 1

'
4-

IC95.
c a
C 7

. .
NE =NF

EN -r-NF
r---

L2 = 1
-120 J- J2

M = L2
J21 L2) •

J2 = J2 + I
t J e- I zi 12C 1-12-C,12 3. 122— I



kkTWfl -MODEL 44 PS. —VER SI UN Ele EL— T—D AT E 69119 

 123 
1 C.0 L2 = L2 + 1
401 IFIL2-NFTI2C,12C,•125
-1102. 125 1F-( IN-2) 2CC,2CS,599

V.04 SuMVA 1=0
tC5 . SUM VA -= 0—
)106 SUM VA 3=0

• " . "S0-110.7\4= C
:108 SUMA 1=C
' :1 tsk.A

SUP.A 3=0
472711   SLIA 4- C-
112 SUMA 1 X=0

.114 SOMA 13=C
SUP:414=C'

146 • SUMA2X=O
StAt.23=0

J..lid StiMA 24=C
1(i S LMA-3X4=-C 

;12C SLMA 34=C
:121- — SIIMA-4•X=-C-

124
1'125
:126
: .:1Z7--
•)128
,•;772-9-
14:/30

s•-C13
:'1132

20:1 DO 22 1 M=1,NE
PA =1-4( 1041
Pd A(20)
PR- -At37M).
PS = A( 4,M)

A 1=-K SuR ( LC ,PA iFt3i-P-Iri-PS,r.E)
A 2=K 501.,: PL3 LF ,PN,PB, PR ,.PS,KE) •

C PttGjPA ,1'3 7 S..

5133--"
;134 2C3.

•
‘,.•:,136 • • . • 204

2C5
.--- •

11.;140 2C6
fr:141.--
:.142 207

A 4=K SQRPS( LH g PA , Pa, PR, PS,KE)
P 1 -=POrt Lf.),PA"i-Pa 1 PR •PS
V.=(PIPA( 5,1v)*A(1C,M)*ZD))**(1.0/N)

SLM V.+ V
V A1 = V*A1

trlVAi-SUMVA/.+VAI  
VA 2 = 1/2.1142

--S-UMVA-2=StIVVA2+VA2 •
VA3 = V*A 3

SLMVA3=SLV1i43+NA3
VA4 = V*A4

—1-trWirA 4-SUN VA4+ VA4
. SLNIA 1=SUMA 1+41

--- ---- - 208"---7—StiMA-2SUM42.1-A 2- •
1.)144 . 2CS • St:MA 3= S LMA 3+A 3 .
1...:145 — 2-1C •SeMA:47.--sw4+A4 •
iif,146 211 A ix --r- A 1 **2

XIX - S 0  tic+ At'A-
i ..
i ... . •



65:

C PT RAT- tV-------MUCEL 44- -P S:  -Vt: R SI CN-3-i—CEITE11---CAT-E-69

c - 2-1z A-1-2--e- in *A 2-
C145 SLMA12=SUIvAl2+Al2

"-A 13 A / A5
C1.51 • SUVA 13=SUMA13+ A13
C152-- A ILI- -1.-" A I **A 4
:,1„53 SLMA 14=--SL:v.A 14-1-A14
(0154 415  A 2X = -A-2**2

SLMA2X=SlitAA2X+A2X
c.4),56- 216 A 23---:=-A24---A3
;157 SLMA 23=-SUMA 23+ A23

—2r7--- A 24 - A 24'44
t!,..;159 SLMA24= SUMA 244-424

218' A 3X - A3-**2  
161
;1-02
163
164

SUMi 3X=SliYA 3 ›÷A3X
219 -= 3-*A4 .

SLMA 34=SUMA 24-f-A 34.
.22C 4 = A 41' *2

1,65 221 SLMA4 X = SUMA4X+A4X
PI 66
1)167 G( 2, 1.)=SUMA1
:11.6b G( 2.11 ) -SUVA 2
:165 G(4 /1 )=SUPA 3
; I-70- GI 511)=SLI-1,44
1171 G( 1/ 2)=SLMA1
I-72 -131 c 121 - --S-11 KA"I1( 
: 73 6( 3/2)=SUPA12
\:077.4"--- — - -G( 4 r2 )=-SUPA 13-
)175 .3( 572 )=SUMA 14

