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experimentation. The kinetic models predict the experimental observations 

very accurately over all oonversions and smw oonsiderable deviation 
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1. 

1. INTOODlCI'ICN 

For the past five years the faculty and sttrlents in the Chemical 

Engineering Departrrent at .McMaster University have been gaining experience 

in the si.rrn.llation of chanica! processes. These have included C.I.L. 's 

sulfuric acid plant, Shell's alkylation unit, Alcan's Bayer process, 

British Petroleum's waste-water treatment plant,Polymer's light-end 

recovery unit, Hercules' p:>lymer reactor train, Atanic Energy's heavy 

water process and a nunber of other processes up:>n which the faculty 

have been consulted. The alrrost universal experience has been that 

sufficient data have not been available to adequately describe the 

chewical reactor s , although these tUlits are usually the most important 

in detennining the plant operation and econanics. The problan is 

usual! y one of describing the chemical reactions taking place, l:oth with 

respect to the mechanism and kinetic rate constants. In most instances 

there is a great reluctance to carry out fundarrental bench or pilot 

scale studies. On the other hand, the plant reactor may be use:i for 

limited test.i.llg. It then becanes imp:>rtant to learn l:xM to use this · 

data to estimat e parameters in the prop:>sed rrodels. New techniques may 

have to be developed; application of knovm techniques will have to be 

tested; and it \o.Ould seem advisable to gain this experience an pilot 

equipment before proceeding to plant tests. The question really is: 

row does one best simulate a chemical reactOr, and also what are the 

criteria for "best" for a particular s.inu.llation sttrly • . 

These questions have irotivated a programne into these aspects. 



FIGURE 1-1' 

. ·miETJ.TNG AS AN OPTIMIZATICN PROBLEM 

( 
( CBJECI'IVE: Applicability of the simulation rrodel for } 
( its particular use with respect to: ) 
( - accuracy of prediction ) 
( - variables required to be predicted ) 
( - range over which nodel is to be used } 
( (interpolation or possibly extrapolation) ) 
( - tirce to canpute m::x:lel ) 
( . ) 

VARIABLES AVAILABIE 'ID AOIIEVE OBJECITVE 

(1) Functional fonn of the rrodel - (fund.a!rental 
equ.aticns, erpirical J?Ol~lnanials, etc.) 

(2) M:!tl'OO of obt.ainin:J parameters 
(a) pertrubing plant reactor in a way 

detennined by statistics or intuition 
(b) obtaining necessary parameters fran 

sources external to plant reactor 
---~>~ (pilot plant data, literature values, 

enpirical correlations, etc. ) 

/11 r 1 1 r . ~ 
a::NSTRAINTS 

- Ti.Ire 
- Mxley 
- Facilities available - (laboratory 

equipnent, oanputer facilities, etc.) 

2. 



3. 

'lhis thesis is a part of this total program. The basic problem is to 

investigate the procedures for simulating an industrial chemical reactor, 

with all the constraints of an industrial envi.rormlent, in the "best" 

way. 

'lhis sinullation problem rray, therefore, be looked up:m as an 

optimization problem where: (i) the objective furx::tion reflects the 

. requirements imposed up:>n the {:articular node! depending UfX>n the 

overall aims of the particular simulation; (ii) the independent 

variables reflects the alternative procedures which may be fol~ 

in developing the sirrn.llation node!; and (iii) the constraints reflects 

the necessity of arriving at ~ solution, whatever it rray be. A 

diagramnatic representation of this idea is shown in Figure 1-1. This 

approach errphasizes tt.te fact that there are many alternative m:xlels for 

a particular unit and the nost "sophisticated" need not necessarily be 

"best". 

'lhe total program is involved with investigating these various 

alternatives and evaluating the resulting simulation nodels in an 

effort to fin:l the "best" way of proceeclirg in the simulation of an 

.i.OOustrial reactor. The roodels erployed may cover the nost sophisticated 

roodels based on :furrlamental rrechanisns only, to the canpletely empirical 

roodel ex>nt.a:inin;J very little basic descriptions. In this study a 

cxmpletely roochanistic awroach is enployed since it is expected to 

give the nost infonnatioo a.l:x>ut the reaction arxl, therefore, is expected 

to be the basis of canparison for other roodels arrl nDdellin:j prcx::edures. 

An advantage of this metlxxi is that the data or pararreters 

extracted fran a reactor usin:j a rrechanistic m:xlel reflects to sane 
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degree the fundamentals of the process, that is, the parameters obtained 

to a certain extent have physical meaning. Also, the same rrodel may be 

used with sare oonfidence in different situations with perhaps sane 

minor parameter adjust::Irents. With the mechanistic approach, the 

simulation of a canplicated reactor system may be broken do\-m into 

several easier simulations or the CCttlfOilent parts of the total 

canplicated system. 'Ihe effect of various levels of sophistication of 

these CXJ'CiX)nent parts on the total reactor simulation may then be 

stulied. 

With the rrechani.stic approach it is oot at all surprising and 

perhaps inevitable that several concepts na.y be proposed to try to 

explain a physical or chemical occurance. Statistical rrodel discr.imina-

tiCil th,eori rray t.'h..en be useful i.'1. de~"'"'lli.ni.ng ·1 .. lhich of tho several 

prop:>sed m:xlels best describes the physical system. 

The type of reactor ch:>sen to represent the general industrial 

reactor was the fluidized bed reactor. It was coosen because it was an 

example of a reactor \-;here a:mplicated fluid mechanics oa:ur together 

with rather ccmplicated catalytic reactions. There has been a general 

increase in interest. in these reactors as indicated by the current 

literature and recently published books (D4,IA). 

'Ihus, in the frarne:M:>rk of the total program, the foll~ling 

aspects can be oonsidered: (i) determination of the chemical kinetics 

in a separate bench scale experimental ar:paratus and using these kinetics 

along with plant data to estimate the parameters describing the fluid 

IOOChanics, (ii) obtaining of fluid mechanical parameters through 

~ts in the large reactor or in pilot-plant equiprent and using 
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these to detennine the kinetics fran the plant data, (iii} determination 

of all parameters s.i.rm.lltaneously fran the plant data, (iv} obtaining all 

infonnation a priori in pilot experiments and using this to describe 

the plant-scale reactor. 'lb carcy out this study a pilot-plant scale 

fluidized bed reactor was built by Nr. I.D. Shaw, a fellow graduate 

student involved in this program. This was built as lcu:ge as 

econanically feasible (initial capital outlay plus operating costs} ; 

it has a height of 8 ft. and an intern<il diaxreter of 8 in. (S8}. 

'!he . reaction chosen for the fluidized bed was the hydrogenolysis 

of nonnal butane over a 10% nickel on silica gel catalyst. The 

hydrogenolysis of n-l::utane over a 0. 5% rutheniun on y-alunina catalyst 

was reinJ thoroughly investigated by a Ph.D. graduate student in the 

in this \\Ork \\Ould be very useful for this project. Also, this reaction 

may be carried out at fairly low temperatures (500°F.} . M:>reover, the 

kinetics involved was tb:>ught interest.in:.J and carplex enough to give sare 

idea of the canplications encountered in industrial reactors. 

'Ibis thesis is mainly concerned with developing a kinetic nodel 

to be used in the roochanistic m::xlellfnJ of a fluidized bed reactor. 



2. SCOPE OF THIS IDRK 

mr.ATIOOSHIP 'ID 'IDTAL PIO;RAM 

In the nechanistic nodelling of ~ fluidized bed reactor, the 

nunber of pararreters is large. ~se involve the paraneters which 

describe the fluid behaviour in tre bed and the pararreters which 

describe the clanical reaction kinetics. cne nodelling procedure 

involves estimating the kinetic pararreters fran experilrents perfonned 

ootside the fluidized bed reactor. In this way, the cx::mplicated 

description of the fluid mechanics in the reactor can be avoided. 

6. 

Sare basic requiranents which will be .iocorporated in a fluidized 

bed reactor may be specified at the outset. The kinetic rate ~ressions 

need to be in differential rate fonn and must not be so cx:mplex that 

treir inclusion in the fluidized bed reactor nodel leads to 

disproportionately long catpllter times. 

It W<lS felt also that the kinetic nodel sb:>uld predict the 

total product. distribution of the cracking reaction (seleCtivities). 

This was part:icularly _irrqJortant in this case because the rate of reaction 

and rate of pnxluction of the hydrocarlx:>ns involved in this reaction is 

very sensitive to the partial pressure of hydJ:ogen. Because there is 

this stro~ jnteraction of all cutlfX)nents, a neaningful rate nodel must 

cx:nsider the concentrations of all cunponents arrl this, therefore, means 

that the entire product distribution rrust be predicted. 

Since~ one of the objectives of the overall project was to apply 

statistical model discrimination theory to several proposed fluidized 
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bed models, it was felt that the product distribution may give extra 

infoll1lation and perhaps better discrimination arrong the various kinetic 

Irodels than just overall butane conversion. 1-breover, this additional 

infoll1lation oould make discr:iroi.riation easier arong the fluid rcechanical 

nndels in which mixing characteristics, diffusion, by-passing, etc. 

nust be included. 

'!HIS WORK 

'Ihe main ooncem of this w::>rk is in obtaining a kinetic IOCXlel 

which may be inoorporated in a fluidized bed reactor nodel. '!he kinetics 

are to be investigated in a packed bed integral reactor where transport 

phenanena and fluid rrechanical effects may be largely eliminated. 

'!he packed bed reactor operated as an integral reactor was 

chosen for the following reasons: (i) '!he butane oonversion ranges 

obtained fran this reactor ~uld be close to the range experienced in 

the fluidized bed. (ii) '!his reactor allows an assessrent of the quality 

of data that may be obtained fran inexpensive equipnent which oould be 

brllt quickly and justified on a plant site. (iii) It allows a direct 

cx:rnp:trison of the quality of the data and ease of analysis with the rrore 

expensive Carberry-type reactor being used by Kenpling and Anderson (Kl) 

to irlvestigate the hydn:>genolysis of l:utane over rutheniun and finally, 

(i v) Using a packed bed integral reactor provides experiei"lce in IOOdelling 

and applying parameter estimation techniques to a systan which is 

nal-linear in the parameters and wlx>se responses must be described by a 

~of oon-linear ordinary differential equations. 

'!be product distribution of reactants and products (inclOOing 



xoothane, ethane, propane, l:utane and hydrogen) for the n-butane 

hydrogerx>lysis reaction, occurring on a 10% nickel an silica gel 

catalyst, was to be studied over the follaving operation ranges: 

(i) Temperature 240~ to 283?C. 

(ii) Hydrogen to butane rrolar feed 

ratios - 4 . to 9. 

(iii) Superficial velocities of the 

gases are to be tmse expected 

in the anUl.sion phase of a 

fluidized bed (oorrected for 

voidage differences) 

8. 

S.imilar experiments were perforne:i on propane, over essentially 

the same operati.n; ranges, and an experirrent was perfom l€d with ethane, 

in order to check sc::xoo asS\Itptions made in the butane cracking rrodel. 

'!be catalyst used in the packed bed studies was a sample taken 

fran the fluidized bed after the catalyst in the fluidized bed 

was mixed by fluidizing. 

The kinetic expressions were incx>rporated into a few of the 

s:inpler fluidized bed rrodels and a sensitivity analysis was perfonred 

to obtain an indication of the behaviour to re expected in a fluidized 

bed. 



3. LITERATURE SURVEY 

3.1 HYD~LYS~S OF 5r-1ALL PARAFFINIC HYD.RX:ARl31:.:NS 

INTrorxx:T.ION 

Studies rep:>rted in the literature on the hydrogerx>lysis of 

snall. paraffinic hydrocarbons over a nickel catalyst have been mainly 

concemed with ethane; relatively little \I.Ork has been rep:>rted for 

propane; and only one study has been made with l:utane. !>'.oreover this 

w:::>rk of Anderson and Baker (A-l) on butane,· was carried out at low 

pressure. 

9. 

A sumnary of the studies rep:>rted to date is given in Table 3 .1-1. 

Ia=ent \I.Ork has been cbne by Kikucki and furita (K3) an the cracking of 

n-pentane over an 8% nickel on silica gel catalyst; .oowever, only 

selectivities and no activation energies were rep:>rted. From Table 3.1-1. 

the inverse dependence of rate of cracking of hydrocarl:on on hydrogen 

partial pressure, and the approxiDla.te prop:>rtionality between rate and 

hydrocarlx:n partial pressure slDuld be noted. The data of Anderson and 

Baker (Al) indicate a decrease in activation energy flml ethane to 

propane; essentially oo difference between propane and butane activation 

energies was observed. '!be investigations of Tajbl (TJ) on the cracking 

of ethane and propane over a 0.5% ruthenium on y-allltlina catalyst slrlw 

a decrease in activation energy flml 42 kcal./rrole for ethane cracking 

to. 35. 8 kcal. /IIDle for propane cracking. Kenpling and Anderson (Kl) , 
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TABLE 3.1-1 10. 

HYDROGENOLYSIS OF PARAFI NNIC HYDROCAR BJNS OVEN NICKEL CATALYST 

AUTI-IORS 

Anderson, 
Baker (Al) 

(1963) 

Taylor, Sinfelt, 
Yates ( Tl) 

(1965) 

Yates, Taylor, 
Sinfe1 t (Y2) 

(1964) 

Morika\•Ja , 
Benedict, 
Taylor (Ml) 

(1936) 

Kemball, 
Taylor (K2) 

(1948) 

Tajbl ( T3) 

Shepard (Sl) 
(1969) 

Anderson, 
Baker (Al) 

(1963) 

Morikawa, Trenn er, 
Taylor (M2) 

(1937) 

Anderson, 
Baker (Al) 

(1963) 

TYPE OF 
CATALYST 

Ni. Films 

Ni. on 1.% 
Silica 5.% 
Gel 10.% 
(Impreg.) 

10.% Ni. on 
Kieselguhr 

, 1':. 0/ ~~~ 
• ...., • /0 J ... .&.. • en 
Kieselguhr 

15.% Ni. on 
Kieselguhr 

58.% Ni. on 
Kieselguhr 

Co-precipt'd. 
75. Wt. % Ni. 
·on Alumina 

Ni. Film 

15.% Ni. on 
Kieselguhr 

Ni. Film 

TEMPERATURE 
oc. 

254.-273. 

287. 
218. 
177. 

187.-227. 

172.~184. 
-

182. 

182. 

200.-350. 

217.-267. 

138.-172. 

184.-209. 

m 
p 
H.C. 

m= n= 

.8 -1.1 

.6 -1.8 
1.0 -2.2 

1.0 -2.0 

-2.5 

0.7 -1.2 

0.7 -1.2 

1.0 -2.0 

.92 -2.6 



AUTiiORS 

Anderson, 
Baker 

(1963) 

Taylor, Sinfelt, 
Yates 

(1965) 

Yates, Taylor, 
UJ Sinfelt 
z (1964) < 
~ 
UJ Morikawa, 

Benedict, 
Taylor 

(1936) 

Kemball, 
Taylor 

(1948) 

Tajbl 

Shepard 
(1969) 

UJ Anderson, z 
~ Baker p., 
0 (1963) s: 

Morikawa, Trenner, 
Taylor 

(1937) 

UJ Anderson, 
z Baker 

~~ (1963) 
~ 

TABLE 3.1-1 CONT'D. 

6E 
kcal./mo1e 
ACTIVATION 

ENERGY . 

58. 

28.7 
38.2 
40.6 

40. 

43. 

52. 

40. 

46.4 

50. 

31. 

34. 

34. 

OPERATING 
H

2
;H .C. 

RATIO 

12. 

3.-10. 

3.-10. 

. . 5-1.1 

>1. 

<1. 

1.1-15. 

..7. 

~12. 

OP'G. 
PRESS. 

50. 
Torr. 

Atm. 

Atm. 

1 Atm. 

50. 
Torr. 

50. 
Torr. 

11. 

CONVERSION 
RANGE 

<10. % 

< 1.% 

<.5% 

Up to 
100. %_ 

1.-27.% 

~1.% 

<1o. % 
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}'):)wever, working with the same type of catalyst and flow reactor reported 

an activation energy of 48.1 kcal./nole for the hydrogenolysis of butane. 

'!be activation energy as reported in the literature seems to depend on 

the state of the catalyst (arising out of the techniques used in its 

fonration and/or pretreatment) and the experimental conditions under 

which the reaction was studied. w:>rking with propane, Shepard (Sl) fo\md 

that by decreasing the hydrogen partial pressure by one half and making 

up the difference in total pressure with nitrogen diluent, the 

acti va tian energy was redoced by 7 to 8 kcal. /nole. Ke!nball and 

Taylor(K2) found a 12 kcal,/nole decrease in activation energy when 

changing the hydrogen to ethane nolar feed ratio fran greater than one 

to less than one. 

dispersion of the nickel on the catalyst support. Taylor, Sinfelt 

and Yates (Tl) found that upon increasing the nickel surface area fran 

0. 7 to 13.6 m. 2 /(Jm. catalyst) by increasing the weight percent nickel 

fran 1% to 10%, the activation energy for the cracki.ng of ethane increased 
I' 

·fran 28.7 to 40.0 kcal./nole. Shepard (Sl), rowever, did not observe an 

increase in activation energy, al trough he was able to increase the 

_nickel surface area fran 5. to 56.m. 2; (grn. catalyst). The catalyst used 

was a 75 percent nickel on aluni.na (coprecipitated) catalyst, obtained 

by varying the reducin] tarperature fran 340. to 1160°C. For ooe highly 

sintered* catalyst, in which the surface area of active nickel had 

* Sintering process - decrease of surface area of active metal by 
agglaneration of the metal crystallites of the catalyst particles. 
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2 decreased tremendously to 2. m. /gm. catalyst, he observed an activation 

energy of 34. kcal.,htole as canpared with the average value of 50. 

kcal./nole he observed with the rest of the catalyst samples. 

CATALYf:7r /Cfl.VITY 

catalyst activity has been defined as the number of rrolecules 

or rroles reacting per catalyst site per unit of time (S5). The activity 

with reference to a standard activity is, therefore, the ratio of rate 

constants under similar reacting conditions. The specific activity is 

usually taken with respect to the surface area of active metal catalyst 

exposed to the reacting produ::::ts. 

Sclruit and Van . Ieijen perfonned various investigations of 

nickel on silica catalysts. They re{X>rt that the percentage reduction 

of the catalyst is a function of the redu::::ing tanperature for various 

cx:>ncentrations of nickel and that the activation energy for reduction 

of nickel oxide is awroximately 20. kcal.,htole. For the sintering 

proces5 cxx:urring simultaneously, this activation energy increased to 

44. kcal./rrole, the activation energy depending up:>n the size ran:Je of 

the nickel crystals on the surface. 

Sheparo (Sl) fourrl that the activity of nost of his catalysts 

varied directly with tretal surface areas as measured by hydrogen 

clBnisorption. He cx:>uld oot detect any trend of activity with maximJm 

observable crystallite size. Sinfel t (S4) , on varying the nickel 

crystallite size fran 29 to 88 Angstrom units by varying the pre

treatnent tanperature fran 370. • to 700. •c., found that the specific 

activity of his nickel on silica catalyst decreased fran 1070 to 56 for 
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the cracking of ethane. Yates (Yl) , in studying the cracking of ethane 

over a rhcxlium on silica catalyst, found a maximum Catalyst activity 

with increasing state of dispersion (i.e. smaller crystallite size) • 

RATE EXPR!:SSIOOS 

There are ~ c:x:mronly used approaches to fonnulate mat.hem:ltical 

expressions to describe the rate of reaction in hydrogenolysis of srort-

chain . paraffinic hydrocarbons: (i) that pror:osed by lbugen and 

Watson (H4) where all the r:ossible steps are described by appropriate 

rate expressions and then the whole matrix of equations canbined to give 

an overall rate expression, (the matrix of equations made up of Hougen 

and Watson-type equations for the cracld.nJ of butane is given in 

Appendix I.2. (ii) that su:;gested by Cimino, Boudart and Taylor(Cl) in 

which equilibrium is ass\.llred between the gaseous and adsorbed hydro

carbon and the crackinJ of the adsorped hydrocarbon is the rate 

detennining step (the kinetic equations developed by this approach is 

given in Appendix I.l). 

'lhe latter type of analysis leads to the general relationship: 

rn n 
r = k PH.C. P~ 

where r = rate of cracking of the hydrocarbon 

PH.C. and P~ are partial pressures of the 

hydrocarbon and hydrogen respectively. 

k = Arrhenius rate constant 

lill = activation energy 

rn and n are constants 
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3. 2 PAO<ED BED ffiAC'IOR3 

An excellent review article by Hlavacek (HS) describes the various 

prenanena occurrin:J in fixed bed reactors and under what conditions they 

are imp:>rtant in detennining ~ reactor perfonnarce. HlavaC'ek gives 

the mass and energy balance equations for this type of reactor; he 

discusses heat and mass transfer within and outside J:X>rous catalyst 

particles; he discusses axial and radial mixing; he discusses heat 

transfer considerations in the packed bed reactor, and finally he 

reviews numerical netlx>ds of solvirxJ the mass and energy balance 

equations and describes methcxls of estimating kinetic parartEters in the 

packed bed. A<1otl·.er excelle."'lt revie-1 article is given by Beek (BlG). 

Petersen (P4) gives a smmary of experimental \\Ork perfonned to 

study diffusion of the flowing component and develops expressions to 

oonsider the :imp:>rtance of the axial mixing of a cx:::.fllFOnent involved in 

first order reaction. 

The effect of mass transfer and heat transfer rates, in and 

around the catalyst particles, on the overall rate controlling step in 

tre reaction is discussed by Carberry (C)) and Satterfield and 

Sherwood. (S?) • satterfield and She~ give j
0 

and jH curves which 

enable the calculation of mass and heat transfer coefficients around 

the catalyst particles in a packed bed. 

Since the up-to-date canprehensive reviews mentioned above are 

readily available, there is little need to repeat the details here. 



The phenanena which need to be considered in tre present case are 

discussed in Section 6 .1. 3. 

16. 
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3. 3 1--UDEL BUILDING AND PARAMETER ESTIMATIOO 

The state of the art in studying rates of catalyzed hetergenous 

chemical reactions is such that the true mechanistic rate expression is 

virtually impossible to find. Because of the uncertainty and usually 

a:rnplicated fonus of the proposed rrodels, correct statistical analysis 

of the data bea:me essential. 

Ivbdel building includes; (i) proposing a rnechanisn, (ii) 

evaluating the rnechanisn in light of exper.imental data and (iii) 

rejecting certain Irodels according to sane criterion. Insights into 

possible fonns of rate expressions arising from various mechanisms 

tD.at can be suggested have been given by HoLl(jen arrl ~vatson (H4) 1 Cimino 

Boudart and Taylor (Cl), and Kittrell and Mezaki (Kg). Methods for 

attempting to determine whether a proposed mechanism actually represents 

the physical behaviour have been discussed by various autho:r:s (KS' KlO' 

Y3, BlO, Bll, H7) 

A proposed m:>del may be m:>dified during experimentation. Box and 

Hunter (BG) and Hunter and Mezaki (H2) determine whether a rrodel should be 
estimates 

m:>dified by treatin:]" the parameter; as observations after a certain 
- estimates 

number of experiments. If the Irodel is correct, these pararnetey should 

have littl e interaction and srould ranain constant-with experimental 

operating o::mditions and the number of experiments perfonned. 

In catalyzed kinetics, the trend has been to develop m:>dels that 

have fundamental significance 1 but a:mtain simplifications so that all 

detailed paths of a reaction need not be described mathematically. 
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Urually the rrodels developed are still quite cx:mplicated and non-linear* 

in the parameters. Reviews of methxls of estimating these parameters 

for a single response are given by Bard and Lapidus (B?), Behnken (BS), 

and Bard (Bl3) and for nrul ti-response cases by Box and Draper (B8) • A good 

cx::mparison of the several rretrods available is given by Kittrell, 

Mezaki and Watson (Kll) • 

Depending upon the nan-linearity of the IOOdel with respect to 

the parameters, the oonfidence inteJ::vals of the parameter estimates 

may be obtained in several ways. These are discussed by Beale (Bg) , 

Hartly (H3) , and Draper and ani th (DS) • 

A fuller developnent of techniques used in this thesis ~rk to 

estimate parameters and obtain oonfidence intervals for these parameters, 

along with pertinent references is given in section 6.2~1. 

* 'the derivative of the function with respect to the parameters is 
independent of the parameters. 
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4. EXPERIMENTAL STUDY 

A description of the experimental program will be given in three 

sections: experimental apparatus, experimental procedure and experimental 

designs. 

4 .1 EXPERIMENTAL APPARATUS 

To study the hydrocracking of butane and propane, a flow systan, 

shown in Figure 4.1-l ,operating essentially at atmospheric pressure 

was used. Reaction was carried out by a down flow of reactants, at a 

desired temperature, through a packed bed containing 10.% nickel on 

silica gel catalyst. All the lines were ~ in. o.o. copper tubing, 

except for the reactor and preheater lines which -were stainless steel. 

The analysis of the reactor effluent was carried out by gas chranato

graphy; on-line' sampling of reactor effluent was carried out by means 

of a gas sampling valve. 

The experimental system will be discussed under three headings 

covering the feed, reactor and analytical systems in turn. 

4.1.1 FEED SYSTEM 

A schana.tic of the feed system is given in Figure 4.1-2. The 

rutane, propane and hydrogen feed gases -were obtained f:ra:n Matheson co. 

By ch:ra:natographic analysis, the butane was fmmd to contain approximately 0.4% 

iso- butane impurity. Ultra-pure grade hydrogen was used and no 

impurities could be detected by chrana.tography. 

The flowrates of .the reactant gases,fed from high pressure 
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cylinders, were oontrolled by needle valves arrl measured by "capilliary" 

flCMreters which oonsisted of crimped portions of ~ in. oopper tubing. 

The pressure drops across the oonstrictions were measured with meriarn 

oil (S.G. -= 1.1) mananeters. calibration procedures and graphs are 

given in Appendix E.2. The flc:Mneters were isolated fran each other 

by 3. ft. of 1/8 in. copper tubing arrl fran the stirrer notor 

vibrations by flexible tygcn tubing (see Appendix E.2). 

The reactant gases were then mixed in a ~ in. tee before being 

fed to the reactor. 

'!be total pressure in the feed system was held oonstant at 

1210. nm. Hg. , as treasured by a mercury Itlal'lCXteter, with a Fairchild

Hiller rrodel lOBP back-pressure regulator. 

A mercury manar.eter was located imrffiiately dow~stream of the 

back-pressure regulator; it was used to nonitor the pressure drop across 

the reactor. 

4 .1. 2 REACIDR SYSTEM 

'lbe reactor system consisted of a oonstant tanperature bath, 

a preheater ooil and the reactor proper; the equipnent will be described 

in this order. A schematic of the reactor system is given in Figure 4 .1-3. 

CXNSTANT TEMPERATURE BATH 

'!he reactor and preheater were placed in a bath of "Hitec" heat 

transfer salt (E. I~ Dupont <brp. ) • * Heat was supplied by tw:> 1500 watt 

* "Hitec" salt is a eutectic mixture of potassiun nitrite, sodiun nitrite 
and sodiun nitrate. It has a melting point of 275°F. and may be used 
safely without. decxrnposition to 1100°F. 
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Cllranalox inmersion-type heaters and this heat input was oontrolled by a 

Variac autotransformer. A ~-blade stirrer and variable speed notor 

"Were used to produce unifonn tenperature throu:;h:>ut the bath. 'Ihe 

position of the stirrer blades and the notor speed was ch:>sen so as to 

prcxlu::e uni fonn themooouple recrlings along the length of the reactor, 

with no reaction in the reactor. 

PREHEATER COilS 

'!be preheater ooils consisted of approximately 4. ft. of ~ in. 

diameteJ; stainless steel tubing inmersed in the oonstant tanperature 

bath. 

RE'ACTOR 

The reactor was 0.276 in. I. D., 3/8 in. O.D. by 12. in. long 

stainless steel tube, held in a vertical attitude. The reactor 

oontained a charge of 5.650± .001 gm. of 10.% nickel on silica-gel 

catalyst to a depth of 25.0± 0.4 an. 'Ihe catalyst was supported on a 

200 mesh stainless steel screen clamped to the lx>ttan of the reactor 

with a Swagelok fitting. 

Four chranel-alunel therm:xxmples were positioned in the centre 

of the reactor to measure axial temperature gradients. The top 

therrrocx>uple was located approximately 1 em. below the top of the 

catalyst bed and the lx>ttan themooouple was just below the 200 mesh 

suwort screen. 'Ihe remai.nin:J ~ thernooouples were spaced evenly 

between these two. 

The. themooouple e .m. f. (oold junction in ice water) was reoorded 

with Honeywell recording };X)tentianeter. 'Ibernooouple calibrations 
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were obtained fran the Chemical Handl::xx>k (W3) • They were not calibrated, 

except that all read the same tenperature in the absence of reaction. 

4 .1. 3 ANALYTICAL SYS'IEM 

A schematic of the analytical systan is given in Figure 4.1-4. 

'!be products of the cracking reactions were analyzed by a Beckman 

GC2A gas chranatograph equiped with a Solex oonstant voltage transfonner 

on the input. A 200. rna. filament current and a 35. ml./min. 

reliun carrier gas flowrate were used; the oolunns were operated at rcx::m 

tanperature. Prior to use, the thennal conductivity cell was washed in 

a clu:anic acid solution and rinsed with ethyl alooool and acetone. All 

cell inlet parts were blocked with glass w::x>l plugs to prevent entry 

of packing fran any of the oolunm.s. 

Samples were introduced into the chranatograph oolunm.s with an 

on-line, Varian plunger-type, sample valve. '1\-.u oolumns in series were 

used to effect the required separation. All of the products, except 

for methane and hydrogen, were separated in a 24. ft., ~ in. O.D. oopper 

tube packed with 20.% dimethyl-sulfolane on 80./100. mesh P acid 

washed chranasorb. '!be products fran this first separation were fed to 

one side of the detector cell and then held up in a 40. ft. delay oolumn 

of ~ in. 0. D. oopper tub~ until all the sample hcrl passed thrmx;h the 

first oolunn. The final separation of methane and hydrogen was 

effected by a 3. · ft. colunn of 60./80. mesh SA IlDlecular sieves. All 

other cx:rnp:>nents, except these tw::> have a semi-infinite retention time 

en the sieves and are pennanentiy held up there. This final separation, 

oonsisting only of rrethane and hydrogen, is then passed through the 



other side of the detector block. 

A Sargent 1. rnv. recording p:>tentianeter with a rotating ball 

mechanical integrator was used to record the chranatograph signals. 

27. 
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4. 2 EXPERIMENTAL PimiDURE 

4.2.1 STARr UP 

The catalyst preparation is given in Appendix D. A charge of 

5.650 ± .001 gm. of catalyst was placed in the reactor and the tube was 

vibrated for three minutes with a hand vibrator. Separate experiments 

in which the catalyst was put into glass tubes with ab:mt the same 

diameter s~ that no further packing of catalyst occurred after this 

time. 

The height of the catalyst bed was measured by knowing the 

location of the supr:ort screen and by passing a -v1ire probe with a 

oorizontal loop at the lower end down into the top of the reactor tubef 

until the top of catalyst bed was detected. By perfonning separate 

experiments on glass tubes, it was detennined that the observed bed 

height of 25.0 trns. could be measured to at least ±0.4 an. 

4.2.2 STEADY-STATE OPERATION 

'Ibis section explains the step-by-step procedure followed in 

operating the reactor according to the experimental designs and 

obtaining the desired data. 

The required !lowrates of the feed gases were adjusted so as to 

always ensure a hydrogen-to-hydrocarl:on feed ratio greater than 4:1; 

this was done to minimize, if not prevent, carlx>n der:osition on the catalyst 

At:.rrospheric pressure was checked periodically and the back pressure 

regulator was adjusted to maintain a constant pressure of 1210. ± 2. rrm. 
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Hg. in the feed system. After settinJ the hydrogen and butane flows to 

the desired values, the pressure drops (as indicated by the mananeters) 

across the flOMneters were reoorded. The temperature of the reactor 

system was oontro_lled to any desired value by adjusting the voltage 

across the salt-bath heaters. Tanperatures were reoorded continuous! y 

on a Honeywell reoording potentianeter. The pressure drop across the 

reactor was measured on the mercury mananeter. The filament current and 

heliun carrier-gas flowrate were checked periodically. The total gas 

flowrate through the reactor was measured with a bubble flOMneter and 

reoorded. At least five minutes were allCMed for the system to reach 

steady stat e after the desired flowrates were set and the desired 

tatq:lerature was reached. A sample of the reactor effluent was then 

taken by nEal1S of tte gas sample valve an::l w-as analyzed with the gas 

chranatograph. The chrcmatogram was reoorded on a Sargent reoorder 

equipped with a mechanical inte:Jrator. Attenuations of the chrcmatogram 

were always coosen so as to keep the peak height within a range that 

may be recorded by the mechanical integrator. The areas l.mder the 

clu:anatogram peaks were then converted to partial pressures by means of 

calibration factors given in Appendix E.2. !·ble fraction c:x:mp::>sitions 

of all the c:x:mp::>nents were then calculated. 
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4. 3 EXPERIMENTAL DESIGNS 

'I'M:> experimental studies were carried out.: the hydrogenolysis 

(cracking) of butane and the hydrogenolysis of propane. 

Tvio factors were :i.Jnt:ortant when ronsidering the experimental 

program at the outset. Firstly, little was kno.m for this reaction 

system about the effects of the independent variables (temperature, 

flowrate and feed catlfOSition) on the ronversion of butane and selec

tivities of the products; hence ~se effects had to be studied over a 

wide range of the independent variables. Serondl y, since a mechanistic 

Irodel for the reaction was not cx::>nceived at the outset, the independent 

variables were chosed acrording to an experimental design (D6) so that 

interaction effects caused by variables could be reduced. l-hreover, 

these data \\Uuld be very efficient in providing parameter estimates 

for any rrodels that \o.Ould be cx::>nceived. This experimental design \o.Ould 

also provide a good starting point for any planned program for Irodel 

discrimination and for parameter estimation, if needed. 

Propane cracking experiments were perfonned to provide a check 

on any assumptions relating to propane behaviour (e.g. adsorption or 

desorption of propane) when fonnulating a butane cracking rrodel. 

For the butane cracking experiments a blocked factorial design 

was chosen with three levels of temperature, bx:> levels of hydrogen-to-

butane feed ratio, and ·o..u levels of feed flowrate. The temperature 

levels were chosen- to produce a wide range of butane ronversion as 

detennined by preliminary experiments. The minimum feed ratio was 



TABlE 4.3-1 

EXPERIMENTAL rESIGN IEVEIS FOR BUTANE - " 

AND PIDPANE CRAO<ING EXPERIHENI'S 

JNDEPENDENT 
VARIABlE 

lEVEL lEVEL VAI1JE 

TEMPERATURE 

FEED RATIO 

FEED F.La"ffiA'''E 

3 
(01. /SEC.) 

MID. 

BUI'.ANE 
EXPERIMEN'IS 

246.* 

258. 

HIGH 282. 

MID. 

HIGH 

MID. 

HIGH 

4. 

6.5 

9. 

1.0 

1.4 

1.8 

PIDP.ANE 
EXPERU1EN'IS 

258. 

270. 

4. 

6.5 

9. 

·1.0 

1.4 

1.8 

* One lCM temperature run was perfonned at 240. °C. 
This was run No. 5. 
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chosen so as always to have an excess of hydrogen, ·even if cxxnplete 

conversion of butane to methane occurred. The maximum ratio was set 

arbitrarily at the maxirnun to be studied in the fluidized bed reactor. 

An attanpt was made to set the feed superficial velocity range so as to 

include the superficial velocity of the anulsion phase o f the fluidized 

bed reactor , taking into account the difference in voidage between this 

phase and the packed bed reactor. At least ~ replicates were perfonned 

at each experimental level. 

A centre }X)int was clK>sen at the middle of the experimental 

design grid and this "centre-}X)int experiment" was perfonned before and 

after each experimental design point. This enabled any changes in 

catalyst activity to be followed. 

For the pr opane exper iments, a 23 factorial des~gn (D6) was 

cb:>sen (three variables, ~ levels of each variable). Ag-ain centre

point replicates were taken throu:roout experirrent. Since it appeared 

that catalyst activity had stabilized, these centre-point replicates 

~e not taken as frequently as in the butane experiments. 

Table 4. 3-1 gives the values of the in:iependent variables at 

their respective levels for the butane and propane experiments. 

Scharatic diagrans of the experimental designs are given in Figure 4.3-1. 

DISO.SSICN OF IESIGNS 

These factorial designs may not be the rrost efficient (i.e. give 

minimum variance estimates with least experirrentation) for any given 

non-linear model. '1he design of experiments for precise estimation 

of parameters in non-linear rrodels was first discussed by Box and 

I1lcas (B3) • 



According to the P:ox and :Wcas criterion: if the predicted 

value fran a mathematical rrodel is given by 

4.1 

where x is a vector of operating conditions for the u th 

experiment, ! is a vector of parameters, then the rrost efficient 

operating conditions for parcrneter est:i.mation should be clx>sen so as 

to max:i.mize the detenninant 

IF* "' F*j 

where F* = {f* } 
ru 

and f* = [af (~§.) 
ru · ae 9 9* r = 

f th th . th th and * . f be or e r parameter 1n e u run, e 1s a vector o st 

estimates of e. 

Geometrically speaking, the experiment is clnsen so as to 

minimize the volume in parameter space enclosed by a surface which is 

34. 

determined by a confidence region for the parameters. A rrodification of 

the design criterion in order to detennine sane parameters more 

precisely than others is given by Hunter, Hill and Henson (Hl). These 

papers refer to situations where there is a single response (e.g. 

conversion). When multi-response systans (e.g. conversion plus prcx:luct 

selectivity) are enoountered and/or when prior infonnation about 

parameter values is available then the design criteria suggested by 

. (Dl 00 03) (B4) the \-.Ork of Draper and Hunter ' ' should be used. Box has 

slx:>wn theoretically that in certain cases, replications of experiments 
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predicted by the Pox and Lucas criterion represent the optional design 

procedure. Mezaki (M3) suggests that, before experimentation, sensitivity 

analyses sh:>uld be perfonned on the design criteria. 'Ihis sensitivity 

analysis reflects the ability of· the data to prcx:luce precise parameter 

estfulates. It also tells the experimenter to which operating variables 

the design criterion is trost sensitive. This is irrp:>rtant since it may 

be found that experimental procedures and/or equipnent may not allow 

the setting of the independent variables precisely enough to improve 

parameter estimates significantly enough to warrant this type of 

cx:mplicated design. A good revie\'l of the design of experiments in 

nonlinear situations as well as the application of these methods in 

the estfulation of oopol:ymer reactivity ratios is given by Behnken (BS). 
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5. EXPERIMENTAL RESUL'IS 

All of the primary data obtained fran the butane and propane 

cracking :runs are given in Appendix G. Included here are the measured 

experimental operating conditions for each run perfonned, the observed 

rrole fraction of all the a::mponents in the reactor effluent, the selec-

ti vi ties of these products and the conversions of the feed hydrocarl:on. 

For the butane cracking experiments, the selectivity of 

canponent i is defined as: 

s. 
l. 

= moles of CXJr'!1TX)nent i produced 
moles of butane reacted 

Similarly for comp:ment i in the propane cracking experiments: 

s. 
l. 

= rroles of canponent i produced 
rroles o f propane reacted 

BUTANE CR!l.CKING EXPERIMENI'S 

The product distributions at the low and middle tanperature 

levels for the butane cracking experiments are given in Figure 5-l.* 

These distributions are given as plots of the integral selectivity 

( selectivity after the reaction has been allowed to proceed for a certain 

time) of methane, ethane and propane as a function of the conversion of 

tutane. There appear to be a separate set of curves for each 

temperature; no significance test was performed, however. 

All of the runs carried out at the high . tenperature level 

producej gr~ter than 99.% conversion of butane. The selectivities and 

operating conditions of these runs are shown in Table 5-l. 

* The spread in these points is due partly to differing hydrogen to 
butane feed ratios. 
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F I G U R E 5-3 
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AVERAGE 
REACTOR 

rE rvl PERA TURE 

DEG.C. 

266. 
266. 
267. 
270. 
27U. 
27 0 . 
27 0 . 
27U. 
27l). 
27 u . 
275. 
275. 
274. 
281. 
283. 
283. 
283. 
284. 
281. 
283. 
282. 

TABLE 5- 1 

PRODUCT DISTRI ~UT I ON S OF ~UTANE CRACKING EXPE RI MEN TS 
HI GH CONVERSION !-<uNS( APP ,-< OXl i"iATE LY 1UU . f.JEI-<CENT l 

FEED FEE D SELECTIVITIES CON V EI~S ION 
RAT I 0 FLOwRATE MOLES PkUDUCED PEk C4 REAC TED UF 

tvlt: T HANt t.THANt 1-'RUf.lAt'lE bUTAI'lt 

H2/C4 ML. I SEC. PERCENT 

8 . us 1e U3 2 . 69 . 347 . 204 99 . 8 1 
9.75 1eU1 2 . 55 .345 . 253 99 . 85 
3.8u 1e73 3 . 78 .1 09 .uu u 1oo . u 
6.u6 1 ·4 3 3 . 20 . 343 . u38 99 . cn 
5 . 99 1· 41 3 .? 7 . 309 . 038 99 . 87 
5. 98 1·42 3 . 2.S . 318 . 039 99 . 86 
6. 36 1.41 3 . 15 . 33 5 . 059 99 . 77 
6. 09 1·42 3 . l~ 3 . 312 . u47 99 . 85 
8.34 1e79 2 . 65 . 352 . 2 13 1UO . v 
9.17 1.79 2 . 69 . 300 . 238 99 . 75 
3 . su 1.75 3 . B2 . 08 9 . uuu 100 . 0 
8.34 1· 03 3 . 39 . 267 .u 26 99. 90 
3 . 7':J 1.00 3 .77 . 117 . oou 100 . 0 
3 . 80 ' 1 .77 3 . 93 . 0 35 . ooo 1oo . u 
7.48 1e04 3 . 72 . 138 .u 0 1 99 . 9 1 
8.60 1.04 3 . 58 . 20 7 . 001 99 . 92 
8.61 1·82 3 . 67 • 151 . 009 99 . 88 
8.79 1.04 3 . 60 . 200 . uo1 1UO . u 
8.8u 1·93 3 . (l 8 . 302 · 104 99 .7 6 
8 . 9u 1.87 3 . 05 . 333 . u96 99 . 83 8 . 98 1.82 3 . lt3 .269 . 0 11 99 . 87 

RUi\1 
NO . 

75 
76 
99 
137 
13':1 
14u 
141 
14~ 

116 
117 
Y8. 
73 
35 
97 
69 
70 
113 
71 
13 
14 
115 

' 
' I 
i 

~ 
N 



TABLE 5-:-2 

TEMPERATURE HISTORY OF REACTOR 

Time Interval Number* and Operating Temperature of Reactor (°C.) 

258.2 13 238.6 25 258.2 37 258.2 49 283.3 61 258.2 73 258.2 85 247.2 97 258.2 

251.5 237.4 259.4 258.2 282.7 258.2 258.2 243.5 258.2 

240.4 239.8 260.6 258.2 283.3 258.2 . 258.2 244.7 258.2 

238.6 242.3 258.2 258.2 282.7 258.2 258.2 246.0 258.2 

238.7 253.3 258.2 258.2 282.7 258.2 258.2 246.0 258.2 

240.0 263.1 258.2 266.2 271.7 258.2 258.2 246.0 260.6 

239.7 265.5 258.2 275.3 259.5 258.2 257.6 246.0 269.2 

238.6 257.0 258.2 279.9 258.2 258.2 257.6 246.0 276.6 

238.7 258.2 258.8 290.0 258.2 258.2 258.2 246.0 282.7 

243.4 259.4 258.4 282.1 258.2 258.2 258.8 246.0 283.3 

243.9 256.7 258.2 283.3 258.2 258.2 258.8 257.6 276.6 

244.7 257.0 258.2 283.3 258.2 258.2 258.2 ' 258.2 274.7 

* Each time interval represents 12. minutes. 

109 272.9 121 
' 

268.0 

267.4 

268.0 

261.9 

258.2 

258.2 

258.2 

258.2 

255.7 

258.0 

257.8 

255.7 

255.1 

258.2 

255.7 

258.2 

258.2 

258.2 

258.2 

258.2 

258.2 

258.2 

259.4 

.c:. 
w . 



TABLE 5-2 CONT' D 

259.7 145 259.4 157 242.3 169 258.2 181 258.2 193 283.9 205 266.8 217 246.0 

258.2 258.6 246.0 258.2 258.2 283.9 258.2 246.0 

258.2 258.2 246.0 258.2 258.2 283.9 257.0 246.0 

258.2 258.2 246.0 258.2 258.2 274.1 257.0 246.6 

258.2 258.2 246.0 258.2 258.2 275.3 257.0 258.2 

258.8 258.2 253.3 258.2 258.2 275.3 257.0 258.2 

258.9 258.2 258.2 258.2 258.2 275.3 258.2 258.2 

259.4 258.2 258.8 258.2 258.2 275.3 258.2 258.2 

259.2 258.2 258.2 258.2 268.0 268.6 248.4 258.2 

259.4 258.8 258.2 258.2 276.6 267.4 244.7 258.2 

259.2 258.2 258.2 258.2 282.7 267.4 246.0 258.2 

259.4 247.2 258.2 258.2 284.5 267.4 246.6 258.2 

229 258.2 2.41 258.2 

258.2 258.2 

258.2 258.2 

258.2 258.2 

258.2 258.2 

258.2 258.2 

258.2 258.2 

258.8 258.2 

258.2 258.2 

258.2 258.2 

259.4 258.2 

258.2 258.2 

253 258.2 

258.2 

258.2 

258.2 

258.2 

233.7 

233.7 

233.7 

233.7 

233.7 

233.7 

255.7 

ol:lo 
ol:lo . 



.TABLE S-2 CONT'D 

255.7 277 282.7 289 264.3 301 259.4 313 246.0 325 283.3 337 258.2 

255.7 282.7 . 257 .o 259.4 246.0 28~. 7 258.2 

255.7 281.5 255.7 257.0 258.2 275.3 258.2 

255.7 281.5 253.3 257.0 258.2 270.4 258.2 

255.7 275.3 258.2 258.2 258.2 270.4 258.2 

255.7 276.0 258.2 258.2 258.2 269.8 258.2 

255.7 268.0 258.2 258.2 258.2 258.2 258.2 

258.2 268.0 258.2 258.2 260.6 258.2 259.4 

258.2 266.8 258.8 258.2 270.4 258.8 258.8 

259.4 258.2 258.8 246.0 279.0 258.2 258.2 

265.5 258.8 259.4 246.0 282.7 258.2 257.6 

274.7 259.4 259.4 246.0 282.7 258.2 258.8 

349 258.2 361 258.2 373 271.7 

249.0 258.2 271.7 

247.2 258.2 271.7 

246.0 258.2 271.7 

246.0 258.2 269.2 

246.0 264.3 258.2 

246.0 271.7 258.2 

246.0 271.7 258.2 

253.3 271.7 258.2 

260.6 271.7 258.2 

252.1 271.7 258 . 2 

258.2 271.7 258.2 

385 246.0 

246.0 

246.0 

246.0 

246.0 

253.3. 

258.2 ~ 

258.2 

258.2 

258.2 

258.2 

. 258.2 

.c:o. 
IJ1 . 
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ProPANE CRAO<rnG EXPERIMENTS 

The integral selectivities of rrethane and ethane as a function of 

the conversion of propane is shc:Mn in Figure 5-2. 

Since only tv.u tanperature levels were investigated, it is 

oonvenient to observe the oonversions of propane on an experllnel1tal 

design grid. This is sl:x::lwn in Figure 5-3. 

CATALYST AL"TTVVTY CHANGES 

In the butane cracking experiments each of the experirrental 

design p::>ints was straddled by tv.u experirrents performed at standard 

operating corrlitions. These experiments soould give· an indication of 

the cll.aD;Je in catalyst activity during the course of the experiments. 

A plot of the oonversion of butane for all of the rnid-p::>int runs 

versus the run nunber is slDwn in Figure 5-4. An apparent steady increase 

in catalyst activity to an asymptotic maximum may be observed. 

Unfortunately the operating oorrlitions of these rnid-p::>int runs were not 

all exactly the same and, in fact, some differed oonsiderably. One 

replicate at each rnid-p::>int run was clx>sen which had measured operating 

cx:>nclitions closest to a standard operating condition. These runs are 

given in Table 6.2-2, arrl are also identified in Figure S-4. 

'Ibe temperature history of the reactor and the reducing 

tanperature of the catalyst are given in Figure 6.3-9 and Table 5-2. 

Mid-p::>int runs were also perfonned in the propane crackirg 

experiments, th:mgh oot as frequent! y as in tre butane experirrents. 

A plot of the oonversion of propane for these rnid-p:>int runs as a function 

of the run nunber is given in Figure S-5. N::> general trends in catalyst 

activity may be observed. 