Grit 31=SLMA2"
:177 G( 2,3)-=SUMA12
i -..-1-78---- G1-3 r -31---: SUVA 2 )r-
-:i79 G(4,3 )=SUNA 23
:':;?..8C- GI 5-131=:SUVA 2.4
,)1d1 G( 11 4)=SLMA3

G(

.2 1 10 =SUPAI3
:183 G( 314 )=SUPA23
:184 -li( 4-1 4 )=SUMA 3X

G(5,4)=SUNA34
t1 .E6   G1-1,5)=ISO'A4  
.1;)187 G(21 5)=SLivA14

:189 G( 415)=SUY.A34
---------- (-5-1-51.1--StI MA-AX 

A151 G( 1/6 )=SUPV
X1,92-7'- G( 2/ )=.SLMVA 1

1)153 G ( 3, t/ =SLVVA2
G 6 ).=Sti tv V A3
G( 516)=SWAVA4

- 1PtVOK:- I ) 22212211,224 .



. . • .• '•

-17(T R-44-
•••,

--gODEL--I-4'13-57- --7' -STOW-3V ER , LEVEL-- 1- TTATF- 69T1:9-

1\57
158

etc • CA LE-SOL-V1 G V CV , L2 1-TC1:7-, K.)
1F(K( 6)-1) 223,223,617.

4.-ALgT
;4;20C

• • Z23
224

-1FT1- -22t , 22E, 22 T
CALL MAT(G I VIJK IGV)

)2o r- • SCin t-Gli VLIK112 /1121.:R KJ
.7-7;2TC2 IF(K( 6)-1) 225,225,617
;2-C3 22-5 1 F t 1-11- 22-6-4-226-,22.7.
;2C4 226 K 18=K( 1)

1:124:5 K2B -K( 2 )
K3B=K( 3 )

K5f3=K( 5)
2C-9--

1.21C 
1=2 
GO TO 115

121 n
K2C=K ( 2)
K3C=K( 3)
K4C=K( 4)
K-5-C=K(-51

E( 1,1 )=KJB
E(2i1)=Kit-

;218 E( 1,2) =K2B
" "E"(242)"=K2C---
E( 1,3)=K3t3

=K3C 
E.( 1,4 )=K4B
t-:"( 2,47- KAC-
E1 )=K5B

• DO 233 NL=1,5
L172-31,231

22E 23C IF(E( 1,NL )) 231,231,232
i ;" 22S-- -2.3.7----A. K1 NL )-='• (-2iN-Ll'-.E (1 , NL)) ( TS2-TS1

DB(NL)=E(1,111..)-AK(NL)*TS1
2231- GB C "233
232
2-3-3

;235

232 DB(N1.)= GC*(1 S14:1.52) /(TS1-TS2)*ALCG(E(1,NL)/E(2,NL))
IN-17)'-,E X P (. 1 tit N t )-1 (G t, T S1 ) 3.

233 CONT INLE
24.E. 1S-T-S1

1=1
-237- GO TO 24e

I ;238 247 
n-S--- 

.T.5. =T52
  2-4t CALL TEYC27(E,T-S,A-K-FaBFE-P-1

12C240 . K( 1)=E Iv( 1)
F:24 r------ ----------K (..2.1=E t• I 2)
`̀ .242 .  lc( 3 )=EiA( 3)
243-1--- ----------------K-t41=a19( 4 )

t:C244 • K(5)=EM( 5)
.4"-4.5. • . DO 2-8C --Nt=.1- , 5



.(7.1z I 44- P-S: -VE R S ON 3, LEVEL T [LATE 69119.

44 e--- 21-C---PR i N 1 2 8 1-, A Klisttritl81-N't )
V247  281ri.. FORMAT ( 4H AK tE10.3,41-1 C8,E10.3 )
43:4 e--- - "-- -- " ----24-9 SLMC 0= C
u249 250 00 255 t1=1INE
(.".2C- PA =- A( 1 N)
U F;.51 PB = A( 2,t')

PR -
PS = A(4,M)

A I=KSORPA (-LC ,PAIPB,PRIFS,KE)
6-255 A2=KSCRPB (LE ,PA,PB,PR,PS,KE)

SORPR ( LG IPA Fb PP I PSIKE1
SiORPS( LH ,PA PB PR PS KE )

P I= Pert-Lfri Pk-0)8'17PR 
255 DEN=1 K( 1)+K( 2)*Al+K (3) 4=A2+1( (4 ) *A3+K ( 5 )*Alt )**N

-V=1-P-1/ ( AC 5"4•1v1-*-A:(1-0-04) 1;O/N)  
261 RC-=-4( 50)*A(10,P)*ZD
262  IF ( DEN- C..14--V4-25-1 9-252,252
,44,3 251 IF(DEN+C.1*V) 252,252 1253
?_64 •  252 kCAL=P-T/0EN

'!C265 GO TO 254
---R CA 1.:"--=P 0;1

z67 " 254 CO=( KCAL-RC )44t2.
:7268-7-7 2-55 S LPG -+ te-

CO4=( SUMCC/E.N)**0.5
47C. Z5o r 1-2-57 i2 57;251
271. 257 COVB = CCV

212 25E FORMA T (5i-i COVB 1E10.3)
27-4- •

GO TO 247
-259 C V(., =C. -CV

217 PRINT 2tC,CCVC
278. 260 'FORMAT(51-1---COVC4E10-. 3-1

282 IN=2
26C b id1

299 IF( LP-1) 3CCI3 CC/399
L:2 a2  300' 4=1
.12E3 OR ( 2 )=0.10374-RP
2 4 -
255 

-0R-t 31--=0;141#1-.P
OR( 4)=Ci.315*RP

'-2c36 AR( 2 )-= 12.53x-C. S53*C. 848*f<P*42
.287 AR( 3)=12. 53'C. 84 0=0.7076*P.P**2

-AR( 41-12-.52.*0.7C76*C.315-*RP 2
289 • 3C1 LAS:---A( 1,M)
SC cas=4( 21 1")

'251 • CRS=A(30)
CSS--rA( 4,V)

253 DO 309 NR=2,4

.1g

•



4$.

R TR STCN-3

Z5-5
2,St

:258
1295
-3C C

)7.302

:3(34
1:305

3C8

I
i ).1112

314

)31-7
'.0318

L3e C
-

L322
.323

1 C32-r—

tC330

LEVEL -
1
---17ATE---3-9-11g

30t CAC MR ) =- KA I 1' i•Z *D-R EA *AR-Tick, Y +--C/TS
CB( MR ) =-F *RA ( 14R )4..-DR( M14) / (DE e*PR (MR) ) +CBS

  CR ( MR T=-11.,=R (MR) *OR (MR )710E-R*A.R1 MR T ) +CRS
CS( MR ) =Q*RA ( PR) 4-DR (MR) / (DES*AR (MR) )+CSS

'CALL SIGF1 CA,C8,CR,CS,IKI
IF( IK-1) 303,303,304

3
03 

RA ( t MRT
Gt.) TO. 3C2

-------304--- StMC.----t'C MK) +CB"( MR )--+-0 RI MR ).+C SI MR )
PRINT 311,SUMC

- 1F(F0("MR)-.:SUPCT" 3C5,3C6,30o
305 RA ( iv1R )=C.95*R.A( Mk)

OL1' ----3-C2-
3C6 IF(FR(MR)-SUMC) 308,3C8,307

( Mk)
CU TO 302

30-8- CA S=0A CMR1
C35.=CtlWR )
CR-S=-CR.I"MR )
CSS=CS( MR)
-CONTINUE
A( 7 1 M)=RA( 2)/4(5,M)
A1-8011 •- •-Rt.( ) /A t.5.,V)
A( SI M)= 1-2:1(4)/A(5,M)
-PRINT-311 ,./k I 71 N)

311 FORMAT( 3.1.-1 A7,E1 C.3)
M•=M+
IF( M-NE ) 301,301 ,31C

31C- 1F11-11-32-5,325,328
325 DO 32t V=1. pNE

8( 801)=A(8,M)
):-A(94-M)

326 CONTINUE
"Cie 10 115

328 DO 32S tizzl 1NE
=A( 71M)

C(81M)=A( 8,N)
9.,M)

325 CON T INLE
I  C
C336

;33E
• .335.- -------------t,01 TSA-TS1
; 3 4 q GU 10 4C3
:04.1----------. 402- T SA-TS2
042 403 RD1=4( 501)
it-.F., 43- k 02--irt 5 ilv1-"*A-17, M.)-

3 •
1;i.
-.• •.1i, '' •

GO TC TC 101
—399 .f,,,._...1

400 I F( 1-1 ) 401,4011402



61.