6. ~SIS OF RESULTS 

This sect?-on of the thesis describes the developnent of 

math€matical m::xlels of the chemical reactions involved in this 

experimental program and the use of these m::xlels with the experimental 

data to extract kinetic pararreters. 

In the first part the develo:pnent of the rrodels is described; 

the stratecJY for the estimation of the parameters ·is presented in the 

secorrl part; and in the third part the validity of the m::xlels is 

discussed. 

~ .1 MATHF.MATICAL MODELLING 

This section describes the rrodelli.r)J \-.Ork done in order to 

simulate the observed physical phenanena and where possible 1 to 

estimate meaningful kinetic parameters. It is convenient to present 

the develo:pnent of the mathanatical m::xlels in four parts: The first 

part gives the developnent of the a;IUations describing the butane 

hydnx:Jenolysis and includes the nodification for changing catalyst 

activity. The second part presents the rate expressions for propane 

hydrogenol ysis. In the third part 1 the packed bed reactor rrodel 1 

in which the differential rate expressions are used, is described. 

Part four discusses the problan of cl'lanJi.DJ (i.ncreasi.r)J) catalyst 

activity and m::xlels to aca:>unt for these changes are suggested. 

47. 
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6 .1.1 . '!HE KmETIC MODEL FDR Bt.JrANE HYDR(X;EN()LYSIS · 

6.1.1.1 INTRODUCT!ON 

In the hydrc:xJenolysis of butane, the following reactions are 

possible: 

C4Hl0 + H2 C3H8 + CH4 6.1 

C4Hl0 + ~ 2C2H6 
6.2 

C3H8 + H2 SH6 + rn4 6.3 

C2H6 + H2 2rn4 
6.4 

.C4Hl0 + 3H2 4CH4 
6.5 

C3H8 + 2H2 30I4 6.6 

In order to describe the reaction rate of butane, in an integral 

reactor 1 it iS neceSsary to 1mJw the hydrc:xJen COncentratiOn at every 

point. Since the hydrogenolysis of the products, propane and ethane, 

(equations 6.3, 6.4, and 6.6) occurs simultaneously, it may be necessary 

to incl\rle these reactions in the description as well, in order to 

predict the hydl:ogen concentration. M:>reover, there may be other 

interactions, such as surface coverage by adsorbed m::>lecules, that 

would affect the butane kinetic m::xlel. 'Iherefore, a full or partial 

description of the other reactions is necessary in order that the 

paraneters estimated fran the experimental, integral bed data be 

meaningful. 

Using the Hougen arrl l-Tatson approach (H4) which assumes first-



FIGURE 6.1-1 
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order reaction on the surface and the adsorption-desorption phenanena, 

30 parameters "-UUld be required for a full description (Appendix L2). 

Since this ~d lead to excessive experimentation and cx:mputer time, 

it was decided to ccrnbine their approach with that of Cimino, Boudart 

and Taylor (Cl) r (Appendix I.l) • fureover, sane assumptions rould be 

so. 

nade concerning sane of the al::ove reactions on the basis of experimental 

observations. 

Ieactions (6.1) and (6.2) are assuned to occur because of the 

product distribution in the reactor effluent. Propane hydrogenolysis 

experi.Irents indicated that reaction (6.3) proceeded ~t an appreciable 

rate under the experimental rondi tions which prevailed in the butane 

experiments. On the other harrl, tests with ethane feed in the 

fluidized bed. reactor t.L""lder t~ese cnnditic."'1s ir.dicated "v'e..;t little 

ronversion (6.% at 258. °C.) and, therefore, reaction (6.4) in which 

the ethane in the gas adsorbs and reacts on the catalyst surface, was 

assuned not to occur. Reactions ( 6. 5) and ( 6. 6) , as such, were assumed 

not to occur because of the low probability of breaking tw::> or three 

carl:x>n-carlx>n lx>nds sinn.ll taneousl y. 

A schanatic diagram which s:OOws the reaction paths more 

effectively is given in. Figure 6.1-1*. For simplicity this diagram 

slDws only the major a:xnpounds involved in the reaction paths. 'l'he 

cextp:>unds labelled cl' s' c3 and c 4 are the hydrocarl:on species in 

the gas phase. 'lbe a:xnpounds labelled cl *' s *' c3 *' and c 4 * represent 

* This schene was suggested by Professor R. B. Anderson and Ph.D.
candidate J.C. Kenpling of McMaster University, who \</ere studying 
these reactions on a ruthenium catalyst. 
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the hydrocarl::on species adsorbed on the surface of the catalyst and in 

a highly active state. All hydrocarl::on cracking is assumed to occur 

through the breaking of the carl::on-carl::on bonds of these highly active 

adsorbed canplexes. Consistent with the al::ove mentioned assuned 

reaction paths, the possible reaction paths are shJwn in Figure 6 .1-1 

with solid lines. Peaction paths assuned not to occur are shJwn with 

dotted lines. cnly adsorption of butane and desorption of methane paths 

are considered, since in the rate equations yet to be developed, only 

net rates for these cunpounds will be considered. 

6.1.1.2 ASSUMPTIONS 

The following assl.lllptions were necessary since no metlxrl was 

available for observing the particular phenanena: 

(i) Steady-state prevails on the catalyst surface 

The steady-state assumption says that the rate of change with 

t.iire of active species on the catalyst surface is zero. That . is to 

say, an equal nunber of active species of a particular type disat;:pear 

through reaction and desorption as are fonned through reaction and 

adsorption . 

(ii) Parallel reaction of butane to propane and ethane 

'lhe fraction F represents the amount of C 4 * species that cracks 

dCMn to c
3 
* and c1 * species. It may be noted fran Figure 6.1-1 that if 

the fractional split, F, is not specified, there exist an infinite 

nunber of solutions, as far as simulation is concerned, for the reaction 

scheroo. That is to say, for any given value of F, a set of rrodel 

parameters may be chosen which will describe the product distribution for 

any experiment. F could not be predicted fran the experimental analysis 
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of the effluent gas. This factor \vas, therefore, estimated by looking 

at the propane, ethane and rrethane selectivities w:ren these quantities 

were extrapolated to zero butane oonversion. 'These selectivity curves 

are given in Figure 5-l. It is to be noted, that at zero oonversion 

the selectivity of <;_ is greater than the selectivity of c3• '!his poses 

the question as to whether the c1 came fran further cracking of c3 * or 

fran the cracking of c2* which came f:r:om c4*. Since experiments with 

ethane and propane suggested that propane cracks more readily than 

ethane and since at zero butane ron version the selectivity of ethane 

was approximately 0.2 and the selectivity of propane was less than 0.9, 

it was assumed that the c1 came fran further cracking of c3 *. 
With this assunption, the experimental data suggest F as being 

very close to 0. 9, although F oould be as law as 0. 7. :rhese observations 

do su:;rgest, lrJwever, that the end carl:on-carron rond is rrore easily 

broken than the centre one, since if these ronds were broken with equal 

ease, F \t.Ould be 0.66. It is emphasized that any value of F between 

0. 7 and 0. 9 would probably produce a unique and equally valid, fran a 
. . 

simulation point of view, set of kinetic parameters estimates. F was 

ch:>sen as 0. 9 since no rneasurarent technique was available to provide 

better estimates. r.t:>reover, it must be emphasized that the primary 

~se of the kinetic nodel was to simulate rather than to unoover 

fundamental mechanisms. 

'!he ·factor F was assl..J'OOd oonstant with tanperature and catalyst 

activity. 'rhi.s says that the difference in energy requirerrents to 

break. the end or middle carbon-carlxm l:ond in c4* stay oonstant with 

changes in tanperature and catalyst activity. 
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(iii) catalyst activity 

catalyst activity is defined as the ratio of the rate of reaction 

at any time to the rate of reaction as similar experirrental operating 

cxmditions, and at a tilre at whic;:h the activity is defined as the known 

or reference activity. catalyst activity is assuned directly related 

to the nunber of active sites on the catalyst surface. All sites are 

assuned to have the sarre catalytic properties. A more detailed 

description of the proposed rocx:lel for catalyst activity changes is 

given in section 6 .1. 3. The catalyst activity is assuned to have a 

linear effect on all rate processes involved in the reaction, and 

therefore, a factor for activity is included in all rate expressions. 

'.Ibis factor is the ratio of the rates or frequency factors at the 

operating conditions under study to tlJJse at a standard operating 

oondi tion. 

(i v) Kinetic order 

First order adsorption, desorption and reaction kinetics are 

assme:l as no data are available to SUJgest anything different. 

6 .1.1. 3 MODEL IEVEIDP1-1ENT 

Figure 6.1-1 will be broken down into sections acoording to 

oc::mp:>nents. Equations describing the adsorption/desorption and reaction 

phenanena will be given in turn. 

BUI'ANE 
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'lhe net rate of disappearance of butane frcin an analysis first 

proposed by C:imioo, Boudart and Taylor (Cl) arrl developed for butane in 

Appendix I . 1 is described by: 

where 

k = 
~ ·~ 

exp{-ll.F. /.RT} P rn P n 
l3' c4 H2 

rc = rate of reaction (noles/sec. grn. catalyst) 
4 

-~ = activation energy for butane reaction (cal./grn. 

mole) 

~ = frequency factor for butane (noles/sec. grn. 

catalyst atm.- (rn+n)) 

6.7 

P,.. , P u = partial pressures of butane and hydrogen, respectively 
~4. u2 

(atm.) 

rn,n = constants 

The tenn k/k has been included to represent the catalyst 
0 

activity as defined al:ove. calculation of these values will be 

described in Section 6.2.2.3. 

POOPANE 

! F • 
rc 

4 
ra 

. c3 

r rd 
rr 
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For the propane part of the butane nodel oonsider separate 

rate expressions for the adsorption and desorption of propane. Assune 

that the inhibitory effect of hydrogen on rate of reaction (Sl, M2) 

affects the adsorption of propane and that the rate of reaction of c3 * 

on the surf ace is prop::>rtional to the fraction surface oovered by c3 * 

species. 

Assune then that the rate of adsorption of propane can be 

described by: 

where 

k 
= ko • k a 

ra = rate of adsorption of propane (noles/sec. gm. 

catalyst) 

6.8 

-(m'+n') 
= frequency factor (m::>les/sec. gm. cat. atm. ) 

... 
-bE = activation energy for adsorption process (cal./gm. 

a 
nole) 

PC = partial pressure of propane (atm.) 
3 

m ... ,n... = oonstants 

let 1),
2 

represent ·the ratio of rates of reaction to desorption 

Where 

... 

11>2 = = 
kr ~ { -llE~RI'} • e3* 

kd exp {-~Ed/RI'} • 63* 

6.9 

rr' rd = rates of reaction airl desorption {m::>les/sec. gm. 

catalyst) 



kr' kd = frequency factors (noles/sec. gm. catalyst) 

-iillr' -iilld = activation energies for reaction an1 desoroption, 

respectively (cal./gm. nole) 

e * 3 = fraction of active surface sites covered by c3 * 

species 

Again, assuming in Arrhenius expression: 

56. 

6.10 

By a mass balance on c 3 *, assuming a pseudosteady state on the 

surface: 

F rc +r = rd + rr 
4 a 

= rd + 1),2 • rd 

F • rc +r a 
:. rd 

4 
= 

(1. + 1),2) 

The net rate of desorption of propane is: 

= r - r d a 

which fran equation 6 .13 yields 

= 
F • rc4 - 1),2 ra 

(1. + 1),2) 

6.11 

6.12 

6.13 

6.14 

6.15 
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Therefore, the rate of production of propane may be represented 

by: 

F • 

= 6.16 

-~1 = -6E + aE - 6E 
~ r d a 

EI'HANE 

lrr 2(1 - F)rc 
4 

c2 c * 
rs 2 

!rl 
__ In this case, we assume that there is not an awreciable 

readsorption of ethane onto the surface. 

let ~ represent the ratio of the rates of reaction on the surface 

to the rate of desorption: 

= 6.17 

where r 1 , rc = rat?.s of reaction and desorption, respectively 
2 

(noles/sec. gm. cat.) 



frequency factors for r 
1 

arrl rc , respectively 
2 . 

-liE;, -liEd = activation energies for reaction and desorption, 

respectively (cal./grn. nole) 

a * 2 = fraction . of active surface sites covered by c2 * 

species 

58. 

By ~ mass balance on c2 *, again assuning pseudosteady state on 

the surface: 

rr + 2 • (1 - F) 

where 

r 
c4 

Therefore, by substituting 6.19 and 6.17 into 6.18 and 

simplifying, the rate of prOduction of ethane is: 

where 

= 
1. 

(2. - F) rc 
4 

-liK_ = -liE" + liE" 
~ r d 

METHANE AND HYD:roGEN 

6.18 

6.19 

6.20 

By overall mass balance on equations (6.1) to (6.6) and assuni.ng 

pseudosteady state, the rate equations for the production of methane 

and disappearance of hydrogen are: 

6.21 
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r~ - r s 6.22 

6 .1.1. 4 · SlM1ARY 

'lbe rate equations given by equations (6. 7, 6.16 1 6.20, 6.21) 1 

and (6.22) are needed to describe the butane hydrogenolysis. The 

kinetic parazreters which must be estimated fran experiments are: 

~~ ~, m, n, ~l' ~2 ~ m'", n'" 1 ~, ~~ 6Fp1 , 6Fp2 

'lbe values of m and m'" were assuned equal to one. This appeared 

to be a reasonable assumption in light of the re'[X)rted literature 

{see Table 3.1-1) in which the rates of reaction aH?eared essentially 

first order with respect to the hydrocarl:xm partial pressures. This also 

would rarove ~ parameters fran an already unwieldy long list of 

parazreters. 

These kinetic equations must be canbined with the fluid 

~cal and material and energy balance equations to predict the 

perfonnance of any chemical reactor. 
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6 .1. 2 KINFJI'IC MODEL FOR PIDPANE HYD!n;ENOLYSIS 

The nodel developed to describe the Jdnetics of the hydrogen-

clysis of propane is analagous to that developed for butane cracking. 

The schanatic diagram including the various species involved 

in the Jdnetics is given below: 

rc 
3 

c3 c * 3 

rc 
2 1 

c2 c * 2 

rs 1 rl 

cl c * 1 

All of the assumptions in the butane nodel are also applied here. 

The nanenclature used is the same. Since the developnent of the 

equations describing the reactions are identical with those presented 

for the butane systen, little detail will be presented. Since oo 

significant change in catalyst activity was observed, catalyst activity 

factors will not be shc:Mn. 

PR:PANE 

'!be rate of disappearance of propane in the gaseous phase is given 

by an analagous Ci.rni.oo-Boudart-Taylor type analysis: 

6.23 



where ~ = frequency factor (m::>les/sec. grn. cat. atm.- (rn + n)) 

6Fp = activation energy (cal./gm. nnle) 

Analagous to equation 6 .17 let: 

* kl exp { -t.E~RI'} • e2 
= 

* kd exp { -llEdfRI'l • e2 

By mass balance on c2 * and assuning pseudosteady state: 

By substituting 6.24 into 6.25 

r~ = 
1. + ~ 

'lbus, the rate of production of ethane is: 

rn n 
~ exp { -llEpiRI'l P c3 P~ 

r~ = 1. + ~ exp { -~RI'} 

-~ = -liE" 
r + liE" d 
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6.24 

6.25 

6.26 

6.27 
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. "METHANE .AND HYDIO:;EN 

By overall mass balance, the rates of production of methane and 

disappearance of hydrogen are given by 

6.28 

r~ 6.29 

'Ihe rate equations given by equations 6.23, 6.27, 6.28 and 6.29 

are required to describe the propane hydrogenolysis. 'Ihe kinetic 

parameters which must be estimted fran exper:iments are: 

~' t.Epr ~' ~' m and n. 



6 .1. 3 M:IDEL FDR PAa<ED BED REACIOR 

The technique used to estimate the pararnetersin the m::xlels for 

b.ltane and propane hydrogenolysis involves a::rnparing an observed 

integral value (i.e. the reactor effluent) with a . calculated value 

which must also be an integral quantity. 'Ihl.s calculated value must 

be obtained by solving the appropriate differential equations 

describing the packed bed reactor. 'Ihl.s section gives the model used 

to describe the packed bed reactor. 

Since the reactor used in this study was of a snall diameter 

(0. 70 an.) and the particles were very snall (diameter :: 120. J.l), a 

nunber of assumptions could be made which allowed an extremely simple 

fonnulation to describe its perfonnance. These are listed below. 

63. 

(i) The packed bed is assumerl statistically harogeneous with 

all changes in ~e bed occurring continuously and sroothly. This 

follc:Ms si.n::e the bed diameter is approximately 50. particle diameters 

and its length is approximately 1900. particle diameters. Hlavat;ek (HS) 

reports that a heterogeneous packed bed may be treated as a continuum 

if the tube diameter is greater than 10. particle diameters and the 

depth of the reactor is greater than 6. particle diameters. 

(ii) The velocity is assumed unifonn over any cross-section, 

that is, the gas flows in plug flow·. .t<Jeasurernents reported by Beek (Bl6) 

have suggested that, if the particles are snall, the. velocity profile 

is flat over the central portion at least. The problem is still 

unresolved, alt!Dugh with the tube diameter many times the particle 

diarnetei; the gas flow srould tend to be unifonn over rrost of the 



cross-sectional area. 

(iii) Cbncentration gradients in the radial direction are 

assumed negligible. The packed bed enoourages radical mixing and the 

diffusion path is small because of the small tube radius (0. 35 an.). 

(iv) Axial diffusion is assuned .small. The detailed 

calculations supp:::>rting this assumption are given in Appendix F. 

64. 

(v) '!he reactor is assumed isothennal. The maximum temperature 

· variation under the \\Orst oonditions was measured to be less than 2. °C. 

Maximlm tanperatures could have occurred in the reactor at locations 

other than t.lnse indicated by the four thenrocouples but at no time 

were high temperatures reoorded. The stirred salt bath was expected to 

provide good . heat transfer on the outside of the reactor. 

(vi) The reactor was assumed to operate at con~tant pressure 

since less than 0. 06 abrospheres pressure drop was observed across the 

packed bed. 

(vii) It was assum::rl that no interparticle or intraparticle 

mass transfer !:imitations existed and the heat transfer rate was 

sufficient to keep the particles at the same tanperature as the gas. 

Calculations SUPPJrting these assumptions are given in Appendix F. 

(viii) The gases in the reactor are asStlll¥:rl to obey the ideal 

gas law. 

MJDEL 

By mass balance on a differential height of packed bed reactor:. 

de 
= -dx u 
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where c = ooncentration (noles/volune) 

-rv = rate of disappearance of any a::mrx>nent with mits (IOC>les/ 

sec. - volume of p3.cked bed reactor) 

since 

where 

-u = f~ su:perficial gas velocity in reactor (an./sec.) 

x = length along the reactor (an.) 

u = V and c = P 
A Rl' 

dP R·T·A (-r ) 
v = 

clx v 

p = partial pressure of any ccmponent 

T = tanperature in (•K.) 

(atm.) 

R universal gas law oonstant 3 = (atm. an. /gm. 

A reactor cross section area 2 = (an. ) 

- IOC>le°K.) 

v volunetric flO\<.Tate through reactor 3 = (an. /sec.) 

ME:rHOD OF SOllJI'ICN 

In the case of the butane hydrogenolysis reaction, the 

oorreS};X)nding rates of disappearance of methane, ethane, propane, 

rutane and hydrogen were substitued into equation (6.30) giving five 

6.30 

coupled oon-linear ordinary differential equations. These equations 

were integrated nurrerically usin] a fourth order Rtmge Kutta integration 

routine. knple discussion of this generally accepted tedmique is 

given by Lapidus (L2). The step-size was allowed to vary by rronitoring 

the integration error and the maximum and rnin:irrum allowable errors 
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-6 -8 
were 10. and 10. atnospheres. Ole pass throu;Jh the reactor 

calculations required less than a second of a:rnputer time on a C.D.C. 

6400 canputer. 
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6 .1. 4 r-DDEI.S FOR . CATALYST ACTIVITY' OfANGE 

During the oourse of the butane cracking experiments, a greater 

than ~ htmdred percent increase in catalyst activity was observed. 

This increase may be seen in Figure 5-4 and the method used to acootmt 

for these activity changes is described in section 6.2.2.3 of this thesis. 

The purp::>se of this section is to develop m:>dels that "VJOuld describe 

mathematically the rate of change of catalyst activity. 

The catalyst was reduced prior to experimentation for eight 

h::>urs at approximately 265°C. This temperature was approximately the 

maximum teroperature that oould be achieved in the fluidized bed reactor 

at the time these experiments were perfonned. The maximum tanperature 

achieved, ho!Never, during the butane crac:Y.ing experiments was over 280°C. 

When working with these reduced metal catalysts, reduction 

tanperature should be such as to ensure total reduction of the oxide. 

Taylor, Yates and Sinfelt (T4) found that 370°C. was a reasonable 

tauperature for their 10.% by \olreight nickel on silica catalyst. The 

temperature history of the reactor during the butane hydrogenolysis 

experiments is given in Figure 6.2-4. Since the reduction 

temperature was 265°C. and the maximum temperature attained during the 

butane experiments was 283°C., it was proposed that the catalyst activity 

increase was due to further reduction of nickel oxide on the catalyst 

surface to produce a nore active nickel catalyst. The activity m:>dels 

were developed as an extension of this hypothesis. 

The assunptions to be made in the "varying maximum catalyst 
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catalyst activity nodel" arise fran \\Ork done by Van Eijk van Voorthuysen 

and Franzen (V3) and refX)rted by Schuitt and Van Reijen (SS). Their nickel 

catalyst was manufactured by oo-precipitation of nickel nitrate and 

alkali solution at 100. °C. It was noted that hydrosilicate-like 

structures were always fonned. For the reduction of ~se nickel 

oxide-silica-water complexes, a sigrna.soidal variation of percent 

reduction (as detennined by chanical analysis) with temperature was 

observed. That is to say, that for a certain reduction temperature 

there exists a maximum percent reduction of the catalyst. Exper.ilrents 

were perfonned to ascertain that the reduction process was limited by 

~ dec::x::lllfOsi tion of nickel oxide and not by ~ deoomp:>si tion of the 

hydrosilicate structure into nickel oxide, silica, and water. It was 

found that the reduction of the nickel oxide \·:as g:r:eatl~ reta...-ded by 

the presence of silica. 

ASStMPTICNS REGARDlliG 'mE CATALYST REDUCTICN 

· The following assumptions were made in fX>Stulating the nodels: 

In the reduction of the catalyst, inactive nickel oxide is reduced to 

active nickel rcetal. All of the nickel metal sites forrcro are active 

and have the same catalytic properties. The rate of reaction at a 

certain time under standard rorrli tions is profX)rtional to the nunber 

of active metal sites on the surface. T'nus, the catalytic activity may 

be represented by the rate of reaction at standard corrlitions at any 

tine, or equivalently, in the case of the case of the butane kinetics, 

by the frequency factor, \ in equation {6. 7) for the rate of cracking 

of rutane. 

The ~ piofX>sed mxlels assurre that the catalyst activity, the 
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number of active nickel metal sites, and the relative frequency factor, 

are linearly related and the rate of change of these variables with time is 

prop::>rtional to the difference between the maximum number of active 

netal sites p::>ssible and the actual mmlber of active metal sites. tb 

sintering (agglcmeration of nickel oxide or nickel crystals so as to 

reduce the surface area) is assumed so that the rate does not depend on 

the surface structure, except as it determines active sites. That is 

to say that the surface concentrations of active and inactive species 

change only because of chanical reaction, not because of changes in 

surface structure. The rate constant for this process is assumed to 

obey the Arrhenius rate law. 

The ~ rrodels differ in the rnax.i.rm;ro number of possible active 

nickel sites that may be U!1covered. The follov.n"lg u.\"0 sections describe 

the ~ rrodels. 

MJDEL ASSUMING mNSTANT 1·1AXIMm-1 ACTIVI'IY 

The first rrodel prop::>sed assumes that the maximum catalyst 

activity is constant. 

The rate equation proposed is: 

6.31 

where c = the relative frequen?Y factor at any time and at standard 

conditions. 

c = the max.inu.ml relative frequency factor. rn 

t = tim? (min.). 

- &: = the activation energy for the reducing reaction in n 
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calories per unit relative frequency factor (since this is 

assumed linearly related to the ooncentration of active 

sites on the surface of the catalyst). 

By integrating equation (6.30) we obtain: 

where C
0 

= C at t = 0 

(-liE /RI') dt} 
n 6.32 

Temperature data Ti are available in Figure 6.3-12; these were 

read fran the reoorded reoords at 12-minute time incrarents and oover 

the entire period of experilrentation. 'IWelve-minute time intervals 

were clx>sen because this time interval was felt snall enough to justify 

usi11.g t.~e Trapezoidal rule to perform the ir1tegration in equation ( 6. 32} • 

M:>DEL ASStMING VARIABLE MAXIMlM ACTIVITY 

In this model, the rnaxinn.Jn catalyst activity is assumed to 

depend up:m the reducinJ tanperature. That is, for any reducing 

tanperature there is a unique maxinrum catalyst activity that may be 

realized. '!his assumption stans fran ~rk reported by Schuitt arrl 

Van Reijen. 

AltOOUJh Schuitt and Van Reijen slDw a sigmasoidal variation 

of activity with tanperature, it is assumed that the experimental 

conditions here oover the linear portion of the:i,r curve. 'Iherefore, as 

an approximation the maxinrum catalyst activity is assune:i to depend 

linearly up:>n the reducinJ tal'q)erature in the manner: 

C = k' {T- T ) m o 



where k' is a constant 

T is the temperature in °K. belo.v which reduction of the . 
0 

catalyst does not occur. 

T is the operating tanperature in °K. 

The proposed rate equation is: 

71. 

de 
dt = kv exp { -6E~RT} • [k"' (T - T

0
) - C] 6.33 

Where 6Ev is the activation energy for the reduction process described 

by the al:ove assunptions. 

It may be noticed that, upon rearrangenent, equation (6.33) may 

be represented by: 

de dt + P(t)c = Q(t) 

where P(t) = kv exp {-6E~RT} 

Q(T) = kv k' exp {-6EvfRT} • . (T - T
0

) 

'Ihis equation is a first order linear ordinary differential 

equation with the general solution: 

c (t) = 

t t 
!

0 
Q exp {/~ Pdt} 

t 
exp {/0 Pdt} 

dt + c 
0 

where c(t) = c
0 

at t = 0. 

Since no oxygen is present in the feed to the reaction, the 

reduction progress may be considered irreversible 

'lllat is de 
dt 0 

6.34 



Thus, in solving equation ( 6. 32) nunericall y, the oonstraint 

Im.lst be :i.rnp:>sed : 

de 
dt = 0 if k' (T- T) . < c 

0 
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Again, the Trapezoidal rule may be used to solve equation (6.34). 

It Im.lSt be noted that in integrating the function 

f Q exp {! Pdt} dt 

between t\\0 time limits, the integral 

! Pdt 

Im.lSt be evaluated at the end of each time interval. 

The validit y of these t\\0 models for catalyst activity change 

will be di scussed in section 6 • 3. 3. 



6. 2 PARAME'IER ESTIMATIOO 

'Ibis section deals with the estimation of the parameters for 

the various models proposed in section 6.1. 

Part 1 of this section gives a brief review of the theory of 

73. 

non-linear parameter estimation and the theory from which confidence 

intervals for these parameters may be obtained. Part 2 describes the 

strategy, using this theory, to obtain parameter estimates for the 

butane cracking model. Parts 3 and 4 describe the strategies used to 

estimate parameters for the propane crackin:; nodel and the models 

protx>sed to describe the catalyst activity changes. Finally, Part 5 

gives the confidence intervals for the parameter estimates for the 

butane model. 

6. 2 .1 INTro:oociORY 'IHEDRY 

'Ibis section will be divided into three parts. The theory of 

non-linear parameter estimation is discussed in the first part. 'lhe 

nethxl used to investigate the errors in the parameters will be 

qiscussed in the second part. In the third part, a description of the 

grid search, the PDsenbrock direct search and the local linearization 

teclmiques for obtaining best estimate parameters will be given. 

(i) NCN-LINEAR !.EAST SQUARES 'IHEDRY 

A mathanatical model or set of equations describing a physical 

process may be represented as 

n . = n . (e, x ) w. w.--u 
6.35 
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where e is a oolurm vector of unknown parameters whose values may, 

and 

at best, be estimated. This oolurm vector of p parameters 

may be represented by: 

e = 6.36 

The best estimate parameter values are usually denoted by: 

6.37 

is a vector of oonstants*for the uth experiment. These 

"independent variables" are usually experimental operating 

variable settin;Js and are assured known precisely for each 

experimental run. The vector of k independent variables 

for the u th experiment may be denoted by: 

~ = {xul' xu2, •••••••• , xuk} 

is the dependent variable or value predicted for the i th 

response of the uth experiment given the vector of 

parameters e and the vector of independent variables x • - -u 

When an experiment is perfonned at x and a value y . is -u Ul. 

6.38 

observed for the i th response variable. Assuming that the rrodel describes 

the physical situation exactly, the measured response, because of 

experimental error, is given by : 

Yw.· = n . (e, x ) + e: • 
Ul. - -u Ul. 

6.39 

where e: • 
Ul. 

is the error in the i th r esponse of the u th experiment. 

* Perfectly known coeffici ents which are functionally dependent on the 
operating conditions. 



If the errors are assumed nonnally distributed: 

E* {y . } = n . 
U1 U1 

The main problem to be discussed in this section is: 

when given a vector of observations, 

for n experiments with r responses at each experiment, 

observed at the independent variable settings, 

how does one obtain the best estimates of the parameter values: 

In the case where the m:xlel is linear in parameters: 

respective 
i.e. ~~ is independent of the,;Parameters** 
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. 6.40 

6.41 

6.42 

6.43 

the parameters may be estimated quite easily using linear least squares 

th (DS) 
oory • 

The problem becomes more difficult in the case where the mxlel 

is non-linear in the parameters: 

i.e. an 
a a depends upon the parameter values 

* E is the expectation operator. 

6.44 

** This definition of linearity is assumed to suffice for our purposes. 
Here n is the explicit fonn of the rrodel. 
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In this case non-linear least squares methods must be used. 

Asst.nne that the errors e: • are nonnally distributed with the 
Ul. . 

variance matrix ¥' where the diagonal elarents are given by: 

6.45 

and the off-diagonal elements are given by: 

6.46 

The probability density function for the observations x_, gi\ren 

that the rrodel and the parameters are perfectly known, may then be 

represented by the multivariate normal distribution: 

f (x/n,~) = 6.47 

Before experiments, if the probability of a set of observations 

X.i given ~i is proportional to a function f (~, x_i), then after the 

experiments yielding observations ~* 

where L(~), here, is the likelilx:x:xl function. 

f (y /n, !) now beccmes L ( e/x_; n) , the likelihood of the parameters, ~' 

given that the rrodel and observations are perfectly known. 

The object is to maximize the likelihood function. 

From equation (6.47) this may be aceanplished by minimizing: 

s(e) = (y . - ~ .)' v-1 (y n ) 
Ul. u1. - ui - ui 6.48 
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Equation (6.48) is the rrost general fonn of the weighted least 

squares criterion for estimating parameters. 

If nCM the errors e:ui are assumed to be independent then the 

off-diagonal tenT\$ of V bea::roe zero and the criterion expressed by 

equation (6.48) reduces to: 

.r n. 
s (~_) = .l: I: 

i=l u=l 
w. 

Ul. 

where w. 1. = 
Ul. 

6.49 

6.50 

Equation ( 6. 49) is the usual fonn used for weighted least squares 

analysis; this is the fonn used in the analysis of the date in this 

thesis. 

The problem now be<::x:xres one of firrling the parameter values ~* 

which when placed in the rrodel: 

produces the value s (~*) 

where S(!!_*) is the minimum of S(!!_) with respect to the values of ft..*· 

Several methods are available for finding the minimum sun of squares and 

these are described ili Part (iii) of this section. 

(ii) CDNFIDENCE WITTS FOR PARAMETER VALUES 

Confidence oontours refer to surfaces of equal likelilxx:xl value 

in parameter space. For rrodels which are linear in the parameters these 

oontours are ellipsoids wtx:>se axes are parallel to the parameter axes (DS) 
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so that indicati.rx; tvo oonfidence limits of a parameter has sane meaning. 

In m::xiels which are non-linear in the parameters these rontours need not 

be elipsoids and are usually elongated ridges with the length of these 

ridges usually not parallel to any parameter axis. This indicates 

rorrelation arong the parameter values an::1 in this case, to give . 

oonfidence limits to parameter values, withmt giving an indication . of the 

non-linearity of the m::xiel, or the extent to which the parameters are 

correlated, provides little infoDmation(Bg). 

A gcxxl indication of the variance of the estimates of the 

parameters is obtained by plotting oontours of equal likelihoOd ratio 

(R4, Bl8, Jl). 

That is, find · the oo-ordinates, !' in pararreter space that 

satisfy the equation: 

L (!*/:t_,n) 

L (!*/:t_,n) 
= 

"( 

10. * 
1. 

where the likelihood function is given by equation (6.47) and a 

reasonable likelilx>od ratio of 10. is clx:>sen. 

6.51 

If the rovariances in the matrix V are not known, or may be 

assumed equal to zero, V -l may be approximated or replaced by a diagonal 

matrix \Alh.ose elements are represented in equation (6.50). 

The tvo ways in which the rovariance matrix for the experimental 

observations was calculated in this w:::>rk are given in Appendix H. 

* Perhaps a value of 100 would be a better choice, in view of the large 
number of parameters, rowever, in this case it ¥.Ould make little 
difference in the results. 
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(iii) MATHEMATICAL METHODS FOR FINDING THE MINIMU}<I SUM OF . 

SQUARES OBJECI'IVE FUNCI'ION 

'Ib obtain the minimum value of S (~_) , the weighted sum of squares 

obj ective function, this continuous function may be treated as a response 

surface in parameter space. The problem beccmes one of finding the 

minimum point on the response surface. Direct search metmds utilize 

only the values of S (~_) at a point, ~ to find the minirm:an, but gradient 

metlxxls also utilize the derivatives of S (~) with respect to ~. 

DIRECI' SEARQI METHODS 

The simplest to use, but least efficient direct search method, 

is the grid search. Here, values of S (.Q_) are plotted at various 

di screte grid points in parameter space and the minimum S (.Q_) is found 

by observing these values and decreasing the grid spacing in regions of 

minimum S(e) until the minimum (as detennined by an appropriate criterion) 

is found. 

A much rrore efficient search method, especially where ridges 

are present, was developed by Rosenbrock (Rl' RS} This is a trial and 

error method. The parameters are varied one at a time and the effect 

of these changes on the objective function detennine h:Jw the parameter 

will be changed on the next trial with r espect to step to size and 

direction of change. If, after changing the p parameter in turn and 

encountering p successive successes (i.e. noting p successive decreases 

in the objective function) the axes which detennine the direction of 

rrovenent along the response surfaces are rotated. This rotation aligns 

the axes so . that the paramete~s are changed in a direction \vhich depends 
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upon the magnitude of change of each of the parameters since the axes 

were last rotated. 

LINEARIZATICN ME'.IHOD 

In this method, the rrodel is linearized al:out initial parameter 

estimates 5:. in parameter space and the results of linear least squares 

analysis as \\ell as the initial parameter esti.rrates are used to iterate 

the the best estimate parameter values. 

Expanding the rrodel al:out the initial estimates of ! by Taylor 

expansion and neglecting second and higher order devrivatives: 

p a n .. (e, x ) 
= n . (~, x ) + r [ m - --u 1 (ern - a.rn) 

m --u rn=l ae 
m e =a 

'!he predicted and experimental responses for n runs \vi th r 

responses at each run may be considered as ~ vectors of length 

n X r (B8). 

'Ihus equation (6.52) may be written: 

n . (_e, x.) 
J -) 

p an. (e, x.) 
[ J - -) ] 

= nj (~, xj) + rn ! 1 a e . (ern - a.rn) 
rn e=a. 

where j = 1, 2, •••••••• ,(n X r) 

x. = {x.
1
., x. 2, .•••.••. ,xJ.k} 

-) . J J 

6.52 

6.53 
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Using the rrodification proposed by Box and Hunter (B6) in 

evaluating numerically the partial derivatives: 

let z = n. (a + o , a , x.) - n. (a, x.) 
m J m m m -J J -J 

6.54 

where o is the increment for a in evaluating the derivative n\llrerically. m m 

Since the "true" value predicted by the mcrlel is best 

approximated by the experimental value: 

let 

and 

y . = n . ( e ,x . ) 
J J - -) 

Y · = y . - n . (_a , x . ) 
J J J -J 

0 
m 

Therefore, equa.tion ( 6. 53) may be written: 

Y = Z B + e: 

when Y is a vector of observations of size n X r 

Z is a matrix of constants with n X r rows and p columns 

8 is a vector of parameters of size p. 

6.55 

6.56 

.6.5? 

6.58 

Assune the errors are independent and nonnall y distributed with 

constant variance: 

V (£) = I cl 6.59 
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Fran linear least squares, the best estimates of S are 

6.60 

and the new values of e fran (6.60) arrl (6.57) are given by 

e = a + to s * m m m m 
6.61 

~ bea:.rnes the ~ for the next iteration. 

t is a relaxation factor by \-Jhich the step change in a values 

fran one iteration to the other may be oontrolled to induce 

rrost efficient convergence. 



6. 2. 2 PARN1E'IER ESTL"1ATICN FOR Bt.JI'ANE HYDRXENOLYSIS t-10DEL 

This section describes the strategy used to estimate the 

parameters in the butane cracking m:xlel given integral reactor data 
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in which a 200% change in catalyst activity was observed. lm. algorithn 

for this strategy is given in Figure 6.2-1. The strategy for est~ting 

the parameters may be resolved into four oomr:x::ment parts: preliminary 

investigations, estimating kinetic parameters, estimating catalytic 

activities, and testing the roc>del by extrap::>lation. 

6. 2. 2 .1 PRELIMINARY INVESTIGATIOOS 

(i) GIOI CE OF EXPERIMENTAL RUNS IN ESTIMATING PARAMETERS 

In non-linear parameter estimation, the evaluation of the sum of 

squares obj e t:ti ve function involves solving the kinetic m::x:lel once for 

each experimental run included. Solving the rocx:lel v1ith. integral reactor 

data, in this case involves solving numerically a set of five non-linear 

ordinary differential equations. Since for the mrnber of parameters to 

be estimated, the sum of squares objective function would have to be 

evaluated a large number of times, a minimum number of experimental 

runs were chosen to minimize the canputation time. The experimental 

runs used in the parameter estimation are smwn by asterisks in Table . 

G-1. 'Ihese include all experimental runs at different operating 

oondi tions, in which the butane oonversion was less than ninety-nine 

percent. The range of butane oonversion for tmse runs included in the 

parameter estimation was 5.- 90. %; these runs represent ten different 

experimental ope:J;:"ating oonditions, viz. three feed ratios (4, 7 and 9) 

three feed flowrates (1. 0, 1. 4 and 1. 8 ml. /min. ) and three temperature 
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FIGURE 6.2-1 

STRATEGY FOR ESTIMATING BUTANE KINETIC PARAMETERS 

PROPOSED EXPERIMENTAL 
MODEL OBSERVATIONS 

PRELIMINARY INVESTIGATIONS I 
....... 
-t,... 
-~ 

PARAMETER GROUP NO. = 1 I 
.J 
J, 

ESTIMATE PARAMETERS IN PARAMETER GROUP i 
BY NON-LINEAR LEAST SQUARES USING 

(i) GRID SEARCH 
(ii) ROSENBROCK DIRECT SEARCH 

"" GROUP = NO I 3?J I PARAMETER GROUP NO. = 
GROUP + 1 ~ 

YES 

"' NO DO PARAMETERS IN PARAMETER GROUP 1 
STILL GIVE MINIMUM SUM OF SQUARES? 

\1 

I ESTIMATE n and n ... I 
\~ 

ARE RESIDUALS CORRELATED YES RE-ESTIMATE 
I CATALYST r--

WITH TIME? 
ACTIVITIES 

'I 

TEST MODEL BY 
REVISE 

EXTRAPOLATION I PROPOSED 
FAILS MODEL 

\. ll 
MODEL HOLDS OR BREAKS DOWN IN 

A REASONABLE WAY 

.J/ 
I STOP I 
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levels {240., 246. arrl 258. °C). Five centre '[X)int replicates were 

ch:>sen equally distributed through:>ut the course of experimentation to 

give an indication of correlation of residuals {difference between 

experirrental and calculated mole fractions of canponents) with time.* In 

the case of each experimental design point and centre rx:>int only one of 

the several replicate runs was coosen for the sum of squares of objective 

function. '!his was felt justified JJecause of the extrEmely large arrount 

of computation time that ~uld be required if replicate runs were 

included. fureover, by looking at the experimental rrole fractions, it 

is noted that snall differences in feed flOIN, temperature and ratio 

arrong replicate runs seans to cause greater variation in the observed 

CXJmpOnent m:>le fractions than tre variation observed at exactly the 

sarne reacting conditions. 'Ihl.s was interpreted to mean t.~t the 

differences in the m:>le fraction due to analytical errors could be 

considered small in cx:rnparison to the differences caused by snall 

variations in the operating conditions. This also justifies including 

one of several replicates in the evaluation of the objective function. 

The very high oonversion runs were not included in the parameter 

estimation since little infonnation about ooncentration profiles and 

rate distributions in the reactor may be extracted for such high 

conversions. This may be considered as an extreme case in the _general 

problems of estimating parameters or testing a model when integral data 

rather than point value or differential data are available. For example, 

an infinite number of butane rate constants may be chosen to give 100. 

percent oonversion. 

The 18 runs used in the parameter est.i.nlcttion are given in 

* canpranise was rrade here with respect to statistical considerations; 
the choice · of one replicate was made mainly because of a::rnputer t:irne 
limitations. 



RUN # 

5 

26 

53 

84 

109 

133 

149 

21. 

64 

90 

101 

.125 

8 

23 

60 

86 

105 

121 

TABLE 6.2-1 

RUNS USED I N THE SUM OF SQUARES OBJECTIVE FUNCTION 

FOR PARAMETffi ESTIMATION I N BJTANE MODEL 

TEMP. FLON 

ml./min. 

FEED 

RATIO 

EFFLUENT MOLE FRACTIONS 

oc. 

239.7 .89 9.97 .003 .ooo .005 .087 

246.0 1.86 3.78 .045 .007 .021 .179 

245.8 1.81 8.23 .028 .003 .015 .089 

246.7 1.04 3.58 .197 .024 .070 .104 

246,0 1.03 7.81 .069 .011 .032. .067 

245.9 1.63 8.66 .040 .006 .020 .075 

245.2 1.78 8.24 .043 .006 .022 .078 

258.8 1.85 8.81 .068 .011 .025 .061 

258.7 1.85 3.89 .281 .036 .069 .064 

258.5 1.02 9.06 .175 .022 .042 .013 

257.7 1.72 3.96 .340 .045 .078 .036 

258.1 1.85 8.84 .122 .016 .039 .034 

258.6 1.50 6.20 .063 .008 .023 .102 

258.8 1.44 6.72 .134 .016 .040 .058 

258.5 1.45 6.68 .171 .020 .048 .041 

259.2 1.40 7.67 .175 .025 .047 .024 

258.1 1.44 7.09 .192 .025 .051 .025 

258.3 1.40 8.99 .151 .022 .042 .020 

86. 

.905 

.748 

.866 

.605 

.822 

.858 

.851 

.835 

.550 

.747 

.501 

.789 

.804 

.782 

.719 

.729 

.707 

.765 
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Table 6.2-1. 

As will be s}'x)!...n later, the high ronversion nms provide an 

excellent test of the validity of the kinetic m:>del. 

(ii) .. PRELIMINAR'{ ESTIMA'IES OF PARAME'IERS 

In order to search on pararreter values to minimize the sun of 

squares objective function, initial estimates on starting point values 

are required. 'Ib obtain order of magnitude estimates of these parameters 

the integral data was treated as differential reactor data. 

The differential equation for each canponent in the packed bed: 

dP. 
Rl'A ~ 6.62 = r. 

dx v ~ 

where P. = partial pressure of oamponent i 
~ 

R = gas oonstant (atm) (em. 3)/(gm. rroles) (oK.) 

T = temperature °K. 

v = feed volunetric fl~;•rate (ml./sec.) 

r . = rate of disappearance of canponent i rroles/ (sec.) (volume 
v~ 

of reactor) 

x = ·distance along packed bed reactor (em.) 

was approxiiPated by 

P.out _ P.in 
~ ~ 

L 
= 

Rl'A 

v 
r. 
v~ 

where L . = length of the reactor (em.) 

6.63 
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and r . is evaluated at 
Vl. 

P.out 
l. 

+ 

2. 

P.in 
l. 

'Ib obtain the oonstants for the butane part of the mc::x1el, runs 

39 and 53 where crosen. These t\\0 runs have approximately the same 

catalyst activity and the oonversions of butane are widely different; 

(18 . % and 62.%). 'Ihe t\\0 rate equations given by (6.63) for these runs 

were solved simultaneously yielding a butane activation energy of - 47. 

kcal • .flrole and a frequency factor of approximately 1013 m:>lesjsec. -

volune of packed bed reactor. 

Since four parameters are invol va::1 in the propane part of the 

butane m:xiel, ten experimental runs were chosen to obtain preliminary 

estinates. Making the differential reactor approximation, a grid 

search was used to obtain initial paraneter estimates. A range of 105 

. 25 
to 10 was searched over for the pre-exponential factors and a range 

of -10. to -50. kcal.jrrole was searched over for the activation energies. 

A large arrount of intuition about the res{X>nse of the m:xiel to changes in 

parameters was obtained at this stage and this proved useful during the 

later stages. 

Similarly by \\Orking through the mechanistic m:xiel shown in 

Figure 6.1-1 of section 6.1.1, the activation energy for the ethane part 

of the butane m:xiel was calculated to be approximately -30 kcal./m::>le 

and the pre-exponential factor was estimated at 1012 (dimensionless). 

· 'lhese initial estimates of the parameters were gcxxl order-of-
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ma.gnitude estimates for two reasons: the reactions are approximately 

first order with respect to the hydrocarl:cns and the effect of hydrogen 

on the rates, which causes non-linearity in the rate expressions, is 

not extranel y severe since the hydrogen partial p~essure may change 

at :rrost by 40. percent. 

{iii) GroUPING THE PARM-:!E'IERl* 

After the initial est.ima.tes of the parameters are cbtained, 

a systanatic 1 econanic search for the parameters must be perfonned. 

Optimum seeking techniques may be enployed, but a ten-variable search 

still requires a large arrount of cx:xnputer time. Forttmately a 

simplification is possible. It was observed that sane responses (rrole 

fractions of the canponents in the reactor effluent) \-Jere more 

sensitive to some parameters than to others. For example, the butane 

response is rrost sensitive to the butane parameters, the propane response 

is :rrost sensitive to the propane parameters and the ethane response is 

:rrost sensitive to the ethane parameters. Hence, by choosing groups of 

parameters properly 1 it Has felt that the overall efficiency of the 

search could be improved. 'Ihe strategy v.ras adopted 1 therefore, that 

involved a search on a group of parameters, holding the other groups 

oonstant. Each group of parameters could be estimated in turn producing 

an iterative type solution. The link bet¥leen the responses and the 

respective least sensitive parameter groups Has the hydrogen partial 

pressure. This hydrogen partial pressure affects the butane, propane 

and, therefore, the ethane and methane rate and a change in the hydrogen 

partial pressure caused py a change in one parameter group will affect 

* It has been drawn to the attention of the author that there may be 
better methods available for obtaining the parameters in this case. 
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the resp:mses of all of the hydrocarl:on canponents ~ This effect of 

hydrogen is not extremely severe, however, since as mentioned previously 

the hydrogen partial pressure changes are relatively snall for the nm.s 

used in the parameter estimation; thus, it w:mld appear that the 

iteration on parameter groups in turn should be stable. 

These considerations led to the following paraneter groups: 

Group 1: butane activation energy -l'1~ 

butane frequency factor : ~ 

Group 2: 

Group 3: 

propane activation energies 

propane frequency factors 

ethane activation energy 

ethane frequE".ncy factor 

-f1Fpl' -~2 

1),1 I 1),2 

-l\~ 

~ 
Thus, an iterative procedure may nov:r be used ~ ... 'here each. parameb=-r 

group is estirnated in turn, holding the other groups constant. Since 

the interaction arrong the groups, caused by the hydrogen partial pressure, 

is relatively small, only a few interactions should be necessary. 

(iv) CHOOSING 'lliE LF..AST-SENSITIVE PARAHETER3 

The least-sensitive parameters are here defined as those for 

which a relatively snall change in the calculated values of the 
I 

resp::mses occur for relatively large percent changes in the parameters. 