CR ki4f MUCEL 44- P R SI UN- -LE-IVE- 1- DATE 69119

R-0-3-=f-A 5-T? )4-A t ,
0345 R04=A( 5,N)-4A( 904)

1)=A( 5-$P)-102
.1347 R( 2 )=R02-RD3
C348  R13).-ic03-RD4

R(4)=RD4
 4C `T7 I22•=-DRI 21-* t-R t ) 4-1-.<13 ) Mt-Y*11R ett*A-R t21 )

OT3=DR( 3)*(R (3 )+R (4) )*I-IR/ (CK*AR (3) )

1-452" 014-DR ( 4)-4( RI-4) )*HR-/(C101-ARt4)-)
' 3:53: 405 1/4( 1)=15A
!:C354 TA( 2)-TSA+01.2

TA(3)=TA( 2)+0 T3
IC.356 . rA-t 41=-TA-t 3)+31 4
L 357 496 CAS=A( 1,M)
0. -a CBS-At-21M/
0359 CRS=A( 3/ 144)
C36C   C S S=A
O'aol .497 00 505 M1.=214
C302  ar5cr1--- 1.1<-1 15
C) t3 IF(E( 'ILK)) 495,455,458
Cab" 4. • • -49 E" ( E (-2 1:0-)---49-9-7-4-99 15 CC
af:e5

0367:
:(r3t-8

,r0.371 •
'''''' (14.-1:-)1 (LYE A*AK ( ) ) + C AS •

1373 P8=-FD(ML )*L)R(141) /(DEbtAR(ML))+CBS
11574  • -PR - -H*0 (.,1; ).*CYR-1- Mtrtt-UE R)!'-ARIML)-)f CR-S 
ITO 75 PS= 040( isq.)4DR( MLJ /(DE Sr. R(ML))+CSS
14":31't A-1=K SORPA( iPilv -,P81PR,PSIKE) 
4377 A2=KSCRPLi ( LF IPA IPB1PR ,PS,KE)

A -3=K SCR-PK ( 'Le
A 4=KSCRPS( LH, PAIP8r PR,PS,KE)
S! A -A 1:Yrn•kt-2 

499 WK( ) =AK( LK)*TA (n)+CE (LK)
GO' TO '501

500 inK(LK)=AK( LIO*EYP(-0B(LIC)/(GC*TA(ML) ) )
CIA I I NTLE 

Z379
rC3-8(.

DI )=R•( 2)+R( 311-1 (4)
(3 )+R (-41

0(4)=R( 4)

S(0.3=A24'./irg 3)
SkR=A3*'AK (.4

.383 SRS=A44q,K( 5)
P I.=POTt PA- t PB -,-PR PSI KE)

'3E5 CAS=PA
3E--6 -C3-S=PB
3E7 Cat S=PR

CSS-=PS
DEN=( 4,1“ 1)+SPA+SRB+SRR+SRS)
V=( P T/(14-(50) 4A (1 OiM)*ZC))**(1.0-/N)—
IF( 0E1\-0.1'1'\/) C2,5C4,5C4
(CEN4 0•:-1* V ) 504-• 5- CS



70

RIRt lc-TV G EL- 44- P S • -NE RS I ON 3, ITEVE L T DATE- 6-9T1-9
1
353 5C3—RCrCTvr7--Przt0.pv

GC TO 5C5
flC3c5 5U4 CA V1.1:: PT /0C .
3<if; 5C5 CON I IN LE

5C-E tRCALC1.2 1.21 ) -512,-5C-7-;507
1„1.3SE 5C7 IFIRCALC( 3)-R( 3)) 513,508,508

5 rzt , 5c , s-o-/
50S IHRD2-R( 2 )---k( 3)-R(4)) 512,510,510
51C— FIRC3LR13 -R ( 4 ) 51-1 5-11"i 511

C2 511 1F(R04-R1 4) ) 514,515 t515
4.‘4C 3- • -51-2 -R1-21'=C.."E-*RI21
4C4 GO TO 40
'405  513 RI 3 2)-
?;14C6. R(2)=R12/4-C.2*(R(3)/C.8)