In this study these parameters were found to be the e.xronents on the 

partial pressure of hydrogen tenns in the rate expressions. Problems 

arise in attempting to find \IDCOnstrained w.lues of these e.xronents when 

the most sensitive parameters (the activation energies and pre

e.xronential factors) are not yet near their best values. If these 
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exp:>nents were unconstrained at this point, the search routines \\Ould 

force large changes in their values in an attanpt to rarove large sun 

of squares deviations when, in fact, these would be nore appropriately 

raroved by change!? in the nost sensitive parameters. Fbr example, for 

poor estimates of activation energies and pre-exponential factors, 

unconstrained exponents on the hydrogen partial pressure were forced 

to values as small as -200. This is incanpatible with expected 

mechanisns and with data reported in the literature. Fbr this reason, 

the least sensitive parameters were held at reasonable values (previous 

VA:>rk suggests exponents of about -2) until rnini.nrum sum of squares 

estimates for the nost sensitive parameters were obtained. At this 

point correlations of residuals with feed ratio i.e. partial pressure 

of hych-oge.i"l, were rerno-ved by unconstrained. searclri.ng on tl-..e E:Xp:ineil.ts 

of the hydrogen partial pressure tenns. Reasonable parameter 

estimates were obtained in this way. 

(v) TRANSFORMATIOO OF PARAMETERS 

In the direct search routines used, the parameters are 

increased or decreased in a linear way. This tends to make ridges in 

the response surface since non-linear transfonnations of certain 

pararreters are made in the nodel. 'Ihus, for linear changes in the 

parameters imposed by the search routine, and for non-linear 

transfonnation of sane of the parameters by the nodel, it may be seen 

that the sensitivity of the objective function (whlch detennines the 

shape of ·the sum of squares response surface) may be totally different 

for different parameters. 
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Thus, the parameters were transfonred in a search routine in 

an attanpt to make the objective function equally sensitive to all the 

parameters. 

The transfo:rrna.tions used were: -

~ searched upon = ~E actual/1000.0 

k searched \llX)n = log 10• k actual 

(vi} WEIGHTING ~lATRIX 

Heights are required for each difference between an experimental 

and predicted value so that the particular difference may be properly 

translated into its oontribution to the value of the total sum of squares 

of differences. For the parameter estimation it was decided to weigh 

equally all five mole fractions in the reactor effluent for each run. 

This \'las done for tMo reasons. At the time, no ccmprehensi ve error · 

analysis and thus, varienee matrix was available. The seoond and rrost 

important reason relates to the experiments which were included in the 

parameter estimation and the type of parameters that were to be estimated. 

The rrost sensitive parameters to be estimated were the rate oonstant 

parameters, i.e. the frequency factors and the activation energies. 

All but one of the 18 runs inclu:ied in the pararreter estimation occurred 

at tMo temperature levels. When for each response n-.o parameters are 

being estimated fran essentially tMo experiment leyels, it . smtild not 

matter whether the inverse of the real covariance matrix is used as the 

weighting matrix for the data or \<Jhether the data are weighted equally, 

as long as the parameters are those oorresponding to the minimun of the 

sum of squares of the de.viati<?ns and the residuals .are randanly 
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distributed al::out a zero mean. In each case the parameter estimates 

soould be the ~. When rrore than o..u levels are used and the error 

variance cannot be assumed constant, then the inverse of the covariance 

matrix for the response variable~ should be used. 

The weighting matrix for the rrole fractions consists of five 

coluuns, one for each component, and eighteen rows, one for each run. 

'!he elem:mts of the matrix are detennined as follows: 

let x .. represent the experimental rrole fraction of cx:mponent j in 
l.) 

:Lf x .. 
l.J 

if x .. 
l.) 

if x .. 
l.J 

s (!) 

run i 

w. . represent weighting factor for the difference between the 
l.J 

calculated and experimental rrole fraction for cxmponent j in 

the ith run. 

< 0.01 '.~ .. -- 10000. 
l.J 

< 0.1 w . . = 1000. 
l.J 

> 0.1 w .. 
l.J 

= 100. 

The sun-of squares objective function is thus calculated as: 

n r 
= L L 

i=l j=l 
(SSQ •. * SSQ . . ) 

l.J l.) 
6.64 

where n = number of runs (18) 

r = number of a:nq:x::ments ( 5) 

and 

SSQ.. = w .. (x .. - n .. ) 
l.) l.) l.) l.) 

6.65 



where n. . is the mole fraction of the j th canponent in the i th run 
~J 

predicted fran the reaction rrodel. 

(vii) INITIAL ESTIM.J\.'IES FOR CATALYST ACI'IVITIES 

Since catalyst activity varied during the course of the 

experimental program ( as evidenced by changing conversion under 
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identical experimental conditions) , sane estimate of catalyst activity 

had to be made so that all runs oould be included in the parameter 

extimation. The exact procedure for obtaining this activity will be 

discussed in Section 6.2.1.3. At the outset, catalyst activity for 

each run was calculated fran conversion data for the "centre-point 

oondi tions" • 

That is, initial estimates of catalyst activity were given by: 

"'~ti· . c 
r»..; v~ ty = -co 

6.66 

where c
0 

is sore arbitrary conversion taken as the standard, in this 

case c 0 = 0.65, 

and c is the conversion that \'.Uuld be obtained for any experimental 

run if the run were performed at "centre y;x:>int" operating conditions. 

For a centre-point run, c was taken as the observed conversion and for 

each experimental design run, c was taken as the average conversion of 

the ~ straddling centre-point runs. Thus, for each run in the sum of 

squares objective function, a separate catalyst activity could be 

included 



6. 2. 2. 2 ESTJJ.1ATING KINETIC PAJWvlETER> 

This section describes the procedures for estimating the ten 

parameters given the kinetic model, the experimental data and a set of 

catalyst activity values. 

Since the ten-variable search has been broken up into three 

searches involving the l:utane, propane and ethane parameter groups, 

an iterative procedure must be followed. The butane, propane and 

ethane groups of parameters are estimated in turn. In estimating the 

butane parameters, the total sum of squares is decreased for the rrost 

part by a decrease in the sum of squares of differences between the 

calculated and observed butane rrole fractions, i.e. the rrost sensitive 

response for the butane parameter group is the butane rrole fractions. 

Sirnilarly, the total sum of squares is reduced rcostly by a decrease in 

sum of squares of propane and ethane rrole fractions in estimating the 

propane and ethane parameter groups respectively. 

Both a grid search and the PDsenb:rock direct search was used 

95. 

to minimize the objective function given by equation (6.64). The grid 

search was used to get in the region of the minimum S (~) and the direct 

search was used to obtain the final estirnq,tes. The optimum objective 

furx::tion was reached when three ITlCI.in oonditions were satisfied: (i) the 

sum of the squares -was a minimum, (ii) no correlation of the residuals* 

(difference between observed and calculated rrole fractions) with operating 

tanperature and flo.·,-rrate could be observed, and finally, (iii) any 

correlation of residuals 'l.vi.th time 'WaS to be Split, as well as possible, 

into an equal number of positive and negative residuals. This was to be 

useful in estimating catalyst activities. 

* This is inherently obServed in Figure 6.2-2. 
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In attenpting to attain the mininrum objective function by means 

of the Ibsenbrock search, numerous local mi.nirra were encountered. 

These were generally characterized by a local mininrum sun of squares 

of deviations, but the residuals. of the rrole fractions of one or rrore 

of the responses was correlated with temperature. In this case, a grid 

search was extremely helpful in scarmin;J the response surface and 

enabling new starting parameter values to be found. These new starting 

p3.rameter values were chosen in a region with less oorrelation arrong 

residuals. These regions, also, aheys produced a laver value of 

total sum of squares of differences. 

'Ihe iterative procedure of considering the rutane, propane, 

curl ethane groups, in turn, was oontinued until essentially no change 

i 

observed. At this point correlation of residuals with feed ratio was 

renoved by an unoonstrained search on the exp::ments of the partial 

pressure of hydrogen in the butane and propane rate expressions. After 

· these exponents were clanged, an eight variable search, using the 

Ibsenbrock routine and the parameters in the three groups, soowe::l 

negligible changes in the parameters because of the updating of 

exponent parameters. lmy remaining oorrelation of residuals with time 

was to be raroved by re-estimating catalyst activities. 

6.2.2.3 ESTIMATING CATALYST ACTIVITIES 

catalyst activity is defined as the ratio of the rate of 

reaction tmder standard operating oondi tions to the rate of reaction 

under the same operating corrlitions, l:ut at an arbitrary constant 

catalyst ccndition. This may also be expressed as the ratio of rate 
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ccnstants. 

'lhus, the catalyst activit y may be defined as: 

6.67 

where k is the reaction rate oonstant observed at any time and at 

standard operating oonditions and k0 is the reaction rate constant at 

the same operating conditions and at a standard catalyst condition. 

The catalyst activity is assumed to affect the reaction rate 

in a linear way. Since the reaction rate is prorortional to the partial 

pressures of the reactants, the effect of catalyst activity on the 

conversion of the reactants is non-linear. · Thus, the ratio of 

c:onversicns, used as L~itial estiir.ates of cat,A;"1 lyst llctiv~t:{, cw1 only 

be ccnsidered first approximations to the ratio of rate constants. 

It is to be noted that the calculated catalyst activity depends 

on the fonn of the kinetic m:xlel and pararreter values. The calculated 

catalyst activity represents the true catalyst activity if the m:xlel 

and the parameters are oorrect. It is, therefore, necessary to iterate 

on the catalyst activities of the centre-roint runs. This iterative 

procedure involves estimating a set of catalyst activities for the 

centre-point runs; interfX)lating from these centre-point runs the 

catalyst activities of the experimental design-roint runs; using these 

catalyst activities and the rrodel to obtain estimates of the kinetic 

pararooters; and finally using these estimates aE the kinetic parameters 

and the rrodel (which \'.Uuld produce oorrelations of the residuals of the 

b.ltane rrole fractions with time) to re-estimate the catalyst activities 



RI.N 

NO. 

4 

9 

17 

25 

30 

38 

50 

57 

66 

80 

86 

93 ' 

105 

112 

119 

126 

135 

146 

150 

TABlE 6.2-2 

CENTRE-POINT RUNS USED FDR ITERATION 

TEMPERATURE 

258.7 

258.7 

258.6 

. 258.7 

258.7 

258.6 

258.6 

258.5 

258.6 

258.6 

259.2 

258.1 

258.1 

258.5 

. 258.5 

258.9 

258.2 

258.4 

257.9 

<N CATALYST J>..criVI'IY 

FEED 

FI..a"ffiA'IE 

3 
(CM. /SEC.) 

1.39 

1.61 

1.45 

1.44 

1.48 

1.45 

1.49 . 

1.44 

1.46 

1.44 

1.40 

1.45 

1.44 

1.45 

1.37 

1.41 

1.42 

1.44 

1.43 

~/C4 <XNVERSION 

.FEED OF 

MOLAR BtJ.I'ANE 

RATIO (PEIONT) 

7.14 15.7 

6.36 27.4 

7.04 50.1 

7.08 53.5 

7.37 50.4 

7.84 66.2 

7.08 72.3 

7.13 67.2 

7.00 69.0 

7.15 76.3 

7.67 79.4 

6.63 76.3 

7.10 79.9 

6.71 82.1 

8.88 82.0 

8.05 83.9 

7.50 83.4 

6.75 87.0 

6.97 82.4 

98~ 



of the centre-p:>int runs. 'lhis iteration must be oontinued until no 

correlation of residuals is detected with time and no further change 

in the catalyst activities of the centre-p:>int runs is observed upon 

oontinued-iteration. This iteration procedure will now be discussed 

in nore detail. 

99. 

It was difficult to set operating oonditions precisely for each 

centre-p:>int run. Fbr this rearon, a single replicate was chosen fran 

each centre-p:>int experiment such that the measured independent variable 

settings were close to those chosen to represent the standard operating 

oonditions. Table 6.2-2 slxMs the centre-p:>int runs used and the 

operating conditions. 

In estimating the catalyst activities, k values rather than 

as 65. in the first iteration involving oonversions as the estimates 

of activities. Fbr the second and subsequent iterations a k0 value of 

59. was clx:>sen. This value was chosen as a oonvenience so that in 

graphs (to be described) which follow the iterations, curves will not 

cross a 45. 0 line. 

After the initial estimates of the catalyst activities were 

crosen (as described in a previous part of this section), and after 

kinetic parameters were estimated using the activities and the 

experilneiltal design-point runs, the centre-p:>int catalyst activities 

were re-estimated. Fbr each of these centre-p:>int runs, given the m::>del 

and ·a set of pararneters, different k/ko values were clx:>sen over an 

awropriate range. The kinetic m::>del was calculated at these k/ko 

values and the residuals of the butane rcole fractions were then plotted 
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TABLE 6.2-3 

k VALUES OF CENTRE POINTS FOR CATALYST ACTIVITY ITERATIONS 

I ~~~~~-~~~ -
-· --~-- -~-- ~ - - - j 

RUN NO. I CONVERSICN OF I FIRST SECOND THIRD FOURTH RESULTING ! I BUTANE ITERATION ITERATION ITERATION ITERATION ACTIVITIES I 
I 

( ini tia1 cat- , I 

----~--]- alys:s ~~i vi ty) r -- ~~-~- -- - -· .... 
____ _! 

12.4 12.1 12.4 14.0 13.6 1 
9 25.5 . 22.8 23.7 24.0 24.1 27.0 26.5 

17 50.0 45.0 47.0 47.5 47.7 54.0 53.3 
25 53.5 48.2 50.0 50.6 51.1 58.0 57.0 
30 50.5 56.8 58.3 49.0 50.6 57.5 55.0 
38 I 66.0 69.7 72.0 73.1 73.5 82.5 81.4 
50 I 72.6 76.8 79.1 82.4 82.1 92.0 92.0 
57 67.2 68.5 71.2 73.1 73.0 82.0 81.8 
66 69.0 71.1 73.8 76.0 75.9 ! 85.0 84.6 
80 76.3 84.4 87.6 90.6 90.8 I 101.0 100.2 
86 79.0 86.9 89.0 91.5 90.7 102.0 101.0 
93 I 76.2 85.5 89.5 93.0 92.3 103 . 8 

I 
101.6 

105 80.0 96.5 101.2 105.0 105.0 118.6 115.5 
112 82.0 

I 
96.9 101.3 105.5 105.5 119.0 . 119.0 

119 82.0 108.9 112 .a 114.5 114.6 
I 

128.5 125.0 
126 i 83.9 104.9 108.3 111.0 110.7 I 125.0 123.5 ! 1.. 
135 ' 83.4 I 106.2 111.1 115 .o 114.1 j 123.5 I 127.0 

I I I 

146 I 87.0 111.0 115.8 121.5 119.3 I 134.0 _i __ 128.1 
I l 150 82.4 I 103.0 108.1 . 112.9 113.1 127.7 125 .s 

I 
- _ _____ .., __ --------- ------ -----··-- -------- ··· ___ ,!..__ ___ 

~ 
0 
~ 
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against k. cne such plot was made for each centre-point run. The value 

at which the resulting curve crosses the abscissa (residual = 0) 

represents the true k/ko or activity value assuming that the m:xlel and 

the parameter values are true. ~s statement nay be made since all the 

centre-point experiments were perfonned at a standard operating 

oonditian, and therefore, if residuals occur and are correlated, they 

may be said to be oorrelated with time, and hence, catalyst activity. 

'lhus, raroving error by re-estimating k/ko for each centre-point run is 

actually raroving error by obtaining a better estimate of catalyst 

activity. 

Fbr each centre-point run, the new value of k0 obtained by the 

above metixxi was plotted against the one used in the previous iteration 

(the very first being c). New activities for use with the experimental 

desi gn points for re-estimating parameters were found fran this curve, 

knc:Ming the original activity values. 

After the kinetic parameters were re-estimated using these 

experimental design points, ~se na>1 parameters were used with the 

centre-point runs to re-estimate the catalyst activities, k/k0• This 

iteration was continued until, for the centre-point runs, the plot of 

the new k values versus the k values from the previous iteration 

awroached a 45. o -line. These curves are shov-n in Figure 6.2-2. 'lhe 

k values of the centre points for these iterations are also given in 

Table 6. 2-3. A large change in the k values may be observed for the 

first iteration with relatively nuch smaller changes occurring in 

subsequent iterations. It appears that oovergence had been reached 

after the third iteration. To check this, instead of re-estimating 
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parameters using the k values from the fourth iteration, over-relaxed 

k values were used. The resulting centre-p:>int activities are shown 

in Table 6.2-3. These activities tend to decrease. This is also 

evidenced by a slope of less than one (Figure 6.2-2) in plotting the 

resulting activities versus the over-relaxed activities. This was 

taken as sufficient evidence that the correct catalyst activities had 

been converged up:>n. A plot of the final catalyst activities for the 

centre-point experiments, versus ~ conversion of butane, is given 

in Figure 6.2-3. 

- ·. The parameters changed during the catalyst activity 

iterations. Since the propane part of the butane m:xlel was revised 

during these iterations only chan:Jes in the butane activation energy 

will be discussed. The best estimates of the butane activation energy 

chan:Jed in the follCMing way. 

Initial Estimates of k 
(conversion of b.ltane) 

First Iteration 

Second Iteration 

Third Iteration 

OVer-relaxed k values 

AFn (k.cal./gm. 100le) 

48.11 

58.00 

54.454 

56.900 

56.747 

An extranely large junp in activation energy is noted in the 

first ·iteration and in subsequent iterations the activation energy 

stabilizes. 
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6.2.2.4 TFSTmG THE 1\Dr:EL BY EXTRAPOIATICN 

D..lring the experimental program, essentially 100.% conversion 

nms were obtained at the high tenperature levels; these ~re not used 

for parameter estimation. They cquld be used, OO\...ever, to test the 

m::xlel by extrarx:>lating to oonditions outside of the range of tOOse used 

to estinate the parameters. This test proved fruitful in that an 

initially prorx:>sed prop3r1e part of the l::utane cracking Irodel broke down 

canpletely on extrarx:>lating. Soch was not the case for the subsequently 

m::xlified model, as will be soown in section 6.3.1 of this thesis. 
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PARAMETER ESTIMATES 

'!he kinetic pararrEter esti.m::ltes obtained for the butane Jrode1 

using the parameter estimation technique described in this section are: 

~ = 56.900 (k.cal./gm. rrole) 

~1 = 54.3339 (k. cal. /gm. rrole) 

~~2 = 37.5794 (k.cal./gm. rrole) 

~ = 16.8528 (k.cal./gm. trole) 

1og10.~ = 17.703 (rro1es/ sec. vol. reactor at:m. ( • 78 ) ) 

log10.1),1 = 16.1328 (troles/ sec. vol. reactor atm. ( • 78 )) 

1og10.1),2 = 14.9729 (dimensionless) 

1og10.~ = 6.9776 (dimensionless) 

n = 1.59 

n' = 2.47 
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6. 2 . 3 . PARAMETER ESTIMATICN FOR THE ProPANE HYDroGENOLYSIS M)DEL 

The parameter estimation strategy for the propane rrodel was 

much simpler than for the butane rrodel because no significant catalyst 

activity Changes were observed during the propane experiments and 

because only six parameters were to be es-J:imated. Much of the propane 

· p:trameter estimation was carried out in the same way as that for butane. 

The initial p;trameter estimates and the weighting matrix were 

·detennined in the same· way. The Ibsenb:rock direct search routine with 

a similar objective function was also used. 

There was, however, one major difference . in strategy. In the 

rutane parameter estimation \\Ork, strong correlations anong residuals 

were raroved by starting the direct search routine at different 

parameter estim:ltes. In the propa11e parameter esti.TP.ation ~·.'Ork, t.~ese 

correlations could be raroved by using the linearization technique 

described in section 6.2.1 of .this chapter. 

'lb begin the parameter estimation, initial estimates were 

obtained by assuming the reactor operated differentially. Better 

parameter estimates were then obtained by non-linear regression using 

the Ibsenb:rock search routine. The algorithm for the non-linear 

regression technique is smwn in Figure 6.2-4. 

z..t:>st precise estimates were then obtained by U..O math:::>ds; the 

linearization technique arrl minimizing the weighted sum of squares of 

differences between observed and calculated nole fractions. The 

weighting matrix was obtained in the same way as in the butane 

parameter estimation, except that in this case all the weights for the 

propane nole fractions were doubled. This was done to detennine the 
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TA BLE 6.2-4 

COMPARISON OF LOCAL LINEARIZATION 

AND DIRECT SEARCH*METilOD 

LOCAL DIR ECT SEARCH 

L H~EAR IZA TION 

t. Ep 49.183 49.183 

t.EE** 18.791 18.449 

PARAMETER log kp 14.023 14.036 

VALUES log kE 7. 719 7.557 

m 0.94 0.94 

n -2.5 -2.5 

. WEIGH ED SUM cl 0.32 0.42 

OF c2 0.59 0.60 

SQUARES OF c3 0.36 0.09*** 

DIFFERENCES OF H2 0.01 0.01 

COMPONENTS Total 1.29 1.12 

* Ros enbrock search technique was us ed with propane residuals 
weighted twice as much as the ethane residuals. 

** t. EE = t. Ereaction - 6 Edesorption 
*** This arises because of greater weight on c3 

113. 
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effect of weighting the propane response rrore than the responses of the 

other cx:xnp:>nents. These t\\0 metlx>ds were used since the linearization 

technique effectively weighs all data equally and in minimizing the 

weighted sum of squares by direct search, rrore weight was placed on the 

propane canponent. Figure 6.2-5 s.hc:Ms the parameter values versus 

iteration mnnber for the linearization technique in estimating the six 

parameters in the propane cracking Irodel. The paths srow sharp changes 

in direction since a very snall maximum percent change per iteration 

(0.1%) was allaved for each parameter. It was felt that this w::>uld 

stabilize the solution and prevent divergence. Instabilities were in 

fact observed if this maxirm.ml percent change per iteration was increased 

0.5%. This observation reflects the sensitivity of the predicted 

resrx>nses to t.~ parameters, especially t.he activation energies. 

The differences in the parameter estimates and the sum of 

squares of weighted differences in rrole fractions is shown in Table 6.2-4. 

A1 though unequal weights were used in the direct search metlx>d, equal 

weights are used in Table 6. 2- 4 in calculating the weighted sum of 

squares for the direct search metix:x:l, so as to obtain a basis of 

OClT!p:U"ison. 



6. 2. 4 PARAMETER ESTIMA.TICN FOR IDDEIS DESCRIBING 

CATKLYST ACI'IVITY CliANGE 

115. 

The m::xlels for which the parameters are to be estimated are 

developed in section 6 .1. 4. The parameters were estimated by means of 

a direct search on the parameters to minimize the usual sun of squares 

objective function. The algorithm used is sho.vn in Figure 6.2- 4 in 

the previous section. Ta:nperature, one of the independent variables in 

the catalyst activity m::xlels was recorded at 12-minute intervals 

throughout the continuous 80-hour period covering all of the experimental 

runs. These values are given in Table 5-2 and Figure 6.3-9. 

Catalyst activity, the dependent variable, was calculated as 

a function of time by solving numerically equations 6.32 and 6.34 

which are ~nalytic~l solutions of t..l!e pror:osed ,-,; fferential eqttation 

m::xlels. The experimental catalyst activities were the final k/k0 values 

obtained in the catalyst activity iteration described in section 6.2.2.3 

of this thesis. 

· Because of the small time increrrents and because tanperature 

always varied linearly within these time incre:nents, the trapezoidal 

rule was assumed satisfactory in perfonning the integrations in 

equations 6.32 and 6.34~ 

In searching for the parameter estimates in both m::xlels, several 

initial parcnreter values were used to ensure that the minimum in the 

objective function was acutally the global rather than just a local one. 

The m::xlels along with the parameter values obtained by this 

pn>cedure are: 
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(i) m:xiel assuming constant maximnn catalyst activity: 

de 15 at = 8.05 X 10. exp {-47700./RT} • [145. - c] 6.68 

(il) m:xiel assuming that ~ rnaximun catalyst activity is a function of 

tanperature: 

de · 3 
dt = 7.26 X 10. exp {-17400./RT} • [7.5 (T - 518.) - c] 6.69 



6.2.5 "CCNFIDENCE LIMITS" ON ESTIMA'IED PARZ\METER> 

The procedures for estiroa.ting the parameters for the kinetic 

m:xlels for butane and propane hydrogenolysis in a fixed-bed reactor 

117. 

and for the rrodels describing the changing catalyst activity with time 

have been described. It ~ins to daronstrate the "confidence 

intervals" on these parameters; this is done by considering these 

confidence intervals for the ten parameters in the butane hyd:rogenolysis 

rrodel. ''Confidence intervals'' for the pararreter estimates of the propane 

m:xlel may be found in an analagous way. Because of the functional 

fonn of this rrodel, the type of data used to estiroa.te the parameters 

and the order of magnitude of the parameter values, the limits of propane 

parameter values smuld be of the same order of magnitude as the 

parameters in the butane cracking rrodel. 

In estimating the parameters in the rrodels proposed to describe 

the catalyst activity change, k values, obtained by iterating on catalyst 

activity, were used as observations. Because of the way these k values 

were determined, it is not imrediately obvious hJw one ~uld go about 

estimating the covariance matrix for these observations. In order to 

obtain estimates of the· errcrs in the parameters using the Li.kelih:x:x:1 

ratio metmd, at least three courses of action seen open: (i) an attanpt 

at estimating the covariance matrix for the k value "observations" could 

be carried out, (ii) likeliOOods could be maximized with respect to the 

error variance, (iii) or likelimods which have the effects of the 

error variance integrated out may be used. Time did not pennit the 

estimation of the errors in the parameters for these rrodels. 

In estimating the "confidence intervals" for the parameters in 
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the butane cracking m::xlel, the likelihcx:xl ratio met.hodtwas used. '.Ihls 

xrethod is discussed in Section 6. 2. 5. A much nore rigorous discussion 

of this meth:xl is given by Barnard, Jenkins and Winsten (BlS) and 

Jenkins and watts (Jl). The tenn "confidence interval" is used loosely 

in this thesis to describe a region in paraneter space rounded by 

oontours of eqml likelihcx:x1 ratio. The value of the likelihood 

ratio chosen to describe these limits was arbitrarily chosen as 10., 

altlnugh as will be sh::lwn later, with such large ratios possible, values 

as high as 60. may be oonsidered small. 

In order to evaluate the likelihcx:xl ratios, a oovariance matrix 

or ~ighting natrix must be obtained to take into ·acoount the error's in 

the observations. In this study, three matrices, each evaluated 

independently -were available to describe these errors. An analytical 

or a priori estimate of the covariance natrix is given in Appendix H. 

This appendix also contains a statistical or a posteriori fonnulation 

of this matrix. A third fonnulation of this weighting matd.?t is 

described in Section 6. 2. 2 .1. The elements of this matrix were used in 

the parameter estimation and this matrix will be described as the 

"equal-weighting natrix"·, that is, a natrix which puts equal weight 

on all the data. The nost oorrect form of the weighting matrix that 

should be used in parameter estimation and in obtaining oonfidence 

intervals of parameters is the inverse of the analytically fonnulated 

covariance matrix. The equal-weighting matrix was used througoout for 

o..u reasons. Firstly, since essentially tv.U levels of the nost 

imr-ortant variable, tanperature, were used in the parameter estimation, 

it was felt that the parameter estimates would be insensitive to the 

* Interval estimates based on likelimod ratio were used because of the 
meth:xl 's capability of direct generalization to any set of joint 
interval estimates. 



TABLE 6.2-5 --
l\ · • II 

CONFIDENCE INTERVALS* FOR BEST ESTIMATE PARAMETER 

VALUES IN BUTANE HYDROGENOLYSIS MODEL 

WEIGHTED 
PARAMETER LEAST SQUARES LOWER LIMIT UPPER LIMIT 

ESTIMATES 

llEB 56.900 56.891 (-.009) 56.907 (+.007) 

llEPl 54.334 54.283 (-.051) 54.370' (+.036) 

6EP2 37.579 37.534 (-.045) 37.609 (+J030) 

flEE 16.853 16.817 (-.036) 16.879 (+.026) 

loglO kB 17.703 17.700 (-.003) 17.706 (+.003) 

loglOKPl 16.133 16.117 (-.016) 16.154 (+.021) 

logl0KP2 14.973 14.961 (-.012) 14.991 (+.019) 

loglO~ 6.978 6.966 (-.012) 6.990 (+.012) 

n 1.59 1.57 (-.02) 1.66 (+. 07) 

n "' 2.47 2.36 (-.11) 2.58 (+.11) 

* The confidence intervals are· determined by a likelihood ratio 
of 10 and are evaluated at the best estimate values of the 
remaining parameters. 

..... ..... 
1.0 
• 
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weighting matrix. That is, for two levels of an independent variable, 

the parameter estimates are independent of the weighting factors. A 

straight line will always go through two p::>ints regardless of the error 

limits on these two p::>ints. If it is realized that essentially two 

levels are available and thus, all data should be believed equally, an 
equal weighting matrix seems reasonable. If data are weighted tmequally, 

approximately the same parameter values will be estimated; however, now 

the minirrrum objective ftmction ITO.lst be found to more digits since 

contributions of lower weighted residuals, that must be taken into 

acoount, will affect the weighted residual sum of squares to a much 

lower degree than with the equal weighting matrix. This seoond 

oonsideration is important here because of the time required to evaluate 

the objective function. 

Four different investigations are presented below to give sane 

idea of the "confidence intervals" of, and the correlation among, the 

estimates of parameters for the butane hydrogenolysis rrodel. 

(i) 11 CXNF'IDENQ: Ln1ITS II OF 'IHE PARAMETER) IN THE BUTANE CRAa<ING M:>DEL 

The "confidence limits" were obtained in the following way. The 

weighting matrix was that one which put equal weight on all the observations. 

The maximum likelilxxxl was that likelihood calculated using the parameter 

estimates which minimized the weighted sum of squares of differences 

between observed and calculated mote fractions given by equation (6.49). 

'lhe calculated likelihood ratio was then the ratio of this rnaxirrrum 

likeliOOod to a sualler likelihood caused by the perturbing a parameter 

away fran its best estimate value. The "oonfidence limits" of a parameter 

was, then those values of the parameter for which the likelihood ratio, 
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calculated at the best estimate values of the ramining parameters, was 

equal to alx>ut 10. Thus, the "confiden.ce limits" for each parameter 

were evaluated by perturbing each parameter about_ its best estimate 

value and calculating the likelilx:x:xl ratio. The "confidence limits" 

obtained in this way are given in Table 6.2-5. 



TABLE 6.2.:.6 

"cONFIDENCE INTERVALS~ FOR BUTANE ACTIVATION ENERGY USING 

THREE DIFFERENT WEIGHTING MATRICES 

WEIGHTING MATRICES USED 

Equal - Weighting Analytically Formulated 
Matrix Cc•variance Matrix 

6EB evaluated at parameters 56.900 54.348 
given below 

Lower limit of ~B 56.891 (- .009) 54.338 (-.010) 

Upper limit of 6EB 56.907 (+. 007) 54.356 (+.008) 

llEPl 54.3339 54.3339 

llEP2 37.5794 37.5794 

flEE 16.8528 16.8528 

loglOkB 17.703 17.5155 
Remaining 
Parameter loglOKPl 16.1328 16.1328 
Values 

logl0KP2 14.9729 14.9729 

loglOkE 6. 9776 6.9776 

n 1.59 1.59 

n' 2.47 2.47 

Statistica'lly Formulated 
Weighting Matrix 

56.4431 

56.4326 (-.012) 

56.4530 (+.011) 

54.3339 

37.5794 

16.8528 

17.5155 

16.1328 

14.9729 

6.9776 

1.59 

2.47 

* A likelihood ratio of 10 was used to describe the limits of the parameter values. 
.... 
N .... . 



'!able 6.2-5. 

(ii) ro1PARISCN OF "O)NFII:lENCE LIMITS" FOR 'IHE ACI'IVATION 

ENEIGY OF BUI'ANE 

For this investigation the three weighting matrices described 

_previously were used to evaluate the "confidence intervals" in order 

to get sare idea of the differences that might arise for exarrple, in 

the activation energy of butane. 'Ib do this, best estimates of the 

activation energy of butane were obtained in turn using each of these 

different oovariance matrices. The ranaining parameters were held at 

their best est.irrate values fo'UIXl by using the equal-weighting matrix. 

The "confidence limits" of the best est.irrate activation energies were 

then calculated as described in the previous secticn, using the 

respective covari ance matrices. 

The three best est.irrates of the activation energy of butane 

and their respective "confidence limits" are given in Table 6.2-6. 

It may be ooted that the three est.irrates, and the deviations of the 

~and lower limits of the parameters about their respective best 

estimate values, are quite similar. This would, in a rather rough 

s:>rt of way, justify the use of the less-cx:>rrect equal ""'\'Jeighting 

matrix in est.irrating the parameters and in est.irrating the errors in 

these paraneters. 

122. 

It llllSt be noted that there is no direct . basis of cx:mparison of 

the "oonfidence limits" slxMn in Table 6.2-6. This is because, for each 

weighting matrix, the lfr..elilxxrl ratio was not evaluated at the best 

estimate parameter values for the particular weighting matrix. This 
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means that the "confidence limits" for the activation energy of butane 

were not evaluated at the same relative position in pararreter space 

for the three cases. Q:mp;lrison is, mwever, justified for the 

foll owing 0..0 rea~ns. Firstly, only order of magnit\Xle canparisons 

are ~ing sought. Secondly, as slx>wn in the fell~ section, the 

"confidence intervals" for the activation energy of butane are 

approximately constant for any value of the pre-exponential factor. 

This constancy appears to rold until very close to the cx:mbination of 

p;1rarreters that yield the max.i.rrn.nn allavable likelih:xrl ratio. For this 

reason it is suspected that the "confidence interval" at some point in 

pararreter space is an approximation to the confidence interval at the 

point in parameter space described by the best-estimate parcmteter 

values for t.l-Je particular "·'"";ghti."lg matri."{. 

In sumnary, then, all three weighting matrices appear to give 

approximately the same activation energies of butane and the same 

order of magnitudes for the "confidence intervals". 

(iii) ())RREIATICN OF 'IHE FRF)JUENCY FACIOR AND 'lHE BurANE 

ACI'IVATIOO ENEffiY IN 'mE BUTANE RA'IE EXPRESSIOO 

Because of the functional fonn of the expression for the 

Arrhenius rate constant it appears reasonable that sane correlation 

between the frequency factor and the activation energy could occur. 

That is, it \\UUJ.d appear that over a restricted range, various 

c:x::mbinations of the frequency factor and activation energy could 
I 

prcxluce alm::>st the same predictions. The ptrrp)se of this investigation 

was to examine the extent of correlation between these. 0..0 parameters 
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in the butane rate expression. 

To accomplish this, the likelih:xxl ratio resp:>nse surface was 

examined in the plane of the rutane frequency factor arrl the butane 

activation energy. This ·surface appeared to be a valley with extremely 

steep sides and is soown in Figure 6.2-6. The solid line represents 

the locus of the l::ottan of the valley. This locus was found by rooans 

of grid searching and searching in one direction at a time by means 

of the generally accepted Golden Section search meth:Xi (W4). The locus 

appears as a straight line because of the log transfonnation perfonned 

on the pre-exponential factor. The lines on either side of this locus, 

represent points an the response surface which have a likelihood ratio 

values of ten. These lines are extrertely close to the locus of the 

l::ottan of the valley and appear to run essentially parallel to this 

locus until the values of the likelihood ratio at the l::ottan of the 

valley approach ten. The numbers given in Figure 6.2-6 represent values 

of the likelih:xxl ratio along the locus. 

It may be noted that the activation energy of butane appears 

sl.gnificantly correlated fran approximately 56.05 k.cal./gm. m::>le to 

approximately 57.60 k.cal./gm. m::>le with log10• ~· 

(iv) O)RREI.ATI<N OF PAAAME'IER:> IN 'IHE PIDPANE PARI' OF 'IHE 

BUTANE HYD:RXENOLYSIS IDDEL 

In following the procedures of estimating the parameters in the 

m::>del for butane hydrogenolysis it was suspected that severe correlation 

existed between the two sets of activation energies and pre-exponential 

factors in the expression describing the rate of production of propane. 
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The purp:>se of this section is to check statistically this suspicion. 

To acccmplish this, a value of 30. 00 was clx>sen for ~2 
(canpared to the best estimate of 37 .58). Then, using the best 

estimates of the remaining pararreters, a three-variable search was 

perfonned on llEl>l, ~l and ~2 • The best estimate values for these 

parameters were found to be: 

llEpl 

loglO. I<P1 
loglO. ~2 

40.007 

10.208 

11.897 

The weighted sum of squares obtained using these parameters was 

oompared with the weighted sum of squares obtained by using the 

parameters given in Table 6. 2-5 by rreans of a likelilxxxl ratio test. 

The likelih::xxl ratio was found to be 60. , of course in favour of the 

best parameter values. In view of the large differences in parameter 

values (e.g. 54.334 and 40.007 for llE1>1> and since the likelih::xxl ratio 

changes quickly with changes in one parameter, this relatively snall 

likelih::xxl ratio of 60. illustrates substantial oorrelation. A rrore 

detailed explanation of this observed oorrelation is given in 

Section 6 • 3 .1. 

DISCUSSICN 

Fbur different investigations have been described to examine 

the "confidence intervals" of the best estimate parameters in the 

butane cracking mcxlel. If further exanination of the errors in the 

parameter estimates is desired, computer programs are available (see 

Appendix K) and further investigation may be easily carried out. 
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The nost ~rtant observation to be made fran this section is 

that the errors in the parameter estimates are extrarely !:mall. This 

means that for the experimental data used in estimating the parameters 

in the butane rrodel, the parameters may be es~too extremaly 

precisely. This precision has been checked by using three independently 

obtained weightin:J matrices which account for the errors in the 

observations. It is felt that this precision reflects the mathematical 

fonn of the rrodel, i.e., it is due to the transformations inherent in 

the reactor and kinetic rrodel. It means that the calculated sum of 

squares objective function is extremely sensitive to the suggested 

parameter values; therefore, these parameters nrust be estimated to many 

significant figures in order to minimize the weighted sun of squares 

objective function. 

It is nost important to realize that the extreme precision of 

the parameter estimates does not imply ext.ranely accurate predictions. 

The extreme precision of the parameter estimates in this study is 

attributed rrore to the fonn of the rrodel. 

Take for example the observed value from the model: 

Y· = eex + E· 
l. l. 

Here, it may be seen that if in all cases the suggested values 

are of the same order of magnitude, the sensitivity of y to e will depend 

up:>n the value of x. That is, y will be nore sensitive to e if x -v;ere 

equal to 20,000 rather than, say, 10. Cbnversely, if y values were 

known, the e values would be nore sensitive to the y values if x were 

large. This means that for, say, large x values, a could be estimated 

much rrore preci sely than ~f, say x was a snall number. It must be 



128. 

realized, however that in all cases the error in the predicted value for 

the observation y cannot be any smaller than the error in the observation 

y itself. This ITU.lst be true for any precision of the parameter estimate 

e. 
In the case of using these parameters to predict values in a 

different reactor system, the extremely precise parameter estimates 

may ~rk against accurate predictions. Since in parameter estimation, 

the parameter estimates are extrerrely sensitive to the observation$, 

it also follows that the values predicted will be extrerrely sensitive 

to the paraneters. Thus, in usin:J the parameter values obtained fran 

one reactor system to predict observations in another system, the 

predictions may be extrerrely inaccurate if the true parameters in 

this other system are slightly different from the estimated parameters. 

en the other hand, in canparison, consider the situation where the 

parameters are estimated quite imprecisely so that large variations 

in the parameter values do not decrease the accuracy of the predictions 

significantly. In using these parameter values in another system 

where the true parameter values are slightly different, the m:x:lel 

predictions should be of roughly the same accuracy as the accuracy 

in predicting the observations used in the parameter estimation. 

These considerations have serious ramifications when one 

wishes to use these kinetic parameters in m:xleling another reactor 

configuration such as a fluidized bed. The question resolves itself 

into ascertaining whether the kinetic m:xlel alone is responsible for 

the sensitivity of the parameters or the conbination of a reactor 

m:xlel (fluid mechanics) and the chemical kinetic m:x:lel. 
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6. 3 MODEL VALIDITY 

Once a m:.xiel has been prop:> sed and the parameters in it have 

been estimated fran experimental data, there still remains the problan 

of testing its validity. t-1any tests for a rrodel may be pro};X)sed; 

however, in this thesis three considerations ~e taken into account 

in checking the validity: the ability of the m:.xiel to regenerate data 

used in the parameter estimation, the ability of the IOOdel to predict 

data not used in the parameter estimation and which involves extra- . 

p:>lation of the nodel over a wide range and finally, the ability of 

the rrodel to predict a different type of data that was used in the 

parameter estimation (e.g. here the butane nndel was tested with data 

obtained from experiments with a propane feed). 

In addition, the validity of the rrodel must be considered in 

light of the degrees of freedan that were available when the parameters 

were estimated fran the experimental data. This question is often discussed. 

In this section, the al:ove considerations will be discussed in 

turn for the butane and propane rrodels and rrodels for catalyst activity 

changes. 



6.3.1 B~ MODEL 

DEGREES OF FREEIXM 

When estimating parameters, the degrees of freedom are the 

nunber of exper.ilnental data IX>ints to be fitted, minus the number of 

parameters used to fit tha data in the models. Ten :p:~.rameters were 

estimated in the butane nodel. Ten cx:rnpletely different experiments 

involving three tanperatures, three flowrates and three ratios were 

used in the parameter estimation. Each of these experiments yielded 
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three independent reSIX>nses: that is, only three of the exit canponents 

may be said to depend entirely UIX>n the parameters, since the feed 

cx:mposition and three exit nole fractions ~ixes the nole fractions of 

the ranaining t\o.o <XInFOnents. The total number of independent resFOnses 

used to estimate the ten parameters is then thirty. The degrees of 

freedan for fitting parameters is then twenty. 

Although an apparently large nu:nber of degrees of freedan were 

available for fitting, sane problans arose in estimating parameters in 

the propane part of the l:::utane rrodel. For example, correlation of 

parameters in the rate oonstants in the numerator and denaninator of the 

propane rate expression was observed. 'Ihis can be easily srovn by 

oonsidering a simple fonn of the propane rate expession given by 

equation 6.16 in section 6.1.2. 

6.70 

Where tha reaction rate of butare, oontained i.ri K, is assuned 
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constant. 

'lhe rate constants k1 and k2 both increase with temperature. 

Consequently, as te:nperature increases the numerator decreases and the 

denaninator increases; r thus decreases. - p 

It may be seen tha.t for a given rate of decrease of the 

mrnerator with tanperature, a rate of increase of the denominator may 

be chosen so as to mamtain a oonstant observable rate of decrease of 

rp with temperature. What this means is that over a range of parameter 

values, the activation energy of k1 willbe correlated with the 

activation energy of k2• This was in fact observed during parameter 

estination where pairs of activation energies appeared to fit the data 

equally well. This is a poor situation for parameter estimation, since 

t."le p:rrameter esti.'"!'.ates lose physical significaTlce . The parameter 

estimates na.v depend as much on each other as on the experimental data. 

This correlation of parameters occurs in attempting to include 

lx>th the rates of adsorption and desorption individually in the propane 

m::x:lel when, in fact, only a net change of propane ccmrx>sition in the 

gas phase can be observed. Correlation arises in this case, since 

if the change in the adsorption rate constant with temperature is 

estimated too high, then the change in the desorption rate oonstant 

with tanperature must be estimated too high in order to predict a 

constant net change in the gas phase c::x:::tniX>Si tion. 

It is felt that this situation where there are essentially no 

degrees of freedan for fitting all of the propane parameters may not be 
' 

ranedied by gathering rrore experimental data of the same kind. The 

correlation between these parameters may be alleviated only by obt:ai.nin:J 
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data of a different type; for example indep::mdent rate of adsorption and 

desorption data. Trese particular experimental data are difficult to 

obtain in a catalytic system. 

In developing the kinetic m:xiel, however, the two effects of 

adsorption arrl desorption .had to be included separately since these 

processes do in fact occur in nature. This is the important point; 

the m:xiel v.ould becane inadequate if both of these effects were not 

included. These effects may not be canbined since the desorption 

effect depends upon the state of the surface of the catalyst (since the 

system is not in equalibrium) , and the adsorption effect depends upon 

the partial pressure of the adsorbing species in the gas phase as Well 

as the state of the surface of the catalyst. 

For these reasons, adsorption and desorption tenns were included 

in the m:xiel. The parameter values estimated in the propane m:xiel, 

alt.OOugh probably lacking physical significance, may still be used to· 

predict experimental data. N:>te, mwever, that the function~ fo:r:ms of 

the expressions which contain these parameters are not totally empirical, 

but are canrronly used in kinetic studies of catalytic systems. 

ABILITY OF THE M)DEL 'IO PREDICT EXPERIMENTAL OBSERVATICNS 

Three aspects of the model's ability to predict observations 

are considered: (i) the ability of the butane m:xiel to regenerate data 

used in the parameter estimation, (ii) the extr~lation of the rrodel 

to predict the hydrogenolysis of propane, i.e. with propane-hydrogen 

feed. · 
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FIGURE 6.3-2 - FIT OF MJDEL FOR BUI'ANE HYDRXENOLYSIS 
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RUN 
NO. 

76 

99 

117 

142 

35 

73 

98 

14 

71 

115 

TABLE 6 . 3-1 

PREDICTED AND EXPERIMENTAL MOLE FRACTIONS FOR HIGH CONVERSION (100\} RUNS 

TEMP . 
oc 

-·--· ·----

266.5 

FLOW 
m1./min. 

1.01 

267.1 I 1.73 

270.5 I 1. 79 

270.4 I 1. 42 

274.8 I 0.99 

275.0 1.03 

275.4 1. 75 

283.5 1.87 

283.9 1.04 

282.6 1.82 

RATIO 

H2/C4 

9.75 

3.80 

9.17 

6.09 

3.75 

8.34 

3.80 

8.94 

8.79 

8.98 

---- -- ---· -· -- - - --- ---- -· 

REACTOR EFFLUENT MOLE FRACTIONS 

c1 
I 

. EXP. PRED. EXP. 

c2 

I PRED. 
··'-"---==--=l=:=·c= --=-=::c., :.:..:_:-=::..:...-=.::::. 

.237 1 .234 .032 .032 

c3 

EXP. I p~~ : 
.. c.:-::=r =·:' ·---.. -. 
.023 .023 

c4 H2 
---- ----- i ·- - · 
EXP. PRED • EXP. r PRED. 