Gri TO-4C4
4CE 514 R(4J=R( 4)*C.8

R13 )..4- C;21r.t.R44 )10;.81.
SC41C GO TO 404
..1.; 21 R(3) -14(4)
1?-12
1 13
J414
C.416
4-11

1;41€

PRINT 4C6,R(3)
406- FORMA T (-21-1-1r3 El C."3)

IF(A( 504)*A(10,M)*Z13-RIM 517 1517,516
IN 1.
uu 1C1

517 1f( 1Z-1) SIE,51€,521
-51•8 -r4=m+ 1

L42C IF( NE ) 4 C C tCCC,519
U421" -IFI• 1- 11"--115T1-1552 C

52C IZ=2
-1-C1

A424 521 IF( 1-1) 522,522,523
425- 522 '61"100.1=1:11) /4(5,M1
t42t 81111 .=--rt( 2)/.4(5,M)

-61-12iM)=R( 31/A(.5,M)
C428 B( 13,1")=R(4)/A(5,M)
V425  6( 1401) TiA121 
430 GC TC 524

t 431 C.: ( 10 -I M) 4=RI"1-7/A1 54 MY
-432 C( 11,M)-=R( 2) /A ( 5,P)

C.433 Ct-12,V)=R( 37/A(5,M)
C434 C( 4)/A( 5,M)
7.1C-Lt 35-  tt Pt

524 M =M+ 1
IF( M--NE 1 40C ,40Ci526

438 52b IF( I- ).) 527,527,53C
C43S- 527- i.0 T-0 115
{.44C 530 IN=3

GO- 10 -r-C1



•

CRT 1\71-1 V S  VERSION 3, LEV6I-T IYATE-6-9 ITT"

-4"4" MCI) R- C
443 00 6C7 N=1 ,NE
i144- CCi6C C i601
.445 600 TS=TS1
C446 GC, -Tcr "6.02
444
44.E

;,(1744S
4450 •
e,s5- 1
0452 
.tp53

45-4
.455

6C1 TS=TS2
C2 VA-At1,M)

P13=A( 2,Y)
Prt-ilt3t M)
P S=A(4 )

TCMCO .TE-iTS,AK tOG fE
YK( Hr.-EM( 1)
Ykl 2 )---E 2) 
YK( 3 )=E VI 3)

'056  YK( 4)=E l'r( 4)
YK( 5 )=EM( 5)
/-1,50R PA (LC i•PAYPEI-i•PR iPS•tKE )

42-r-- K.SCRPB(LF ,PA IPB, PR tPS•KE)
---X3-KSCRPRt Pt3t PRiPS KEt

A 4=KSCRPS( LFI I PA, PB, PROS TKE)
  P 1 -PC T( 1:0 iPti 1 3 y PK, PS 'ICE

SPA=A 1*Y1“ 2)
-46•47-7 SP6=A2*Yrit 3 /
'it65 SPR=A3*Yi:( 4)

:  SP =1.444•Yrq.5)-
461 DEN=( Y.1“ 1 )+SPA+S PB+ SFR+ SPS) **N
46E'   1=A( 5 IM)*A1•101 V)

r0'469. V=TPT/tA( 5,M)*A( 10 r t ))) 4*(1.0iN)
,-;4'7 •IFTL/EN -C".14VY 6(3 i6-05 /605
C47.1 603 IF( DEN+0. 1*\/ ) CC5t6C51604
C-4 T2 604- --R-1C-XIC •="P 0./ )
C 4i3 GU TO 606

0461
44.62
463.

R 1C A LC= Pl-/ DEIN
005 PRINT 62S IR1CAL0 /R1
f.476 606 CUR= ICAte-=R•14 **2
C477 607 SUMCOR -----SUPCCit+C CR
C418 CU- VAR - :3;,11.c It SU VC-C-fi iE NY--
C*47c. PRINT 616:COVAR

6---" FOP MA 1 (6H -"CC VAR E I 0;-3 -1--
6C8 LH 1-1.1ECCI6CS,612

COVIS=2; C*CCV13
C483 COVN3( KS< ) =C CVAR
C4E-4 .11: t -CCIv"1 —Cc.IVAS) e1c,61t,611
2,85 61C IN= 1

I 14= T I V+1
C4.67 IF( T V) IC0,6171617

-611 60 IC .115 •
ti c's 612 COVIC=2.0*C CVC
41;C   CLII.INC MO( Vit

71-



451
4.032
4.53

0N-3 i tEVEC TF 69119

---TF TI-C"—COVAK 613,61316-14
613 IN=1
  T IN=T IN+1

494 IF(TIN—FN) 100,617,617
--CON T I NUE

0496 617 00 612 L1=1 I MF
L 97 VU 616 .1-=r-- 14

447,S8 618 PR INT 76 eB( J,L1)
"--- IN T-83 ,A1<,03

t.:5C0 00 62C OAF
,C4pC1-- ICIM)=1.0
,C5G2 00 621 L2=1,NF

C --ar 671 .1-2=-1, r4
c-.C4 621 PR INT 84,0(J2 ,L2)
5057— 00 622 ,NF
'506 622 C( IC,V)=1.0

62-4- KK-:-K-g+1
5u IF( ICK—NO) SS, 9S,625

"C5 C5 625 1)0' 526 Kle.= 1 11\ C
626 PRINT 82 tCOVNB( 14K) ,CCVNC (KK)

r - 625— FORMAT 7H- RICALC,E10-.3 5X-13H— R1 ,E10.31
C512 STOP
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•

RT RAN—IY--1411 C EL 44. P5- • VERSION -3-r- LE/EL 1 ErTE 4-91T9
1
CO-C1 - • F I, NCITC N -P GT tti.) t 'Min P" k t P z) , K E-r 
C2 REAL KE

-7.4-C• 3 t21-1 I G ( / 51 i / 52-1i-531154-T156" /157-0.58 , 159 t 160 / it-0
1;',;CC4 151 POT=0
CCC5 .   GO 10 160-

152 PO 1=PA-Pr2 /KE
1:CC 7  GO-It ttt---
%ajC8: 153 POT =PA- ( PR*PS) /KE., •
400'9: GC TC 16C
'LC iC 154 PO T=LPA/PS/-( PR/KE)

G). TO 160-
C,C12 156 PUT = PA*PR-PR/KE
  CU IC I6C  

't C14 157 po 1.-=PA*PB*1'2-FR/KE
G6 TO Ica

rCC1e
' 7  

15E POT=PA*P3-PR/KE
GO TC 1.6C

'''Czc 18 159 PO T=PA*PB-Fk*PS/KEIc
CI'S 16Cr RE TURI\

C e,•:2C ENO



' . . . • • • . • . .

. ".

CR TR Et 44--PS VE R STEN- 39 —LENEE" 1- —cArE 7i9ny 

cct
C2
t 03

iC004
CCC5-

17, 07
5CE

rtE-AC Pt--NC T rc-S C R-P ATP
R EAL KE

1"114.172"-i17311:74-Tr75--i176-il-77-i 1:78.4-179T1-3-0T18-1Tr$2-1 f CG 
171 KSCRPA=C

GC. 'TO- lEz
172 KsORPA=PR/KE
 GU' il. .18z

173 KSORPA=RA 3*-4( 1/2)

CC1C .1711 KSCRPA=( PR*P 5) /KE
"1E2

CC12 115 KSORPA=( PR/KE )**(1 /2)
4713   GO- TT, 162
0014 176 KSORPA=(i`:05./KE)**( 1/2)

T C 1 E z
177 KSCRPA-=PR/(KE*P8)

GC T C 1 E 2
178 KSORPA=.(PR/( KE*P8 ))**(1 /2). •

17S KSCRPA= PR*PS/i KE*P8)
t20 T0 162

180 KSORPA=( PR*PS/(KE*PE) )44*(1/2 )
Ct2"3-
tu 02/I 181 KSORPA= PA

L R
326 END



C T iV7-1 V------MUDEL:744—Fr5- --V ER SIT N 3, LEVEL I TATE 69IIV

po ESC Et-NL T I ON K SORP-Erttf-rPA7i P13-11"R PS-; E) 
,QC2 REAL KE

.Cy 3777._. . G T 1-1647165 /I 661187Y ,LE  
trCCC4' 184 KSCkP8=C

C (21.) T O 18e
185 KS'JRP6--r.PR11 KE*PA

GO T 166-
166 KSORPB=Pti*P5/(KE*PS)
'GU re TEE

187 KSORPB=P3
71'8a- k E T Lk N:

END
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TR.A.4-1 V;17:77714CIDE L 1I 13.S • Aft.1SION-3, LEVEL:r DATE 69 1 g