. . - ·----···--: - . .. - ·-- ,. -· ·-- ------ . -· - ---
~~~~-- ~--~~~ - -~-~0~~ 709 __ _ 

• 787 I .639 

.263 r .258 

.023 I .091 I .ooo .004 I .ooo .ooo .19.0 1 .266 

.455 I .430 

• 793 I .680 

.362 .333 

.797 .674 

.307 .306 

.367 .340 

.343 .327 

.029 I .032 I .023 

.044 .

1 

.056 

.025 .082 

.028 .039 

.019 .080 

.033 .029 

. 020 .033 

.027 .033 

.007 

.ooo 

.003 

.ooo 

.010 

.ooo 

.001 

.023 I .ooo ! .ooo 

.001 I .ooo 

.ooo I .ooo 

.006 

.ooo 

.012 

.001 

.003 

.ooo 

.ooo 

.ooo 

.ooo I 

I 
.ooo 

.ooo 

.ooo 

.ooo 

.ooo 

.ooo 

.ooo 

.ooo 

.683 .686 

o 494 1 o 507 

.182 I .239 

. ·606 .622 

.184 .246 

.650 .652 

.612 .626 

.628 I .. 638 

1-' 
c,J 
--.J 
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(i) FIT OF THE l-DDEL WI'IH DATA USED IN THE PARAHETER ESTIJvlATION · 

The predicted versus experimental :rrole fractions of all the 

canp:>nents in the reactor effluent are plotted in Figures 6. 3-1, 2, 3. 

The data plotted are tl1e predicted and observed mole fractions 

for the runs used in the sum of squares objective function and these 

runs are given in Table 6.2-1. These runs represent a 5. to 90.% range 

of conversion of butane. They include three temperatures, ratios and 

feed flowrate levels and also five runs at standard operating conditions, 

but at different catalyst activities. 

(ii) EXTRAPOIATIOO OF THE M)DEL 

Because of the increase in catalyst activity during the course 

of experimentation, several runs were available at essentially 100.% 

conversion of butane. The parameter est.ination was perfonned in a 

tanperature range of 240. to 258. °C. and the 100.% conversion runs 

occurred in the range of 266. to 284. °C. These experimental runs 

provided a rather severe test of the m:x:lel. The predicted and 

experirnental mole fractions for these high conversion runs are smwn in 

Table 6.3-1. It is observed that the m:x:lel predicts quite well even at 

284°C. for high feed ratios. Fbr low feed ratios, some deviation occurs 

even at a temperature as low as 267. °C. Although there is interaction 

anol')j all the ccrnp:ments in the reaction schare, it may be seen tha.t 

ethane indicates the greatest deviation between m:x:lel and experiment in 

runs 99, 35 and 98. 

Figures 6. 3- 4 and 6. 3- 5 sh:Jw ethane mole fraction residuals 

plotted against feed ratio and tanperature. The expe~ted correlation 



PROPANE 
RUN 
NO. 

1 

4 

6 

8 

10 

14 

18 

19 

20 

21 

. ' TABLE 6. 3-2 

PREDICTED AND EXPERIMENTAL MOLE FRACTIONS FOR BUTANE MODEL 

USING DATA FROM PROPANE EXPERIMENTS* 

REACTING EXPERIMENTAL MOLE FRACTIONS, PREDicrED MOLE FRAcriONS AND 
TEMP. PERCENT DEVIATIONS WITH RESPEcr TO THE EXPERIMENTAL VALUES 
(oc> 

c1 c2 C · 
3 H2 

258.3 .060 .076 .015 .017 -13% .082 .075 + 8% .842 .831 

258.5 .208 .261 .048 • 059 -23\ .099 .074 +25\ .645 .606 

258.0 .105 .142 .027 . • 032 -18% .148 .132 +10% .720 .694 

258.2 .083 .106 .023 .024 - 4% .072 • 063 +12% .822 .806 

258.1 .039 .052 .011 .012 - 9% .084 .079 + 6\ .866 .857 

270.6 .216 .225 .040 .038 + 5% .022 .020 + 9% .722 . • 717 

269.3 .107 .115 .022 .020 + 9% .051 .050 + 2% .820 .816 

270.5 .341 .361 .059 .061 - 3% .050 • 042 +16% .550 .536 

271.0 .123 .134 .027 .022 +18% .048 .047 + 2% .802 .797 

257.1 .045 .063 .014 .015 - 7% .079 .072 + 9\ .862 .850 

* The k value for these runs was chosen a priori from Figure 6.3-10 as 117.0. 

1-' w 
\.0 . 
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with ratio is observed and the plot against temperature appears randan 1 

although displaced slightly into the negative region. At the high 

temperature only high ratio runs were available, while high and low 

ratio runs ~e available for all other tanperatures. This may explain 

the group of residuals at the high temperature. 

These results may be expected at low hydrogen to butane ratios 

because these conditions are 110st favourable for ethane adsorption onto 

the surface of the catalyst and the butane cracking rrodel assumes that 

this adsorption does not occur. 

(iii) ABILITY OF 'illE BUTANE t-DDEL '10 PREDicr 
PIDPANE CRAO<ING RESULTS 

Since runs were perfonned using a propane feed to the reactor 1 

it was decided to test the butane rrodel with a profB11e feed. T'ni.s 

obviously is a rather severe test of the rutane rrodel. 

The predicted and experimental methane 1 ethane 1 propane and 

hydrogen effluent 110le fractions are given in Table 6.3-2. The 

predictions appear reasonable. Predictions of methane are in general 

higher than observed, which suggests that nore reaction of all 

cx:mtX>nents was predicted to occur than was observed. 
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6. 3. 2 PIDPANE M::>DEL 

DEGREES OF FREEin-1 

Eight different experimental design p:>ints with b..u independent 

resp:>nses (ethane and methane) per experiment ~e used to estimate six 

parameters. The nunber of degrees of freedom available for fitting is 

then ten. 

ABILITY OF THE MODEL 'TO PREDicr EXPERIMENTAL OBSERVATIONS 

Predicted versus experimental rrole fractions of all the 

cx:mp:merits in the reactor effluent for all the propane runs, except 

the one 96.% conversion run, are shown in Figures 6. 3- 6, 7, 8. 

These experimental points represent a 19. to 82.% range of propane 

conversions. The one run at 96.% conversion was not included in the 

analysis since it was felt that the conversion was sufficiently close to 

100.%, that the experimental mole fractions would have little weight in 

the sum of squares objective function. After the parameters were 

estirrated, the nodel was tested by canparing predicted and observed 

results for this high conversion run. The experimental and predicted 

rrole fractions are: 

EXperimental 

Predicted 

.480 

.399 

.043 

.079 

.008 

.011 

.470 

.512 

This high conversion run was perfonned at a low hydrogen to 

propane feed ratio. It may_ be seen that for this run, just as in 
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analagous runs in the butane experiments, the ethane rrole fraction is 

predicted much to high. In the propane hydrogenolysis rrodel, just as 

145. 

in the butane rrodel, the adsorption of ethane onto the surface was 

assumed not be occur.. It is felt that, in fact, ethane does adsorb at 

the high tanperature level and the low feed ratio level, thus accomting 

for the lCM experimental rrole fraction. 'I11.e high tanperature level .here 

is 270.°C. It is interesting to note that fran Table 6.3-1 the largest 

deviations in predicted and calculated ethane mole fractions in the 

butane experiments were first observed at 266.°C. as well as 270. °C. 
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6. 3. 3 M)DEIS FDR CATALYST ACI'IVITY OiANGE 

DEGREES OF FREEIXM 

Catalyst activities are available for nineteen butane 
-

experiments. Since one value is needed as an initial value in each of 

the rrodels to predict the changing activity, eighteen data :pJints are 

available for fitting. 

'lhere are three parameters in the rrodel which assumes a ronstant 

naxirnum activity and four parameters in the rrodel which assumes the 

maximun activity is a function of the temperature at which the catalyst 

has been reduced. Therefore, there are fifteen and fourteen degrees 

of freedan in each model, respectively. 

PREDICTING ABILITY 

Figure 6.3-9 gives the terrq?erature history of the reactor over 

the entire time cx:>vering th:!se experiments; these data were used in the 

calculation of the models. Figure 6.3-10 smws the experimental and 

predicted catalyst activities for both models as a function of time. 

Previous to this .time the catalyst was reduced at a maximum tanperature 

of 265. °C. It may be observed that the curve predicted by the rrodel 

assuming varyirx] maximum catalyst activity has oorizontal sections which 

oorreS:pJnd to times at which no reduction of catalyst is calculated to 

take place. 'Ibis is because the temperature is low enough so that: 

k (T - T0) - c < 0 and there is no driving force for reaction. The 

rrodel assurning a maximum catalyst activity predicts a curve that 

ccntinually rises , since the best estimate of the maximum catalyst 

activity is greater than any experimental activity so that there always 
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exists a positive and non-zero driving force for reaction. In both of 

the predicted curves sudden jumps or rises in catalyst activity occur at 

high tauperatures as expected because of the Arrhenius fonn of the rate 

oonstant used. 

An F ratio test.* at 95.% oonfidence level and fifteen and 

fourteen degrees of freedan was perfonned to test whether one rrodel 

predicts significantly better than the other. F was calculated as the 

ratio of the sum of squares of differences between the observed and 

canputed values for the tw::> rrodels taking into acoount degrees of 

freedan (i.e. ratio of the mean squared errors). 

F = Sum of squares for model 1/d.f. for model 1 
Sum of squares for model 2/d.f. for model 2 

The calculated F was 1. 09 and the tabulated F value was 2. 55. 

This F test is not strictly applicable here since, because of the 

non-linear fonn of the model, the errors in the predicted values need 

not be either equal or nonnally distributed for each predicted point. 

Also from the nanner in which the experimental k values were cx:mputed, 

it is expected that these k values also have non-nonnally distributed 

and unequal variances. However, the oomputed F value here is so small 

with respect to the tabulated value that it seems reasonable to say 

that one rrodel does not appear to predict better than the other. 

Sane interesting observations nay, oowever, be made from the 

best estimates for the parameters for the rrodel assuming that the 

niax.imum catalyst activity and thus, the driving for reduction at a 

certain activity level, depends upon the reducing terrperature. This 

* See Draper and &ni th (D5) page 282. 
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asSUirption is consistent with the observations of Schuit and Van Reijen 

(SS) who indicated that the percent reduction of the catalyst increased 

with the reducing tanperature. Schuit and Van Reijen also quote an 

activation energy of -20. kcal.)mole for the reduction of nickel oxide; 

this canpares with the best estimate activation energy found f:rorn this 

study, -17. 4. The simpler rrodel (constant maximum catalyst activity) 

suggests an activation energy rrore than twice that rep:>rted by Schuit 

and Van Reijen. 
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7. St.M-1ARY 1\ND a::NCU:SICNS 

In this se~on, the ex>nclusions and contributions to knowledge 

are surrmarized. 

(i) 

Kinetic roodels have been proposed and tested experimentally to 

describe the hydrogenolysis of n-butane and propane over a nickel-an 

silica gel catalyst. These roodels take into accx>tmt the activity of 

the catalyst arrl predict the entire product distribution of a::!It"p)nents 

involved in the reaction. Derivations are also given for the C.imioo, 

Ibudart and Taylor-type and Ibugen and Watson-type expressions to 

describe this reaction. 

Various validity tests have been proposed and carried out to 

test the ability of the roodels to predict experimental data. '.Ihe 

butane cracking mxlel lx>lds up quite well in predicting the data used 

to estirrate the kinetic pararreters, in predicting data for which the 

IOOdel had to be extrapolated over twice the tanperature range used in 

the parameter estimation and in predicting prodoct distributions when 

the butane m:xlel was used with data fran propane feed experiments. It 

was found that both the l:utane arrl the propane mxlels broke down at 

high temperatures, arrl low hydrogen-to-hydrocarron feed ratios. '!his 

inadequacy nay be easily explained in tenns of the assunption relat.in; 

to ethane readsorption. 

~els hcive also been proposed to describe the. changes in 
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catalyst activity observed during the butane cracking experiments. It 

is interesting to oote that the activation energy found for the rrodel, 

which was felt to best describe the physical situation, was in 

reasonable agrearent with the act,ivation energy reported in the 

literature for the reduction of nickel oxide. 

(ii) PARAME'IER ESTIMATIQ.~ STRA'IEGY 

A parameter estimation strategy, which involves application of 

non-linear least squares theory, has been proposed. It was found to 

work quite well even th::>ugh the kinetic and reactor m:xiel required the 

estimation of a relatively large nunber of parameters in mathematical 

fomulations .which involved numerically integrating a set of non-linear, 

ooupled ordinary differential equations. fvbreover, there were multiple 

observed and calculated data at each experimental operating oondition; 

large catalyst activity changes occurred during the a:mrse of the 

experiments; and the sensitivity of the predictions and hence, the 

weighted sun of squares objective function, differed extremely for the 

various parameters. 

(iii) PARAMETER ESTIMA'IES 

The parameters which were estimated fran the observed experimental 

data may be canpared to the literature values presented in Table 3.1-1. 

It may be seen that the est:imated values of the exponents on the partial 

pressure of hydrogen agreed quite well with values reported in the 

literature. The activation energy for rutane cracking (56.900 k.cal./gm. 

nole) appears high while that for propane (49.183) appears to shc:M better 

agrearent. 



153. 

(iv) ERroR ANALYSES 

Three independent or different variance-covariance matrices are 

evaluated to account for errors in the observed nole fraction. '!he 

nost sophisticated of these is the oovariance matrix for the three 

independent resp:mses; methane 1 ethane and propane 1 which was found 

analytically. ~se three matrices were used, along with the likelihood 

ratio test, to estimate errors in the estirrated pararreters in the butane 

cracking m:xlel. These -errors were found to be extremely small (e.g. 

~ = 56.900 (± 0.008) k.cal./grn. nole). This means that for the 

experlinental design perfonned and the observation obtained fran these 

experlinents, the pararreters may be estimated quite precisely. It is 

felt that this precision is a characteristic of the functional fonn of 

the butane cracking m:xlel. Because of this form, a s:L."'''ip~e eA-perimental 

design with a very few experi.Irents is all that is necessary to obtain 

precise pararreter estimates. '!his ability to deteimine precise 

parameter estimates may be useful in a fundamental study, but may be 

detri.nental if a simulation m:xlel of this or another reactor scheme is 

tO be fonnulated. '!he use of the likelilx:xXi ratio test was also applied 

to examine correlations am:>ng pararreters. 

(v) EXPERIMENTAL DATA 

EXperimantal data were obtained and plotted to sh:M the product 

distrirution that may be expected in cracking butane over a 10% nickel 

on ~ilica gel catalyst. 



(vi) APPLICATICN OF Btm\NE KlliETIC M)J:EL TO FLUIDIZED BED MJDELLING 

The butane cracking model was inooqorated into b.u fluidized 

bed noddsand sensitivity analyses were perfonned. These analyses 

siDwed the importance of detennini.nJ the catalyst activity in the 

fluidized bed and the importance of the b.lbble-anulsion interchange 

factor in deterirnining ~ oonversion of butane and the product 

distribution. 

(vii) CRITERICN FOR DESIGUNG EXPERIMENTS FOR M)DEL DISCRIMINATICN 
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A nodification was proposed to the experimental design criterion, 

proposed by Ibth, to obtain data :rcost efficiently for nodel discrimin

ation. This m:xiification realizes that the true parameter values in a 

model are not usually knCMn, and this must be taken into acoount if ~ 

experiments, in the long run, are to be :rcost efficient. 



8. REm1MENDATICNS FOR FUTURE WORK 

Fecx::mnendations for future "WOrk which arise directly out of 

this study are presented with respect to roth the experilrental and 

canputational pro:Jrarns in turn. 

(i) EXPERIMENTAL WJRK 

In the experiments described in this thesis, tanperature 

· variations were observed along the length of tha packed bed reactor. 
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Although it was found that these tanperature variations "WOuld have 

little effect on the parameter estimates, there was no way of knowing 

whether tanperatures at other IX>ints in the reactor far exceeded the 

observed variations. It is felt that major temperature excursions 

oould cause significant errors in the estimated paraneters. It is 

therefore pro:£X>sed that experiments be perfonned in which the catalyst 

is diluted with; for example, glass or Vyoor beads, to eliminate these 

terrq?erature variation effects. Such experiments "WOuld also give an 

idea of the reproducability of the paraneter estimates. 

In the kinetic rocxiel1 a tenn has been included for catalyst 

activity. Fran sensitivity analyses en the fluidized bed rrodels it may 

be observed that this paraneter is imp:>rtant in predicting the reactor 

perfonnance. It is reccmnended that a method be . found to rerove catalyst 

directly fran the fluidized bed reactor to the small packed bed reactor 

wit.OOut introducing oxygen. This reactor oould then be used to 

characterize the catalyst activity i.ri the fluidized bed and thus, better 
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relate this \\Ork to the overall s:iroulation program. 

(ii) a::MPurATIOOAL WORK 

Because of the way in which the b..ltane and propane cracking 

m::xlels break down -at high tanperatures and lav feed ratios, it is highly 

suspected that in these regions, oontrary to the asStmlptions made in 

the m::xlels, the ethane readsorbs and cracks on the catalyst surface. 

It is therefore recxmnended that if studies are to be made at high 

tanperatures and low feed ratios, an effort should be made to include 

a tenn for the adsorption of ethane in the butane cracking m::xlel. This 

tenn \\Ould be analagous to that used in the expression to describe the 

· rate of production of propane in the butane hydrogenolysis rro:lel. 

The proposed rro:lification for the Ibth criterion for designing 

ex:perirrents for node! discrimination involves .. integrating out 11 the 

effects of the parameters. This involves multiple integration, which 

when carried out numerically, oould involve large CXItlpllter times. It 

is reccmnended that an effort be made to find an efficient numerical 

technique to perfonn these integrations and thus reduct the tiire 

required. 

The third and final recc:mnendation involves a ooncept which 

will be referred to here as .. nesting" of rrodels. 'fuis tenn will be 

used to describe the situation where a number of independent rro:lels 

with independent responses (e.g. product distribution from a kinetic 

m::x1el, average bubble diameter and ooalescence rates fran a fluid 

nechanical rrodel, residence time distribution fran a mixing rrodel, etc. ) 

are assembled in sane way to produ::::e a single rrodel ( e.g. a fluidized 
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bed reactor m:xlel) wrose response variables depend U{X)n the response 

variables of the c:arq::x:>nent m:xlels. This is, of course, directly related 

to this simulation pro::;ram where, in a fluidized bed, diffusion and 

bubble gas interchange rrodels, flp.id mechanical m:xlels, chemical kinetic 

nodels, etc., with their respective parameters are sought external to 

the actual reactor, or obtained by separate, independent experin1ents 

in the actual reactor, in an attempt to predict the reactor's perfonnance 

a priori. 'lhese separate mxlels are said to be "nested" together to 

fonn the fluidized bed m:xlel. 

Given the predictions frcm the fluidized bed rrodel, and 

experimental observations frcrn the real reactor, the likelib:x>d function 

of all of the parameters in the fluidized bed m:xlel nay be fonnulated. 

It is proposed that t.he effect of t..he parameters in the various "nested" 

m:xlels, on the likelihood of these parameters based on observations of 

fluidized bed reactor effluent, be studied. The IX>int is that the 

"confidence intervals" of the parameter may be different when 

considering the response (and experi.Irental observations) of the one 

"assembled" m:xlel and the response (and its parallel observations from 

separate exper.irnents) of the individua.l "nested" m:xlels • . It is felt 

that the parameters soould be estimated to the precision detennined by 

~ predictions of the "assembled" m:xlel, rather than the predictions 

(and experi.Irental observations fran separate experiments) of the 

"nested.. m:xlel itself. 

Essentially this says that there is no need to estimate a 

pararreter in each "nested" m:xlel to very high precision by means of 

independent experiments, if this parameter can only be estimated to 
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very lav precision fran the experimental data and the resp:mses of the 

"assembled" rrodel. These oonsiderations require further investigation. 
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APPENDIX A 

LITERATURE SURVEY AND DISCUSSION OF FLUIDIZED BED MODELS 

This section deals with a discussion of the various models proposed 

in the literature for fluidized bed catalytic reactors. The emphasis here 

will be on the different concepts used to describe the fluid mechanical 

behaviour of the bed. The fluidized bed itself has two main regions: a 

lower region, the bed itself, which is composed of a dense emulsion phase 

in which bubbles are rising upward, and an upper region, or dispersed 

phase region, less dense than the lower region,which consists of entrained, 

splattered and settling solids. The fluidized bed models are concerned 

with the former region. 

The main difficulty in developing a steady-state fluidized bed 

model is in obtaining a satisfactory flow model which accounts for the 

bubbling (bubble sizes, shapes, velocities, etc.), mixing, coalescence 

and breakup phenomena, and the interchange of gas between the bubble 

and the emulsion phase of the fluidized bed. 

Table A-1 gives a comparison of the various fluidized bed 

models proposed in the literature to date •. Figure A-1 shows a general 

bubble and the regions that are referred to in Table A-1. 

All models assume that the bubble rises faster than the gas 

percolating upward in the emulsion phase. Under these conditions a cloud 

phase forms around the bubble. The extent of the cloud phase is determined 

by the depth of penetration of the bubble gas as it circulates out of 
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TABLE A-1 

COMPARISON OF CURRENT FLUIDIZED BED MODELS 

MODEL TOTAL UPFLON OR LESS-DENSE PHASE 
PHASES 

PHASES MODEL FOR SHAPE MIXING 
ASSUMPTIONS 

Orcutt, Bubble Bubble Spherical Perfect 
Davidson, Emulsion Void Bubbles, no Mixing 
Pigford Cloud Overlap, in 

(01) Uniform · Bubble Bubble. 
Size and 
Velocity 

Partridge, Bubble, Bubble Murray Model, Perfect Mixing 
Rowe Cloud and Size and Between Bubble 

(P3) Overlap, Cloud Velocity and Cloud 
Emulsion Overlap Distributions Overlap. 

Measured. 

Kunii, Bubble Bubble, Davidson Model, Perfect Mixing 
Levenspiel (Cloud Cloud Constant in Bubble, 

(K5, K6) Incl.) Overlap, Bubble Size Cloud and 
Wake, Wake Wake 
Emulsion Respectively 

Kato, Bubble, Bubble, Spherical Perfect Mixing 
Wen· Cloud, Spherical Bubbles and Between Bubble 

(K7) Emulsion. Cloud. Cloud, and Cloud. 
Davidson Model 
For Diameter. 

Latham Bubble, Bubble, Davidson Model Per feet Mixing 
(L3) Wake, Wake with no Between Bubble 

Emulsion. Cloud Overlap. and Wake. 

Van-Deemter Bubble, Bubble, Davidson Model, No Perfect 
(Vl) Cloud, Cloud Volume Mixing Setween 

Emulsion. Fractions of Bubble and 
Phases Used • Cloud. 

May (M6) Bubble, Bubble Spherical Perfect Mixif19 
Van-Deemter ( V2) Emulsion. Void Bubbles, in Bubble 
Mireur and no Cloud. Void. 
Bischoff . (M5 ) 



MODEL 

Orcutt, 
Davidson, 
Pigford 

Partridge, 
Rowe 

Kunii, 
Levenspiel 

Kato, 
Wen 

Latham 

Van-Deemter 

May, 
Van-Deemter, 
Mireur and 
Bischoff 

TABL E A-1 CONT'D. 

SOLIDS 
MIXING 

Not 
Accounted 
For 
Not 
Accounted 
For 

None 

Accounted 
For 

Accounted 
For 

Accounted 
For 

A counted 
For 

Not 
Accounted 
For 

• 

DENSE PHAS E 

GAS MIXI NG 

Perfect 
Mixing. 

Plug Flow 
Upwards. 

Plug Flow 
Upwards. 

Flow Reversal, 
Plug Flow 
Downwards. 

No Motion, 
Dead Space. 

Flow Reversal 
Plug Flow 
Down. 

Flow Reversal, 
Plug Flow 
Down. 

Mixing 
Characterized 
By Diffusion 
Coefficient. 
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EMULSION GA.S 
SUP ER FICIAL 

VELOCITY 

u m.f. 

um.f. 

u m.f. 

Calculated 

Assumed 0 

Calculated 

To be 
Determined 

u m.f. 



MODEL 

Orcutt, 
Davidson, 
Pigford 

Partridge, 
Rowe 

Kunii, 
Levenspiel 

_ Kato, 
Wen 

Latham 

Van-Deemter 

May, 
Van-Deemter, 
Mireur and 
Bischoff 
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TABLE A -1 CONTI D. 

MODEL FOR INTERCHANGE BE1WJ:EN PHASES 

Bulk Diffusion From Bubble - Davidson: 

q = 3 u f 1T0 
2
/4 m. • e · 

Molecular Diffusion From Bubble 
-J-.. L )-.. 

k = 0 975 D 4 D ~ g 4 

G • e G 

Baird: 

Mass Transfer Coeff't. for One Immerscible 
Liquid Rising Through Another: 

l>ro = DG sh de 
!, e 

Where S = 2.0 + 0.69 S 1/ 3 R 1/ 2 
he e ee 

Bubble to Cloud Transfer: Same as Orcutt 
Cloud to Emulsion: Higbie Penetration Model 

E D '-b JtE;; 6.78 ( m.~3 e )l:; 

F = 11./D : - Gas Interchange per 
o B Volume of Bubble 

Dimensionless Interchange Parameter 

X= NQH 

. 
u 
ga 

Mass Transfer Coeff't. for 3ubble-Cloud 
and Cloud-Emulsion Transport. 
Effective Mass Transfer Coeff'ts. Take 
Care of Wake Shedding. 

No. of Times Emulsion Gas Exchanges With 
Bubble Gas is Used to Characterize Gas 
Transfer. 



- MODEL 

Orcutt, 
Davidson, 
Pigford 

Partridge, 
Rowe 

Kunii, 
Levenspiel 

Kato, 
Wen 

Latham 

Van-Deemter 

May, 
Van-Deemter. 
Mireur and 
Bischoff 

TA BLE A-1 CONT' D. 

ADJUSTABLE PARAMETERS 

Effective Di ameter of Bubbles: 
dB 

F Correlation (5): 

Considers Number, Si zes and 
Velocities of Bubbles at a 
Cross Section. 

Effective Bu bble Diameter: 
dB 

None. 

Same as Orcutt. 

Mass Transfer Coefficients, 
and Volume Fr actions of each 
Phase. 

"Crossflow" Pa r ameter and 
Diffusion Co effic i ent for 
Emulsion Phase. 
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FIGURE A-1 

SCHEMATIC OF BUBBLE IN FLUIDIZED BED 
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the bubble and re-enters through the wake. The gas recirculates down around 

the edge of the bubble in the solid emulsion. Hence, the gas circulates 

in and out of the cloud and bubble and is -transferred out of this circuit 

by diffusion processes. Large scale transport of this gas may also occur 

by cloud and wake shedding (i.e., breaking away of large sections of the 

cloud and wake) • 

The wake and emulsion phases are assumed to have the minimum 

fluidization voidage. No reaction is assumed to occur in the bubble 

void because of the absence of catalyst particles. 

A model for the shape and size of the cloud overlap has been 

(D4) (M4) · 
proposed by Davidson and Harrison and Murray and a comparison of 

these two models has been reported by Rowe, Partridge, and Lyall (R2). 

Comparisons of fluidized bed model predictions with actual exper

imental reaction conversions are given by Orcutt et al(Ol), Ellis, Partridge 

and Lloyd(El), Kunii and Levenspiel(KS) and Kato and Wen(K?). 

DISCUSSION - APPLICATION TO COMPUTER SIMULATION 

Models assuming perfect mixing, or plug flow upwards in the emulsion 

phase, may readily be solved by non-linear algebraic equations and numerical 

initial value type solutions of non-linear ordinary differential equations. 

Problems arise, however, in trying to solve the models which assume 

downflow of emulsion gas. For first order kinetics, as assumed in the 

literature, analytical solutions may be found for the differential equations 

developed. If the kinetics, however, are non-linear (i.e., where the 

mathematical expression describing the rate of reaction contains the con-



174. 

centration of products and/or reactants raised to powers other than one 

or products of concentrations of two or more components) then the model 

reduces to a boun?ary value problem with several unknown boundary condi-

tions. These unknown boundary conditions arise from not knowing the 

composition, at the distributor, of the emulsion gas which is assumed to 

travel by plug flow from the top to the bottom of the fluidized bed 

reactor. At the same time, at the top of the reactor, the composition 

of the phases that have travelled up the reactor in plug flow are unknown. 

Here the exit gas and downflow emulsion gas compositions are known implicitly 

from the upflow phase composition and the mass balance equations over a 

thin slice of differential height at the top interface of the catalyst 

bed. 

several numerical methods may be used to solve this problem: 

(i) Quasilinearization and Invariant imbedding(Ll), (ii) using a direct 

search on unknown boundary values at the bottom of the fluidized bed until 

mass balances are satisfied at the top of the bed, and (iii) finding the 

solution as a sum of the general solution and particular solution of the 

d 'ff . 1 . (K4) ~ erent~a equat~ons • ~Y of these methods appear extremely time 

consuming especially within the context of the chemical reactor system 

to be studied. It may be that the cost of computer time would render this 

type of fluidized bed model of little practical value in situations where 

complicated kinetics including many components pertian and where the 

calculations involving flow reversal must be included. On the other hand, 

if certain realistic assumptions can be made, then analytical solutions 

or faster numerical solutions may be possible. 
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In attempting to describe a physical situation, many mathematical 

models may be proposed. The predicted response of Model M. is denoted as 
l. 

ni (~, x) (B.l) 

where-~ is a vector of parameters. Usually only estimates, ~*, are 

known rather than the true parameter values. 

- x is a matrix of operating variables such as temperature or pressure. 

The number of columns of this matrix represent the number of 

these variables and the number of rows correspond to the number 

of experiments performed. 

When an experiment is performed, the experimental value y rather 
u 

than n. is observed where: 
l.U 

Y = n. + e: 
U l.U U 

(B .2) 

h ' th f h th . t . h' h ' f d 1 M d . b w ere - e: l.S e error or t e u exper1men , w l.c , 1 mo e . escr1 es 
u l. 

the physical situation exactly, represents experimental error. 

This error is usually assumed to be a random event, from a nor

mal distribution with mean zero and constant variance o2 • The 
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errors of each experiment are also usually assumed independent 

of each other. 

If these assumptions for e: are made, the probability density function 
u 

for the observations ~ using the model Mr is the multivariant normal dis

tribution. This is a function of the observations and is given by: 

(B .3) 

where n is the number of experiments performed, 

and f .(y/M.) is the probability of making observations _Y given that model - ~ 

M. is true. 
~ 

After the n experiments have been performed, the observations y may 

·be treated as constants and then the same expression (B.3) is the probability 

that model M. is true given the experimental data and assuming the parameters 
~ 

are the true parameter values. The term "Likelihood" is used here when the 

f is a function of the model. 

Thus, the likelihood of model M. is: 
~ 

L(n./y) = f(y/M.) (B.4) 
~- - ~ 

The experimenter may initially have a greater degree of belief in 

some models than in others. This may be expressed by the prior probability 

of model i, P(M.). 
~ 

Using a Bayesian approach to model discrimination, the degree of 

belief in a model is examined in light of experimental data and decisions 

are made from this as to which model or models best describe the physical 

situation. Posterior probabilities may be calculated from the prior proba-

bilities P(M.) and experimental observations y • 
~ ~ 
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This is done by means of Bayes Theorem: 

P(n ./y > = 
l. '"-\1 

P(M.) • L(n./y) 
l. l. '"-\1 

(B.S) 
m 
I: P(M.)•L(n./y) 
·~1 l. l. ~ l.-

where P(n./y ) is the probability that the data is most adequately described 
l. ""-'\.1 

by model Mi of m possible models after having made the observations Xu from 

u experiments. 

In reoent years work has been done in an attempt to obtain generalized 

methods to direct the experiments so that the data obtained will provide 

the most efficient model discrimination. This Appendix will give a brief 

review of the criteria developed to design the most efficient experiments 

when they are performed sequentially. 

ROTH CRITERION 

Roth(R3) proposed that, for most efficient design for model dis-

crimination, the operating conditions, ~ for the next experiment, should 

be chosen so as to maximize the function: 

where c. = 
l. 

m 

m 
Z(x) = I: 

i=l 
P(M.)C. 

l. l. 

n I nj <~, ~ - ni <!, ~> I 
j=l 
jJ'i 

and m is the number of models. 

ENTROPY CRITERIA 

(B .6) 

(B. 7) 

Th t f t f . . d d b h (Sg) . e concep o en ropy was J.rst J.ntro uce y s annon J.n 

studying the amount of information that may be supplied by a communication 
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system. Entropy is defined as: 

s = 
m 

- I: 
i=l 

'IT, ln n. 
l. l. 

(B. 8) 

where n. is the probability associated with symbol i. The intuitive properties 
l. 

and mathematical properties of entropy are well dealt with oy Kinchin(Kl2). 

The most efficient experiment for model discrimination according 

to Box and Hill(Bl4 ,HS) is the experiment which maximizes an upper bound 

of the expected entropy change before and after that experiment. This 

upper bound reduces to their objective function: 

where: 

m 
D = I: 

i=l 
m (f f. J f. ) I: P(M.)P(M.) f.ln .2:, dy + f.ln _]_ dy 

·-· 1 1 J 1 f n J f n J-l.+ ; . 
J l. 

(B. 9) 

P(M.), P(M.) are the prior probabilities after (n- 1) experiments 
l. ) 

for models i and j. 

f., f . 
l. ) 

are the probability density functions of the nth ob-

servation (to be performed) for models i and j from 

equation (B. 3) 

f. = f(y/n.) and f. = f(y/n .) 
l. -J. ) -) 

th 
is the observation after the n experiment (which is 

being designed) is performed. 

Box and Hill solve for D for the case of known and unknown error variance. 

Re i lly(R4) has actually solved for the expected entropy change 

rather than an upper limit by realizing that the expected entropy change, 

which is a function of the experimental operating conditions, may be reduced 



to the equivalent form: 

R(~) = - 1 (l+ln21T) -
2 

m 
l: 

i=l 

2 where o is the error variance 

2 is the variance under o. 
1. 

P(M.) ( .!_ ln 
~ 2 

model i and 

2 = x(i) (X~ X. )-1 o. . 
1. n 1. 1. 
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(B .10) 

is given by 

(i) 2 
X 0 n 

(i) th 
.with x being the n experimental settings and X. a matrix of 

n 1. 

partial derivatives (using model i) as described by Box and Hill, 

and E. is the expectation under variation in y assuming the ith 
- ·1. . n 
yn 

model to be correct. 

Gauss-Hermite Quadrature may be ·modified to find the expectations 

of functions of normally distributed quantities. 

J g(Z) f(Z)dz 

z 

using Gauss-Hermite quadrature : 

where ~= 
2 

N(lJ, o ) 

g(z) is some function of z 

1 n 
= - l: 

I;' i=l 
P.g<ll + x. o rz > 

1. 1. 

f(Z) is the probability density function of z and 

. (t.z) 
x. and P. are tabulated values · • 

1. 1. 

(B .11) 

(B .12) 
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'· 

INFORMATION THEORY CRITERION 

As the previous criteria were based on entropy, the following 

criterion is based on the Kullback-Liebler information number: 