I/ 1.••••••• • ...,- REAr-FUNCTIGN-KSCRPRILG-i-T-A,F6cPRIPS,K-EY
G002 REAL KE
UCC-3  GC, TC (I tISCiIS1IIS2i1C3-1T9-41- 'LC-
2.0C4 189 KSORPR -r-PR

44

1
CGC5 -• . GO IC 195
CCD 19C KSORPR=0

co- IC 19S
kC-CC8 - 191 KSCRPR=KE*PA

10010 192 KSCRPR=K*PA/PS
GG 1C 195

C012 193 KSORPR=KE4PAvn
T 0- 195

C014 194 KSGRPR=KE*P4*P8/PS
.4015- 195 RETURN

4CClb END
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C T 1..IV MUCEL4c P5 VERSr6N-3, - LEVEL I DATE- 6-911-9

r< E. Al F NCI 1 OIN KICRPSIV-111311-iTE-IP PS-11 -E1
4-..0 C2 REAL KE
4U00-3- ' Gu IC 197,1 -981 'LH1 .
,-L;C C4 197 KSORPS=PS

. 198 K SUR PS=C
 155 icE TtRN

END •



C F rRAw—I11----710CEI.:-4-4-17.5.------VERS E'EN-34 LETEC-1— ClisT E 75.9119

CCC-1  St8ROtr-I-NE---SrvrICA,-C-8-i-rRiCS7t-FK-/)
1002 • IF(CA—C) 7CCI6S 1 /697

6-97: IF(C8—C1 ICC,69e46-98
CCC4 698 IF(CR—U) 7001 tSS,699

TFICS—C)-7C0-00147CL
C006 7CC

GC— TG 7C2
TOC8 IK=2
09  70-2 R- TURN

CC1C • END .



Lk T R-AN7TV-----M0 DE E.--74-4--P -LEVEE- T--DA Tr— 6 9 IT-9--

4.• CI
(:0 C.2

COC4 1

TE KC(ET-T-S-FAlc,D•tr, rElln
GC= 1 .(i8
D NSI ON --E12-1'51--,Ax (5-) ,CE315")
DO 5 MV=1,5
IFIEtr,PVI1 3,3,2 •

C . CCo 2 IF( ( 204V)) 3,3,4i
r-C-CC7  3 EM/11-V )--4 Kt VV)-4--T-SI,Da-t 1,4V). _
0008 GO TO 5

.'..-CCO9-------------4------E-111- MVP=4--Ki-NV)-#E-XP (-013-1:04)/1 GC•*TS ) }
I CCIC 5 CONTINUE
i,c-i-arr. -6-- E TURN

P00.12 • END
A



RSI-C-N-3•T -LEVEL-1--ITATE -69119-

t:Cou 1 51.:88-G1:11%E---MAT(-GTVGKTIGN7)
1 LCC2 DIPENSICN G(5,6)

0IVE1\51LN bVt5,o)
;0004
7CCC5

C O7 
CUC6

CGC8

C010

CC12
G r
CC14
-LC15

i 4' 00 lt
0 01-7
fo'C18

gr1C-
, C,020

KP=VCK
tra-,-3441

1 GV(1,1)=Gt 1,1) •
-.-1WC-2711=-U 121-1

•

GV( 3,1)=G( 3,1)
.• Glit-I, 21=0( 1,2)  

CV(2,2)=G( 2,2)
-GV1"1, 2J=G1"3",2)
G V(11.3)=G(1,3)

  GV12,3)=G12,31  
GV13,3)=G(3,3)
GV( 2,4)= (2, )
GV(.314)= (3,E)

2- •C-"V't I-, 1"1=-G( 1,1)
CV( 2,1)=G( 2,1)
Cgt2,11-C-1 3,1)  
GV( 4, 1)=G(4,1)

---G-Vt 1, 2 )=Gt 1 121  

(0022 GV(2,2)=G( 2,2)
CI; 23  CVI 2, L )=G( 3, 2t

ir
CC24 GV(4,2)=G(4,2)
;
LC

-
ZS.
 (Nt 51 21=,..it 5,2)