(a ) J f(y,a,e) f( a > I , 4> ~ e = log __..:..;:._:_...;._ y, , e dy 
f(y,cfJ,e) 

(B .13) 

where e represents an experiment or experimental operating conditions 

y is an experimental observation 

and a and~ are·two hypotheses of what is true • . 

a .and 4> may represent two models or two sets of parameter values. 

This function is one way of representing the mean information per 

observation obtained from an experiment e which yields observation y when 

attempting to discriminate between a model described by a and a model 

described by ~. Chernoff(C2) and Kullback and Liebler(KlJ) describe the 

properties and uses of the information number. 

Chernoff considered the case of only two hypotheses about the 

true state of nature, e and cp, and states that the most efficient experiment 

is the randomized experiment A for which 

min I (e,~,A) is a maximum. 

1 (BlS) d' h' ' ' . d t '1 d d Bess er ~scusses t ~s cr~ter~on ~n more e a~ an expan s 

it to any number of hypotheses. He also gives several non-engineering 

type examples. 
(SlO) 

Stone uses this measure of information in the design 

and comparison of regression experiments. 

A good comparison of entropy and information number criteria with 

k d 1 . . b d . . (M8) wor e examp es ~s g~ven y Meeter an P~r~e • 
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OTHER METHODS 

Hunter and Reiner(HG) discuss a design criterion which may be used 

for only two rival models. A joint criterion for designing experiments 

for both parameter estimation and model discrimination is proposed by 

"11 d . h (H?) Hl. , Hunter an WJ.c ern • Here the design criterion is a linear 

combination of the design criterion for parameter estimation proposed by 

Box and Lucas(B3) and the design criterion for model discrimination 

proposed by Box and Hill(Bl4). 
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PROPOSED MODIFICATION OF ROTH CRITERION FOR EXPERIMENTAL 

DESIGN FOR MODEL DISCRIMINATION WHEN THE TRUE 

PARAMETER VALUES ARE UNKNOWN 
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In most circumstances when discriminating among models the true 

values of the parameters are unknown, and only estimates, usually least 

squares estimates*, are available. It then follows that for a particular 

set of models, ~, and for any set of operating conditions, ~' z, as given 

by equation (B.6~ is a multivariate random variable whose density function 

depends upon the transformations of the errors in e inherent in the models, 

~' and in the calculation of the function z. 

Given the true parameter values !, the models M and prior probabilities 

of these models P(~), the true objective function may have the form: 

X 

The variable, !' is a random variable since estimates of its value 

are calculated from an objective function which depends upon experimental 

observations, which are random variables. Since e is a random variable each 

point on the response surface z (x), in independent variable space, is a random 

variable. Thus for different sets of best estimate parameters, !*, different 

* Estimates of model parameters that m~n~~ze the sum of squares of the de
viations between predicted and experimental values. 
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values of the objective function, z, will be predicted at the same point 

in independent variable space ~· Thus at one set of parameter values ~*, 

the observed objective function, may have the form: 

Z (y~*, ~, P (M) ) 

X 

It may be possible that the objective function calculated with 8* 

has a maximum at a different set of x values than the objective function 

calculated with the true parameter values e. This would lead to a different 

and less efficient experiment. It then follows that the efficiency of 

the design in the long run will depend upon how well the parameters have 

been estimated. A "better value" for the objecti ve fw1ction is one which 

takes into account all of the uncertainty due to parameter estimates. 

Given the models ~, the prior probabilities of these models, P(~, 

and best estimate parameter values, ~*, the function: 

Z (y~*, ~' P(M) 

appears to behave mathematically, and may be looked upon as a likelihood 

function. That is, as the experimental design point ~becomes more efficient 

with regards to producing data that would be most efficient for model 

discrimination, the objective function approaches a maximum. As the experimental 

design point ~becomes less efficient, the objective function decreases. Thus, 

the objective function, Z(~), may be looked upon as the likelihood of experi-
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mental operating conditions ~producing data most efficient for model 

discrimination. 

The "better value" for z mentioned above comes from the marginal 

distribution of z, or the distribution of z over all possible 6* values 

in the population of parameter values with means; e 

L (~~*, ~~ P(M) = Z (~~*, ~' P (M) ) (C .1) 

The density function for z is then given by: 

L (~~*, ~' P(M) 
f (~~*, !:!_, P (M) (C.2) 

dx 

The new criterion fer eY.perimental design involve§ finding the maximum 

of z over all possible values of e•. 

The objective function .is given by: 

f (~, P(M) = f;. 1 f !Y!!_*, !!.• P !Ml l • f (e) • de (C. 3) 

where f(9) is the probability density function for the parameters. If the 

models are linear in the parameters or .if linearization techniques are 

employed in estimating the parameters, they may be assumed normally distri-

·buted with mean and variance either from a priori or a posteriori parameter 

distribution in sequential analysis. 

In summary, then, if experimental operating conditions are chosen so 

as to maximize the objective function given by equation (C.3), more efficient 

information for model discrimination would be obtain~d, in the long run, than 

by using the Roth criterion since inefficiencies, due to poor parameter estimates, 
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have been taken into account. This criterion may be more important in 

situations where the parameter estimates obtained are imprecise because 

of large error variance in the observations or because of poorly designed 

experiments for parameter estimation. 

Although computation time may make it unfeasible, it appears 

reasonable that this concept could be applied to any design criterion which 

implicitly depends upon the parameter values and whose efficiency is 

influenced by the precision of these parameter estimates. 
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APPENDIX D 

CATALYST PREPARATION 

The catalyst used in this study and in the fluidized bed study was 

10% nickel on silica gel. For the fluidized bed experiments which were 

carried out concurrently, thirty litres of catalyst were required. This 

represented 29 lbs. of silica gel and 3.2 lbs. nickel metal, or an equivalent 

16 lbs. of nickel nitrate (Ni(N03>2 .6H20). 

The catalyst was produced by impregnating the silica gel with an 

aqueous nickel nitrate solution. The nitrogen oxides were then driven off 

by heating the charge in an air purged furnace. The resulting nickel oxide 

was then reduced under hydrogen atmosphere in the reactor at 265°C for eight 

hours. Fisher certified N-62 nickelous nitrate crystals, obtained from 

Fisher Scientific co., were used. The silica-gel carrier used, was Davidson 

.grade 81 silica gel with a reported size range of 70.to 297. microns; this 

material was donated by Davidson Chemicals. 

Because of the large amount of catalyst required, special apparatus 

was required to drive off the nitrogen oxides, mostly brown poisonous nitrogen 

dioxide. 

This Appendix will be divided into two sections: Apparatus, and 

Catalyst Preparation Procedure. 

D.l ~paratus 

A diagram of the apparatus is given in Figure D-1. Two airtight, 

type 316 stainless steel boxes which contained the catalyst were placed in 
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two Lucifer electric muffle furnaces. Each box held approximately 3~ litres 

of catalyst. The boxes were constantly purged with air from a 20 p.s.i.g. 

lab air supply: the pressure drop across the exit line from each box was 

monitored and regulated to ensure a reasonable purge gas flowrate through 

each box. The exit air, together with the poisonous nitrogen oxides, were 

fed into the bottom of a bubble reactor consisting of 1~ ft. of stainless 

steel packing. The reactor was charged with 3 litres of lN NaOH solution. 

Several drops of methyl red indicator were added to the caustic solution 

to monitor the pH. No colour change from yellow to red was ever observed 

and no brown fumes were detected above the liquid in the reactor. The 

effluent gas from the reactor was directed by stainless steel tubing to 

outside air. 

D. 2 Procedure 

The bulk density of the dry silica gel after it was dried for 8 

0 hours at 170 c was found to be 0.43 ± .006 gm./ml. The volume of deionized 

water adsorbed per gram of dry silica gel was found to be .811 ± .007 ml./gm. 

This was found by "titrating" approximately 10. gm. of silica with deionized 

water until the silica gel agglomerated: this was taken to mean that the 

pores were filled. This "end point" was sensitive to one drop or approximately 

o.os ml. of water. 

Each litre of dried support required 315 ml. of solution containing 

220 gm. of nickel nitrate. For each litre of catalyst support enough deionized 

water was used to dissolve the required amount of nickel nitrate at room 

temperature (solubility of Ni(N03) 2 .GH2o is 240 gm./100 ml. of H2o). Heating 

was required since the temperature decreased as the .salt dissolved. Enough 
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deionized water was then added to the solution to obtain the required amount 

of total liquid volume. The silica gel was dried in a 180°C oven for eight 

hours pr~or to impregnation. The nickel solution was then added to the 

dried support stirring constantly by hand to distribute the liquid evenly and 

until all liquid was absorbed by the solid. 

This green coloured material was then heated in an excess of air 

in an electric muffle furnace (see Figure D-1). One half hour was required 

to attain a temperature of 300°F. This temperature was held for 1~ hours 

The furnace was then held at 450°F for 1~ hours and at 690°F for eight hours. 

The resulting greyish material was then placed in the fluidized bed 

reactor. 

The catalyst used in the packed bed study was a sample taken from 

the fluidized bed. This sample was reduced in the packed bed at 265°c for 

8 hours with a hydrogen flow of approximately 30 ml./min. The catalyst 

was always kept under a hydrogen atmosphere when not used. Taylor, Yates 

and Sinfelt(T
4 

) observed extensive reduction of their 10% nickel on silica 

0 
gel catalyst when reduced at 250 c. To ensure essentially complete reduction, 

0 the catalyst used in their kinetic studies was reduced at 370 c. The catalyst 

used in this study was reduced at 265°C because it was thought that the 

fluidized bed reactor was limited by its oil heating system to this temperature.* 

* The heating system in the fluidized bed has since been improved so now it 
can attain temperatures as high as 350°C. 
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APPENDIX E 

CALIBRATION OF ANALYTICAL EQUIPMENT 

E.l Chromatograph Calibration 

Analysis was required on all the components involved in the reaction. 

These were : methane, ethane, propane, butane and hydrogen. The calibr ation 

of the chromatograph for these components will be discussed in three 

sections: Calibration Apparatus, Calibration Procedure and data. 

CALIBRATION APPARATUS 

A schematic of the apparatus used is shown in Figure E-1. The known 

gas mixture to be analyzed was made up in a 2 ft. X 6 in. diameter sample 

bottle. A mercury manometer was used to measure the pressure in this bottle. 

Valves A and B allowed the bottle to be evacuated or filled with known gases. 

The known gas mixture was fed to the chromatograph sample valve through valve 

D. 

CALIBRATION PROCEDURE 

The sample bottle was first evacuated and purged at least three 

times with the first gas that was to be admitte~. 

For each known gas admitted to the sample bottle, a cylinder of the 

gas was attached to valve A, the lines to the sample bottle were evacuated 

and purged with the known gas, a portion of the gas was allowed into the 

bottle and i ts contribution to the total pressure in the bottle was measured. 
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When the known gas mixture was made up, at least 15 minutes were allowed for 

diffusive mixing. This, and not observing any trends in composition of the 

replicate samples of the known gas mixture with time, gave reasonable 

assurance of complete gas mixing in the bottle. 

The sample valve and associated lines were then purged with the 

gas mixture: the purge gas flowrate was measured by a bubble flowmeter. 

After purging, valveD was close~producing atmospheric pressure in the 

sample valve, and a sample was taken. The chromatograph carrier gas flow

rate was maintained at 35.0 ml./min. and the filament current was set at 

200 rnA. 

Since the gas sample bottle could not be totally evacuated before 

making up a known sample, it was purged thoroughly with the first known 

gas to be admitted and the difference in pressure between total vacuum, 

as indicated by atmospheric pressure, and the actual vacuum achieved with 

the vacuum pump, was assumed to consist of the first known gas. To randomize 

the errors in measuring the contribution of each gas to the total bottle 

pressure, the order in which each known gas was admitted to the sample 

bottle for the various gas mixtures was randomized. 

Since the total pressure of the gas in the sample valve was known 

(measured atmospheric pressure}, and the composition of the gas was 

known (manometer measurements), the actual partial pressures of the com

ponents in the sample valve and chromatograph detector block could be 

calculated. These partial pressures were plotted against the areas under 

the corresponding chromatogram peaks to give the calibration curves. Areas 

were measured by a rotating ball, mechanical integrator. 
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CAL I BRA TION 

FACTOR 
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area unit 
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0.079 
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95% CONFIDENCE 

LIMITS ' ON 

FACTOR 

±.006 

±.005 
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±.3 

CONFIDENCE 

LIMITS AS 

PERCENT 

OF FACTOR 

±4% 
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The calibration was checked six weeks after the calibration runs 

were performed and the results agreed very well with those established 

earlier. 

The calibration curves obtained are shown in Figure E-2. 

The calibration factors (slopes of the calibration curves) and their 

respective errors were calculated by the simple linear least squares formulae 

given by Volk(V4), and are listed in Table E-1, 

E,2 Capilliary Flowmeter Calibration 

The hydrogen and hydrocarbon "capilliary" flowmeters were calibrated 

with a soap-film bubble flowmeter at a constant back pressure of 1210 rnrn. 

measured by a mercury manometer (corrections for atmospheric pressure 

changes were required). The hydrogen flowmeter was calibrated directly; 

however, the hydrocarbon flowmeter had to be calibrated by setting the 

hydrogen rate at a known nominal value (approximately 0.8 ml./sec.). The 

hydrocarbon rate was then calculated by difference since the back pressure 

valve could not work properly at the low hydrocarbon flowrates used (as low 

as 0.1 ml./sec.). 

The calibrations were checked a number of times before the experi-

ments began. During the experiments, a bubble flowmeter was used to measure 

the effluent rate from the reactor. Since the cracking reaction is a con-

stant volume reaction, this was a check on the flow measurements. It was 

found necessary to use tygon tubing to isolate the constricted tubing flow-

meters from the vibrations caused by a stirrer in order to ensure that cali-

brations remained constant over time. 

The calibration curves for the flowmeters are given in Figures E-3 
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and E-4. The points shown were taken randomly on five different days for 

the hydrogen flowmeters and three different days for the butane flowrneters. 

Since setting the feed flows is important in performing an experi

mental design, attempts were made to substantiate the flowme ter calibrations. 

This was done by feeding known mixtures of hydrogen and butane, as measured 

by the flowmeter calibrations, directly to a gas chromatograph and analyzing 

the mixture. It was observed that the ratio of hydrogen to butane as 

measured by the chromatograph was always lower than that measured by the 

flowmeters. This difference increased from 2% at a ratio of 2:1 to as high 

as 13% at a ratio of 6:1. The difference in total flow as given by the 

calibration curves and as measured by the bubble flowmeter at the exit of 

the chromatograph never exceeded 2%. It was felt that at high ratios 

the hydrogen rate affected the butane flowmeter calibration perhaps by 

diffusion of hydrogen countercurrent to the butane flow. An ~ttempt was 

made to isolate the butane flowmeter constriction with 3 ft. of 1/8 in. 

diameter copper tubing crimped repeatedly along its length. After this 

modification the ratios as given by the flowmeters and chromatograph agreed 

to within 3% for hydrogen to butane ratios as high as 17:1. 



APPENDIX F: P.Aa<ED BED RElCIOR CALCULATICNS 

CAI.CUIATION OF THE HEAT OF REACI+ON (S6) 

Assume the \\Orst experimental oonditions, i.e., a reacting 

temperature of 280°C. (550°K.) where the heat generated \\Ould be the 

greatest. 

Reaction 

c4 ~ 4c1 

c4 -~ 2c2 

c4 -+ c3 + cl 

MI - Heat of reaction at standard conditions 

(25°C.) per mole of butane reacting • 

. cal./gm. nole (B.T.U./lb. rnole) 

41400. 

10322. 

12560 .. 

(74500.) 

(18600.) 

(22600 .. ) 

Assune the sample reaction: 

4C4 ~ ac
1 

+ 1c2 .f. 2C3 

By Hess' law of constant heat smmation, the standard heat of 

reaction at 25°C. is: 

23079. cal./gm. m::>le of butane reacted 

198. 

An additional 1000. cal./gm. nole of sensible heat is given off · 

by oooling the reactants to standard condi tians and taking the products 

back up to 280°C. 

CAI.a.JLATICN OF THE PARI'ICIE REYNOLI:l) NtM3ER 

Feed flc:Mrate = 1.5 ml./sec. (oonstant thrQU3'lx>ut the reactor) 

Reactor cross-sectional area= 0.386 cm. 2 

Superficial feed velocity = 3. 85 an./sec. 



Iength of reactor = 25. an. 

Space time = 6. 5 sec. 

Molar flowrate = PV 1.0 X 1.5 
RT = 82.06 X 550. 

= 0. 0000332 gm. noles/sec. 

Average IIDlecular weight assuming 5: 1 hydrogen to rutane nolar ratio 

(1. X 5.) X (58. X 1.) 
= 6. 

= 10. gm./gm. - nole. 

Superficial nass velocity = G 

= 
0.00332 X 10. 

0.386 

= 0. 00086 gm./ (sec.) (an. 2) 

Assuroo particle diameter = dp = o. 015 an. 

The gas viscosity is close to \.1 = 0. 00011 p::>ise (P2). · 

Reynolds nunber = NRe 

= 0.12 

CAlCUI.ATICN OF AVERAGE MASS FLUX F.R:M PARTIClES 

Assurre nost severe rate of reaction of butane at 283°C. 

17 -2 rB = 3.22 X lU exp. (- 56400./1.99 X 556.) PB PH 

-2 = 0.000019 PB PH 

Assure a partial pressure of rutane, P B, of 0. 3 and a partial 

pressure of hydrogen, PH, of 0. 7 

:.rB = 0.0000118 gm. rroles/(sec.) (volume of reactor) 

199.· 



surface area of particle 
volune of particle 

volume of particle 
volume of reactor 

lTd 2 
= _£.._ = 6. 

lTd 3 dp 
_£..._ 

6. 

= (1.'0 - e:) 

:. surface area of particles _ 6. X (1. - e:) 

dp volume of reactor -

Assuming e: = 0. 42 

.·.mass flux 

2 3 = 348. em. /em. 

-8 2 N = 3.4 X 10. gm. IIDles/(3ec.) (an. ) 

CAI.CUIATICN OF AVERl\GE HFAT FLUX FR:M PARriCLES 

200. 

Using the heat of reaction calculated previously for the ~rst 

case where all butane cracks to methane: 

heat flux = N X MI 

-8 = 3.4 X 10. X 42400. 

2 Q = 0.0014 cal./(sec.) (em. ) 

j 0 1lND jH VALUES FOR MASS AND HEAT TRANSFER 

The factors j 0 and jH are obtained fran the correlations given 

by satterfield and s~<s?). 

Here for .Na= = 0.12 

jD ~ jH ~ 40. 
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CAI.CULATICN OF DRIVING FURrn FUR MASS TRANSFER 

Scllni.dt numl:er = NSc 

where p = ~ X_ average Mol. wt. = 82 •06 \{ 550 • X 10. 

= 0.00022 gm./cm. 
. ~ 2 (P2) and taking V ~ 0.3 em. /sec. 

0.00011 = 0.00022 X 0.3 

= 1.7 

k g 

.The mass transfer coefficient is calculated fran the jD factor 

jDG 
= 

P (NSc) l/3 (average rrol. wt.) 

nn A ~ 1 ~~ '""'~ \ 1 2 = 0. vv2-z gm. ••ov.~oc;:;,lf~€C. 1 \em• ) (atm.) 

Therefore the driving force required to bring the reactants to 

the catalyst surface must be: 

N llp = = 
~ 

-8 3.4 X 10. 
.0024 

= 0.00001 atln. 

Thus there is no mass transfer limitation on the surface of the 

catalyst. 

CAI.CULATICN OF DRIVING FORrn FUR HEAT TRANSFER 

Prandth nunber = ~ = Cpll 
k 

where, C , the heat capacities at 500°K. were obtained fran reference (SG). 
p 



Canponent 

rrethane 

ethane 

propane 

butane 

hydrogen 

Heat Capacity 

(cal./(gm. mole) (C. 0
) 

10.2 

16.4 

23.4 

30. 

7. 
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AsS\.ll'Ie an average heat capacity, Cp' of 14. cal./ {gm. mole) (C. 0
) 

The thennal conductivity is calculated in the sane way, taking 

values fran reference (K12) • 

. k = 0.00206 cal./(sec.) (an.) (°C.) 

14. X 0.00011 
0.00206 

= 0.75 

'lhe heat transfer coefficient is calculated fran jH 

jH G C 

(~)173 h = 

= 0. 58 cal./ (sec.) (an. 
2) (°C.) 

'Iherefore ~ driving force required to rarove the heat 

generated is, 

t.T 
Q 0.0014 

= h = 0.58 

= 0.0024 °C. 

'Ihus there is essentially no temperature difference be~en the 

particle and on the reacting gas flowing by it. 
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CAI.CULATICN OF THE THIElE MJDULUS 

The effect of the Thiele nodulus: 

en the effectiveness factor, n, far a first order reaction in spherical 

catalyst pellets is given by Satterfield and Sherwood(S7). 

For spheres L = radius/3. 

V is the effective diffusivity of the reacting gas in the catalyst eff. 

pores. 

k is the first order velocity constant based on the gross v . 
volune of catalyst particle. 

Note that as <P -~ O,n ~ 1. 

For t.he present case: 

(i) calculate L 

L = 1/3 X 0.0075 

= 0.0025 an. 

(ii) calculate kv 

Fl:om the rate expression for the cracking of butane and assuming 

the zrost severe a:mditions: (fran previous calculations) . 

. -2 
rB = 0.000019 PB PH 

assune PH 0.7 atm. = 

:.rB = 0.000039 PB 

= 0.000039 X R X T X CS 

= 1.76 ~ 
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where k = 1. 76 1/sec. is the rate constant expressed on the basis of 

unit vol'LlrCe of reactor 

1. 76 = 0.58 

= 3.04 (1./sec.) on the basis of volume of catalyst 

to particle. 

(iii) D=tenn:ine V eff. 

Take the w:::>rst case for effective diffusivity (Knudsen diffusion 

range). Fran satterfield and Sherw:xx:l the Knudsen diffusion coefficient 

smuld not be lower than 0.0001 an.2jsec.*. This is the coefficient 

for c'LlrCene gas at 420°K. in silica alumina cracking catalyst. 

assume V eff. = o. 001 an. 
2
?sec. 

Thiele Irodulus = 0.0025 ~:~~l 

0.1 

For this Thiele roodulus, fran Satterfield and Shen.ood and 

Bird Stewart and Lightfoot (B2), the effectiveness factor is eSsentially 

equal to one. This Ireans that the reaction is not limited by pore 

diffusion. 

CHEO< THE IMPORI'ANCE OF AXIAL DIFFUSICN 

Peclet number = ~A 

where u = average superficial velocity, an./sec. 

L = characteristic length, an. 

~ eddy diffusivity, an. 
2 
/sec. 

* Note the nonnal diffusion coefficient, V, "Y.Ould be alx>ut 0.3 an. 2 /sec. 



carberry (C3), foum that the eddy diffusivity for a He-air 

system approached the molecular diffusi vi ty for Reynolds nunbers less 

than 1. 

Since in this study: 

Nie = 0.12 

assune fran reference (P2) 

2 
~ = V = 0.3 an. /sec. 

~e based on particle diameter is: 

~e = Nie X Nsc 

= 0.12 X 1.7 

= 0.2 

NPe based on the reactor length 

UL 3.9 X 25. 
~ = ~A = 0.3 

= 325. 

IMPORI'ANCE OF AXIAL DIFFUSICN TER-1 

Fran Petersen (P4) the steady state mass conservation equation 

for a packed bed catalytic reactor, taking axial canpct1ents only is 

2 
(d c) - U (de) - kc = 0 
dz2 . dz 

F.l 

where c = concentration of reacting ca:np:ment gm. noles/an. 3 

z = length along the reactor 

k = first order reaction velocity constant based on the 

volume of the reactor (here a pseudo first order rate 

constant is used to test the assuuption) 

In d.i.m:msionless fonn the equation bec:x::lres: 

205. 
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2 2 
d'¥ a (d '¥) 
dT - '¥ = 0 

dT2 

where 2 k~ kz 
'¥ 

c a = T = -, = --2 I 
C · u u 0 

The rate expression for butane cracking at PH = 0. 88 atm. and 

a temperature of 258°C. is: 

17 -2 rB = 3.22 X 10. · exp. (-56400./1.99 X 531.) PB (0.88) 

= 0.0000018 PB 

= o.l57 CB 

'Ihus, a pseudo first-order rate constant, k, is calculated to 

be 0.157. 

Since the m:inimum volumetric flo;vrate is 1.0 an. 3 /sec. 

U = :3~6 = 2.6 an./sec. 

The maximum a 2 

0.157 * 0.3 = 
(2.6) 2 

= 0.007 

Figures Fl, F.2 and F.3 give the nost severe concentration 

profiles in the packed bed reactor, as predicted by a plug flow nodel. 

Since the curvature in the profiles is small, then 

2 
0.007 ~ << d'¥ 

~ .&. dT dT 

This IreanS that the axial diffusion term shrul.d be negligible 

cx:mpared to the convective tenn and can be neglected. 
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RUN NO. 101 
W 1P . = 257. 1•c. 
FAT!o = 3. 96 
F'I.a\TRA'IE = 1. 72 ml. / sec. 

cx:NVE~ICN OF BtJI'l\NE = 82% 
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RUN. NO. 84 
· 'IEMP. = 247°C 

RATIO = 3. 59 
F'l:CMRA'IE = 1.04 ml./sec. 
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FIGURE F-2 - l-O)T SEVERE a::NCENTRATICN POOFIIE OF RI.NS tEED IN PARAME'IER ESTIMATICN 
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SAMPLE CALCULATICN 

Several sample ooncentration profiles in the ·packed bed reactor, 

as calculated fran the packed bed reactor model, are shown in Figures 

F-1, 2 and 3. 

This section will refer to the rrost severe of all of the profile s 

enoountered in the runs used in parameter estimation. This profile is 

given in Figure F-3. A sample calculation will gi ve orders of magnitude 

for the first and seoond derivatives in equation F.l. . 

Taking 6Z = 4.. an. 

zl = 6. em. 

z2 = 10. an. 

Equation F. 2 in tenns of partial pressures: 

d2p nn 
0.007 - 2.6 ~ = 0.157 p 

dz2 dz 
F.3 

0.838 - 0.800 
= = 0.0095 

4~ . 

~ 0.0055 = 
t:.z 

z2 

2 
41 = 0.001 
flz z=8. an. 



in this case P = Oo06 

reaction tenn: 0 o 006 X 0 o157 = 0 o 01 

first deri vative tenn: 2o6 X Oo0075 = Oo02 

seoond derivative tenn: Oo007 X Oo001 = Oo000007 

210o 



APPENDIX G: PRIMARY EXPERIMENTAL DA'm 

This appendix gives, for the butane and propane cracking 

experiments: 

the measured operating conditions, i.e. feed flowrate, ratio 

and tanperatllre 

211. 

and the reactor effluent analyses, i.e. exit IrDle fractions and 

selectivity of the products of reaction. 



TABL E G-1 

EXPE RI MEN TAL DESIG N RE S ULT S FO~ BUTANE CRACK I NG 212. 
CO, V Ei.(S 1 U i'< u i- DlJ T i\ ,'k 

ONE OF SEVERA L REP LICA Te S S HuW~ FU R EACH EXPER I ME NT J 

EXPERI MENT AL RUN AVE RAGE FEED FE ED C 0 1'-J V E R S I 0 i'-J 
LEVELS NO . REACT O f~ FLuWRA TE RATIO OF 

. TEfv\P. BU TANE 
-

T01PE RA TURE 
FLO WRA TE DEG.C. fv1L ./SEC . H2/C4 PeRCENT 

RATIO 

M 
RH* 

4 258 .7 1. 38 7o14 15.7 
TL FL 5 239 .7 0 . 89 9 . 97 5 . 0 

'""'~ 9 258.7 1o61 6 · 3 6 27.4 
TH FH RH 14 283 .5 1. 87 8. 9 4 99 . 8 

M 17 258.6 1. 45 7.04 50 .1 
TM FH RH :l 21 258.8 1. 85 8 . 8 1 40 .4 
' M ~ 25 258 .7 1. 4 3 7 . 08 53.5 

TL FH RL -If 27 246.1 1. 8 6 3 o'i5 14 . 0 
M 3U 258 . 7 1. 48 7. 3 7 50 .4 

TH FL RL 35 274 . 8 . 992 3 o7 5 1uo. 
M 38 258 .6 1.45 7.84 66.2 

TM FL RL 43 258 .2 1o 0 1 4o0 8 9 6.9 
t-1 

RH~ 
5 iJ 258 .6 1.49 7o 08 7 2 . 3 

TL FH 54 245 .7 1. 80 8 . 2 4 19 . 4 .. ~ 5 7 258. 5 1 . 44 -, , ~ 
67 . 2 ,., 

RL * I o l .) 

TM FH 64 258 .7 1.85 3o89 68 .6 
M 66 258.6 1.46 6 o99 68 . 9 

TH FL RH 7U 283 . 7 1. 04 8 . 60 9') . 9 
73 275 . 0 1 . 03 8 . 3 '+ 9 9 . 9 
76 266.5 1.01 9 .75 99 . ') . M 

. ~ 
8 U 258.6 1. 44 7.15 76.3 

TL FL RL 82 246. 2 1.01 3 .7 3 49 .7 
Mlf'i 86 259.2 1.39 7.67 79 .4 

TM FL R H~ 9U 258 .5 1. 02 9 . 06 87 . 3 
M 93 258 .1 1.45 6.63 76.3 

TH FH RL-llf 97 281.0 1.77 3 o7 9 100. 
98 2 75.4 1.75 3 .8 0 1 GO . 
99 267.1 1.7 3 3. 8(! 100. 
1UU 2 58. 9 1.72 3 . 85 94 .5 

M* 1U5 258.1 1.44 7. 08 7 9 . 9 
TL FL RH ~ 1U9 24:-.9 1. 03 7o8l 41 .2 

M 112 258 .5 1. 4 5 6 . 71 82 .1 
TH FH RH 115 282.6 1. 8 1 8 . 98 99 .9 

117 270.5 1.79 9 .17 99 .7 
M~ 

RH ~ 
119 258 .5 1 . 37 8 . 88 82 .0 

TM FH 125 258 .1 1.85 8 . 84 66.5 
M 126 258 . 9 l. 41 8 . 05 83 ·. 9 

TL FM RH 133 245.9 1.6 3 8 o66 2 7.3 
M 135 258 . 2 1.4 2 7.5 0 83 .4 POINT B 14 U 270 .5 1.41 5 . 98 99 . 8 
M 146 2 5 8 .4 1. 4'+ 6 . 75 87 . 0 

TL FH RH =¥. 149 245.2 1.78 8 o24 27 .6 
M 15U 257 . 9 1.4 3 6 . 97 82 .4 
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TABLE G-2 

PROPA NE C f~ AC!( l NG E X P C: R I,•l E i'H .::> 

EXPEkif'viENTAL Of-lt:KATI,'IG COI~D 1 T I Ur-.S 

RUN FEED FEED I~EAC TOR · T Et•1P U<A TUI' E S AVERAGE 
NO. FLOWI--<ATE RATIO TOP Tu tjOT TOi•l TEI"tPERA TUi-.(E 

rv,L./SEC. H2/C3 DEG . CENT I GI--<ADE DEG. c. 
1 2 3 4 

1 1.4 0 7.93 258.7 258.7 257.2 258.5 258.3 
2 1.40 8. (Jl 258.2 258.2 258.2 257.5 258.1 
3 1.40 8.01 259.2 259 . () 258 . 8 2~8 .2 258.8 

4 0.99 3.99 259.0 258.7 258.:> 257.8 258.5 
5 0.99 3.95 258.5 258.4 258.0 257 . 3 258.0 

6 1.80 3.98 258.5 258.2 258.0 257.3 258.0 
7 1.81 3.93 259.0 258.7 258.2 257 . 8 258.4 

8 1.UO 7.72 258.5 258.5 258 . 2 257.8 258.2 
9 1. 0u 7 . 95 258.5 258 . 2 L5o . 2 2'?7.3 258.1 

10 1.84 8.57 258.2 258.2 258.2 257.5 258.1 

11 1.38 9.29 258.7 258.7 258.2 257.7 257.4 
12 1.38 9.32 258.2 258.2 25U .2 257.3 258.0 

14 1e01 7.29 271.0 270.7 270.5 270.0 270.5 

15 1.01 4.10 270.2 269.5 268.7 268.5 269.3 

16 1e38 9.57 258.2 258.2 258.0 257 .5 258.0 
17 1.38 9.61 25U.5 258.4 258.0 258 . 0 258.2 

18 1.77 8.88 270.2 268.u 269.5 269 .3 269.3 

19 1.76 3.93 271.4 270.3 27lJ.3 270.1 270.5 

20 1.79 8.39 271.5 271.2 271.0 270.5 271.0 

21 1.37 8.71 257.3 257.3 257.0 256.8 257.1 
22 1e38 8.62 259.lJ 259.5 259.u 258.7 259.0 



TABLE G-3 

PROPANE CRACKING ~XPERIM~NTS 
REACTOR Pk00UCT ANALYSES 

RUN PRODUCT MOLE FRA CTIONS SELECTIVITY . CONV~RSION 
NO . OF 

PI~OPANE 

C1 cz C3 HZ S1 S2 

1 0.0594 O. U1 45 0. 0825 0 . 8422 2.01 0 .493 26.34 
2 0 . (j 5.62 0 . 0159 0 . 081 6 0 .845 0 1.91 0 .544 26.47 
3 o.o610 o . U155 0.0803 o . 8421 1.99 0 .5 05 27 .6 3 
4 0.2077 0 . 0481 0 . 0989 0.6452 2.05 Oe475 50.59 
5 0.1990 0.0491 0 .1 032 U. 6486 2.0 1 0 . 496 48.98 
6 0 .1 0'+9 o . u268 0.1477 u .7199 1.99 Oe5 07 26.34 
7 0 . 1108 J . u29u 0.146<;1 v .7130 1.sn 0.515 27.70 
8 0 . 082.8 o . u22.7 0.072.0 u .8 2.L'2 1.'::14 0.53lJ 37.22. 
9 O. U822 O.U2iJ9 0 . 0703 0 .8261 1.99 0 .5 06 37.03 ' 
10 0 . 039 4 O. U1U6 0 . 0843 0 . 8657 1.95 Oe526 19.33 
11 0 . 0499 u . u 135 0 . 0716 0 .864 5 1 . 95 0 . 526 26 . 36 
12 o.J465 0 . 0 148 0 . 07 15 0 . 8665 1.83 0.583 26.20 
14 0 .2163 Ue UL+lJ3 0.0217 u .7 2 17 2..18 0.407 82 . U2 
15 0 . 4797 o . o'+29 O. OU78 u .46 Y6 2.54 0 .221 96.00 
16 o.u4?9 o.u116 0.0717 l •. B7u2 1.99 0.503 24.31 
17 o . uL+5 1 u .ld27 o.o7od u .87u9 1.<.12 Oe540 24.95 
18 o.1CJ69 u . U225 0.0505 u •. 8199 2.11 0.445 50 . o 7 
19 u . 34lO u . u590 6 . 0500 0 . 55UU 2 . 23 0.386 75.40 
20 0.1228 0 . 02 69 0 . 0477 0 . 8U26 2.08 0.457 55.24 
21 0.0455 0 . 0139 0.0785 0 . 8616 1.86 0.569 23.72 
22 0.0552 O. U151 0 . 0755 0 .8539 1.<.14 0.530 27.36 

N 
1-' 
~ . 



RUN 
NO . 

1 
2 
3 
4 

5 
6 

8 
9 

1 U 

12 
1 3 
14 

17 
18 

19 
20 
21 
22 

23 
2 4 
2 5 

2 6 
27 
29 

30 
31 
32 
33 

35 

38 . 
3 9 
40 

FEED 
FLOW RATE 
ML . /SEC . 

1. 40 
1 . 43 
1 . 43 
1 . 39 

1 . 50 
1 . 61 
1 . 49 

1 . 85 
1 e 93 
1.87 

1 . 45 
1 . 46 

1 . 84 
1.85 
1 . 85 
1 . 84 

1 . 44 
1 . 44 
1 . 44 

1 . 87 
1 . 86 
2.00 

1 . 48 
1. 47 
1 . 47 
1 . 51 

. 99 

1.45 
1 . 44 
1 . 43 

1 . 0u 
1 . J1 
1.00 

TABLE G-4 

. B~T~ NE CRAC KING E XPF R I MF~J S 
EXPt.-I IViUHA L uf-lU<A f l 1'>iG COf'<D ITI ON S 

FEED 
RATIO 
H2 / C4 

6 . 10 
5 . 53 
5 . 59 
7 . 14 

9 . 9 7 
8 . 53 

6 . 20 
6 . 36 
6 . 31 

8 . 19 
8 . 80 
8 . 94 

7.04 
5 e87 

* . 08 
9 . 34 
8 . 81 
9 . 39 

6 . 72 
6 . 71 
7 . U8 

3 . 78 
3 . 95 
3 . 82 

7 . 37 
7 . 63 
7 . 47 
7 . 9 1 

. 3 . 75 

7 . 8 4 
7 . 26 
7 . 62 

4 . 19 
4 . U8 
4 . 13 

REACTOR TEMPERATURES 
TOP TJ B0TT0f"l 

DEG. CENT I GI~ADE 
1 2 . 3 4 

258 . 0 
258 . 5 
258 . 5 
258 . 5 

239 . 6 
244 . 8 

258 . 5 
258 . 5 
258 . 5 

284 . 7 
284 . 4 
284 . 4 

259 . 0 
259 . 2 

259 . 0 
258 . 7 
259 . 2 
258 . 5 

258 . 7 
258 . 2 
258 . 9 

246. 0 
24 6. 0 
282 . 9 

282 . 7 
282 . 5 
283 . 3 
282 . 7 

27 5. 1 

259 . 0 
25 7. 6 
2~8 . 2 

259 . 2 
259 . 2 
258 . 7 

258 . 2 258 . 0 
259 .• 7 258.7 
259 . 5 258.5 
259 . 5 258.5 

239 . 9 239 . 6 
245.3 244.8 

258.9 258 . 7 
2 5 9 . 5 258 . ~ 

25<J . 7 25U . 5 

284.6 283 . 3 
284 . 4 282.7 
284 . 2 283 . 0 

259 . 5 25 8 .5 
25 9 e7 25bc5 

259 . 7 25 8 .2 
2 ~ 9 • '::> .2 5 b • 2 
25 <; . 7 258.4 
259 . 7 258.2 

259 . 7 25<J . O 
259 . 2 258 . 2 
259 . 5 258 . 2 

246 . 7 245 . 9 
246 . 7 246 . 0 
282 . 9 282 . 2 

283 . 2 282 . 0 
283 . 2 282 . U 
284 e U 282 . 7 
2o3 . 5 282 . 7 

275 . 1 274 . 9 

259 . 2 258.7 
257 . 6 257 . 5 
258 . 2 25b . 2 

259 . 0 257 . 5 
259 . 0 25 7 . 5 
258 . 7 257 . u 

257.8 
258.7 
25U.5 
258 . 5 

239 . 6 
244.2 

258 . 5 
258 . 5 
258.5 

283 . 2 
282.3 
282 . 5 

257 . 6 
257. 8 

257 . 6 
257 . 6 
257 . 8 
258 . 2 

257 . 8 
257 . 3 
258 . 2 

245 . 5 
245 . 5 
281 . 8 

281 . 5 
281 . 6 
28.:: . 5 
282 . 1 

273 . 9 

257 . 5 
256 . 3 
2S7 . u 

257.0 
2~7.u 

256 . 5 

215 . 

AVERAGE 
T E1"iPEf~ A TURE 

DEG . C 

258 . 0 
258.9 
258.7 
258.7 

239.7 
244 . 7 

258 . 6 
258 . 7 
258.8 

284 . 0 
280 . 5 
283 . 5 

258.6 
25B .. 8 

258 . 6 
258.5 
258.8 
258 . 7 

258 . 8 
258 . 2 
258 . 7 

246 . 0 
246 .1 
282.4 

282 . 4 
282 . 3 
L8j . 1 
28L . 8 

274 . 8 

258 . 6 
257 . 3 
257 . 9 

258.2 
258 . 2 
257 . 8 



45 
46 
47 
48 
49 
50 
51 

52 

53 . 
54 

56 
57 
58 
60 

6 1 
63 
64 
65 

66 
67 
6 8 

69 
70 
7 1 
7 3 
7 5 
76 

77 
78 
7 9 
8 0 

82 
83 
84 

85 
8 6 

87 
88 
89 
90 
91 

92 
.93 
94 
95 
96 

TABLE G-4 CONTINUED 

1 · 46 
1 . 4 7 
1 . 44 
1.48 
1 . 44 
1 . 49 
1 . 48 

1 .6 1 

1 . 81 
1.8u 

1 . 43 
1 . 44 
1. 45 
1 . 45 

1. 45 
1 e 85 
1 . 85 
1 . 85 

1 . 46 
1 . 45 
1 . 45 

1 . U4 
1. 04 
1. 0 4 
1. 03 
1 . 03 
1 . 0 1 

1 . 44 
1· 4 1 
1. 42 
1. 4 4 

1 . 43 
1 . 39 

1 . 01 
1 . 00 
1 . 0 2 
1 . 02 
1 . 02 

1 . 46 
1 . 45 
1 .40 
1 . 41 
1 . 4 1 

7.55 
7.4 1 
7 . 6 1 
7.37 
7 . 6U 
7 . U8 
7 . 34 

7 . 23 

8 . 23 
8 . 24 

7 . 20 
7 . 13 
6 . 8U 
6 . 68 

6 . 51 
3 . 89 
3 . 89 
3 . 76 

7 . UO 
6 . 4 4 
6 . 62 

7 . 48 
8 . 6U 
8 .7 9 
8 . 34 
8 . 08 
9 .7 5 

8 . 11 
7 . 3 1 
7 . 8 4 
7 .1 5 

3 .73 
3 . 68 
3 . 5 8 

8 .85 
7 . 6 7 · 

9 .42 
9 . 2 5 
9 .15 
9 . 0 6 
8 . 65 

6.20 
6 . 63 
7 . 8 4 
8 . 29 
8 .11 

259 . 2 
26 0 . 2 
260 . 2 
260 . 0 
259 . 8 
259 . 5 
258 . 9 

259 . 0 

246 . 0 
246 . 0 

259 . 0 
259 . 2 
259 . 2 
259 . 2 

259 . 1 
259 . 5 
259 . 7 
259 . 7 

259 .5 
259 . 2 
259 . 2 

284 .4 
284 . 7 
284 .7 
276 . 4 
267 . 8 
26 7.4 

2 57.6 
258 . u 
258 . 0 
259 . 2 

2 4 6 . 7 
24 7. 5 
2 4 7 . 2 

258 .7 
259 .7 

260 . 0 
2 58 . 2 
2 58 .5 
259 .1 
258 . 9 

' 2 59. 5 
260.7 
259 . 5 
258 . 7 
259 . 2 
258 . 9 
25tl . 9 

258.7 

246 . 0 
246.0 

258 . 7 
259 . u 
259 . v 
259 . 0 

258.9 
25 9 . 0 
259 . 2 
25<J.0 

259 . 0 
259 . 0 
259 . u 

284 . 2 
28Lt e 2 
284 . 4 
275 . '• 
267 . 1 
266 . 8 

257 . 5 
257 . 8 
258 . 0 
259 . u 

246 . 7 
247 . 5 
247 . 2 

258 . 7 
259 . 5 

259 .7 
258 . 2 
258 . 5 
259 . 0 
258 . 9 

259 . 0 258 . 9 
258 . 9 258 . 6 
257 . 5 257 . 5 
258 . U 257 . tl 
259 . 2 259 . 0 

258 . 2 
259.2 
259 . 2 
259.0 
259 . 2 
258 . ':1 
258 . 9 

258.7 

246 . 0 
246 . 0 

258.2 
258 . 2 
258 . 0 
258 . 2 

258 . 2 
25B . 2 
258 . 2 
258 . 2 

258.0 
258 . 2 
258 . 2 

283 . 5 
283 . 3 
283 . 7 
274 . 4 
266 . 2 
265 . 8 

256 . 5 
257 . u 
257 . U 
258 . 2 

246 . 0 
246 . u 
2 4 6 . 2 

2 57 . 8 
258 . 5 

258 . 7 
257 . 5 
257 . 8 
258 . 2 
25B . u 

257 . 6 
258 . 9 
257 . 4 
257.0 
257 . 0 
257.4 
257 . 4 

257 . 3 

245 . 0 
245 . 0 

257 . 6 
2':;7 . 6 
257 . 6 
257 . 6 

257 . 6 
257 . 4 
257 . 5 
257 . 5 

258 . 0 
257 . 8 
257 . 6 

......, rl ,~ "' 
LO.:J e V 

282 . 7 
2b3 . 0 
273 . 9 
265 . 8 
265 . 8" 

256 . 3 
256 . 5 
256 . 3 
258 . 0 

245 . 5 
245 . 8 
246 . 0 

258 . 3 
258 . 2 

258 . 2 
257 . 0 
257 . 4 
25 7. 6 
257 . 6 

258 . u 257 . 5 
257 . 8 257 . 3 
257. u 256 . 8 
257 . 8 . 257 . 3 
259 . u 258 . 2 

216. 
258.6 
259.7 
259.1 
258 . 7 
258 . 8 
258 . 6 
258 . 5 

258 .4 

245 . 8 
245 . 8 

258 . 4 
258 . 5 
258.5 
258 . 5 

258 . 5 
258 . 5 
258 . 7 
258 . 6 

258 . 6 
258 . 5 
258 . 5 

283 . 8 
283 .7 
284 . 0 
275 . 0 
266 . 7 
266 . 5 

25 7. 0 
257 . 3 
257 . 3 
258 .6 

246 . 2 
246 . 7 
246 . 7 

258 . 4 
259 .• 2 

259 . 2 
257 . 8 
258 . 0 
258 . 5 
258 . 3 

258 . 3 
258.1 
257.2 
257.7 
258 . 9 
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TABLE G-4 CONTINUED 

97 . 1 . 77 3 . 79 281 . 5 281.0 281.3 280 .3 281.0 
98 1.75 3 . 80 276.1 275.6 275~4 274.4 275.4 
99 1a73 3 a 8U 268.5 266 . 8 266 . 8 266 . 3 267.1 

100 1.72 3 .85 260 . u 259 . 5 258.5 258.0 259.0 
101 1.72 3 .96 259 . 2 258 . 2 257 . u 256.3 257.7 

102 . 1. 39 8 .26 258.2 258 . 2 257 . 8 257 . 5 257.9 
104 1.44 6 .84 259 . 2 258 . 7 258 . 2 257 . 8 258.5 
105 1.44 7 . 09 258 . 9 258 . 2 258.0 25 7.3 258 .1 
106 1.44 6.66 258.9 2 :r8 • 7 258 . 2 257 . 8 258.4 

107 1.u4 7.72 246.LJ 246 . 0 246 .0 246 . 0 246 . 0 
108 1 . 03 7.6(J 246.0 246 . G 246 . 0 246 . 0 246 .0 
109 1.03 7.81 246 . 0 246 . u 246.u 246 . 0 246.0 

111 1 .44 6.62 259.1 258.9 25 8 .2 257 . 8 258.5 
11 2 1e45 6a71 259.1 258 .7 258 .2 257.8 258 . 5 

113 1.82 8.61 284.3 283 . 2 282 .7 282 . 0 283.1 
115 1.82 8 .98 284 . u 282.7 282.0 281.6 282.6 
116 1a78 8 .4 0 272.(; 27U . 5 27u .2 269 . 6 2 7 0 .6 
117 1.79 9 .17 271.7 270 . 5 270 . 2 269 . 5 2 7 0 . 5 

118 1.38 8 .89 258.0 258 . 0 257 . 6 257.3 257.7 
119 1.37 8 . 88 258 .9 258 . 9 258.2 258 . 0 258.5 
120 1a4U 8 . 93 258 . 9 258 . 5 258 . 2 z:;,c; .o 258.4 
121 1.40 8 . 99 258.7 258.5 258 .2 257 . 8 258.3 

123 1e84 8 .77 258 . 9 258.2 258 .. 2 2?7 . 8 258 . 3 

124 1 . 84 8.83 258 . 7 258 . 2 258 . 0 257 . 5 258 .1 
125 1 .8 5 8.84 258.5 258.2 258 . LJ 257.6 258.1 

126 1.41 8.U5 259.5 259.2 258 .7 258.2 258.9 
127 1.41 8.11 258 . 0 25 7. 8 257 . 3 256 . 9 257 . 5 
128 1.39 9 .13 258.0 258 . u 257 . 5 257.3 257 .7 
i29 1.39 9.36 258.2 258 . 2 257 . 8 257 . 3 257.9 

13 0 1.65 8.86 246.7 246.7 246 .1 246 . 0 246.4 
131 1.65 8.77 246. 0 245 . 8 245 . 5 245 . 3 245 . 6 
132 1a64 8.64 246.7 246.5 246 . 2 246.0 246 .4 
133 1a63 8.66 246.0 246.0 2L~5 . 8 245 . 8 245.9 

134 1.41 8.19 258.5 258.2 257 . 8 257 . 3 257 .9 
135 1.42 7.50 258.7 258.5 258 . 0 257.8 258.2 
136 1.41 7.52 258 .4 258 . 2 257.6 257 . 0 257.8 

137 1.43 6.06 272.7 270 . 5 270 . 0 26 9 . 8 27_0 . 7 
139 1.41 5.99 272.7 27 U. 5 269 . 8 269 .3 270.5 
140 1.4 1 5.98 272.7 27 0 . 5 269 . 8 269 . 3 270 . 5 
141 1.41 6.36 2 72.7 2 7 0 . 0 269 . 5 269 . 0 270 . 3 
14 2 1.42 6.09 272.7 270 . 0 269 .5 269 . 3 270 . 4 



TABLE G-4 CONTINUED 218. 

145 1.61 6.19 258.7 258.7 257.8 257.5 258.2 
146 1e44 6e75 259.() 259.0 257.8 257.8 258.4 

147 1.78 7.81 245.4 245.4 245.U 245.0 245.2 
148 1.78 7.70 245.3 245.5 245.u 244.9 245.2 
149 1.78 8.24 245.4 245.4 245.0 245.(; 245.2 
150 1.43 6.97 258.2 258.2 257.8 257.4 257.9 

!;~ 1.42 7.54 ~~g:~ 258.4 258.2 257.6 258.2 
1.42 7.52 258.2 257.8 257.0 257.8 



TABLE G-5 

BUTANE CRACKING EXPERIMENT S 
REACTOR PRODUCT ANALYSES 

RUN PRODUCT MOLE FRACTIONS SELECTIVITY CONVERSION 
NO . OF 

bUTANE 
C1 C2 C3 C4 H2 S1 S2 S3 

1 .0182 .03 0 2 .0073 .1158 .8285 .72 1.203 .290 17.8 
2 . 033 3 . 00 52 . 013 7 .1321 . 8158 1.57 .244 .647 13.8 
3 . 0 345 . • 00 50 . 0 143 . 1299 ~ 8 163 1.5 8 .2 28 . 656 14.4 
4 . 030 5 . 00 41 . 0128 .1 036 . 8 490 1.5 8 . 212 .664 15.7 
5 . UU28 . UUU 5 . OU48 . 08 66 . 905 4 .60 .1 06 1e062 5 . o-
6 . 0025 . uUU7 .OU ~6 .1U~ O . d9~2 . d5 . L38 . 89U 2 . cl 
8 . U62 7 . Uu82 . 0233 .1 Ul6 . 804 2 1e68 . 220 ·6 25 26 · 8 
9 . 0 601 . 0 100 . 0231 . 0913 7 . clU83 1.61 . 267 . 618 27 . 4 

10 . 06 19 . u 11 8 . 0242 . 0973 . 8048 1.57 .2 98 .612 28.9 
12 .33 00 . 035 6 . 0 113 o. oooo .6231 3a03 . 328 .1 04 1 00.0 
13 . 3138 . U3U7 . 0 106 .OOU2 . 6446 3aU8 . 302 .1U 4 99.8 
14 .306 7 · . 0 331 . 0096 . 000 2 .6504 3. 0 5 . 330 . 096 99.8 
17 .1 099 . 0 151 . 0365 . 0 620 . 7765 1.76 . 242 . 585 50.2 
18 . 1249 .u 235 . 0425 a 07U8 . 738 3 1· 6 7 . . 31 4 ·568 51·4 
19 . 0631 . UU8 1 . 0234 . 0529 . 6525 1e69 . 218 .6 25 41 e4 
20 . 059 7 . u 10 0 . 0228 . 0597 .8478 1.b1 . 269 .616 38 . 3 
21 . 0679 . 01 11 . 0249 . 06U8 . 835 4 1.65 . 270 .6U4 4U.4 
22 . 0 639 . 0 113 .0243 . 0565 . 844 1 1a60 . 283 .610 41.4 
23 .1 340 . 01 59 . 0404 . 0578 .7 519 le87 .221 .563 55 . 4 
24 a 13U 8 . U185 . 04 13 . 0567 . 752 6 le79 . 254 . 567 56.3 
25 .12 0 3 . U153 . 0380 .0575 . 7689 1 . 82 .232 .57 3 53.5 
26 .0448 . UU67 . 0215 .• 17 85 . 7484 le46 .219 e7UO 14.7 
27 . 0414 . UU5 7 . 0202 .1736 . 75<)2 1e46 .202 ·711 14eU 
29 . 0411 . OU75 . 0210 .1 77':J .7529 1.38 . 253 e7U4 14.4 
3 0 .1 017 . u 157 .o360 .0 592 .7874 1 e6 9 e2 60 .597 5Ue4 
31 . 096 8 e U152 . 0339 . 0587 .7955 l e69 . 265 .592 49.3 rv 
32 .1 050 . <H 51 . 0428 .0522 .7849 le59 .2 29 .649 55.8 

1-' 
1.0 . 



TABLE G-5 CONTINUED 

33 . 09 81 .0155 .0336 .0547 .7981 1·71 ·270 .584 51·2 
35 .7 93 3 . 024 6 o.oooo u.ouoo .1820 3.77 .117 o. ooo 10 0 .0 
38 .13 83 . 018 7 . 0413 . 0382 . 7635 1o85 . 250 ·551 66·2 
39 .1 314 oU2U 6 oU419 . 046? . 7.5CJ5 1o76 . 276 o562 61·6 
40 .1341 .01 9 7 . 0415 . 0416 .76 3 1 1.80 .265 .5 5 7 64. 2 
42 .4484 .U 565 . 06 14 .0062 .4276 2o41 . 303 . 329 96.8 
43 .44 8 6 . U642 . o6zo . 0060 .41 92 2.35 .3 3 6 · 32 5 96·9 
44 .4364 . 0629 . 063 1 . 0072 o4 3U4 2o32 . 335 . 336 96.3 
L~ 5 .1 389 . 0153 .0421 . 0430 o 76U7 lo88 .• 20 7 .56 9 6 3 · 2 
46 .1 4 79 . U218 . o429 . 0389 .7485 1o85 . 272 .5 36 67.3 
47 .1£~ 88 . 0220 . 0430 . 0357 .7505 1o 8 5 . 2 73 ·5 3 5 -69·3 
48 .1623 oU21 5 .0451 . 0343 .7368 lo 9 1 . 253 .5 30 71.3 
49 .1 5 16 ' . 0238 . 0 4 39 . 0336 . 7472 1. 83 . 288 .5 30 71.1 
50 .15 98 . 0294 . 046 4 . 0342 . 730 2 lo79 . 329 .519 72o 3 
51 .16 91 . 02 24 . 045 5 . 0323 .7 306 1o 93 . 25 6 .5 20 7 3 o1 
52 .1636 oU238 . 04 61 . 034 1 .7323 1o87 . 2 7 3 .5 2 7 71.9 
53 . 028 1 . 0028 . 0146 . 0889 . 8655 1o45 .146 .753 17.9 
54 . 0286 . 005 6 . 0 148 . 0872 . 8638 1o 36 . 26 6 .7U3 19.5 
56 .1 49 6 . u20 6 . 0442 o041U . 7445 1. 85 . 255 . 547 66.3 

. 57 .1568 . 0184 . 0457 . 0403 . 7388 1o90 . 223 . 553 67oL 
58 .16 53 oU196 . 0473 . 0416 . 7263 1o91 .2 26 .546 67.6 
6 0 .1 713 oU 2U 1 . 0485 . 0410 .71 91 1oCJ2 . 225 .54 3 68.5 
61 .1 668 . 0220 . 0490 . 0 4 36 .7185 1o86 . 246 .54 8 67o 2 
63 • 2811 . U35 6 . 0 703 . 0638 . 549 2 2 . 00 .25 3 .499 6 8.8 
64 .2 806 . 0362 . 0694 . 0642 . 54lJ 7 z.oo . 258 . 495 6 8 .6 
65 . 2913 . U360 .07 19 . 0652 .5 35 6 2·01 . 249 .4 9 7 6 8·9 
66 .16 20 . 02U9 . 0471 .. 0388 . 7312 1o88 . 243 o5 4 6 6 9o0 
6 7 .17 55 . u239 . 0504 o04U8 .7 094 1 o87 . 25 5 . 539 69.7 
68 .17 06 . 0220 . 0485 . 0413 . 7176 1.89 . 244 . 539 68.6 
69 .4385 . 016 3 . 000 1 . 0001 . 5450 3 .72 .1 38 . ou1 99.9 
7 0 .37 28 . 02 15 . 0001 • 00 0 1 • 605.4 3.58 . 207 .o u1 99.9 
71 .3673 . 0205 . 0001 o . oooo .6 122 3o60 . zoo o 0U1 100·0 
73. .3623 . . 0285 . U028 . 0001 .6 06 3 3 . 39 . 26 7 .026 99.9 N 

75 . 2960 . U381 . 022'+ . 0002 .6433 2 . 69 . 34 7 . 2U 4 
· N 

99 . <3 0 

76 .2 37 2 . 0320 . 0235 • 0001 • 7072 
. 

2.55 . 345 .253 99 . 9 



TAB LE. G-5 CON TI NUED 

7 7 . 13li7 . U1 7 5 . 04 1 5 . 037~ . 7 7 3 2 l e BO . 241 . 572 6 6o 1 

7 8 . 146 0 . 02 7 5 . 0468 . 0349 . 7447 h71 . 323 . 548 71 · 0 
79 . 142 8 . U2U 2 . 043 7 . 034 6 . 758 8 1 · 8 2 . 25 7 . 55 6 6 9 .4 
8 0 .1 80 9 . 023 1 . 0 4 92 . 0290 .7 178 1 e 9 3 . 247 . 525 76. 3 
82 . 17 6 0 . 0 23 7 . 0658 .1 0 63 . 628 2 1o 6 7 . 22 5 .625 4 9 .7 
83 .1 778 . 0 239 .u667 .1 0 74 .6241 1e6 7 .225 .6 2 7 49 . 8 
84 .1 967 . 0 239 . 07 0 1 . 1044 . 6049 1 o73 . 210 . 617 52 . 1 
8 5 .13 22 . u2 16 . 040 5 . 0273 . 7 7 85 1. 78 . 291 . 546 7 3·1 
8 6 .1749 .0 2'+9 .U471 . 0238 .7 29 3 1 e9l . 2 7 2 • 515 7 9 .4 
8 7 .17 39 . u2 4 5 . 0 4 08 . 0096 . 7 5 1 1 2. u 1 . 28 4 . 472 89 . 9 
88 .1 623 oU23 7 . 0 4~0 . 013 7 . 7583 1. 93 . 282 . su o 8 6. 0 
89 . 16 9 13 . u~16 . 0 425 . 0 134 . 752 7 1.99 . 254 . 4 9 9 86 . 4 
90 .17 50 . 0223 . 0425 . 012 7 . 747 6 2. 02 . 257 . 490 87 . 3 
91 .1747 . U28 8 . 0 435 . 0 1 30 .7 400 1. 9 3 . 318 . 4 7 9 8 7. 5 
92 . 2 16 0 . U2 71 . 0 54 9 . 03 0 2 .67 18 1o 99 . 2 50 • 5 li5 7 8 . 3 
93 .1913 . 02 5 6 . 0524 . 031 1 .6 99 5 1e 9 l . 256 . 524 7 6 . 3 
94 . 147 9 . U203 . 0 44 7 . 0 32 5 . 7546 1 o83 . 252 . 554 71 · 3 
9 5 .14 26 . u 1so . 042 7 o03U9 . 7 6 5 7 1 e 86 . 235 . 557 7 1.3 
9 6 .15 7 9 . u233 . 04 4 3 . 0 2 53 . 749 1 1. 8 7 . 2 7 6 .5 25 76 . 9 
9 7 . 82 0 2 . 00 73 . o. 0000 o . o oo o • 1 7 2·s 3 o93 . 035 o. ouo 1 oo . o 
98 . 7969 . U185 o . ouoo o . o uuo .1 846 3 . 82 . 089 o . ouo 1 oo . o 

99 .7 8 71 . 0 227 o . oo o o o . o uo o . 19 0 2 3 . 78 . 109 o . o uo 1 00 . 0 
10 0 .4 512 . 0 5 7 6 . 07 0 9 . 0113 . 40 9 0 2 · 32 . 296 . 364 94 · 5 
10 1 . 34 U2 o 0 L•47 . 0780 . 0357 . 50 14 2 oU5 . 26 9 . 470 82 . 3 
102 . 16 03 . 0 223 .0459 . 0224 . 7492 1 o87 . ~60 . 536 7 9 . 2 
10 4 . 20 64 . 0 264 . 0 530 . 0 229 . 6912 1. 97 . 252 . 507 82 . 0 
1 0 5 . 1925 . v 2 5U . us u s . 0 248 . 7068 1o 95 . 2 53 . 515 79 . 9 
10 6 . 20 8 9 . 0289 . 0536 . 0 237 . 6 849 1. 95 . 270 . 5u~ 81 . 9 
107 . . 06 56 . 01 3 0 . 0313 . 0 683 . 82 18 1 o41 . 280 . 676 4U o4 
1 08 .07 23 . U1U2 . 0334 . 0681 . 8160 1. 50 . 2 1 2 . 692 4 1o5 
10 9 . 068 6 oU1U8 . 0 322 . 0 667 . 821 6 1 e47 . 231 . 690 41 · 2 
111 . 2097 . u310 . 0537 . o2 :n . 68 ~ 5 1 o94 . 286 . 496 82 . 4 
112 . 212 7 . li260 . 0537 . 0 2 3 2 . 6843 2eliU . 244 • 5 us 82.1 
113 . 381 7 . 0 157 . 00 0 9 . OUU1 . 6 0 15 3 . 67 . 1 5 1 . ou9 99 . 9 

N 
N 

1 1 5 . 3435 . U269 .0 0 11 . OtJUl . 6io 4 3 . 43 . 269 . 01 1 99.9 t-' . 



TA BLE G-5 CON TI NUE D 
116 . 2828 . 03 7 5 . 0 226 u . oooo .65 7 1 2.66 .352 . 2 1 3 1 0 0 . 0 
117 . 26 35 . U294 . 023 3 . 0002 .6 83 6 2·6 9 . 300 • 238 . 9 9 .7 
118 . 1521 . U198 . 0424 . 02 14 .7643 1 · 9 1 .248 . 532 78 . 8 
119 . 1615 . U2U 4 . 0432 . 0 1 82 . 75 6 6 1. 9 5 . 2 46 . 520 82. 0 
12 0 .14 9 8 . 02 17 . 0424 . 0206 . 765 6 1 e 8 7 . 2 71 . 530 7 9 .6 
12 1 .1516 . U2 18 . U42 1 . 0196 . 7648 1 e 89 . 2 7 2 . 52 4 80 . 4 
123 . 1240 . U168 . 0392 . 0336 . 7864 l. i)O . 244 . 570 6 7 . 2.. 
124 .1 2 1 0 . U16 6 . 0389 . 034U . 7895 1 e 79 . 245 . 574 6 6·5 
12 5 . 1224 . U160 . 0387 . 0340 . 7889 1e 81 . 236 . 573 66 . 5 
126 .17 8 6 . 02 63 . 046 5 . 0178 . 73v8 1e 9 3 . 283 .5 02 8 3 . <;} 
12 7 .16 3 4 . U2U 6 . 0 461 . 0240 . 74?9 le 9 1 . 2 4 1 ·5 38 7 8 . 2 
1 28 .1 380 . 023U • OLd 5 . 0216 . 7 75 9 1.7 9 . 298 . 538 7 8 .1 
129 . 1412 . U19 7 . 040 7 . 02U8 . 7775 1. 8 7 . 26 1 . 538 7 8 . 4 
130 e 04U 7 eU0 67 . 0206 . 0725 . b5Y5 1 . 4 1 . 231 . 7 1 0 28 . 5 
131 . 0382 . uu 64 . 0195 . 0750 . 8609 1 . 39 . 234 . 712 26. 7 
1 3 2 . 04 9 2 . UU2 7 . 0215 . 0 7 39 . 8526 1e 65 . 092 . 721 28 .7 
133 . 0396 . U0 64 . 0202 . 0753 . 8585 1e 40 . 228 .7 15 2 7 . 3 
134 . 1683 . U233 . 0453 . 0211 .7419 1 e 92 . 266 . 51 7 80 .6 
135 .1 910 . U269 . 0493 . 0195 . 7133 1e 95 . 274 . 502 83.4 
13 6 . 1808 . 0284 . 0490 . 0212 . 7 207 1. 88 . 295 . 510 8 1. 9 
1 3 7 . 4521 . 0485 . OU54 . OU02 . 493 7 3 e20 . 3 4 3 . 038 99 . 8 
139 . 4673 . U44 2 . OU54 . OOU2 .4829 3. 27 . 309 . 038 99.9 
14U . 4646 . 0455 . 0056 . ouoz . 4841 3 . 25 . 318 • 0 39 99 . <;} 
141 . 427 4 . 0455 . 0080 . 0003 . 5189 3 . 15 . 335 . 059 99~8 
14 2 . 45 j S . 0440 . 0 0 6 7 . oou2 . 493 7 3.23 . 3 1 2 . 0 4 8 9 9.9 

. 145 . 242 5 . 0350 . 0573 . 0179 . 6473 2eUO . 289 . 473 87.1 
146 . 2335 e U273 . 0537 . 0 168 . 6688 2 e08 · 243 · 478 87·0 
14 7 . U41 5 . Uu5 6 . 0211 . 0845 . 8473 1 . 43 . 194 . 727 25.6 
148 . 0 4 42 .OU5 2 . 0215 . 0853 . 8439 1 . 49 . 174 .7 22 25.9 
149 . 0 4 31 . uv 56 . 02 16 . 0784 . 8512 1 ·45 .1 89 .7 2 6 2 7.6 
150 . 2Ul0 . 02 67 . 0530 . 0220 . 6972 1 . 94 . 258 . 513 82 . 4 
1 5 1 .1 873 . 0240 . 0496 . 0212 . 7180 1.95 . 250 .517 81.9 
1 52 . 1802 e li 243 . U494 . 0232 . 7230 1 e 91 .258 . 524 su . z N 

N 
N . 
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APPENDIX H ANALYSIS OF ERRORS 

This Appendix gives two methods of analyzing the errors in the 

observed mole fractions in the packed bed reactor effluent. In analyzing 

errors one is interested in finding the covariance matrix V for the 
-1 

vector of observations y. The inverse of the covariance matrix, V 

may be used in the non-linear regression analysis to calculate the 

confidence contours of the parameters. 

In this work eighteen experimental runs were used in the 

parameter estimation. Five responses, of which three are independent, 

were observed for each run. That is, the rate equations for two 

components, in this case, methane and hydrogen, may be ,written as a 

linear combination of the remaining three components. Thus, strictly 

speaking, for estimating parameters and obtaining confidence regions 

· for these parameters, only three independent components may be considered, 

since all the information about the system is given by these components. 

Thus the covariance matrix will be developed in terms of three components, 

methane, ethane and propane. 

Errors will be assumed independent between runs and covariances 

will only be considered among the responses of a single ~un. This 

assumes that the errors in the responses of one run do not influence 

the errors in the responses of another run. Thus, the covariance 

matrix for all of the (18 x 3) responses has the form shown in 

Figure H-1. 

Since the errors are independent among runs the likelihood 



v = I 

where: 
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"1 covfP 
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Form of the Covariance Matrix for the Observed Responses 

In the Butane Cracking Experiments 
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function for the (18 x 3) observations is the product of the likelihood 

function for the observations in a run. For this reason, the following 

two sect~ons will be concerned wi t h finding the covariance matrix for 

the observations within a run. In the first section of this Appendix 

the covariance matrices will be calculated by analytical methods and 

in the second section the covariance will be calculated using statistical 

methods. 

H.l Analytical Formulation of the Covariance Matrix 

A typical chromatogram showing the reactor effluent analysis 

is given in Figure H-2. 

Let the components be labelled: 

Component 1 - methane 

Component 2 - ethane 

Component 3 - propane 

Component 4 - butane 

Component 5 - hydrogen 

Let the areas (as given by the distance the integrator pen 

moves) be represented by: 

Al - area under the methane peak 

A3 - area under the propane peak 

A4 - area under the butane peak 

As - area under the hydrogen peak 

A2 - area under the first two peaks. This 
area contains the contributions of the 
methane, ethane and hydrogen components. 

From calibration factors shown in Appendix E.l, the partial 

pressure for component u is calculated from: 



P = C A u u u u = 1,2, 5. 

where C = the calibration factor at an attenuation of 1. 
u 

Note 

A 
u 

is the area under the peak due to component i 
at an attenuation of 1. 

The mole fraction of component u is now calculated from: 

p 

F u 
u 5 

I p 

u=l 
u 

227. 

H.l 

H.2 

H.3 

The analytical forms of the mole fractions of methane, ethane 

and propane are given by: 

Fl cl Al 
T 

F2 = c2 (A2 - Al - As) 
T 

F3 c3 A3 
T 

where 

A. are the areas which are random variables; C. ar e constants. 
1 1 

Thus the mole fractions F are random vari ables, and by the 
u 

H.4 

H.5 

H.6 

H.7 

. (DS Jl Pl V4 Wl) formula for the propagat1on of errors ' ' ' ' the errors in 

F may be expressed in terms of the errors in A. by: 
u 1 
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aF aF aF aF 
£Fu z oA~ EAl + aA~ EA2 + oA~ EA3 + aA~ EA4 H.8 

where E represents the "error or standard deviation in", so that EFu 

represents the error in the value F . 
u 

As is not included since there are only four independent areas. 

The problem now becomes one of finding the errors in the areas. 

These errors arise not only from measurement errors but also from 

inaccurate settings of the independent variables. 

In the packed bed reactor, temperature variations were observed. 

Isothermal conditions were, however, assumed in the packed bed reactor 

model. Thus in estimating the parameters in the kinetic model, uncertainty 

must be added because of the temperature gradient s. In taking replicates 

and assuming the temperature is perfectly set at a single value, good 

replication may be observed but these are only replicates of the 

situation which exists in the reactor and thus can cause uncertainty in 

the observed data. Similar arguments pertain to the other independent 

variables. Therefore, the parameter estimates are subject to uncertainty 

because of variations from the stat ed settings of the independent variables. 

In this analysis the reactor temperature is treated as a random 

variable with mean value given by the average reactor temperature, and 

the standard deviation being one quarter of the difference between the 

highest and lowest reactor temperatures,t:.T , measured by thermocouples. 
max 

This assumes that the observed t:.T is the widest temperature variation max 

that occurs in the reactor and, at the 95% confidence limits,is composed 

of four standard deviations. The temperature variance may then be 
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represented by: 

H.9 

This assumes that most of the reactor is· at the average reactor 

temperature and that, within the temperature variations observed, the 

higher and lower temperature regions about the mean temperature have 

a linear effect on rate. That is, increasing the reaction temperature 

~t°C.above the mean increases the rate by the same amount as the rate 

is decreased by decreasing the temperature ~t°C. below the mean. 

In the same way,errors are assumed in the settings of feed 

flowrate and ratio. These errors are assumed to be 3 per cent so that 

3 percent of the variable value is approximately 2a . 

Thus the variances in flowrate and feed ratio settings are: 

H.lO 

. ·and H.ll 

where F and R are the values of the flowrate and ratio settings 

respectively. 

The error in measurement of the areas is called the pen error 

and this error is assumed to be approximately 5% so that the variance 

in pen or measurement error is: 

H.l2 

for the ith area. 
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The area A. may now be considered a function of the pen move
l. 

ments, temperature, flowrate and the feed ratio, and by propagation 

of errors, the error in area A. is given by: 
l. 

eA. 
l. 

H.l3 

These component errors are assumed to be independent. That is, 

for example, slight variations in feed flow do not cause systematic 

variations in the temperature. This assumption may not be exactly 

correct but these effects are felt to be quite small. To investigate 

these effects, since they would be difficult to measure experimentally, 

a quite sophisticated model would have to be developed that could 

predict the effects of interaction of feed flow, feed ratio and the 

temperature profile in the reactor. 

The variance matrix for the observations may now be found 

from equations H.8 and H.l3 (R4). 

Let the pen, temperature, flowrate, and ratio variables be 

denoted by the variables V1, V2, V3 and V4. 

The error in the mole fraction u is: 

CIF CIF 
eF :; u eA1 + u 

e~ ...... +a~ u CIA1 
H.l4 

In this case u = 1, .. 5; p = 3; k = 4. 

The error in the area, i, is: 

CIA. CIA. 
eA. :;; 1 

eV1 + l. eV. av1 
...... + av. l. J 

J 

H.l5 



i=l, •... ,k 

In this case, j = 4. 

Substituting the set of equations represented by H.l5 into 

equation H.l4: 

e:F 
u 

aF u ---aA1 

aF u 
+ ClA2 

aF 
u 

+a~ 

r, 
av1 

rr, av1 

aA1 aA1 EVJ e:Vl + av2 
e:V2 + + av. 

J 

C'lA2 oA2 

EV~ e:Vl + av2 
e:V2 + + av. 

J 

Multiplying and rearranging equation H.l6 we get: 

Now let 

e:F 
u 

taF 
+ ClA~ 

~aF 
.+ ClA~ 

aF 
K = _u_ 
ui ClA1 

C'lA1 aF 
--+~ 
av2 aA2 

ClA1 aF 
--+~ 
av. aA2 

J 

+ .... 

aA2 
av2 + .... 

ClA2 
-- + .... av. 

J 

aF 
u 

+ ()~ 

aF 
u 

+ ()~ 

aF 
u 

+a~ 

ClF 
u 

+a~ 

a'\j 
av2 e:v2 

:~j£V. 
j J 

a~ 
av. 

J. 
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H.l6 

H.l7 

H.l8 



Then: 

e:F 
u 

Similarly for component v: 

From the definition of covariance: 

· cov(F , F ) 
u v 

cov (e:F , e:F ) 
u v 

= E(e:F , e:F ) - E[e:F ) E [e:F ) 
u v u v 

By multiplyil1g H.l9 and H.20 

E(e:F , e:F ) 
u v 

K 
v. 

J 

(e:V . ) 2 +all cross product 
J 

terms, e:V q x e:V r' where q is not equal 

to r] 

Since V. are assumed normally distributed .random variables 
~ 

0 for i 1, 2, .. , j 

Since V and V are also assumed independent 
q r 

E[e:V • e:V ] 
q r 

0 
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H.l9 

H.20 

H.21 

H.22 

H.23 

H.24 



Note also 

a2 v. 
1 

233. 

H.25 

Taking expectations in equation H.21 and noting equation H.24 and H.25: 

E(£F £F ) 
u \) 

K K 
Ul \)1 

K 
v. 

J 

a2 v. 
J 

Taking expectations in equation H.l9 and H.20 and noting H.23: 

E[EF ] E [EF ] = 0 u \) 

Therefore from equation H.21, H.26 and H.27 we obtain: 

and 

cov(F ,F ) 
u \) 

Var(F ) 
u 

+ K K a2 
u. \). v. 

J J J 

a2 v. 
J 

H.26 

H.27 

H.28 

H.29 

Thus, from H.28, H.29 and H.l8 it may be seen that the variance matrix 

for the vector of observations y is given by: 

, 
var (y) = ~ V K · H.30 

where K is a p x j matrix whose elements are K and 
Ui 

V is a diagonal matrix with elements 



= 
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FIGURE H-3 

The Jacobian Matrix R 
(Partial Derivatives of Mole Fractions with Respect to Area) 

Cl[C2A2 + C3A3 + C4A4 + 

As(Cs- C2)] 

C2(-C3A3 - C4A4 -

CsAs - ClA2) 

- C3A3 (C1 - C2) 

and ~ 
R ={IT} 

- ClC2Al 

·C2(C1A1 + C3A3 + 

C4A4 + C5A5 ) 

- C3A3C2 

where t = C1A1 + C2(A2-A1-A5) + C3A3 + C4A4 + C5A5 

- ClC3Al 

c2c3 (A1-A2+A5) 

C3[A1(C1-C2) + C2A2 

+ C4A4 + A5 (C5-C2)] 

- ClC4Al 

-
'C2C4(A1-A2+A5 ) 

- C3C4A3 

1\.) 
w 
~ . 
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v = Diag {o~l, o2 , ... ' o2 } H.31 
v2 v. 

J 

Now let 

R = eFi J and s = bAi] H.32 
aA. av. 

J J 

Where R and S are pxk and kxj derivative matrices respectively. 

Since from H.l8 

K = R S H.33 

Substitute into H. 3 0 

var (y) = R S V s" R: H.34 

In this study R is a 3 X 4 matrix 

s is a 4 X 4 matrix 

v is a 4 X 4 diagonal matrix 

The Jacobian matrix R may be evaluated analytically from 

equations H.4, H.5 and H.6. The elements of this matrix are shown 

in Figure H-3. 

The Jacobian matrix S must be evaluated numerically for 

each run, the temperature, ratio and flowrate in the packed bed 

.reactor model. 

Also note that since there is a direct relationship between 

the measurement error and the pen movement 

aA. aA. 
1. 1. 

av1 = 3P 0 H.35 
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. TABlE H-1 

ANALYTICAL VARIANCE MATRICES FOR RlNS 

USED IN BUTANE PARAMETER ESTH1ATION 

RUN VARIANCE MATRIX FOR l-1ETHANE , 
NO. ETHANE, AND PIDPANE MJIE FRP.Cl'IOJ.~S 

(elements X 10. 8) 

5. 1.8 3.1 1.5 
3.1 28.4 5.6 
1.5 5.6 1.7 

26. 433.5 73.8 183.6 
31.5 32.9 

79.1 

53. 135.1 40.4 60.2 
30.5 20. 1 

27.6 

84. 4924. 65.6 1164. 
94.5 164.3 

30.8 

109. 362.4 105.4 161.7 
44.8 48.6 

72.6 

133. 148.2 56.4 72.1 
37.9 28.5 

35.3 

149. 165.7 59.1 79.5 
35.1 29.3 

38.6 

21. 2139. 227.9 411.9 
60.4 58.6 

89.4 
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TABLE H-1 CONT'D 

64. 22281. 2020. 383.1 
198.6 70.2 

134.4 

90. 3334. 434.8 139.3 
74.3 50.8 

95.5 

101. 74898. -5009. -11111. 
1118. 
1962. 

125. 1668. 253.6 311.4 
57.0 63.2 

81.4 

8. 766.0 115.0 198.3 
38.6 36.6 

56.0 

23. 5630. 536.8 788.9 
74.4 95.4 

141.2 

60. 4915. 527.0 533.2 
74.0 81.5 

110.6 

86. 3779. 464.4 241.8 
79.8 65.1 

99.4 

105. 4931. 567.0 275.7 
84.1 65.8 

105.1 

121. 2158. 329.6 281.5 
70.1 66.1 

81.2 
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TABlE H-2 

INVERSE OF VARIANCE f'.1ATRICES FDR RUNS 

USED lli BL"TANE PARAMETER ESTIM.A.TI ON 

RUN ElEMENTS OF INVEI~E VARIANCE !1ATRIX FDR 
NO. t-1ETHANE, ETHANE AND PIDPANE HOlE FRAcriOJ.~S 

(e1anents X 10.-4) 

5. 2341200. 504061. -3836312. 
504061. 109489. -829547. 

-3836312. -829547. 6304297. 

26. 1359. 202. -3235. 
592. -714. 

7926. 

53. 4156. 934. -9781. 
840. - 2659. 

23722. 

84. 27.2 -129. -34.3 
2070. -617. 

491. 

109. 7396. 1805. -17691. 
1259. -4866. 

42820. 

133 13843. 1689. -29652. 
878. -4160. 

64237. 

149. 5870. -580. -12541. 
832. -1827. 

27500. 

21. 61.6 118. -361. 
680. -988. 

2423. 
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TABlE H-2 cx:Nr'D 

64. 13.8 -155. 41.6 
1800. -500. 

217. 

90. 26.4 -201. 68.4 
1746. -634. 

342. 

101. 1.02 -1.71 6.77 
15.5 -18.5 

54.0 

125. 21.8 -32.5 -58.1 
1319. -900. 

1044. 

8. 201. 200. -843. 
· nn"\ -1285. OO.G.o 

4002. 

23. 8.18 -3.38 -43.4 
1000. -656. 

756. 

60. 9.50 -91.4 21.5 
1594. -733. 

526. 

86. 14.9 -123. 44.1 
1279. · -539. 

347. 

105. 17.3 -159. 54.2 
1694. -644. 

357. 

121 17.8 -110. 28.1 
1302. -678. 

578. 



RUN 
NO. 

5 

26 

53 

84 

109 

133 

149 

"21 

64 

TABLE H-3 

ANALYTICAL VARIANCE MATRICES IN WHICH MAXIMUM OBSERVED 

TEMPERATURE VARIATION IN REACTOR WAS MULTIPLIED BY TEN 

240. 

VARIANCE MATRIX FOR METHANE , ETHANE AND PROPANE 
MOLE FRACTIONS 

(elements x 10
8

) 

14.2 4.2 7.9 
4.2 28.5 6.2 
4.2 7.9 4.9 

28505. 2633. 10932. 
264.8 1013. 

4195. 

7035. 667.8 2673. 
87.6 257.7 

1017. 

307451. 35502. 54103. 
4109. 6262. 

9571. 

362.4 105.4 161.7 
44.8 48.6 

72.6 

775.5 114.5 282.3 
43.3 48.0 

105.7 

2402. 269.0 875.5 
54.8 104.0 

321.9 

173383. 11732. 27789. 
833.2 1898. 

4466. 

1854432. 154317. -26995. 
12858. -2205. 

544. 
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TABLE H-3 CONT' D 

90 165041. 13156. -18355. 
1075. -1404. 

2211. 

101 6719775. -457030. -1104253. 
32175. 75480. 

181794. 

125 61873. 4826. 2941. 
404. 263. 

196. 

8 42237. 3091. 8053. 
252. 600. 

1544. 

23 443064. 32607. 45517. 
2426. 3375. 

4715. 

60 323023. 25306. 12025. 
2004 . 976. 

526. 

86 189255. 14245. -13322. 
1104. - 943. 

1091. 

105 297468. 23945. -13668. 
1952. -1048. 

770. 

121 76059. 5936. -3272. 
495. -203. 

252. 



Run No. 

5 

26 

53 

84 

109 

133 

149 

21 

64 

90 

101 

125 

8 

23 

60 

86 

105 

121 

TABLE H- 4 

Standard Deviations of Mole Fraction Responses for 

Runs Used in Parameter Estimation 

Standard Deviations in Mole Fraction 

cl c2 c3 c4 

. • 0007 .0001 .000.7 . • 003 

.002 .0007 .0007 .004 

.0003 .002 .0002 .001 

.015 .0002 .005 .002 

.007 .002 .0015 .0015 

.007 .003 .005 .002 

.002 .0003 .0004 .005 

.005 .003 .001 .002 

.007 .001 .003 .002 

.007 .006 .002 .002 

.002 .003 .004 .002 

.003 .0008 .001 .001 

.002 .002 .001 .007 

.007 .002 .002 .0007 

.02 .003 
.. 

.003 .0007 

.02 .003 .004 .003 

.02 .003 .03 . .002 

.007 .001 .0007 .007 
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H2 

.02 

.007 

.002 

.008 

.01 

.008 

.007 

.01 

.008 

.01 

.002 

.002 

.004 

.007 

.02 

.03 

.05 

.007 
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Using the formula given by equation H.34 and the variances gi ven 

by H.9, H. lO, H.ll and H.l2 the covariance matrices for me thane, 

ethane and propane were calculated for each of the 18 runs used in 

the parameter estimation. These variance matrices are given in 

Table H-1. The inverse of these matrices are given in Table H-2. The 

sensitivity of these matrices to the temperature variance was checked 

by multiplying all of the maximum temperature differences by 10. The 

resulting covari ance matrices are shown in Table H-3. 

H.2 Statistical Formulation of the Covariance · Matrix 

In this section of the Appendix, a variance matrix for each 

of the 18 runs used in parameter estimation will be calculated using 

the replicated experiments at each of the 18 settings of i ndependent 

variables. This was done in order to obtain a check of the confidence 

contours obtained using the covariance matrices derived in the first 

part of this Appendix. 

In this section no covariance will be assumed to exist among 

the various responses in one experimental run. Thus the covariance 

matrices will be diagonal matrices whose elements are the variance 

estimates of the responses. 

From the replicates available at each experimental run, an 

estimate of the standard deviation for each of the five mole fraction 

responses was obtained. These are shown in Table H-4. 

The variance matrices for each of the experimental runs will 

have the form shown below. Run number five is used as an example. 
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TABLE H-5 

DIAGONAL ELEMENTS OF VARIANCE MATRICES 

CALCULATED STATISTICALLY 

RUN VARIANCE 
NO. (x io8 ) 

c1 c2 c3 c4 H2 

5 49. 1. 49. 900. 40000. 

26 400. 49. 49. 1600. 4900. 

53 9. 400. 4. 100. 400. 

84 2250. 4. 2500. 400. 6400. 

109 2900. 400. 225. 225. 10000. 

133 4900. 900. 2500. 400. 6400. 

149 400. 9. 16. 2500. 4900. 

21 2500. 900. 100. 400. 10000. 

64 4900. 100. 900. 400. 6400. 

90 4900. 3600. 400. 400. 10000. 

101 400. 900. 1600. 400. 400. 

"125 900 64. 100. 100. 400. 

8 400. 400. 100. 4900. 1600. 

. 23 4900 • 400. 400. 49. 4900. 

60 40000. 900. 900. 49. 40000. 

86 40000. 900. 1600. 900. 90000. 

lOS 40000. 900. 90000. 400. 250000. 

121 4900. 100. 49. 4900. 4900. 
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TABLE H-5 CONT ' D 

INVERSE OF VARIANCE ELEMENTS 

RUN (VARIANCE) - 1 
(x 10-4) 

NO. 

cl c2 c3 c4 H2 

5 204. 10000. 204. 11.1 .25 

26 25. 204. 204. 6.25 2.0 

53 1111. 25. 2500. 100. 25. 

84 0.44 2500. 4.0 25.0 1.56 

109 2.04 25. 44.4 44.4 1.0 

133 2.04 11.1 4.0 25.0 1.56 

149 25. 1111. 625. 4.0 2.04 

21 4.0 11.1 100. 25.0 1.0 

64 2.04 100. 11.1 25.0 1.56 

90 2.04 2.8 25.0 25.0 1.0 

101 25.0 11.1 6.25 25.0 25.0 

125 11.1 156. 100. 100. 25.0 

8 25.0 25. 100. 2.04 6.25 

23 2.04 25. 25. 204. 2.04 

60 .25 11.1 11.1 204. .25 

86 .25 11.1 6.2 11.1 .11 

105 .25 11.1 0.11 25.0 .04 

121 2.0 100. 204. 2.0 2.04 
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-
' 

(0.0007) 2 0 0 0 0 

0 (0. 0001) 2 0 0 0 

0 0 (0.0007) 2 0 0 
v = 

0 0 0 (0.03) 2 0 

0 0 0 0 (0.02) 2 

In comparing this matrix with those derived in the first half 

of this Appendix, the first three rows and columns of the above matrix 

should be considered. Table H-5 gives the elements of V and V~ 1 

for the eighteen runs used in parameter estimation. 



APPENDIX I DEVELOPMENT OF MODELS WHICH DESCRIBE THE CHEMICAL 

. KINETICS 

The first part of this Appendix will be concerned with the 
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development of the same type of rate expression for butane hydrogenolysis 

as that proposed by Cimino, B~udart and Taylor(Cl) to describe the 

hydrogenolysis of ethane. In the second part of this Appendix, the 

Hougen-Watson formulations are presented to describe the processes in the 

hydrogenolysis of butane shown in Figure 6.1-1. 

1.1 Development of Formulations via the Cimino - Boudart - Taylor 

Approach 

Butane,upon or after adsorption loses hydrogen atoms according 

to the process: 

I.l 

It is assumed that the adsorbed hydrocarbon reacts with gaseous hydrogen 

in the reaction step according to the process. 

(C4Hf)a + H2 ~Methane, ethane and propane 
adsorbed species 

Assume that the process represented by equation I.l is in 

equilibrium. Equating the rates of adsorption and desorption: 

e 

1.2 

1.3 



where k 
a 

= 

kd = 

0 

rate constant for adsorption 

k a exp (-11Ed/RT) 

rate constant for desorption 

kd" exp (-11E afRT) 

activation energies for adsorption and desorption 
respectively. 

fraction of surface covered with adsorbed butane 
species. 

PB,PH = partial pressures of butane and hydrogen respectively. 

Solve for 0 in equation 1.3: 

0 
aS 

1 + aS 

S = P /P f(lO-f)/2] 
B H 

Consider B over a restricted range of pressures 

if 

if 

Thus over any restricted range of pressures: 

where 0<x<l. 
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1.4 

I.S 

1.6 

1.7 



A proportionality is used in 1.7 because, although the expression: 

for an appropriate value of x, predicts the same trends as 1.4, over 

a restricted pressure range the values of 8 will not be predicted 

the same. The proportionality factor is included to compensate for 

this. 

Thus 

8 X aX a a b' 

where "a" actually depends upon x. 

This proportionality is not clearly stated in either the 

original paper by Taylor et.al. (Cl) or in a later development by 

Bond (Bl]). 

Assuming the rate of cracking of butane is the slow step, 
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1.8 

and that the adsorbed butane molecules react with the gaseous hydrogenmole-

cules., the rate of reaction of butane may be described by r ex: 8 P 
H 

i.e. 

Therefore 

where K 

!1E = r 

n = 

r ex: 
x[ (10-f) /2]} 

X p X p n 
r = K a a B H 

rate constant for reaction on 
catalyst 

k rexp (-!1E /RT) 
r 

activation energy for reaction 

1- x[(lO-f)/2] 

the surface of the 

in the surface 

1.9 

I.lO 
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Thus equation 1.10 may be written simply: 

where K 
r 

r 

The simple rate express i on, or the power rate law expressed 

I.ll 

in 1.11 is used to describe the rate of butane and propane hydrogenolysis 

in section 6.1.1 and 6.1.2 of this thesis. 

1.2 Development of Formulations via the Hougen-Watson Approach 

In this section the Hougen Watson equations describing all 

the rate processes s hown in Figure 6.1-1 will be gi ven : 

Let the components be represented as: 

Let k ai 

kdi 

k . 
rl. 

P. 
l. 

0. 
l. 

0L 

F 

Component 1 - methane 

Component 2 - ethane 

Component 3 - propane 

Component 4 - butane 

Component 5 - hydrogen 

rate constant at constant temperature for adsorption 
of component i. 

= rate constant at constant temperature for desorption 
of component i. 

= rate constant at constant temperature for reaction of 
hydrocarbon component i. 

= partial pressure of component i in the gas phase. 

= fraction of active surface sites covered by component i. 

fraction of surface sites empty and available for 
adsorption. 

fraction of the butane adsorbed species that reacts to 
propane adsorbed species. 



FIGURE I-1 

Hougen Watson Type Equations for Butane Hydrogenolysis 

EQUATIONS: 

--
0 0 0 (-k -k ) 0 k p II 81 .d4 r4 a4 4 

0 0 (k -kd ) -Fk 0 k P3 II 82 
r3 3 r4 . a3 

0 (k -k - k 2(F-l)k 0 k P II 83 
r2 d2) r3 r4 a2 2 

-k - 2k - k -Fk 0 k P1 II 84 I 

dl r2 r3 r4 al . 

0 - k - k - k -k ka/s II 0s I r2 r3 r4 ds 

1.0 1.0 1.0 1.0 1.0 1.0 II 01 I 

SOLUTION: A 0 = b 

0 = A...:l b 

= 

I 
I 

0 

0 

0 

0 

0 

lJ 

N 
U1 ..... . 



The rate of adsorption and desorption of component i are 

represented by the forms, respectively 

k ai Pi 0L 

kdi 0i 

Assume that the inhibitory effect on reaction by hydrogen 

is taken into account by the adsorption terms and that hydrogen is 

present in sufficient excess on the surface so as not to influence 

the rates of reaction on the surface. The rate of reaction of 

component i on the surface is then given by: 

k . El. 
r1 1. 
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Pseudo-steady state is assumed on the surface of the catalyst 