„CC26 GV( 1,3)=G( 1,3)
RC-C277-. . ...  GVI-2-,3)=G-t2 ,.3)--
0028'• . CV(3,3)=G( 3,31
012297- ---- •GV( 4,-34 -G1 

4.
,3)-

CC3C • GV( 1,4)=G( 1,4)
LL3-1-T-7 C,G1 2, 4-)=G12,4;  

4 OC32. • .. GV( 3,4.)=G( 3,4)
f:IC-3-3--------- ----- -- GV1-4-9-4)=G( 4 , 4 )--

„...i5034 GO TO 5
::CC35 3 GV11,1-1-Gir,i)
t LC36 GV( 2,1)=G( 2,1)
L L'51-------- --------G-V( 112)-6(1 12i%

.,it,C3E GV( 2,2)=G( 212)
ii="001S. - GV1-1-,3-)...G(-1,er

.-'t.C4C• GV(213)=G(2,6)
:,7CC4 1- -GO TO 5 • •
:...: CC42 4 Gi/(1,1)=G(.1i1) • .

,•.o"-.:C-C.4"  . eV-12411-CA 3-'1) • .
i...“.,0 4 4 Of( 1,2)=CA 1,3)

.;0•45----------- --•-• ----------GV(2',2)=Gt 3,31
:i.JC4t . GV(1,3)=G(If t)

i t,.. t; C47 •GVC 2,31=G(3',6) . •
C48 5 R E I UR N

- ...t.C45 ENti



•

ricrg-Ati-"nr--ficro-EL .44 Rs" . - -VER --TEV FL I DATE-  .59119

Ott t3 r. S-t-8-k0Je T rivt —sat v(A•1 1/L T -Ct R rci 
C002 DIVENSION A(5,6) ,K(6)

t•CC03 .
/\0004

0006

REAL K
N2=U2

2-Fr.
DO 14 I=1 ,N2

se0G-7 ( I , I r :
IF (D IAG ) 5,25,5

cC09 5 -C•D' ..(= 1 N 1
i:C10 b A( I,J)=A(I ,J) /DI AG
0~0.1.1..----- ------ • K Z1=-1.-
0012 S IF(KJ-I) 11,13,11

4,0014

I
.,CC.1.5---'----
01e
(70-17
0018
rectS`
? C.C20
S-C21
'1.:Z;022 .

T R= A (- K Xi' I-)
00 12 J=1 ?NI

--12-----ATK AticJ-,J)-ECTM4=A(1,J)
13 •KJ=KJ+ 1

-1F(K-ZI N2)
14 CONTINUE

IFt-V•01-11 2-C-, 2C
20• K( 1)=A( 1,6)

2)-A( 2,t)
K t 3)=A( 3,E)

tiOCc3 Kt4)-C
tIt 0024 K( 5)=C
116.025. -K1 t r=-1
.•'1302(..: 21 IF( VOK-3) 22,23,24 •
C(327 22 Kr1 )=A( 1,5)-

1-602E K(2)=A( 2,5)
' . ....... . . . .. .. .. ((3)

0
3)=-A.1.3451 .

01.3C K( 4)=A( 4,5)
0D3r-------- -----1(151=t----:------- ---7--"----"--
LC32 K( b )=1

!

f.C.C•.33' CU TO 27-
0-034 23 K( 1)=A( 1,3)
-CC35- 

•K(.
2)=A(2,3)

•1..C36 K( 3)=C
j;037-- K( 5 )-
jCC3E

'0,1.040 24• 1. -

70C4,2 K( 3)=A( 2,3)
4 ) =0

t.I C44 K( 5 )=0
0045 •K161•=1'

',;,(C40 GL TC 27
C-4-/ • 19" FORMA-T( E 13.2)

-0048 25 PRINT' 26,A(I,I)
CC49 6)-2• •

K ( 6)=1
-GT"
K(1)=A(1,3)



e

"RTR"Aff I V-- MC: C E L 4 4- PS VEPSiON3, IEIE11—D-AT 61,T1 I

zc  FUR KA 1-1 6 EXTLt ETC3T
ILC51 27 TLRN
1.7052- • E

.
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