so that El. does not change with time. 
l. 

i.e. 
dEl. 

1 

dt 
0 1.12 

Equating for each component the net rate of adsorption to the 

rate of reaction on the surface, a linear set of equations in EJ may 

be formulated. The matrix form of these .equations is shown in Figure I-1. 

Given the rate constants and F, El. may be calcul ated for each component. 
l. 

Working through the schematic in Figure 6.1-1 and knowing Eli' the 

rates of appearance, ri, of the components are given by: 
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r'+ k 8'+ I.l3 
r'+ 

r3 - F - k 83 I.l4 
r'+ r3 

r2 . = - r'+ (2-F) - r 3 - k 02 I.l5 
r2 

rl - 4 r4 - 3 r 3 - 2 r2 I.l6 

rs = 3 r4 + 2 r 3 + r2 I.l7 

The equations may be solved by solving the matrix of equations: 

1 0 0 r'+ - k 84 r'+ 

F -1 0 r3 k 83 r3 

(2-F) -1 -1 r2 k 82 r2 

Thus the rates of reaction may be calculated for each component 

given F, five adsorption constants and five desorption constants, kdi" 

These rate constants apply for one temperature and if the Arrhenius 

rate law is used to account for changes with temperature, as many 

parameters (activation energies) again are required. 

The monomolecular rates of reaction arise since the hydrogen is 

assumed to be in sufficient excess on the surface of the catalyst so as 

not to affect the rates of reaction in an appreciably different way from 

one set of reacting conditions to another. This e f fect of hydrogen would 

thus be included in the reaction rate constant and would be assumed 

constant. 
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The inverse reaction rate dependence on hydrogen partial pressure 

would appear through the adsorption rate constants. That is, the 

hydrogen constant would be such as to inhibit the adsorption of the 

hydrocarbons. This inverse dependence could also perhaps be included 

in the 0 values in the above matrix solution for the rates, however, 

the inverse dependence would also be taken into account in the calculation 

of these 0 values from Figure I-1. 
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APPENDIX J APPLICATION OF THE BUTANE CRACKING KINETICS TO FLUIDIZED 

BED MODELLING USING THE MODELS OF ORCUTT, DAVIDSON AND 

PIGFORD(Ol) 

This Appendix is divided into two sections. The first section 

gives derivations of the fluidized bed models first proposed by Orcutt, 

Davidson and Pigford (Ol) in which the butane cracking kinetics are 

incorporated. The second section gives a sensitivity analysis of these 

models to study the effects of catalytic activity and the mass transfer 

rate between bubble and emulsion phase on conversion of butane and 

selectivity, assuming that the kinetics are perfectly known. 

J.l Fluidized Bed Modelling 

In this section two models for fluidized bed chemical reactors 

first proposed by Orcutt et al. will be described. These models assume 

that the bed is composed of two phases: the bubble phase in which 

there are no particles and, therefore, no reaction, and the particulate 

or emulsion phase which is uniform and has a voidage equal to that at 

minimum fluidization. All reaction, therefore, occurs in the emulsion 

phase. The bubbles are assumed spherical and of uniform size; they 

rise through the emulsion phase at the same velocity, exchanging gas 

with the emulsion phase by means of molecular ·diffusion and bulk flow. 

Finally, it is assumed that all gas over that required to maintain the 

emulsion phase in a flu·idized state, forms the bubble phase. 

The two theoretical models differ in the mixing assumptions in 



FIGURE J-1 

'IWO PHl'SE ~DEL PROPOSED BY 

ORCUIT, DAVIr::60N AND PIGFORD (01) 

u 

t 
I. r 

BUBBlE PARI'ICUIATE 

PHASE OR 

EMUISION 

PHASE 

EITHER: 

(1) PERFECI'LY MIXED 

(2) pu.x; FifY.iJ 

E = 1.0 E = E 
0 

(q -f kGs) 
< 

u-u u 
0 0 

-t- ·----1-
1 
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u 

t=:
0 

- Minimum fluidization voidage 

u - Minimum fluidization velocity 
0 

u - Feed superficial velocity 
q - Bulk flow interchange 
kGs- Diffusive flow interchange 
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the emulsion phase. In one model, perfect mixing is assumed and in 

the other, plug flow is assumed. A schematic diagram showing flows and 

phases is given in Figure J-1. 

In the next two sub-sections, mathematical developments of 

these models are given. These differ from the developments given by 

Davidson and Harrison(D4) only in that the equations are more general 

in order to incorporate the relatively complicated kinetics. In this 

treatment , par t ial pressures of components, rather than concentrations, 

are the dependent variables. 

J.l.l Model Assuming Perfect Mixing in the Dense Phase 

MASS BALANCE ON BUBBLE PHASE 

The material balance for any component over a differential 

height is 

J.l 

Integrating equation (J.l) 

Pb = P + (P -P )exp{-Qy/UAV} J.2 
p 0 p 

At the top of t he bed the partial pressure of any component is: 

Pb = P + (P -P ) exp (-x) J.3 
p 0 p 

where: 

X J.4 
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MASS BALANCE ON EMULSION PHASE 

The flow of any component from emulsion into bubble is given 

by 
. H H 

NQ cb dy = NQ 
0 0 

substituting equation (J.2) and integrating; this flow is 

u v 
NQ {PH+ (P P )( AQ) (1. - exp(-X)] 
RT p o p 

Flow of any component into bubble from emulsion: 

NQHP 
NQHC = p 

p RT 

Net flow into the emulsion phase is equation J.S minus J.6 

(P -P ) 
0 p 
RT NVUA . (1. - exp(-X)) 

The feed flowrate of any component into the emulsion phase is: 

u c 
0 0 

u p 
0 0 

=--
RT 

The exit flowrate of any component from the emulsion phase is: 

u c 
0 p 

u p 
~ 

RT 

Hence, the net flowrate of any component into the emulsion phase is: 

J.5 

J.6 

J.7 

J.8 

J.9 

J.lO 
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The rate of d~sappearance of any component due to react~on is: 

J .11 

Writing a total mass balance on the emulsion phase 

Net Flow In 

From Bubbles + 
Net Flow In 

From Feed = 
Rate of disappearance 

Due to Reaction 

adding J.7 and J.lO and equating to equation J.ll yields 

(P -P ) .NVUA. (1.-exp(-X)) + (P -P )U = rV"HRT(l.-NV) 
0 p 0 p 0 

Substituting B 1. - U /U into equation J.l2 gives 
0 

where 

(P -P ) y 
0 p 

u 
y = RTH (1. - B • exp(-X)) 

0 

KINETIC RATE EQUATIONS 

J .12 

J .13 

J.l4 

The pre-exponential factors for the butane cracking term and 

propane adsorption term were evaluated with the units: 

Moles 
(sec.) (volume packed bed reactor (P.B.)) 

The units required for rV in J.l3 are: 

Moles 
(sec.) (volume emulsion phase (E.P.)) 



259. 

Thus, a correction must be applied to take into account the 

difference in voidage between the packed bed and the emulsion phase 

of the fluidized bed. 

Now 

Moles 
(sec.) (VE .P.) 

· Moles 
X 

(sec.) (VP.B.) 

(1-£
0

) volume catalyst/VE.P. 

(h£p .B.) volume catalyst/Vp. B. 

Assume 

Therefore 

£ 
0 

0.45 

= 0.4 

Moles 
(sec.) (VE.P.) 

Moles 
0.9 x (sec.) (VP.B.) 

The kinetic rate expressions then become: 

BUTANE 

rVB +(0.9) (k/k ) (~)(Pm )(P~ ) 
0 c3 2 

"" Pm PROPANE (0.9) (rVB) - (0.9) (k/k ) (K ) 
rVP -[ o Pl C3 

(1. + K ) 
p 

ETHANE 1.1 rVB - rVP 
rVE = -[ ] 

1. + KE 

METHANE 
rVM = - [ 4 x rVB - 3 x rVP - 2 x rVE] 

HYDROGEN 

J.l5 

Pn"" 
H2] J.l6 

J.l7 

J.l8 

J .19 
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METHOD OF SOLUTION 

Since exponents of the hydrocarbons are reported in literature 

as being very close to 1.0 and to simplify calculation, assume m and 

m~ are equal to l.O. Substitute rVB into equation J.l3 and solve for 

since P~3 = 0, substitute rVP into J.l3 and solve for PC
3 

[(0~9)(k/k )(k) Pn~ + y . (l.+K) 
o p H2 p 

Similarly for ethane and methane: 

(1.1 rVB - rVP) 

y • (1. + KE) 

4 x rVB - 3 x rVP - 2 x rVE 

y 

u st1tute rVH 1n o equa 10n S b · · t t• J ·.13 and solve for PH
2 

The emulsion phase partial pressures are calculated by 

selecting PH
2

, solving equations J.20 to J.24 inclusive to find a 

calculat~d PH
2 

A binary search routine was used to select the PH
2 

J.20 

J.21 

J.22 

J.22 

J.24 
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to be substituted into J.20 and t he objective was to make the selected 

value equal to the calculated value in J.24. Once the emulsion partial 

pressures were obtained in this way, the exit bubble partial pressures 

were obtained directly from equation J.3. 

J .1. 2 Model Assuming Plug Flow in Dense Phase 

BUBBLE PHASE DIFFERENTIAL EQUATION: 

By a mass balance in the bubble phase over a differential height 

of the reactor: 

From continuity of gas flow, flow through bubbles is: 

letting 

and taking limits as 

NVUA = 

X 

/J.y -+ o . 

u - u 
0 

and conve~ting to partial pressures: 

EMULSION PHASE DIFFERENTIAL EQUATION: 

J. 25 

J.26 

J.27 

J.28 

From a mass balance on each component in the emulsion phase 

oyer a differential height of reactor: 



U AllC 
0 p 

where rV is the rate of disappearance of a component. 

Since 

u 
0 

U(l - S) 

and since bubble volume is assumed to cause bed expansion 

NVH 

then 

(1-NV) 

Let 
Q 

H- H 
0 

H /H 
0 

and for equations J.26 and J.29 

us 
NV 
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J : 29 

J.30 

J.31 

J.32 

J.33 

J.34 

Substituting equations J . 30, J.32, J.33 and J.34 in turn into 

equation J.29, converting to partial pressures and taking limits as 

b.y -+ 0 we obtain 

dP 
~= 
dy 

METHOD OF SOLUTION 

H RT 
0 

[UH(l-S)] rv 

For each component in the reaction scheme, there exist two 

J.35 

differential equations,J.28 and J.35,which describe the rates of change 

of the partial pressure of each component with height. With the five 



· TABLE J-1 

PARAMETERS USED IN SENSITI VITY ANALYSES 

OF FLUIDIZED BED MODELS 

KINETI C PARAMETE RS: 

liEB = 
l\EPl= 

l\EP2= 

56.454 (k.cal./gm. mole) 

54.397 II 

37.514 II 

. l\EE = 16.751 II 

loglOkB = 
loglOKPl= 

logl0KP2= 

17.507 (moles/sec.vol.reactor 

16.097 II 

15.043 (dimensionless) 

log lOkE = 6. 984 II 

n = 1.7 

n ... = 2.45 

FLUIDIZED BED PARAMETERS AND OPERATING CONDITIONS: 

Minimum Fluidization Velocity = 0.88 cm./sec. 

Feed Superficial Velocity 

Initial Bed Height 

Expanded Bed Height 

= 8.8 cm./sec. 

= 90 em. 

= 100 em. 

Feed Hydrogen to ~utane Ratio= 7.0 

FOR SENSITIVITY WITH X: 
0 Operating temperature = 255.0 c. 

Catalyst activity {k/k ) = 250. 
0 

FOR SENSITIVI TY WITH CATALYST ACTIVITY: 

Operating temperature = 270°C •. 

-0.7 
qtm. ) 
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components present, ten coupled, non-linear ordinary differential 

equations must be solved. Since the emulsion and bubble flowrates 

are up the bed and since the compositions of both phases at the bottom 

of the reactor are known, the problem becomes an initial value one. 

A f h d R K (12) . . . . h ourt or er unge utta ·1ntegrat1on rout1ne w1t 

-6 error analysis was used, where the error was held between 10 and 

10- 8 • Decreasing this error to the twelfth decimal place did not 

change the results for wide ranges of conversion. 

J.2 Sensitivity Analysis 

This section presents the sensitivity of the previous two 

models to the dimensionless factor X and the activity of the catalyst. 

The response variables considered were the conversion oJ butane and the 

selectivities of methane, ethane, and propane. The operating conditions 

were set at reasonable values and were the same for both models. The 

Kinetic parameters, operating conditions and fluidized bed parameters, 

which were held constant in the sensitivity analysis, are presented in 

Table J-1. The sensitivity analysis curves are shown in Figures J-2, 

3, 4, and 5. 

It may be seen that the conversion and selectivities have a 

sensitive region with respect to X. By very rough calculation the X value 

experienced in the actual reactor may be between 1 and 10. This is the 

sensitive region with respect to X and indicates that emphasis should be 

placed in determining the interchange factor if a reasonable simulation 

model is to be developed. 
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APPENDIX K: C01Ptll'ER PR:X;RA~ LISTrnGS 

This Appendix will give a brief explanatic::m of, and the ccmputer 

listings for, the rrost impJrtant programs used in the c:ourse of this 

study. Many other programs which were used, but which may be easily 

written; for example, data analysis programs, grid search routines, 

binary and Regula Falsi search routines, are not included in this 

Appendix. 

The programs discussed in this Appendix are: 

K.l Packed Bed l 1bdels 

- Butane Reaction Kinetics 

- Propane Reaction Kinetics 

K.2 Models for catalyst Activity Change 

- Model ·assuming c:onstant rnaxirm.ml catalyst activity 

- M:>del assumi.n:j that the rnaxirm.ml activity is a function of 

temperature 

K.3 Parameter Estimation Programs 

- EXecutives and objective subroutines for butane and propane 

parameter search programs 

- Ibsenbrock search routine 

- local Linearization program 



K. 4 Programs Used in Obtaining Cbnfidence Limits on Pararooters 

. -1 
- Program to calculate V analytically 

-Golden Section search on~ given ~ 

K. 5 Fluidized Bed Reactor !b:lels of Orcutt Davidson and Pigford 

- .Model assuming plug flow in emulsion 

-Model assuming perfect mixing in emulsion 
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K.l PACKED BED M:>DEIS 

The packed bed rrodels with butane and propane kinetics are in 

the fonn of subroutines since they were used extensively througoout 

the program in various search programs. 

271. 

The kinetics used in these progroms are given in Sections 6.1.1 

and 6.1.2 of this thesis. The generally accepted fourth order Runge 

Kutta integration routine is described amply by Lapidus (L2) • 

This is a fairly canprehensive integration routine and 

inco~rates diagnostic features which were added as the program was 

rrodified during use. 

· 'Ihese are: the truncatin error is rronitm::ed and the step size 

is adjusted to maintain this error between a specified upper and lower 

li..'lri.t, independent variables are not allawed to be negative, the program 

allows only a limited number of times the step size may be halved because 

of truncation error or negative dependent variables, a switch (NSWIT) is 

set if this limited number is reached. 

REAC 3 is the Propane Reactor MJdel 

REAC 4 is the Butane Reactor M::xiel 

CN - values of the dependent variables at the beginning of each step 

OC - values of the derivatives X(DX) 

CDX - values of the integrated variables after one step size 

CNl - values of the integrated variables after cutting a step size in 

half and integrating over tw::> of these steps. 

EPSL - an estimate of the truncation errors 

CRB - Butane rate constant 

CRPl, CRP2 ..: Propane rate a::mstants 
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CRE - Ethane rate constants 

Jcr - counter which gives the run number to be calculated 



SUB ROU T I N I:: f~ EA C4 
C Ol•i ,, ,o 1\l "-' ' I , ,., C Y C , i•1 A X,<.. , ,, , r( AT , ~~ ~ T E P , E P ~ ( 1 0 l , AL PHA , b ET /\ 
C U , • l i-. 0 1 ~ At-.-.E ( 1v l , A.'. I·, AX ( l v l , A t-.,., •i l l'< ( lv l ' Ar--. I ( l v l , ~l.Ji"il\ 

C 0 ~',, ' I 0 h V ( l u , l v l , D ( 2 U l , 1:3 L ( 2. u ' 2 u l ' [) L E 1 ·~ ( 2 U l ' A J ( 2 U ) 

( Q ,'• I.'-'tO f ~; E ( 2 G ) , AL( 2 Ln 2U l , A F,<.. U v ) 
C Of•ii'.t; O i'~ i' J i ~ i...li'~ .S , f'JU CV ·.P , :·;S ,v I T ,JC T, H T 
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C OH,V,O i ~ VCLF L ( 5G l d EP ( 5U l dE f'. P ( ;;u l , DELTP ( 5 G l , I-<AT ( 5 0 l , p 1-< E::, S ( 5 U ) 
COMMON F RM0 L ( 5 u , 5 l , f AC T ( 5 G , 5 ), f CALC ( 5 0 , 5 ) 

C Oi'·H·'tO f ·~ C 4 P I ( 5 l- l , H 2 P I ( 5 0 l 
C 0 1vi ,v, 0 N 1,: C C ( 5 v l , K T ( 5 u l , X A (I ( 5 v l ' I~ J N ( 5 U ) 
C 0 1·1 H 0 i' l r.;; A C T ( 5 u l , C I~ t:i ( 5 v l ' C R P ( 5 0 l , C I~ E ( 5 0 l 
C OM~O~ C~ P l ( 5u ), C R P 2 ( 5U l 

CQflflliON SIVi I N 
COfvi;''iON D I F 4 ( 5 v l 
COMtv10N F I X 
D I MEl~ S I 0 N C N ( 5 l , C ( 5 l , C 1 ( 5 l , DC ( 5 l , C 2 ( 5 l , C 3 ( 5 l , C 4 ( 5 l . 
D i iYi ENS I ON 0 H ( 5 J , CD X ( 5 l , E!-lS L(5J , (Ii'l ( 5. l 
D I I'IJ E i\J S I 0 i\J H<i' 1 A X ( 5 l , T 1-< ,>i I 1\l ( 5 l 

( *~~~- * * -1~ -X- * ""!.·~-

C P A C K ~ D UED f,\ ~ A CT OR MODE L 
C BUT AN t REAC T I ON r<.. I NE TIC S 

C SO LV ED 'tJIT H FGUI-<TH Or<D E1' 1<Ui\J GE - r( UTTA I NTC:GI-< A TI Ui\f 1-<G u TI Nl 
C WR I T T EN B Y A L OR LI CKAS --- J AN . 1 9 7 U 

C I N I T I A L CA L CUL ATI ON S c -~ -}(- * -7~ ~(- ~- -~'- * -h- ~~-

3 
c 
c 

. c 
9 

5 
1 U 
9 7 9 

2 0 

30 

F AX = 2 . 0 - F I X 
KN EG = U 
KFI N=O 
NK = U 
Y=O . O 
DY= 0 . 5 
NEQ = f'W CO:'"lP 
I HA LF = O 
JHA L F = O 
N Slo-1 IT= U 
Ci'H l l= O. U 
CN ( 2 l = O. U 
CN ( 3 l = O. O 
CN ( 4 l = C4P I(J CT) 
CN ( 5 l= H2 P I( JC Tl 
D03I =l, NE O 
T l~ t·'lA X (I l = 1. u E- 6 
Tf-WII N ( I l = 1 . v E- 8 

CO NTI NUE 

S T AIH 0 F 1-< U i\f G E K U T T A I NT E Gr.;; A T I lJ ,'-J 1-< 0 U T I 1 E 
~~* * ** *-~ *~- -~!.. 

D0 5 I=1, f'-JEQ 
C I N (Il =C N (I ) 
CON T I NU E 
F ORIVI A T ( 5 E 2 \.) . 5 ) 

D0 2 0 I = 1 , NEQ 
C (Il =C N ( I l 
N=l 
GO T04 U8 
CON T I NUE 
DO 4v I = l , ,\JtU 
C 1 ( I l = DC ( I l 



4 C.l C I Il= CN I I l + C1 1 I l1 2 . 0 

5 0 

6 0 

70 

su 

9 v 

1 0 0 

1lll 

120 

1 30 
14u 

N= 2 
GOT 0 4U O 
CO NTI NUE 
006 v l =1 , NEv 
C2 1 l l = OC Ci l 
C ( I l = CN C I l + C 2 I I ) I 2 . () . 
N=3 
GO TOl• OO 
CONT I NU E 
008 U I= 1, NEU 
C3 ( I l= OC (I) 
( (I l= CN ( l ) +C3 ( I l 
N=4 
GO TG4UO . 
CONT I NUE 
001 0 0 I=1 , NE Q 
C4 1 l l= OC I I l 
CN 1 (I l=C N I I l + ( C l( I )+ 2 . 0*(2 ( I l + 2 . 0 * C3 ( I l +C4 1 Ill 1 6 . 0 

I F I NK-1) 11 u , 13 0 ,1 50 
0 Y= DY I 2 · 0 
NK =1 
00 1 20 I = 1, NEQ 
CDX ( I ) =CN 1 ( I l 
GOT 01U 
D01l; u I=1, NEQ 
C f~ ( I l = C N 1 ( I ) 
Y=Y+ DY 
!<RET=2 

l4:J COi\i Tli', UE 
Y=Y - OY 
NK = 2 
GO T0 1 LJ 

150 CON T I NUE 

00 16 0 I=1 , NEQ 
160 CN I I l = ( 1 6 . u ~- C N 1 (I l - COX ( I l l I 1 5 . 0 

OY = OY-X-2 . 0 

164 

1 65 
1 7 J 
18u 

172 
173 
1 7 Lt 

171 

175 

176 

2 0 9 
210 

NK = u 
Y=Y+ OY 
KRE T=3 
COf'H I NU E 
I FI KF I N l 16 5 ,1 65 , 280 
IF I Y- HT l 17 ~ , 250 , 250 

00180 I =1, 1~EU 

EP .SL I 1 l = ( f.\tJ~ IC O X ( I l - CN 1 ( Ill )1 15 . 0 
DO 1 71 I=1 , rH::O 
IF ( t:: P S L I I l- T I~H I N ( I l l 17 2 , 1 7 2 , l 7 3 
'"lC UUf T= NCOU i'>l T+ 1 
I F ( E P S L ( I ) - T 1-( P·1/', X ( I l l 1} 1 , 1 7 1 , 1 7 4 
NCUUN T= O 
GOT02lJ9 
CO NTINUE 
I F I NCOUN T-Nl 0 l l7S , 176 , 176 

NCOUN T=u 
I HA LF=O 
GO T023U 
NCOUN T =O 
GOT 0 220 
0021 U I =1, NEQ 
CN I I J=CIN I I ) 
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Y=Y- DY 
DY= DYI 2 . 0 
IHALF=IHALF+ 1 
IF I I HA LF - 2u l 3 1v , 320 , 320 

3 2 J N S 1-Jl T = l 
\.VR IT E ( 6 d 2 I' l 

32 1 FOR ~ A T(/ 1 6X , 22H ADDRESS 32U IN REA C2 
GOT 0 5UO 

:; 1 v C 0 N T I i'-l U E 
GOT010 

220 DY=DY-X-2 . 0 
IH ALF=O 

2 30 
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2!....0 
c 

D0240 I=l , NEO 
CI NIIl= CN IIl 

CON TI NUE 

c 
c 

r 
'-

c 
c 
c 

THESE VALUt~ OF CI N AID l ~ AkE THE FI NAL VAL UES AT TH E 
END OF A S TAG E 

IFIC N(4l-O. u000 1 l 8 0 1 , 80 1,H G5 
3J l I FIC N13 l- G. G00 0 l l 8 0 2 , 8 0 2 , 805 
:: 0 2 CO NTINUE 

\~ R I T 1:. I 6 , 8 9 0 l Y 
89J FO I-<.-1A TU6X,~vH A COt'•iPO,'lC:i\Jl riA~ DEU<E::.t,SELJ bELO w sPECIFlctJ Vf\LUE 

1 I 6 X , 3 b H F I N A L 1'~1 0 L E F 1--<. A C T I 01 S \'; I L L t:5 E. G I V Ei'>i 

·3 ~ 5 

250 
260 

2S5 

2 70 

2 80 

29v 

4 (nJ 

4 1 •..) 

42v 

430 

2 I 6 X ' 2 j H H E I G H 1 lJ P T h t: C 0 L u r•l N = ' F L 0 • 3 ) 
GOTC28u 
CON Ti i'\ UE 
GOT01U 
IFI KF I Nl 26v , 260 , 2 8U 
!( Flf\!=1 
Y=Y - DY 
KI~ET=4 
CON TI f\IUE 
DY=HT-Y 
DO 270 I=l, NEO 
CNIIl=CI NII l 
GOTOl U 
CONTI NUE 

F I Nf\L Cf;LCLJLA T I 01\JS Ph:Ool E, ,, I S ~OL V E:D 
FI NA L VALU~~ ARE CNI I l 

Do 2 9 o I= 1 , f' l o c o ~ P 
FC ALC I JCT , I l =C N (I) I P I~ES S ( JCT ) 
CO NTI t'< UE 
GOT05v0 
CO NTi i\! UE 
D043v I=l, NEQ 
IF I C( I l l 4l u , 43 U,4 3U 
CO fH I IWE 
1,-J R I T E I 6 , 4 2 U l I , Y 
FO I-<;,·,Ar U 6X , 4H C ( ,I 2 , 27H l HAS t:)ECOi"iE NEG . AT Y = , F2Q . lOl 
KNEG= 1 
CONT I NUE 
IFI KNE Gl 46u , 46 U, 44 0 

440 DY= DYI2 . 0 
.V'i f<. I T E I 6 , 4 5 ~ l U Y 

45u F CJI~, · ./\ TU6X , 22 H DY CUT I N HALF TO 
JHALF=JH ALF+l 
IFI JHALF - 3v l 33G , 34U , 340 



34 0 NSviiT=l 
~-JF< IT E I 6,3Jl l 

:1:?1 FOI-< >,AT U/ 6X , ;UH ADUf-<C:SS 34lJ I N ~~C: .i:;CL 

GO T050C 
33v CO NT i iWE 

Kf\!EG =O 
GOT Ql O 

46U CON TI NUE 
JHALF =u 

c ~-*~~**~-***-h!. 

C DIFF EREN TI AL EQU~T I ONS 
( -* -~- ~- -;~ ~A· ~- -~- ~- ;~- ~-

DD l=l . u /I C I ~ l **AK I N I 9 ) I 
DD5=C I4l 
DC I 4 1=-DY*CR~ IJCTl *DD5*DD l 

DD2=C 13 l/I CI 5 l **AK I Nil UI l 
DD3 =J Y*CRP 11JCT I*DD2 
DD4= - CC 14 1 
DCI 3 1= CRP2 1JCT I * I FIX *DD 4- DD3 1 
DC I 2 l=I FAX* 0 U 4 - DC I ~ I l/( l . v+Ckl iJCTII 
UC I 1 1=4 . 0*UU4- 3 . U*UC ( 3 )- 2 . U*UC I2 1 
DC I 5 1= 3 . 0*D04 - 2 . u*DC I 3 1-DCI21 
DCI5 1=- DC I 5 1 
GOTO I 3v , Sv , 7u , 9u l , N 

5 Gli CON TI NUE 
30 u I~E T URN 

END 

CD TOT u2v 9 
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SU B R 0 U T I N E R E.A C 3 
C OM~ON KM , ~CY C, MAX K , MK AT, NS TEP,EPS1101,ALPHA,BETA 
C 0 1'1, tvl 0 ~ A K E I 1 U l , A K fvl A X I 1 0 I , A K 1'"1 I N I 1 0 I , A K I N I l 0 l , S U ,v] N 
COMM ON Vll~,1u1 , DI 2ul , gL ( 20 , 2U J , BLEN I 20 I, AJ(2 U) 277. 
C O !Vi~1 0N El 2v l , AL 12U, 2v l , AFKI2i.J l 
COfvi ,'ION NFWI'~~ , NOCO:V: P , i-..J S \AI I T , JC T, HT 
C 0 Jv't,>i 0 N V U L F L I 5 U l , T E P ( 5 0 l , T E i"i P ( 5 U l , DE L T P ( 5 0 I , RA T ( 5 0 l , P R E S S ( 5 0 ) 
COfv'lf'.lON FRivt oJL 15 0 ,5l ,F ACT I 50 , 5 ) ,FCALC15 0 ,5) 
CO~MON C3P I(5 UJ, H2PI I5 0 l 
CO~MON RCCI5 0 l, RTI5 0 l,X ACT I5 UJ, RUN I50) 
CO~MON RA CT15 G), C R~ I5UJ,C RP I5 0 ),C RE I50) 

CO~i tv; ON SM I N 
D !t\1 EN S I ON CN I 5 I , C I 5 I 'C 1 I 5 I, DC I 5) , C2 I 5 I , C3 I 5 l , C4 I 5) 
DI MENSION C~l i5J,C DX I5), EPS L15),CIN(5) 

DIMENS I ON TRMA XI 5 l,T RM I NI5) 
***-),C-)(•* *-)(-** 
PACK ED BED RE ACTOR MODEL 
PROPANE REACT I ON SCHEM E 
WR ITTE N BY AL ORLICKAS 

IN I TIAL CALCULATIONS 

KNE G= O 
KFIN =U 
NK=O 
Y=O.O 
DY=0 .5 
NEQ =NOCmiJP 
IH ALF=O 
JHALF=O 
NS',\1 IT =0 
GHii=O . O 
CNI 2 )=0.0 
CNI 3 l=C 3PI IJCT) 
CNI'+J=H2PI IJ CT) 
D03I =1,NEQ 
TRt'v1A X I I l = 1. v E-6 
T R ivl I N ( I ) = 1 • i.J E- 8 

START OF RUNG E KU TTA 
-~-*** ****** 
CON TINUE 
KRE T=1 
CONTINUE 
D05 I =1 , NEO 
CI NI I J=CNI I) 

COfH I NUE 
'9 FOR MATI5E2 0 .5) 

D020 I=1, NEO 
C I I ) =CN ( I ) 
N= 1 
GOT0400 
CONT I NUE 
DO 40 I=1,N EO 
Cl iiJ =DC IIl 
C I I I= CN I I l +C 1 I I l I 2. 0 
N= 2 
GO T04 00 
CONT I NUE 
D06U I=1, NEQ 
C2 1Il =DCII l 
C I I I =CN I I I +C 2 I I l I 2. 0 
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70 

50 

N=3 

GOT0400 
CON TINUE 
DOBJ I=1, NEQ 

En Hc~tf J~c3u, 
N=4 
GOT0400 

90 CONTINUE 
DOlOO I=l,NEQ 
C4( I l=DC( I l 

l OU CN1 (I l =C N( I l+(C1 (I l+2.0*C2 (I l+2.0*C3 ( l l+C4( I l) 16.0 
IF( NK -1) 11 U,13U,15 0 

11 0 DY=DY/2.0 
NK =l 
D0120 I=l, NEQ 

120 CDX(Il=CNUil 
GOT01U 

130 D014 0 I=1,NEQ 
140 CN(I)=CNl(I) 

Y=Y+DY 
KRE T=2 

145 CONTINUE 
Y=Y-DY 
NK= 2 
GOT010 

150 CONTINUE 
D016U I=1,N EQ 

l5u OH I l=(l6. u7'•CNl ( I J-CDX ( I l )/15.0 
DY=DY*2.0 
NK=O 
Y=Y +DY 
KRE T=3 

164 CON TINUE 
IF(KFIN)165,165,280 

165 IF(Y-HT) 17 u ,250,250 
l7C D0 18U I=l,NEQ 
18 0 EPS L< I )=(A BS (CDX( I l~CNl( Ill l/15.0 

DO 171 I=l, NE Q 
IF( EPSL(Il-T RM IN(Ill172,172,173 

172 NCOUN T= NCOUN T+1 · 
1 7 3 I F ( E P S L ( I l - T R 1•1 A X ( I ) l 1 7 1 , 1 7 1 , 1 7 4 
174 I'KOUN T=O 

GOT0209 
171 CON TINUE 

I F ( NCO UNT- NEQ ll75,176,176 
175 NCOUNT=U 

IHALF=O 
GOT0230 

176 NCO UNT=O 
GOT0220 

209 D02 10 I=1,NEQ 
2 10 CN(Il=CIN(l) 

Y=Y -DY 
DY=D Y/2. 0 
I HA LF=IHALF+1 
IF(IHALF-2vl31U,320,320 

320 NS\-v iT=1 
\IJRI TE(6,32ll 

32 1 FORMA T(//6X, 22 H ADDRESS 320 IN· REAC2 
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GOT05UO 
31U CONTINUE 

GOT010 
220 DY=D Y*2.0 

I HA LF=O 
230 D0240 I=1,NEQ 

CI N( Il=CN!Il 
240 CONTINUE 

***>:-****** 
THESE VALUE S OF CIN AND (N ARE THE FINAL VA LUES AT THE 
END OF A STAGE 
**-!-"******* 
GCT010 

250 IF( KFINJ 26 0 ,26 0 ,280 
260 KFIN=1 

Y=Y-DY 
KRET=4 

265 CONTINUE 
DY=HT-Y 
DO 27 u I=1,NEQ 

270 CN(IJ=CINIIJ 
GOT010 

280 CON TINUE 
~-***-~**-~*.)~-

FI ~AL CALCuLATIONS 
FINAL VALU ES ARE CN!Il 

PROBLEM IS SOLVED 

D029U I= 1, NOCOtv! P 
FCALC(JCT,Il=CN(IJ/PRESS!JCTJ 

290 CONTINUE 
GOT0500 

4 00 CONTINUE 
D043u I=1,NEQ 
IF!C(l J)41 ~ ,43u,430 

410 CONTINUE 
42u FOR MAT(/6X,4H C( ~I2,27H HAS BECOME NEG. AT Y = ,F20.10l 

KNE G=1 
430 CON TINUE 

IF( KNE GJ 46G,460,440 
440 DY=DY/2.0 
45U FORMA T(/6X, 22H DY CUT IN HALF TO ,F20.15) 

JHALF=JHALF+1 
IF(JHALF-3 Ul330 ,34 0 ,340 

340 NS\rv' IT= 1 
vJR ITE(6,33ll 

33 1 FO~ MAT(//6X,22H ADDRESS 34 0 IN REAC2 
GOT0500 

330. CONTINUE 
KNE G= O 
GOTOlO 

460 CONTINUE 
JHALF=O 
********** 
DIFFERENTIAL EQUATIONS 

DD1= (C(3J **AKE (5 l l/(C(4l **AKE (6)) 
DD2=CR P!JCTl * DD1 
DD2=DY*DD2 
DC ! 3 )=-DD2 
DC ! 2 J=DD2/!l.U+C RE !JCTJ) 
DC !ll = 3.0*DD2 -2~ 0*DC !21 
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DC (4)=- 2 . U*DD2+DC (2) 
GOTO(Ju , 5u , 7u , 90 ),N 

500 CONTINUE 
30u RE TU I~N 

END 

280. 
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281. 

K. 2 M)DEIS FOR CATALYST ACI'IVITY' mANGE 

The programs described here are used to search on the parameters 

in the nodels used to describe the increasing catalyst activity change 

with tilre. 

The analytical solution of the nodels which must be evaluated 

numerically are given by equations 6. 32 and 6. 34. The trapezoidal rule 

is used to perfonn the integrations in these u..o equations. 

NSEG - no. of integration segnents between the calculated k values 

NP - total no. of temperature data or no. of time segments involved in 

the total integration 

CX> - initial k value 

ur - time interval (12 min.) 

P (I) - time intexval at which "experimental" k value is available 

CEXP (I) - experimental k value 

T (I) - temperature data 

G1AX(I) - maximum k values 

PK(I), Q(I)- as defined in equation 6.34 

AKE (I) , AKIN (I) - parameters searched upon by Rosenbrock. direct search 



c 

C O I • t i 'I Oi~ Y ( ~'"'" l , 1~n ( ?Uu l , T ( ':l uv l 
C u i"l h lm P ( 5 v l , A I I, I ( ::> v l , C l t I ( ':l u l , C <... ( :> v l , C t. X 1-' ( 5 u ) 
COtvlt'lOh K.·l " •,CYC , , ,AX,( , ,,,r(Al , , ~.:;;T EP 

C 0 f'-'1 i •i 0 h E P S (l u l , A r, E ( 1 v l , A Ll_; H A , D t: T A 
CO iv,, . , Q I~ 1\K,·, AX ( lu l , AKI·i i i-.J ( l vi , /\ r( ! ,, ( l U l 
c 0 /VI,., I 0 I ·.j v ( l u ' l \., ) ' IJ ( 2 v ) ' ["3 L ( ;;: v ' 2 u ) ' D L t: I ~ ( 2 CJ ) 
CO I\li,IOh AJ ( 2v l , f::(2U ) , AL( 2u , 2G ) ' AF K(2u ) 
C01'-'i,,l0i'>l T C 1 ( ? uu l 
-**-X- ** -~ -~~-7~ * 
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c 
c 

SEAf<CHI I'-l G t->AI..zA,•iE:.T ti ~S r01"\ ,.,QLJ [ L OC:SCI-" Idii~ G l f~ (l'\cS i r"'-.:i Cf.....T/\LYS1 
ACT IVITY WITH TI ME 

c 
c 
c 

c 
c 
c 

c 
c 
c 

6 L)U 

7 uv 
7 0 1 

6 

7 

500 

5 0 1 

ASSUM I NG CUNS T A ~ t MAX . CAT . ACT . 
WR ITT EN BY AL OR LlCKAS --- FEd . 19 70 

F OR .'·lAT U/6 Xd8H CATA LY ST ACT I VITY PAI<f11'-'lt:TEI~ St:Af~CH 

READ I N RO~~NbROC K DA TA 

I~ E AD ( S , 7 ..J u l K 1"! , ;.; C Y C , i•1 A X K , 1'1 K /\ T , 1 S T C: P 
f~ EAD( 5 ,7 Ul l ( EPS ( I l d=l, Kr'i l 
~~ E A D ( 5 , 7 u l l ( A .<. E ( I l , I = l , K iv1 l 
REA D ( 5 , 7 U1J ALPH A , DE TA 
I~ E AD ( :J , 7 U 1 l ( Ar(.','iAX (I l, I= 1 , o<.1vi l 
f-< E A[) ( ~ , 7 u 1 l ( /:1 K t•i 1 i\J ( I l , I = 1 , ;<,.I" I l 
F OI..Z,vi A T ( ':) I 5 l 
F 0 IM A T ( 3 F 1 u • 5 l 

D0 6 I =1 ' Krv, 
D0 6J =1 , Kiv1 
V(I,Jl= u . 
CON TI NUE 
D 0 7 I = 1 ' Kf1l 
V ( I dl =1 e v 
CON TI NUE 

READ I N DA TA FOR MODE L 

R E A D ( 5 ' 5 0 U l i~ S E G ' N P 
FOR1 "1 A T ( 2 I 5 l 
READ ( 5 , 5U1 l CO , DT 
F Oi~ ,Vi/\ T ( 2 F 1 v . :J l 
G05 I =1 , t'-JS t.G 
I<E/\ D ( S , 50 ll !-=' (I l , Ct.XP ( I l 
lt.'f~ IT E(6 , 55 u lP( I l , CE XP ( I l 

5 5 0 F 0 I< f ·~A T ( 1 X ' 2 r 1 5 • 3 l 
5 CONTI NUe 

REA D ( 5 , 5u 2 l( T (Il,I =1 , NP l 
5 02 FOR~A T ( 8 F1 u . 5 l 

1 0 

D0 1 L I=1, NP 
V iv1 = 8 . u + ~ . v? 0~" T( I) 
TF= 34 . 03 +44 . U76 8* VM 
TC= u . 55?555* ( TF- 32 . U l 
TC1 ( Il=TC 
TK=TC+ 273 . U 

F<T (I l =1 . 99~" T K 

CONT I NU E 

55 1 
c 

WR I TE ( 6 , 55 l l ( fC1( I ), I=1 , N~ l 

FO R~A T(/1X , l2F 1 v . 2 l 

CALL SEAI<CH 
c * ********************************* 

S TOP 



END 
SUBROU T I NE OUJEC T 
C O•"Ir·, Q,~ CO , I'W , DT , i\jSEG , ::)IJ, ' t:::O~,.,t , S~..J.vii' 

c 0 ~·1 i' I 0 h y ( 5 1.) I_, ) ' I~ T ( 5 u () ) ' T ( 5 G u ) 
CO iv;, .. ,QI \t J<...,., , ,,,CYC , I,,AXK , ,•, f\T ,,'<STEP 
C OM~O ~ EPS I1 ~ J, AKE I1 u l , AL~ HA , c~ T A 

C0 iv11 '', 0 ,'~ AKf·iAX I 1 u l , AKfV, f N ( 1 v l , AK. I i~ ( 10 1 
C Qi\W,O;~ V ( 1 0 d u l , D 12Ul , f3 L UU , 2u l, b L E 120 1 
C O~ MO~ AJI 2v l , E ( 2 u ) , ALI2u , 2 G l , AF K I 2u ) 
CO f'l,fV: ON TC1 ( 5Gu I 

c ********** 
C TH I S -':JLJBI~O LJTI1'<E US ES '11-:E T f-<A Pt:ZUiuAL i<LJ U : T O FII\JO 
C CAT ALYST ACTI V I TY AS f\ F0i-. CTI0 t~ Of-- Tlt·I E 

c 
5 00 F 01-\ t'l AT ( I 6 X , 4 t,; H -h- ->:- ->< >,r * * "~- j.,' ->< ->:- -:~ -;< ';;- * -:<- -..<- -~- ->e ->~- -;;- -l< -;~ * -; ~- _,~- * -:<- -;, ->~ ->~- '~- _, * '-<- -i<- ""' -~- -:<

D05 I=1, f<.M 
A i<. I i'l I I l = A K t: I I l 

5 CON Ti i'~UE 

D06 I=1, KiYJ 
IF l AKE I I I . GE . AK I\lA X I Ill ;-\K I N I I l= AK1•1AX I I l 
IF( AKt:l I l . Lt. . A:<. :·I Ii\J ( Ill Ar:.. l f\j ( I 1= /\Kh li'l( I l 

6 CO N TI ~ UE 

v.JR I TE I 6 , 2 vv l l AKE ( I l ,I= 1, :<.t· l ) 
2vU FO RI· iAT I1X,7 H i-\K E:: = , 3E2u .7l 

AK. I N I1J=1 u . u**AK I N I1l 
AK I N I 2 J=A :<. I ~ I 2 J * 1 00v . 
X X = A LUG I A r( I i . ( 3 l -C 0 l 
D01 v i = 1 , NP 
Y ( I l = !\ K l ~~ 1.1 l *EX P ( - A:<. I ;~ ( 2 l I i< T ( I l l 

1 0 COiHINUE 
fv1S EG= 1 
KK =1 
X Y Z = P I tvl S E G l 
KP=IFIX IX YZ l 

3 0 KL= KP -1 
KQ= KK +1 
SU M=O . O 
D04U I= KQ , KL 
SU M= SUH+Y(I) 

4 0 C 0 N T I ~~ U E 
S U 1".1 S = [) T * ( Y ( :( 1<-_ l I 2 • U + S U [•, + Y ( K P ) I 2 • U ) 

A I N T I i'1i S E G l = S U M S 
IFI ~SEG -NSEG J 5 u ,6 U ,6 0 

5 U iv1 S E G = !viS E G + 1 
X YVJ = P I r-1 S E G I 
X Y P = P ( ,vJ S E G - 1 I 
KP =IFI X I XY\n 
KK =IFIXIXYPl 
GOT 030 

6 0 D0 7 U I = 1, NSEG 
CI NT !Il =u . 
D080J=1 , I 
CI NT I I l =Cl i'H I I l +AIN TIJl 

80 CONTI NU E 
7 0 CON TI NUE 
55 u FO RMA TI1X , 5 E2 u . 5 ) 

D09GI=1 , NSEG 
XY= EXP I XX- CINT I I)) 
CCI I l =AK I N I 3 )- XY 

90 CONTI NUE 

283. 
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W F<. I T E ( 6 , 3 v v l ( C C ( I l , I = 1 , i~ S C. G l 
3 0U F OR ~A T(/6X , 1 u F1 U . 2 ) 

SUMSQ= O. 
D0 1 LJI=1 , NSEG 
W=A I3S ( cc_ (I l .:... c_ExP (Ill 
SUtv1SQ = SUMSQ +W*vJ 

110 CONTI NUE 
SLJMN=SUHSQ 
W I~ I T E ( 6 ' 5 v 1 l A K I N ( 1 l ' A K I N ( 2 l ' A K I f~ ( 3 l , S U 1v1 N 

50 1 FOR MAT (1X, 8H AK I N = , El5 . 5 , 2 F15 . 5 , 5 X, 9rlSU~~Q = 
vJ RI JE ( 6 ,5 u2 l ((((I l ,I=1, NSE Gl 

5u2 FO R~ AT (1X,1 9 F6.1l 

RETUI~i\! 

END 

CD TOT CJ 136 
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CO MJVJ ON CO , NP, DT , NSEG ,suM·su , SUivlN 
COMMON Y(5 uJ ),RT I 5U Ul ,T(5 00 ) 
COMMON P(5 Gl ,AINTI5 0 l,CI NT<5 0 l,CCI5 U),CEXPI50l 
CO:v'ai>'l ON K/"1 , '"' C YC , 1\1 AX I( , J'v'aKA T, NS T EP 
C O~~ON EPS I1 0 l ,~ KE I1U J, ALPHA , ~ETA 
COMMON AKM AXI1 u J,A KM I NI1 0 J,AKINI10l 
COI'-11vi ON VI 1Ud li l , Q(2 () ) , BLI 2 G,2 Ul , BLEN I20l 
COMMON AJ I 2Ul,EI2 Ul,ALI2 u , 2 0 l,AFKI2 0 ) 
CO MM ON T K I 5U ~ l,P K I5 0 U J, Q ( ~ 00 ),A(5 00 ) 

COMM ON CMAXI5UuJ ,C K(5 00 ) 

285. 

SEARCH PARA~ETERS FOR MODEL DESCRIBING CATALYST ACTIVITY CHANGE 
ASSU MING MAX . CAT. ACT. IS A FUNCTION OF REDUC I N0 l ~ MPERA TU RE 
WRITT EN BY AL ORLICKAS --- FEB .1970 

~-J R ITE(6,6U0) 

6 00 FORMATI//6X,38H CATALYST ACTIVITY PARAMETER SEARCH 

700 

70 1 

6 

7 

READ IN ROSENBROCK DAlA 

READ ( 5 ,7 Uu l i( M, MCYC, MAXK,MKAT,NSTEP 
READ15 , 70 l li EPS IIl,I=l,KMl 
READ ( 5 , 7 0 1 l I A K E < I l , I = 1 , KM l 
READI5,7 0 llALPHA,BETA . 
READ ( 5 , 7 0 1 l ( AK fV1A X ( I l , I= 1, Kl'-1 l 
READ I 5 ,7 0 1 l IAK tvliNI I l '1=1 t Kl\1 ) 
F OR i-'i A T I 5 I 5 l 
FO RIVJ A T ( L,.F lu. 5) 
D0 6 I =l , Ki"1 
D06J=1 , KM 
V( I,Jl =O . 

CONTINUE 
D07I=l , KM 
VIItll=1. 0 
CONTINUE 

READ IN DATA FOR MODEL 

READ (5, 50 0 ) NSEG , NP 
5 0 0 F 0 R f'-1 A T ( 2 I 5 l 

f~ EADI5,501 l CO,DT 
501 FOR MAT I 2F l U.5 ) 

D05I=l , NSEG 
READ(5 , 5Jll PI I l ,CEXPI I l 

5 CO NTINUE 
READI5,5 G2 ) 1TIIJ,I=1,NP) 

502 FOR MAT I 8Fl0 .5) 
D01 UI=1tNP 
VM=8 . C+0 . 05*T II) 
TF=34. 03 +44 . U768* VM 
TC= U. 555555 * 1T F-32 . 0 ) 
T.« I) =TC+273 . 
RT <Il=1. 99*TK 

10 CON TI NUE 
c ********************************** 

CALL SEARCH 
c ********************************** 

STOP 
END 
SU BROUTINE OB J ECT 
COMM ON CO, NP , DT , NS EG , SU MS U,S UMN 
COMMON YI 5UU } , RT 15UOJ,TI 500 ) 



C 0 fv1 M 0 N P ( 5u l , A I N T ( 5 0 l , C I N T ( 5 U l , C C ( 5 0 l , C EX P ( 50 l 
COMM ON KM , ~CYC, M AXK , ~ KA T, N S TEP 
COM MON EPS i l u l , A~EilU I , ALPH A, BE TA 
C 0 fv1 i"; 0 N A K f 'I A X I l v I , A~ M I N I L.J I , A K I N I 1 0 I 
C O~~ON V(lu , lui , D120l , B Li l0 , 2UI , ~ L EN I 20 l 
C0 i 1i l•101~ AJ I 2U ) , E ( 20 l , AL ( 2u , 20 l , ;\FK I20) 
COM~ON TKI 5uu l, PK I 50u J, Q(5 00 ) , A( 500 l 
COMMON CMAX I5 UO ),C K(5 00 ) 

THIS SU BROU TINE US ES THE TRAPEZO IDAL RULE TO FIND 
CATALYST ACTIVITY AS A FUN CTION OF TI ME 

500 FUR MAT(/6X , 4UH************************************** 
D05 I=l, KM 
AK I i~ I I l =A KE ( I l 

5 CONTINUE 
CHECK CONS T ~A INTS 
D06I=l,KM 
IF<A~EI I I .G E.A KHA XI Ill AK IN< I l=A KI<1A X( I l 
IF<A KEIIJ.LE.AK MI NIIll A~IN(Il=AKM IN(Il 

6 CONTINUE 
W R I T E < 6 ' 2 u u l < A K E < I l , I = 1 , Kf"i l 

2 00 FORMAT i lX , 7HAKE = ,4 E20 .7l 
AK I Nill=l O. L**AK I Nill 
AKI NI 4 1= AK INI4 1* 1• 0E+3 
D0 10 I=l,NP 
P K I I I =A KI N I l l -)(-EX P ( -A K I N < 4 I I RT I I ) I 
Q( I I=A KINI2J -)(-P KI I l * IT KI I J-AK I NI3l) 
C1"1 1\X( I J=;.\K l f\i 12J-X-(T KI I l-AK IN(3J l 

10 CONTINUE 
A<ll= O. 
D015 I=2, NP 
AI I l=l <P K( I-ll+P KI I l l/2. 0 l*DT 

15 CON TI NUE 
S=b.o 
KS=O 
COP=CO 
CK Ill =COP 
AO="Aill 
D020 I=2, NP 
IFI KS I4 0 , 40 ,4l 

41 IFI(tiiA X( I-ll-C K( I-ll l 30 ,J 0 ,45 
45 KS =O 

COP= CK< I-ll 
AO=O . 
A<I-ll= O. 
S=O. 

40 AO=AO+Ail-ll 
IFIA0-64 0 . U)5 U,5 U,55 

50 IFI;\O +AIIJ-640.)51,51,55 
55 SUMN=l . UE l OU 

GOTOlll 
51 Cl=O il -l l *EX PIAOl 

C2= Q(Il *EX P< AO +A<Il I 
S=S+DT*I ICl+CZJ/2.0) 
CK IIl=( CCP+S l/E XP I AO+A (ll l 
IFIC KI I l-CK < I-ll 13 0 ,1 9 ,19 

30 ~K IIl= CK II-ll 
KS =l 

19 CONT I NUE 
2 0 CONT I NUE 
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D090 I = l,f\l S I:::G 
X ~-J =P (I) 

I ~·' P = I F I X ( X w l 
CC ( I l =CK (I f-i P l 

90 CONT I NUE 
\tJR IT E ( 6 d uu ) 

3 00 F OR~A T(/ 6X , l 3 HCON V ER S I ONS 

\-J i-< I T[ ( 6 d v l l ( CK ( I l , I =l , f'lP l 
3 0 1 F OR M A T(/l X , l ~ F l2 . 3 ) 

SU1'lSO=U . 
DO l lu i=l, I'JSE G 
W= AoS ( CC ( I I - CE XP ( I I l 
su t.:;so = s LJ fvl S(I+ ,·; *"~ 

11 0 CON TI NUE 
SU :V1N = SU >lS O 
\v r~ I T E ( 6 ' 5 u 1 ) A K I I~ ( 1 ) ' A i( I I\J ( 2 ) ' A 1'-. I i'~ ( 3 ) ' A " I j\j ( 4 ) ' s l) I vj N 

5 U l F OI-(fJ,A T(l X , Sr-1 AK I N = , E l S . 5 d Fl? . 5 , 5X , 9 h SUr"i Su = , F30 . 4 l 
WRITE (6, 5 J2 1 ( CC (I J,I= l , NSEG I 

5 u 2 F 0 1:< I 'I A T ( l X ' 1 ':1 F 6 • 1 ) 
111 CON TI NUE 

R ETU f~N 

END 

CD TOT 0145 

287. 
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K.3 PARAMETER ESTIMATION PRX;RAMS 

The program used to search on the butane and propane pararreters 

consisted of four parts; the executive which read in the data and 

perfonred preliminary calculations, the SEAOCH subroutine which directed 

the multivariable search, the OBJEcr subroutine which evaluated the 

weighted sum of squares, the REAC 3 or REAC 4 subroutine which perfoDTY2d 

the reactor calculations. The SEARCH subroutine was a lbsenbrock search 

written by H. Pang, a fonrer Ph.D. student at .r.tMaster University. 

In the butane parameter searchi.nj, the variables searched upon 

-were: 

AKE (1) = t:.y1ooo.o 

AKE (2) = ~J/1000.0 

AKE (3) = ~2/1000.0 

AKE (4) = ~1000.0 

AKE (5) = loglO. ~ 
AKE (6) = loglO. ~1 
AKE (7) = loglO. ~2 
AKE (8) = loglO. ~ 
AKE (9) = exponent of hydrogen in butane rate expression 

AKE (10) = exponent of hydrogen in propane rate expression 

In the propane pararreter searching, the variables searched 

upon were: · 

AKE (1) = t.Fp/1000.0 

AKE (2) = !:.E:Ef'lOOO.O 

AKE (3) = loglO. ~ 



AKE (4) = loglO. ~ 

AKE (5) = exponent of propane p3.rtial pressure 

AKE ( 6) = exponent of hydrogen partial pressure 

RUN - Run nunber 

VOLFL - Volurretric flowrate through reactor (ml./ sec.) 

TEP - Average Reactor Temperature (°C.) 

DELTP - Pressure Drop across reactor (atm. ) 

RAT - Feed hydrogen to butane m:>lar ratio 

XACT - k value for run number RI.N 

BASAC - reference k value, i.e k
0 

HT - length of catalyst bed (25 an.) 

PRESS - Average pressure in reactor (atm.) 

C4PI - Initial p:lrtial pressure of butane (atm.) 

C3PI - Initial p3.rtial pressure of propane (atm.) 

H2PI - Initial partial pressure of hydrogen (atm.) 

RACl' - catalyst activity 

FACT - Weighting factors in equal-weighting matrix 

S (1) - Sum of absolute value of differences of role fractions 

SS (1) - Sum of squares of differences of m:>le fractions 

SUMSQ - weighted sum of squares 

F!M)L - experimental m:>le fractions 

'Ihe theory for the local linearization iteration teclmique is 

given in Section 6.2.1 of this thesis. 

AKE - p3.rameter values 

DELT - maxiroum change allowed in parameter per iteration 
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T - rraximum percent change in parameter per iteration 

AKMIN, AKMAX, -minimum and maxinrum allavable parameter values 



COi/o,•,OI i(f"i , ,·,( Y( , i'i AX , ,•,r:...A T , I'l~ T EP , EPS il v l, ;\ LPH A , bE TA 

CCi·l.·iU I\j AKC. ( ::. v ) ' Af... ,· ,AX ( l v ) ' /1Ko·l I I~ ( l v ) ' /',(...I r ( .i. v ) ' .JV•'"IN 
c 0 I':,. I 0 ,, v ( l u ' 1 u ) ' D ( L u ) ' 1:3 L ( d.; ' L u ) ' 1:3 L E j\j ( 2 0 ) ' A j ( 2 v ) 
CO,•I, ·,OI\l E ( 2-v l , /\ L ( 2v , 2u l , AFK ( 2v l 
( 01•"•,\JI~ l ' r-<.u , ,::; , ,\l:J ( v i•. !-- , ,,Sv~ IT,JCT , H T . 291. 
C c,; ... . ,::; r ~ VOL F.L I 5 L. l , T cY ( 50 l , f E,•,P ( 5 u l ' [) E L T P I 5 G l , 1-<A T ( 50 l ' Pi< E SS ( 5 u l 
( Q , • ,·. ,QI~ F 1-< •· :u l ( 5 U , 5 l , FA CT ( 5 .J , 5 ), FCA L C l. 5 u , 5 l 
C 0 H: <, 0 i\j C 4 P I I 5 u l , H 2 P I ( 5 U l 
C 0 !vi ,\ 0 N 1-< C C I 'J L. l , i·<T I 5 J l , X A c_ T I 5 J l , R lJ 1'-i ( 5 0 l 
C Ot;, ; ;, or~ RACTI5v l , CRb l 5vl , (RP 150 l , CRE !5 0 l 
C OI'· .:• ,Oi~ C I~P l15G l ,C i-<P2 15U l 
( Q IIt:.'; QN Siv1 I i' 
CO;\ ,··,C I'l U I F4 I 5u l 
CGr"i i•i ON FIX 

c ********** 
C SE /\i-<CH I NG :::.U TAI\J E P AFU~;v\ ETEi,S I:H IWSE1H:H<OCK SEAf<CH 

c vJR I TTEr B Y ,~ L O I~ L ICKAS --- JA i~ .1 97u 

c *** ******* 
C REA U I N RO~~~I:3RO C ~ DATA 

c ********** 
FI X=0 . 9 
REI\D ( 5 , 5 vv l Kl"l , iKYC , ,•,A XK , ,•, ~A T, i~ S TEP 

READ I 5 , 50l l IEPS II· l, I=l , KM l 
R E A U I 5 ' 5 0 l l ( ;\ K t ( I l ' I = l ' K IV1 l 
1-<E.:\D ( 5 , 5 v l l f-'. L PHA , cE T f\ 

R E /\ D ( 5 ' 5 0 1 l ( ;\ K 1-1 A X ( I l ' I = 1 ' K M l 
READ { 5 , 5 G l l ( A K1"1 I N ( I l d = 1 ' Krvl l 
S i·-·1 I 1'. = l • v E l 0 

v~ i-< I T E ( 6 ' 2 v J l 
2 '~0 F O:~ .· ,,~ T (!/ 6X , 4dH SE A I~C HII'lG K I 1'-JE TIC PM<fw,E HYS - GUTA t\l l:: Ci~AC K ! I'JG 

D05T =1 , KM 
D0 5J=1 , KM 
V(I , J l= U . U 

5 COf'!T I NUE 

1 0 

D 0 1 •.., I = 1 ' K f1i 
V ! Id l =1. u 
CON TI NUE 

5 00 
5 0 1 

c 

F OR i~A T ( 5 I 5 l 
FOI-< ,'~A T ( 1 0F 8 . 1 l 

c 
c 

READ I N REAC TOR DATA 
-K * -;~- -~- -~- -X- * -x- ~- -~ 

READ ( 5 , 5 v2 l ' "IWI\~ , :\JO(O;W 
REA D ( 5 , 5 u5 l ARE A , HT , I:3A SA C 
WRI TE ( 6 , 551 l 0 ASAC 

55 1 F OI-< ,·· ;A TU 6X , 9HB ASAC 

5 0 5 F 0 F< : .; A T ( 3 F 1 U • 5 l 
5 0 2 F 0 R ;·.]1\ T ( 2 I 5 l 

:)02 0 I= 1 , NRU f~ S _ 
I~EA D ( 5 , 5u3 J ,~u~\J ( I l , VO LFL I I l, TE P I I l , DEL IP ( I l , f<AT I I l , XACT (I) 
~oJ I"( I I E. I 6 , 5 5 .., l r\ u l'l I I l , V u L F L ( 1 l , T E 1-' ( I l , [) E L T 1-' ( I l , I' A I I I l ' X AC T ( I l 

5 5 u F 0 f-< ,··1 A T I 6 X , 6 F 1 5 • 3 l 
20 COiH I NUE 
5 G3 FO R ~ A T16Fl u . 5. l 

D 0 3 u I = 1 ' N f\U ;,1 S 
f~ EAD ( 5 , 5U4 l I FRfviO L (I, J l, J= 1, NO COi'i P l 

3 J C 0 i'H I N U E · 
5 0 4 F OR MA T ! 5F1 v o 5 l 

GC= U2 . 06 
D04l! I =1 , NRU ~·JS 

PI-<ESS ( I l=I 2SJ . 9 2 + DI::L TP! I )/ L . OJ/ 29 . 92 
u~PI I I l = PRt :JS ! I l I I l . v + f-<A T ~ I .l l 



H2P I (I l =PI~ESS (I l - C4P I (I l 
T Ef'-1P ( I J =TEP ( I )+ 2 73. 0 
1-< CC( I J=( GC*TEHf-l ( I l *Ai-<tA J/ VO LF L( I l 
1-< T ( I l = l • 9 9 -;q t. i<i P ( I l 
F-<AC T (I l = Xf:..C r ( 1 l I BM~/\( 

4CJ CONTI I\UE 
c ,v, -~- * -ll· -::- -* ~~ -Y.- -:~ -* 
C CA LC U L !\ T E \>IE I G H T I G F /\ C T 0 I ~ S I 1\l E U U A L I'll E I (j H T I N G rvl AT 1-< I X 
c ~~ * * .;~ -Y.- -~~ -~- .,,..~ * -* 

5 0 

6 0 
7 0 

8 0 
90 

' 1 00 

c 
c 
c 

c 

DO l u O I= l , NI-< UNS 
D09uJ = 1 ' NO COII.P 
IF(F RMO L ( I , J)- u . u 1l5 0 ,6 u ,6 u 
FACT (I ,JJ=1 Uu \..J.u 
GO T09v 
IF(F R~OL (I,J)- C . l l7 0 , 80 , 8~ 

FACT ( I ,J};l ulJ . U 
GO T09lJ 
FACT( I ,J) =1 U. O 
CONT I NUE 
CONT I NUE 
NSW IT= O 

I NITI ATE MULT IV AR I AB L E S EARCH 
***********~****************************************** 
C.t..LL SEAF~ CH 

****************************************************** 
S TOP 
END 
SUI::liWUT I NE Ob J EC T 
(Oivil•iUd 1\.r · I '. ''I(Y( , f.I AX:<. , r·I~A T,I~~TE P , EPS ( 1 0 ) , ALf-IHA , I::lt.TA 
COi·i ,. ;o ,J M.:..E ( 1'-' l, A'r-..:·1AX ( 1v l , ArC-,,ii/~ (h. l , AK Ii'J ( l v l , S ui ' IN 
C 0 f\1 ~· i 0 I\, V ( 1 u , 1 u l , D ( 2 0 l , [3 L ( L U , 2 v l , o L E i\l ( 2 U l , A J ( 2 u l 
CO fi,:I;Oi'~ E ( 2v l , AL(2 U, 2i... l , AFK ( 2u l 
CO fvihOt~ N I~Ui·~s , i..JUCC i'. P , I·IS 'v·J IT, JCT , HT 
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C 0 ,vi 1<'1 0 N V 0 L F L ( 5 v l ' ·· T E P ( 5 0 l , r E fV1 P ( 5 U l , DE L T P ( ? CJ l , 1-< A T ( 5 0 l , PI~ E S S ( 5 U l 
C 0 t·/11 1\0 i\; F I~ 1'·, 0 L ( 5 '-' ' 5 l ' F A C T ( 5 u ' 5 l ' t- C A L C ( 5 U ' ~ l 

c c 
c 
c 

5 

COIVIi•iOI-.... C4f-l i ( 5u ) , H2PI ( 50 ) 

COM~ON RCC ( ?v l, RT ( 5U l , XA C I ( 5u l , RUN ( 50 } 
C 0 jv, ivl 0 I ·J 1-< A C T ( 5 G l , C i-< b ( 5 u l ' C 1-< P ( 5 0 l , C I~ t. ( 5 0 l 
COf\t•WtJ CIH) 1 ( 5 u l , CI-< PZ ( 5u l 
CCW•1 0N SH I N 
COi'~ f\ 1 01'1 D I FL• ( 5U l 
CO I,tviON FIX 

THI S SUI::lROu TII\Jc C A LC ULATt::~ WI<I GHTt:U SlJrv, OF SQ UA IU:.S 

OBJECT I VE FU NC TI ON 

D05 I =1 , 8 

0G~Y f j~ ~E AKE ( I ) 

AK I N ( 9 J =1 . 59 
AK I N ( 1 0 l=2.47 

C CHECK CONS TRA I NTS 
D 0 1 0 I = 1 ' K lv1 
I F ( /\ K t ( 1 l • G l: • A K l"1 1\ X ( I l l 1\ K I N ( I l = 1':.. K 1'1i A X ( I l 
I F (!\ K E ( I l • L C: • A K f .. d N ( I l l /\ ;<:, I N ( I l = 1\ I( H l N ( I l 

1 0 CON TI NU E 
'1·V f~ I TE ( 6 ' 6 U l 

\'i R I T E. ( 6 , 2 v 1 l ( A K I N ( I l , I = 1 , 1 U l 
2u1 FORNAT ( 1X , 8H AK I N = , 8F 15.7l 



AK I N ( ll =A~I~ Ill *l . GE + 3 

AKIN I 2 1= AK I ~ ( 2 l *l . U E + 3 

AK I N( 3 l =AK I N( 3l*l . uE+3 
AKif'J ( 4 ) =/\r( I J ( 4P·l . uE +3 
AKI N ( 5 l = l '-' . v:H<- A"- H ( 5 l 
AK I NI 6 )=l v . **AKIN I 6 l 
AKIN ( 7J~1 u . **AK I N I7) 

AK I N I 8 1 =1 ~ . u **AKIN I 8 l 
SUMSQ= O. O 
S1=0. 
S2= 0 . 
S3 =-.J . 
S4 =U. 
S 5= u . 
SS 1= 0 . 
SS2 =0 . 
SS3 =U. 
SS4 =0. 
SS5 =0. 
JCT= O 

C CALC U Ll\ T E I~ E f\ C T I ON I~ AT E l u N S T AI'H S 

c 

c 

20 
~ '"' .:J 'J 

36 

37 
3 5 

4() 

D0 2ui=l, NR UNS 
C f~ B I I l = 1-< C C I I l * 1-< ACT I I l -l~ A!'-.. I '" ( 5 l ~.<-EX P I - A"- I r~ I 1 I I i~ T ( I I l 
C I ~ E ( I I =I;(... I ,\j ( 8 l -:<--EX P ( - A K I 1\l I 4 l I l~ T ( I I l 
C I~ f-l1 ( I l =A K I f\l I 6 l -~- I.:.Z AC T I I l * t i\ P I -A K I i\J I 2 l I I~ T ( I l I 
CRPl iII =Cf~P l I I l -l~-I~ CC (I l 
CRP21 I l= AK lfi 17l ~-<-EXP I- AK I N I 3 1/ f--< T I I I I 
C R P 2 ( I I = 1 • v I I 1. u +C I~ P 2 I I l l 
C 0 f·~ T I f•J L; E 
JCT=JCT+l 
**************** ******* ** x**************************** 
CAL L f~E A C4 
************************* w**************************** 
IF0 NSW I TJ35 , 35 , 36 
D03 7 I= 1, f';OCJ /Vi P 
FCALC I JCT , I I =1 u . 
CON Ti i\JUC: 
D04li I= 1 ' NO COf..,',p 
Z Z K =F A C T ( J C T , I ) ~-A b .j ( F 1-< 1v1 G L I J C T , I ) - F CAL C ( .J C I , I I I 
SU~SQ = SUMSQ+ ZZK*ZZK 

CON TI NUE 
ZZ 1=F ACT I JCT , ll *ABS I·FRMU LI JC T,ll-FCALC ( JCT ,1ll 
ZZ2 =F ACT I JCT , 2 l *A bS I F R~O L I JCT , 2 1- FCALC I J(T , 2 ll 

ZZ3=F fi.CT I JCT , 3 l -;~-AbS ( Fl-~ r11 uL I .JCT , 3 l - FCALC ( JCT , 3 I I 
ZZ4 =F ACT IJCT , 4l* A~S ( Fk M O LI JCT , 4 1- FCA LC( J(T , 4 ll 

ZZ5 =FACT I JCT , 5 l -:<--A GS ( Fl ~,v1 uL I J CT , 5 l - FCA LC ( JCT , 5 I l 
S 1=S1 +ZZ1 
S2 =S2+ZL2 
S3 =S 3 +ZZ3 
S4=S4 +ZZL, 
S5=S5+ZZ5 
SS 1 =SS 1+ ZZ 1-l<-ZZ 1 
SS2 =SS2 +ZZ2-l:-zz2 
SS3 =SS3 +L Z3*ZZ 3 
S S4 = S S4+Z Z 4,v, LZ 4 
SS5 =SS5 +ZZ 5-l<- ZZ 5 
IF I JCT - NRUNS l 3u , 50 , 5U 

50 CON TI NUE 
D065 I= 1, r\!l~ UNS 
DIF 4 1 I l =FCALC ( I , 4 )- FI~ i"I O LI I , 4 ) 

65 CON TI NU E 
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vJ I~ I T E ( 6 , 3 G u l S 1 , S 2 , ~ 3 , S 4 , S 5 , Su'"i Sll 
c .y,*-;(-~(--)E- ***~- * 

c 
c 

SUM SQ I S TH E WE IGHT ED S~M OF SQU ARE S 

SUMSQ = SS 1+ SS2 + SS3 + SS4 
·,,;I~ I T E ( 6 , 3 v ..., l S S 1 , S S 2 , S S 3 , S S 4 , S S:) , S U t•i S 0 

300 FOR MA f( 6X , 6F15 .7l 
IF( SUMSO - SM I N l 70 ,71, 71 

7 0 D075 I=1, NRUNS 
vJ 1~ I T E ( 6 , 7 6 ·l F i~ r~ o L ( I , 1 l , F c !c... L c ' I , 1 l , F , ~ 1"1 u L ( I , 2 l , F cALc ( I , 2 l , 

1F Rfv~ C L( I , 3 ) , FCAL C( I , J ) ,Fi~ H UL ( I , 4 ) , FCA L C ( I , 4), 
2FR fvi0 L ( I , 5 ) , FC/\ LCi I , 5 ) , D I F4 ( I l 

75 CONT I NUE 
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76 F OI:Z~-t ;.\ 1 ( 1X , 2F8 . 5 , 5X , 2 F 8 . 5 , ~X , 2 F 8 . 5 , 5X , 2 F ij . 5 , 5X , zF8 . 5,5X, F8 . 5 l 
S ~~; I N = S U t>~ S 0 

71 SU I'-11\i =SUMSO 
RETUI~N 

END 

CD TOT 0 2 0 2 



COi'':I -;Oi 
C O i'-'ti • , O i ~ 

c or-~ :V~ O t ~ 
COfvjfJ, Oi\ 

r<.ivl " ' 'C YC , r•,AXK , t•,KA T , i~S TEP , EPS ( l u l, ALf-JHA , oE T A 
AK.E ( 1 -.- l , AK :' ,AX < l U l ' AKI'· I ,._( 1u l , At(I f ( l U ) , SU t "l l~ 

V ( l '- , l v l , D ( 2 U ) , 13 L ( L U , 2 lJ l , 8 L t 1\J ( 2 0 l , A J ( 2 v l 
E <2 v l , /I,L(2u , 2'"' l , AFt<. ( 2U l 

c o''" ··i0 1·~ i'J f~LJ ; ~ ~ , t'-< 0 COI·· P , ,~ -.J•·, IT, JC r , HT 
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C lJ 1J1, •, LJ" V U L F L ( 5 \.J ) , T E f-J ( ~ U l ' T c 1v1 ~' ( ~ v l ' [)C. L T P ( 5 G l n < A T ( ~ 0 l ' P r< E .::;; ,:, ( ~ U ) 
COf•',,··i\J,'-J F f-< h vL ( 5J , 5) , FACT ( 5v ' ~ l ' I-CA LC ( ~(; , 5 ) 
COM~O N C3P I!5 u ), H2PI ! 5U l 
C Ot/oiv'i O r~ I~ CC ( 5 ,.: ) , !H ( 5ul , XA<..T ! 5 G l , 1-<UN !S O J 
COJv: ;.;o; I< ACT < 5u l, . Cl-<l3 ( 5u l, CF<P (5 0 l, CI-< E (5 0 ) 

c ********** ' 
C SEAi-<GII NG P AI<f.l.f',iE TE I~S F OI-< i-'RUPA I"E JViO DEL 
C US I I~G IW~C. i'~ Ll, -<UCI'-. D l l~t:.C T S t:. AI--<CH 
C Wk !T TEN d Y AL Ok LIC KAS --- JA N. 1970 
c ********** 
C REA D I N ROS EN BRO CK DATA 
c * ~- ;'i- -~'- 1~ -h- 1{- ~*' ..;~ -~-

REA D ( 5 , 5 G 1 ) ( E P S ( I ) , I = 1 , K!\1 ) 
I< E ALi ( 5 , 5 u 1 l ( ;:, Kt: ( I l , I = 1 , r<. ,'vi l 
READ ( ~ , ~v l l ALPHA , oE f A 
READ ( 5 , 50 l l ( 1\ Ki'I1A X ( I ) ,J = l , K,"-1 l 
READ ( 5 , 5 u 1 l ( A K i·,l I N ( I l , I = 1 , K f'vl l 
S 1',1 I N = 1 • 0 E 1 0 
\"'R ITt: ( 6 ' 2 OU l 

ZuO FO RMAT ( // 2X , JvHSEARCH I NG PROPANE PA RAME T ER S 
D05 I= l, K 1'v1 

V ( I , J l =v . U 
5 CON TI NUE 

c 
c 
c 

1 0 
::> u u 
5 0 1 

5 C5 
5 U2 

2 0 
5 0 3 

3 lJ 

5 0 4 
c 
c 
c 

40 
c 
c 

DOl OI=1 , Kfv1 
V!Idl=1 . U 

CONTI NUE 
F Oi~ti, A T ( 5 I 5 ) 
F 0 R ,v',;\ r ( 8 F l v • 5 ) 

REA D I N REAC TOR DA TA 

REA D ( 5 , 5 02 l NBUNS , NO COMP 
READ ( 5 , 5 0 5 l AREA , HT 
FO I-<i ,.,AT ( JF 1 u . 5 l 
FO RtviAT <2 I5l 
002 0 I= l, N I~UNS 

1-< E A C ( ) ' 5 U 3 l 1-< U I"J ( I l ' V 0 L F L ( I l , T E P ( I l ' D 1:. L T P ( I l , R A T ( I l 
CO NTI NUE 
F O r~ ~·~ A T ( 6F 1 C • 5 l 
D03 u i =l , NRU i'lS 

I-< E r'\ D ( 5 ' 5 \) 4 ) ( F 1--( i ' i 0 L ( I ' J ) ' J = 1 ' N 0 C I.NI P ) 
CON TI f~U E 
F 0 R ;;;1\T ( 5 F l U • 5 l * * * ~*" -)} -1} * *-it- -}(-

I NITI AL CA LCULAT I ONS 

GC= 82 . 0 6 
D0 4 u I= 1 ' N RU~JS 
PRESS ( I J = ( 2 lJ . 9 2+ DELT P ( I J/ Z . U J/ 29 . 92 
C 3 P I ( I l = P i-< E S ::; ( I l I ( l • u + I< A f ( I l l 
H 2 P I ( I l = P 1\ C.~ 0 ( I l - C 3 P I ( I l 
T E fv1 P ( I l = T E P ( I l + 2 7 3 • 0 
RC C ( I l = ( GC-* T t .f': P ( l l *AkcA l /V OLF L ( I l 
RT( I ) =1 . 99*TE tvi P l I l 
CON TI NUE 

CALC ULATE 0 EIGH TI NG F A CTO ~S FO R EUUAL WE IGHTI NG MAR I X 



c * ********* 
DOl UO I=l , NRUN S 
D 0 9 v J = l , N 0 C 0 ,,~ P 
I F ( F R ;vJ O L ( I , J l - 0 • U l l 5 u , 6 u , 6 0 

5 0 F ACT II,J J =l ;.;uu . u 
GOT 090 

6 U I FI FR MOL ( l , J I - U. l l7 U, BO , BU 
7 0 FACT I I ,J J = l uu • O 

GOT0 9\J 
80 FACT II,J) =1 v . u 
90 CO NT I NUE 
1 0 0 CO NTI NUE 

N S1tJ I T= 0 
( *-;<--X- *-~*-***-h'" 

C INITIAT E MU L T I VA R I AB ~E SEARCH 
c ** ******************************* *** **************~*** 

CALL SEJ.\I~CH 

c ***************** ********* ******** ******************** 
STOP 
END 
SUBROU TI NE OB JECT 
C 0 [\/liv! 0 i'\J <I"'' , 1'1 C Y C , l'/1 A X K , f·'· ,(A T , :'~S T EP , C: P S I l 0 I , !\ L PH A , i:3 t. T A 
COf·,,.•IQ ,'l AKE I l v l , AKr·IAX I l U I , AKi• , I I~ ( 1 0 1 , AK I N I 1 0 1 , SUI"'I N 
CO fviH Oi'l V I l v , l u l , DI 2u l , BLI 2.0 , 2ul , BLt::: l'l (2 0 l , AJI 20 l 
COf·1i'-'O N E l 2v l , AL I 2U , 2J ) , AFK I 2i.J ) 
CO t-'i.·iUIJ fi! I~U; ·~S , NO COf\1P , f'lSi': I T ' JC T ' HT 
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COI-'i ,,.I OI-< Vl.lLFL ( 5u l , T EP I 5 0 l , T E,v1 P I ? u ) , DE L TP I :J'O I, I~ AT I 50 l, PI--<E~S ( 5 u ) 
CQivi i"'i O!\J FI~1' • 0 L ( 5 J , 5 l ,F ACT I5u , 5 l , FCA LC I 5u , 5 ) 
CO Mi·iON C3PI (SU I ' H2P I I 50 ) 
C C 'I.,!\ 1.) f\l ~~ C C I 5 l! l , R T I 5 G I , X A C.. T I 5 U ) ' /'W N I 5 0 ) 
C OM~ON RA CTI5 v ) , CRd l 5u ) ~cRPI 5 0 I,C R E I 5 0 l 

COr·':i": ON 5:'~ IN 
( -1*-**~K**~-*~--!t 

C TH I S SUBROU TI NE CALC ULATt.S WE I GHTED SuM OF SQUARES 
C OB J ~CT IV E FU NCTfON 
c ~} ~- -* ;'} * -~ * ~- -~ ~-

AKI N I 1)=4 9 . 1 8 3 
AKI I'J I 21=18 . 7 9 l 
AK I N I 3 1=14 . v2 3 
AKI N I4 l =7 . 719 
AKE I 51=u . 94 
AKE 16 1=2 . 4 98 

C CHECi< CONSTRA I NTS 
D0 1 8 I=l , KM 
IF I AKE I I J . GE . AKMAX II I I 
IF I AKE I I J. L E . AK~IN I I I I 

1 0 CO NT I NUE 
vm I T E I 6 , 6 u I 

AK I N I I l = AK1"1 AX I I I 
;\K I N I 1 I= AKrvi iN I I) 

-
6 :..; F Oi--<1'1,1\ r ( I 6X ' 4 vH**•vdHH<- -::- -::->~* -~"**·;:--:<-* "" * >:-*-**>Hh'i-•<"*** *-:H<·*·* * -~-;;-** 

~'V R I T E I 6 , 2 u v I I A K E I I I , l = 1 , K I" I I 
2 00 FOR MAT i lX,7 H AKE = , 8E l5 . 4 l 

~vR ITE I 6,2 u ll IAi< I N I I l , I=l , KMI 
2 0 l F 0 I~ r--1 A T ( 1 X , 8 H A K I N = ' 8 F 1 5 • 3 l 

AK1 N il i = AK I ~ I1 l * 1. UE+3 

AKI N I2l= A K I ~ I2 l * 1. 0 E + 3 
AK I N I 3 ) =1 u . U**AK I N I 3l 

AK I N I 4 1=1U . u**AK I N I 4 l 
SU iVJ SQ=O . 0 
Sl= U. 
S2= 0 . 
S3= 0 . 



S4 =U . 
SP1= 0 . 0 
SP2= 0 . 0 
SP 3=U . O 
SP4= 0 . 0 
JCT=U 

C CALCULATE REA CT I ON RATE CONSTA NTS 
D020 I= 1 , NRUNS 
C I~ P I I l = f~ C C I I l * A K I N ( 3 l * E X P I - A K If';( 1 l I R T ( I l l 
CRE I I l= AK INI4l *E XP I- AK iN(2 )/ RT I Ill 

20 CO NTI NUE 
30 J CT=J CT+1 

c ***** ** ** *************** ************ ***** ******* * ***** 
CALL REAC3 

c ************************* ******* ********************** 
IF I NSW IT J35 , 35 , 36 

36 D0 37I =1 , NOCOM P 
FC A L C ( J C T , I l = 1 UO ~ O 

3 7 CO NTI NUE . 
3 5 D04 ~ I=1 , NOC8M P 

Z Z ~ =FAC T I JCT , I l * A ~~ ( FR~ OLI J CT ,ll- F C A LC (~ C T, I ll 

SUM SQ=SUMSO +ZZK*ZZ K 
40 CON TI NU E 

SP l= FACTIJ CT , ll * ABS ! FR MOLI J CT , 1 l- FCA LC I JCT , l ll 
Sl= Sl+SPl *SP l 
SP2=FACT I J CT , 2 l *ABS I FRM OLIJCT , 2 J- FCALC I JCT , z l l 
S2=S2 +SP2·*Sf->2 
SP3=FACl i J( f, 3 1 *Ab~ ( FKM0L I J CT , 3 1- FCA L C I ~CT , 3 1 1 

S3=S3 +SP3*SfJ3 
SP4=FACT I JCT , 4 l * ABS I FRMOLIJ CT , 4 1- FCALC IJCT , 4 ll 
S4=S4 +SP4 ·::·SP4 
IFI JC T- NRU NS J30 , 5U, 50 

50 CON T HWE 
WR I TE( 6 , 300 )Sl , S2 , 3 , S4 , SUMSQ 

3 0 o F 0 R '"; AT I 6 X , 6 F 1 5 • 2 l 
( ~~ ~<- ~- -X- -~- -~<- -;} ~- ~- .:-"t. 

C SUM SQ I S THE WE I GHfED SUM OF SQU ARES 
c -***~-~~-~{-*-**~-

SUMSQ =S2 +2 . \.H·S 3 
IFI SUMSQ - SM I NJ7 G, 7 U, 7 1 

70 D0 7 5 I=1 , NRU NS 
~-Jf~ I TE ( 6 , 76 l I Fl<f.'tO L ( I , J l , J=l , ~OC u,,.:,p l 
W f~ I T E I 6 , 7 6 l I F C A L C I I , J l , J = 1 , N 0 C v ,vi P l 

76 F Of~ l·iAT I 6 X , 5F2 U . 5 ) 

7 5 CON TI NUE:: 
SH I N=S UMSQ 

71 SUi'lN = Sur·~t S Q 

RETU RN 
EN D 

CD TO T U172 
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c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

SUBROUTI NE SEAR CH 

OPT I MI ZA TI ON BY ROS EN BROCK ME THOD 
TH I S P FWGI~ Aiv , WA S lvi-.< I T TRN by H . PANG 
A T MCMASTE R UN IV ERS I TY 1 9 69 
T H I S I S T h l: f~ 0 S E i\J d 1-< 0 C K D I 1' E. C T S E A i~ C rl 1-< 0 U T I ~~ E 

AJ = I N DICATOI~ S 

AFK = UPTI ~ I LEU VA L U~S FOR VAR I AbLE S 
AKE = V AR I B LES 
ALPHA = SCAL~ FA CT OR FO R S TE P SILE wHE N S T EP I S SUC CESSFU L 
BET A = SCALE FACT OR. FOI~ S TE P S IZ E w'HU~ S TEP I S U1~SU CCE SS FUL 

E = TE1 •i PO I~.t\1~ Y S T OI~AGE FO I~ S TEP SIZE 
EPS = S TE P S IZ E 
KA T = NO OF T I i'1ES Ob JECT BE I i\JG CALLED 

KKl =NO OF S TAGES 
K~ = NO OF VA R I BLES 
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c 
c 
c 
c 

,\1(YC = NO OF SUCC ESS IV E F A IL U!-.<ES Ei~C GU ~~TEI~t:.D I 1~ ALL DIKECT iv t\l~ 
1\J S TEP = 1 , US t. I 1\J IT I A L .'::l T E P S ll E F 0 i~ t: V E I< Y f\j t: w STAGE 

c 
c 
c 
c 

NSTEP =2 , U~E S TEP SIZE OF ~ fH S TAG~ F OR I K+l)Trl S l AGl: 
OBJE CT = SUBRUU TI N E FOR OBJl:C TIVE Fu~C TI O~ ~u~N 

SU MO = STORAGE F OR MI N I MUM SU MN 
V =ORTHUGONA L u N i l VECTORS 

C V I S 1-\ U 1\i I T JVi A T 1-< I X I l'l \ T I ALLY 
C THE P IWGI~A~ IJ .·J t. TE I-<l'i l,\lA TE S AF l Ei~ 1'1/I.XK S TAGE S 
C 0 1~ AFTER OB JECT bEING CALL E:J 1•l KA T T l 11:1:.S 
C 0 1~ f\F TER iKYC .'::luCCt:::;SIVt. FAILuR ES b i::. li'!NG t:r'ICUUI\lTEI-<EU 

C B EFOF<E T E f~ ~ 'il N!\TI ON 
C i''tAX r~Ui..,'Jij l: l-< OF VAI-<IBLL::S = 2U I Ll t·dTC: u bY Ld 1•tEI\JS I01\j ) 

c 
c 

c 

c Otvu·~o i'~ 
C01v1e, u,-~ 

C Oi·"'-'10 ,\J 
C 0 IV, ;\.'iQ N 

1'1 , ,·:C YC , 1•1 AX K , l'~t'-AT , ,,,:::, f" EP , E P.:; I lu I , AL!;, !--L~, , b ET /1.. 
A(-... c. ( 1 v) , A"'- I·IA X ( 1U ) , Af,y,r~~ ( 1 0 ) , AI'..U-.i ( 1v) , ~U I'tl\i 

V ( 1 J , 1u I , LJ ( 2. U ) , t3 L ( t:. u , 2. u I , t3 L E 1\J ( 2 () ) , A J ( 2 J ) 

E12 u l , ALI 2u , 2 U l , AFK I 2J ) 
CO!V1fv!ON NI-<Ui~S , NO CGiv,I.J , NS\<J IT , JCT , HT 
COI•ir• tOi\J V\JLFL .I 5 u I , T EP I 50 l , r E,·~t-> I 5v l , DE L TP I 5..:, l, ;<.r. T I 50 l , PI<E SS ( 5 v l 
C Ol'•li,~ 0 N F I~ i,, u L ( :H..J , 5 l , FA C T I 5 v , 5 l , F C A L C I 5 u , 5 l 
COMM ON C3P II50) , H2P II50 l 
C C 1'11v:Oi'~ I~C CIJ v l , rn i :Sv l , xAU 15 v l , l~ui\J I SU l 

C Qi'.ij iVi 0 f'l i ~ A C T I 5 v l , C I~ l.) ( 5 u l , C 1-< P I j 0 l , C I~ l: I 5 U l 
COivi1'"1 0N Si'-1 I N 
\vI~ I T E ( 6 , 7 5 1 l 

751 FOR MAT(//6X , 11H I N S EARCH 

KA T =1 
CA LL OB J EC T 
sur-w =surv;N 
DO 8 12 K=1 , KIV\ 
AFK <K l = AKE I K J 

8 1 2 CON T I NUE 
KK 1=1 
IF ( NS TEP . Eu .ll GO TO 1 UJ 0 
DO 3 5 U I=1 , KI'-1 
E <Il = EPS <I l 

35 0 CON TI NUE 
1 vUC DO 250 I =1 , KM 

A J I I J = 2 . v 
IF I NS TEP . l\lE .1 l GO TO 250 
E <II =EP S (l l 

250 D (II = U . O . 
I I I= 0 



39 7 III = II I +l 
258 1 =1 
2 5 9 DO 25 1 J =1 , KM 
2 5 1 At-..E ( J) = A,(t ( J ) + E ( I J ~- V (I,JJ 

C A. L L OB JECT 

299. 

C * * ************ * ~*********************wx***x*****~**x****w***********~ 
C P R I NT HERE IF DES I RED ~0 OF TI I~~S Od J EC r iV E F UNCf iU ~ b ~ I ~G C AL L ED 
C ( I(A T) , Ol3 J EC T I VE FU NC1 I GI'< ( .:;,U iv,N ), VAI-< l tJ L ES ( AKE (lll 
C **************x * ************* * ****************** x **** * **x************ 

KAT = KA T +1 
I F ( KAT . EQ . i-1K AJ l GO TO 1 0 u2 
l F ( SU,•i!'~ . LT. ~UI'<i C l GO T02 53 
DO 2 54 J =1, Kf'', 

25 4 AKE(J l = AKE (J ) - E (IJ -~- V (Idl 

E(I) = - BE TA*E (IJ 

I F ( AJ (Il . L T . 1 . 5 J AJ(IJ = O.u 
GO TO 2 5 5 

25 3 D (Il = D (Il + E (Il 
E ( I l = ALf-l HA ?t E (lJ 

SU MO = SU MN 
D 0 8 1 3 K = 1 , !( f'vi 

8 13 AF!( ( K J = AKt ( K J 
I F ( AJ (IJ . GT . 1 . 5 ) . AJ(ll =l . u 

255 DO 2 56 J=l, KM 
I F ( AJ(Jl . GT. u . 5J GO TO 2'-J9 

2 56 C ON Ti i\JUC: 
GO TO 25 7 

2 99 IF (l . EQ . K:·'i l GO TO 39 9 

I=I +l 
GO TO 259 

3 9 9 DO 398 J= 1, KN 
IF ( AJ ( J J • LT . 2 . GO TO 25 8 

39 8 C O~ T i i~UE 
I F ( I II.LT. MC YC l GO TO j97 
GO TO l u G1 

25 7 CON T I NUE 
D 0 2 9 0 I = 1 , K rvi 
DO 29G J=l, :<.ivi 

29 0 AL(!,J) = O o v 
c 
C OR T H O G ONA Ll Z ~ T ION 

c 
WR I T E ( 6 , 28~ l KK l 
\<1 f~ I T E ( 6 , 2 3 1 ) S U i'10 ,( A K E ( I l d = 1 ' K fv1 l 
DO 260 I=l, Ki··1 
KL=I 
DO 2 6 l! J= l , KH 
D 0 2 6 1 i( = K L , K IV\ 

26 1 AL(I, J J = 0 ( ~<.. ) * V ( !( , J J + AL(i,J'J 

2 60 BL ( l ,J) = AL ( 1,J) 
B LE N (l) = O . v 
D 0 3 51 K = 1 , K r,; 
B L G~ ( 1 J = BL E:: i-., (11 + d L( 1 ,K. ) >'l- b L(1, !( ) 

3 5 1 CON TI NUE 
BL EN ( 1 J = SC 1H ( f:3 L Ef ( 1 J l 
DO 35 2 J=1 , KH 
V(1 , J l = b L ( 1 ,Jl / BL E N ( 1 l 

3 5 2 CON T I NUE 
DO 263 I = 2 n.~r,l 

II = I- 1 
D 0 2 6 3 J = 1 , !( tl, 

\ 



SU~'1A V =U . O 
DO 262 K=l, KM 

262 SUMA V=SUM AV + AL!I, Kl *V ( KK ,KJ 
264 SUMAVV =SU MAV*V ! KK ,Jl +SUMAV V 
263 BL!I, J l =AL( I,Jl ;_ SUHA VV 

DO 266 1=2 , KM 
BL[N ! I J =O . u 
DO 26 7 K=l, KM 

267 BLE N! I J =BLEN ( I I +BL( I , KJ * BL! I ,K) 
BLEN (ll = SQR T! BLE N(!) J 
DO 26 6 J= l, KM -

26 6 V(I,Jl =B L! I ,JJ I 1::3 LEN (IJ 
KKl =K Kl+l 
IF ! KKl.EQ. MAXK GO TO 100 1 
GO TO 100 0 

1002 WRI TE (6,91 0 l KAT 
100 1 WRI TE (6, ll.Ju3 l KK1, KAT dli 

WR IT E (6, 10 04 ) SUMO 
WRITE ( 6 , 1UG6) (AF K(I),I=1, KM l 
WR I TE !6, 29 4)" 
WR I TE! 6,81 5 1 ( ( V (!,Jl ,J=l, KM J,I=1,KMI 

150 FORMA T ( 8Fl v .5J 
152 FOR MAT (1 UI 5 J 
280 FCR MAT !// 3X , 12H NO OF STAG E=, 3X , 15/J 
28 1 FORMAT ( lUX , 18HSUMO AND VAR I ABLES ,JX, 6E12.4/J 
294 FOR MAT !/ 3X , 23HOR THOGO NAL UNI T VECTORS/I 
8 15 FOR MAT ( 3X , YE12 .4/) 
9U 5 FO R1lA T ( 8F1u . 5 ) 
910 F0k l·'iAT U/ 3X , 25HPROGRAI'i HAS CALLED OB J ECT ,2X,I5, zx, 

1 25HTIMES WITHOUT CO NVERGANCE /1 

300. 

1 ~C 3 FORM AT !/ 3X , l3HNO OF STAGES= ,J 5 , 3X , 23HAND OBJECT REING CA LLE D, 
1 15 , 3X , 5HTIMES , JX , 26HNO OF SU CCESSIVE FAI LURES =,I 5 /l 

1UJ 4 FO RMA T(/ JX , 7HOBJEC T= , El 5 .5/l 
10 06 FOR~AT !/ 3X , l6HTHE VAR I BLES ARE , 6El2.5/J 

RE TU RN 
EN D 

CD TOT 00 36 



C *********** ~~***~**~***** *****x*** 
c 
c 
c 
c 
c 

NON LI,~E AI~ 1-'Af<Ai <,E T Ei~ ESTI' '•I\T I Q,, 
GAuSS JCJI-<DA I'-l l TE f-<.1\T IU ,\J ,vii::TH u D 
L OC AL L i i·~EAl-<IZAT I GI~ ----- r-':-<ui--Ai ·~E 1-< u,~s 

WR I T f ~N ~y A~ u~L l CKAS - - - ~ i~ . l~7U 

C0i '' '' 'u''< hPAi-< , ,,j, u'" 
COI"ii ' IUI'l ,1\KE ( l J l , T ( lu l ' Ot. L T ( l (J ), ;,~,·i i ~ ~ ( lu ) , J\i'-i'lr'\X ( liJ ) 
C Oiv~,,,Qi ~ AJ<. I l·l < lu l 
C OM~ON AREA , rl T , JCT 
C Ofv~'-1 0N NS\t!I T 

301. 

C Oiv';J., ,O l'l I\U I'< ( 5 v l , VU L F L ( 50 i , I E P ( 5 v l , DEL T 1-' ( 5 v l , I"\ AT ( 5 u l , XAC T ( 5 v l 
CQ,vj;.,Q/\ Fl<l",ul ( 5 u , 5), FC I-\ L( ( ?Li ' 5 ) 
C Oiv,, ·. j (;, ·~ Pi~ESS ( 5U l , cw I ( :)u l ' ri 2 PI ( 50 l ' TE,.,p ( ?C ) , i-< CC ( ?0 l , (·d ( 5C ) 

COf'vliv',QI, I ~A CT ( 5u l . 
C O:Vl1 v~ O N FA CT ( 5 v ' 5 ) 
CO/>'ii·,;ol-.. FCL 0 ( 5v , 5l ' FCL P ( 5 () , 5 , 8 J , Jco r..-,P 
C O~lif·1. 01'-! S8 ( 5 l 
COI-1\f·/,QI\J THE TA ( lu l . 
C 0 ;v11 i , 0 f'-l Y ( 9 v l , X P ( 1 (J , 9 v l , X ( 9 () , 1 u l , X T 0 T ( 9 0 , 1 iJ ) , Y T 0 T ( 9 0 ) 
COr';I ''O" Y O~S ( 5v ) , YCL C ( 50 ) , CuE F ( 1 0 l , Ar-.. C.. G ( 1v ) , Xf-'X ( lO , 1 0 ), XC ( lv ) 
c 0 1"11 ' i0 I ~ c i~ b ( ~ v ) ' Cl-< E ( 5" ) ' c 1-< 1-' 1 ( ? 0 ) ' c R p L ( 5 (J ) 

CO i•L ,;Q f\j CRP ( 5u l 
COH rl,Qf'J NC!v, p 
D I MENS I ON AA (1 00 l 
READ ( 5 , 8 75 ) NPAR , NR UN 

8 7 5 F 0 R r··1 A T ( 2 I 5 l 
D05 I=l , PAl~ 

I:.(EAD ( ';,501 ) A"-U l l ,T ( I l ' tJt. L T ( I l 
5 CON T I 1'-J UE 

5 0 5 
5 U l 

c 

5u2 

I~ E AD ( 5 ' 5 0 5 ) ( .A.r-~Yd N ( I ) ' I = 1 ' 1" P A 1-< ) 
f-<EAD ( 5 , 5U5 ) ( t\K,;iAX ( I) , J;::l , r-,P/'d~ ) 

F 0 R ,'•1 /.1 T ( 6 F 1 u • 5 l 
FOI~ I· 1 A T ( 3F l u . 5 ) 
REA D I N REAC TOR DA TA 
REA D ( 5 , 502 ) AR EA , H T 
F 0 R ,,i I\ T ( 2 F 1 u • 5 l 
DO l v I = 1 ' Ni-<U,'-J 
1-< E AD ( 5 , 5 u 3 l I\ 0 N ( I l , V 0 L F L ( I ) , T E P ( I l , DC. L T P ( I l ' I~ t-\ r ( I ) 

l 0 C 0 N T I f'l U E 
5 0 3 F OR MA T ( 5 F1 0 . 5 J 

D02 0 I = 1 , NRUN 
R E A D ( ? , 5 0 4 ) ( F 1< l'i 0 L ( I , .J l , J = l , 4 ) 

2u CON TI NUE 
f'-l(i-1jp=4 

5U4 F OI~ i' i /\f ( 4 F l u • ? ) 

WR I TE (6 , 9u1 l 
9 u 1 F Of~ . ·i A T (I 6X , 2 ':tH EXP C.I--< I ,., t: f ~ r AL ,-,u L t: ri-<1\C T I 0r~~ 

D09 0 2 I =1 ' Ni~U i'J 
\-IR I TE ( 6 , 9v3 l ( Fl-< i<iO L ( I ' J l , J=l , f'l'(..,P l 

9u2 CON TI NUe 
9 u 3 F ORI'tf\ f( 6 X , 4F2v o 5 l 

C P I-< EL I ,v, I AI-<Y CA L CUL AT I Oi~S 
GC= 82 . 0 6 
D04l i = l, NR UN 
PRESS ( I l = ( 2 9 • 9 2+ DE L T fJ ( I l I 2 • U l I 2 9 • 9 2 
C3P I (I l =PI"<ESS (I l I ( 1 . v+i~A T ( I l ) 
H2P I (I ) = PRE S~ ( I J - C3P I (I l 
TE ~I P ( I ) =TEfJ ( I l+ 2 7 3 . 
1-<C C (I l = ( GC-l(-TEr·1P (I l *1\f-<EA l I VOL FL (I l 
f-< T ( I l = 1 • 9 9 * T t: I'' • P ( I l 

41 CONT I NUE 



c 

c 

21 

22 
2 3 

24 
2 8 
29 

1 uU 

c 

55 

81 0 

811 

L OOPS= O 
L OOPr·;, = 3 UO . 
\rJ E I G H T S 0 F '"' 0 L E F i-< ACT I 0 N S 
D02 'J I = 1 ' NRU1\~ 

D 0 2 8 J = l , N G1 f-1 
IF( FJ--< ,•IOL( I , J) - u . u1 ) 21 , z2 ,t. 2 
FACT( I ,J)=1 uU u . 
GOT02 8 
I F ( F I-< ,-.; 0 L ( I ' J l - v • 1 l 2 3 ' 2 4 ' 2 4 
FACT( I ,J)=l Uu . U 
GOT 028 
FACT( I ,J)=1 v . v 
CONTI NUE 
CONTI NUE 
********************************** 
CONTI I\.UE. 
CALC U L A TE i-<ESP()f, SE AT B EST PAi-< A,'Ic T Ei~S AVJd L/\ BL E 
CALL OB J EC T 
[)05 5 I= 1 , NI-< UN 
D0 55J= 1 , NCf'lP 
FCL O ( I ,JJ=FCALC ( I ,J) 
CONT I NU E 
V'vR IT E ( 6 , 8 1 v l 
FO RMAT ( /6X ,1 2H AKE VA L 0ES l 
~vI-< I T E ( 6 , 8 11 l ( A i<. E ( I l , I = 1 , N 1-' A f-< ) 
F 0 R 1\~ A T ( 8 F 1 5 • 3 l 
0 0 8 1 5 I= 1 , r·H~Ui\J 

vn~ I T E ( 6 , 8 v 2 l F R i·IO L ( I , l l , F C.. A L C ( I , 1 l , 
1 F R fv, C L ( I , 2 ) , F C A L C ( I , 2 l , F 1~ , '· v L ( I ,3 ) , F C A L C ( I , 3 ) , 
2 F R: "I 0 L ( I ' 4 ) ' F C.. J... L C ( I ' 4 ) 

8 l 5 C 0 i'-l I I 1', L.Jt. 
8~2 FORMA T(1 X , 2F 1 v . 5 , 5X , 2F1u . ~ , jX , 2 FlU . 5 , 5X , zF 1 0 . 5 l 

302. 

C CALC UU\TE 1-<ESPu r·~SES AT l i'KI··<t:, ,,E ,nS GF PA r<_A ,·, l::. Tl:. r-<5 TU EV;\ L UATE 

C r•Wf·~EI~ I CA L PMH I/\ L Dt: ld VAT I VE S 
D0 65I I= 1 , N PAi~ 

AKE ( I I l = AKt: ( I I l + DE L T ( I I l 
CA L L G l3 J E C T 
AK l:. ( I I l =1-1!<..1::: ( 11 l - ut. L T ( I I l 

[) 0 7 v J = 1 ' i'J J-( 0 i'-l 
D 0 7 u K = l ' i'K iv'II.J 

FCL P ( J , K , I I l = FCA LC ( J ' K l 
7 0 CON TI NUE 
65 CON Ti f'.JU E 

J co ;-~iP=O 

NLO I:J = 1 
NH I = NI-<UN 
NKP =1 

c ***********~*************** *** *** * 
C SET UP VECTUk OF 08 SE RVA TION~ 

2 0 0 CONT I NUE 
JCQi'-;p = JC Oj\·,P+ 1 
SB ( J CO r•1 P l =0 . 0 
D08 U I = 1 ' NI--< UN 
YUBS ( I l =FJ--( ,•,u L( I , Jco,v,P ) 
YCLC( Il =FCLU ( I , jcuMPl 
Y( I l= YOoS ( I l-YC LC( I l 
SB ( JC uiv.P l = 5 3 ( J co, .. ,p l + FA CT ( I, JC Q, .. ,p l "'""AoS ( Y ( I l ) 

80 CON TI NUE 

C SE T UP 1-'i A TI--< I X OF CONS T Af>.J TS 
D09uJJ=1 , f\!R Ui'-l 
D09ur(i<..=1 , NPAF< 



X ( j..J ' ~I<. )= ( FC LP ( ..JJ ' JCVI' IP ' "'"' ) - FCL\J ( jj ' JC ()J·IP ) ) 
9U CONTI I\J UE 

KC=U 
D03 Uu l= NL OW , , H I 
KC=KC+l 
D03UUJ =l , NPM< 
XTOf( I ,J)= X ( K.C d) 
YT OT (l) =Y(KC) 

3vJ CO N TI I'<Ut 
I F ( J C u ,v, P - i\l C., P l 3 u l , 2 2 u , 2 2 v 

C USE LI NE AR L eAS T S G!UAI~ES TO Fl 1\D 1'-lE ',v PAJ-<A''' t:TE i~S 
3 0 l N L 0\•1 = i\! H I + l 

f\IKP=N KP+l 
f\! H I = NK P*NI~UI\J 

GOT02~.JU 

220 CONTI NU E 
D03 v2 I=l, ~m r 

D 0 3 v 2 J = 1 , f\JP t.\ i-< 
X(I,Jl= XTOT(l,J l 
Y(IJ =YTOT (Il 

3 0 2 CO NTI NUE 
D035 I =l , NH I 
D03')J=l, NH 1 
XC(ll= LJ . U 
COI:::F(IJ=O . u 

35 CO NTI I\JUE 
oo3 u r =1 , ~m i 

0030 J=l , NPAR 
XP ( J , I l= X (I, J l 

3 U CO NTI 1'Ji.JE 
D04v I= l , ~~PAi~ 
D04u K= 1 , f'lPAi~ 
XPX(l , K l= U. 
D04UJ =1, NH I 
XPX (I, K l = Xf.JX (I , K J+Xf.l(l,J)-l<-X (J, K l 

4 0 CO NTI f~ UE 
c **********~~ **************************** 
C I f\! VE I..( T XPX ,-,f-1 Ti~ I X 

L= U 
DO lt5 I=l , i~PA I-< 

DO 45 J=ld 
L=L+1 
AA ( LJ=X PX (I,JJ 

45 CONTI NUE 
CALL I NVSY~ ( AA , NPAR ,I ERR l 
IF(I ERR . NE . u l GO T0 17U 
L =U 
0047 I= l , NPAI~ 

0047 J=l ,I 
L=L+1 

47 XPX (I,Jl=AA (L) 
D048 I=1 , NPAR 
D048 J =1, NPAR 

48 XPX (l,JJ =XPX (J,I) 
C -h- -x- * -k -;~- ~- -x- ..:;..!. * ~- -,~ ,, -;....- -~- -;~-- -~!. ir -x--h'- -~ -h:.. ~:- -,;- -~- ~- -~- -h- ~<--h- -i("~~ -~-.:"._*-;~- -n-* 'h- ~*" * 

D05LJ l=1, NPr\R 
D05uJ=1 , NHI 
XC ( I l= XC ( 1 l+ Xf.l ( I ,J) *Y {Jl 

5 0 CO NTI, UE 
D06u I=1 , NPA I~ 
0060 J=1 , NPAr~ 

303. 



COEF ( 1 l=C OEF ( I l+ Xf-JX ( I , J ) *;<C (Jl 

6u co r-... Tr , uc: 
902tui-1 NP~R · 

RE A (I l ~ AK 2 (I l + COEF (I p ·LJC. L T ( I l 

21 0 CO NTI NUE 
~r.J R I T E ( 6 , 8 2 1 l ( THE TA ( I l , I = l , N PA R l 

82 1 FO RMA T l 8 El5 . G J 
\"i !~ I T E ( 6 , 5 v 6 l 

vJ 1-< I T E ( 6 , ') v 7 l ( ~ t:l ( I I , I = 1 , i"'l C..r•, P l 
5 v 7 FOi'(I'IA I (1 X , 36 H SUI•'i UF AoS. Vi\ L ul:: OF UIFFEI,[i'lCES = 

D0 2 4 U I= l, NPAI..( 
A;(EO ( I I =A i<. C: (I l 

24 0 CON TI NUE 
D 0 2 5 1 I = 1 , f\1 P A R 
AKE ( I l=T HE TA ( I l 

25 1 COf\~ TI NUE 
D026u i=1 , NPA R 
l)() =( AKE ( I J- A,<...EO ( I I J/ A.<C: G ( 1 I 
DDD=A BS (D D l 
IF( DDD - T ( Il l 2 6 u , 2~u , 262 

262 lF( DD l 263 , 264 , 264 
2 63 AKE ( I l =A KEO ( I I- T ( I l -* AKE O ( I l 

GOT 02 6 0 

264 AKE ( I l= i\KEO ( I l+T( I l* Ar<-E U ( I l 
2 6 u C 0 f'JT I f-.. U t 

IF ( L OUPS -UJvf-ll·l l 2 50 , 5'7-..J , 5<:JG 
2 5 0 LO OPS =L OOPS + 1 

GO H ll L,(j 
59 0 WR IT E (6,59ll 

591 FO I< :·! A TU/ 6X , 43H l'tAXlt'·t u t'l ~-.JU i''I B EI< UF Sf-lECIFIEIJ L CJO f-lS 1-':EAC HE.t.J 

GOT05 92 
5 JO CO N TINU E 
170 WR IT E ( 6 ,1 71 1 
171 FOR~A T ( //6X, 2 4H ~ATR I X D I D NOT I ~ VEK SE 

5 92 CONTII\JUC: 
S T OP 

END 
SURROUT I NE OB JECT 
C0 i':i•i01''1 i' .! P /',1-\ , r,!< Uf'l 
C OiJi ,.,(J l'l A r<- E ( 1 '-' l , T ( lu l . , D t: L T ( 1 !..! l , f\ Kl'l I 1\l ( 1 v l ' A r'-1•1 A X ( 10 l 
COfv·; ;v,Of'l AK I N ( l v l 
C Qlvj I i , 0 f'l Af-~ E A ' H T ' J C T 
( Q,VIi•i ON i'•S VJ I T 

304. 

C Ot' ii·,Of• I..:.U ~~ ( 5 u l , Vu L F L ( 50 l , I E f-l ( 5 v l , l) E L. I f-l ( ~ 0 l '1-<A T ( 5 u I ' XAC T ( 50 l 
co ,\ ·, ,·. ~ ON F l~ f· ,U L ( 5u , ') l , FC /\ LC ( 5 0 , 5 l 

C Of•, ;-., or~ PI~ ES S ( 5 ,; l, C3 P I ( 50 l, H2P I ( 50 l, TEr'1 P (5 0 l, I~CC ( 5 0 l ,'RT ( 5 0 l 

COt'•i, vi Ot\J 1-.<A CT ( 5v I 
C 0 jvj I' I 0 N F A C T ( 5 v ' 5 ) 

CO '""''C'\J FCL U ( 5v , 5 l, FCL f-l ( 5v , 5 , b l, JCOI•if-l 
COIV1i>10N SB ( 5 ) 
CO I\1 !\1 01'~ T HETA (l U l 
C Oi•li ·iO 1--l Y ( 9 v l , X P ( l 0 , 9 v l , X ( Si 0 , 1 v l , X T 0 ·1 ( 9 0 ' 1 G l , Y T 0 T ( 9 0 I 
C 0 1'1 i"i 0 ,,, Y 0 f3 S ( 5 v l , Y C L C ( 5 u l , CU E F ( l 0 I ' A K E 0 ( l 0 l , X P X ( l 0 ' l U l , XC ( l u l 
CO ,•ii·· ~ O N G<G ( 5v l,Cl<E ( 5..;J ,(I'<P 1( 5u l,( i~ P2 ( 50 l 

CO i,,...,;·.'IQN CRP ( 5 u l 

co ,vlf' .. ;ON N C f'v~ P 

c * 1~- -h- -~ ~(- -)(- -~ -),.~ * * 
C THIS ~Uoi~ CJuT li'<E SE TS \JP C..ALCuL /\T Iu r~ liF t"<lACTUI-\ ,v, viJEL 

C T O OcHA IN ,v,G LE F I-.<A CTI ON l~ t SI)O i'lS ES 



C * 7--!.. * -~- -* ~- ~r~A- * -* 
C CHE CK CONS TRAI NTS 

DOl G I=l, N PA I~ 

I F I AK I:( 1 l . GT. J\Ki' IA XI Il l AKc. ( I l= A ;( J · i ~ X ( I )- U!:.LT ( I l 
I F l AK E( I l . LT. AK ivil i\i ( I l) A~t. ( l l= /\J<:. i•:li\l ( l) 

l G CON TI NUE 
AK I Nill =A;(E ill * l.UE+3 
AK I NI 2 l =A Kf l 2 )* l . U!:.+3 
AK I NI 3 l=l u . u**J\K [ ( 3 ) 
AK I NI 4l=l u . U* *A KE (4) 
JCT =U 

C CALC ULATE 1--<EI\ CT I ON RA T COI'>I STAI'IT S 
D02 0 I =l , Nr-<. UN 
c 1~ P < I l = i-< c c < r l * A ~<. r 1 ~ < 3 l -x-c. x P < - A j\.. u~ < 1 l !1-<T < r l J 

C R E ( I l =A K 1 1'.! ( 4 ) *E X P ( - A;( U\1 ( 2 l I 1-<. r ( I l ) 
20 CON TI NUE 
30 JCT=JCT+l 

c ************************ ********** 
CA LL REAC3 

c ***** ***************************** 
IFI NS ~ ITJ 35 , 3 5 , 3 6 

3 6 D03 7I=l, NCM P 
FCA LC ( J CT,I l=l u . 

3 7 CON TI NUE 
3 5 CON TI NUE 

IFIJCT - NRUN ) 30 , 50 , 50 
50 CON TI NU E 

RE TU RN 
END 

CD T0T v2 73 

305. 



306. 

K.4 PR:X;:RAMS USED 'IO OBTAIN ~r'IIENCE LIMI'TS CN PARAMETER:> 

The theory for the analytically detennined covariance matrix is 

described in Appendix H.l. The nanenclature used in this Appendix is 

also followed quite closely in the prcx:Jram. 

The Colden Section searchin:j technique is described fully by 
. . 

Wilde (t-'14) , and is used here to find the pre--eJq:OnentW factor for the 

rutane rate . expression given a butane activation energy and evaluated 

at the best estimate values of the ranainirx.J parameters. 

VINV- inverse of covariance matrix for all of the experimental nms 

RI..MAX - minirm.nn weighted sum of squares of difference between rrole 

fraction of reactor effluent 

roT.LI - likelihood ratio 

BBR, BBL -upper and lower "limits of variable being searched 

BIR, BIL - experimental search points inside BBR and BBL 

RRR, RRL - value of likelihood ratio at BBR and BBL 

NI.OOP - number of pairs of searching experiments 

FCIP - storage matrix for rrole fractions of CCJrnFOnents after perturbations, 

in calculating partial derivatives 

Y - vector of observations for linear regression 

X - matrix of constants for linear regression 

THETA - new parameter value (unconstrained) 

AKE - new parameter value (constrained by maxinrum percent change per 

iteration) 



coiVl'"'o; ,. r-w,\js , r~c-H-? , JJ , r. s \·J I r 307. 
COM~ON AR[A , HT , bASA C 
C 01"1 1 <iU • '~ 1..('-Jf, U v l , VGLF LI 3u l, IEPI3 u l , . l) [:l Tf-'D U l , fVd i 3U l , XA CTI 3v ) 
COr'i !•,Oi'J A lI 3v l , A I ( 3v l , A3 ( 3v l , A4 ( 3v l , f\S ( 3v l 
COivJ.v·,o,'J TC I F I 3i..: l 
COM MON Gl , G2 , G3 , G4 , G5 
COM~ON AKl , A~ 2 , AK3 , AK 4 ' A ~ 5 , AK 6 ' A~7 , AK8 , A KY ' AK 1 0 

COfV: HON I~ A CT ( 3U l 
C Cf'.'l;,;o I\ V ( 4 l , VA ( 5 , 5 l , I~ ( 6 , 6 l , S I 6 ' 5 l 
COI •ii'IOI\j A CALC ( 5 l , Af\<01,; ( 5 l 
COhi"10f\• k f-l ( 6, 6 l, SP ( 6 , ;:, l 
COi'•il'i Oi'J ss.s ( 6 '5) ' ::;..SP ( 5 ' 6 ) ' SSQ ( 6 ' 5 ) ' SS I~ ( 6 ' 6 ) 
CCi•~iv:Of\J C4 I h , H2 I N 
CO I"~fvi ON CIW , C I~E , CI~P 1 , CRP 2 
CO tv1:i, ON Pf~ESS I 3 U l 
COii!;-..;Qf\; SS Z I 1 v d u l , SS YI1u , 1 u l . 
COf'-1ivi ON XK, .; ( 6 l 
C 0 (v; :·,1 0 f~ V S ( 6 ' 6 ) 
COi'-1.-~ 0i V i~ V ( 6 ,6l ' "~ 1( 24 ) 
D I MENS I ON.A A I 1 uu l 

. c ********** 
C P 1-< 0 G I~ A,., T 0 C A L C U L A T E UN E 1..Z S E 0 F ;.\i'~ f1L Y T I CA L C 0 VA 1-< I AI''< C E ,v, AT 1-< I X 
C WR ITT EN BY A L OR LIC KAS -- - MAY 1 97U 
c ********** 
C READ I N DA TA 

c ********** 
D0 1I= 2 , 6 
XKM ( I )= u . u 

1 CON TI NUE 
X Kf·'i ( 1 l = 1 • 
READ I 5 ~ 50U ! NRUNS , N C M P 

READ 1 5 , 5v lJ AR EA , HT , BAS AC 
WR IT E I 6 , 5 v 2 JeASAC 

5 0 2 FO RMA TI /6X , 9 HB ASAC = , F l 0 . 3 l 
5 00 FOf-<;"1 A T I 2 I 5 l 
5 0 1. F 0 I~ 1'-1 A T ( 3 F 1 U • 5 l 

1 0 
503 
5 OL, 

5 0 5 
5 {) 6 
5 U7 

DO l U I=l, NRUN~ 
I~ E AD ( 5 , 5 v 3 l 1-< UN ( I l , V 0 L F L ( 1 l , T E P I I l ' J t. L T P ( I l ' R A T ( I l ' X I\ C T ( I l 
vJ f~ I T E ( 6 , 5 v Lr l 1-< UN ( I l , V 0 L F L ( I l , T E P ( I l , D t. L T f-' ( I l , RA T ( I l , X/\ C T ( I l 

READ ( 5 , 5~5 l A 11I l , ATIIl , A31I J , A4 1 I l , A5 1 I l 
wRITE 16 , 5v6 l A l( I l, ATII J, A j( l l , A4 ( !), A;:,(l l 
RE AD I 5 , 5u 7lT D IFI 1 l 
WR IT E I 6 , 5 J8 lTDIF IIl 
CON TI t'J UE 
F 0 R iv', A T ( 6 F 1 v • 5 l 
FCR MAT I/ 6X , 6F 15 . 3 l 
F 0 f-< f-.1 A T ( 5 F 1 v • 5 l 
F 0 I~ ;v, A T ( 1 6 X , 5 F 1 5 • 3 l 
FO I~:"lA T I F 1 v . 5 l 

5 08 
c 

FOR~A TI16X , FlU . 2 l 

c 
c 

CHRO~A T OGRAf-l H CALI ~R ATI ON FACTORS 

Gl = O. l5 3 2 

G2 = 0 . 1 03 2 
G3 = v . U7895 
G4 = v . U692 
G5 =4 . 464 
G1P = G1 - G2 
G5P =G 'J - G2 
AK 1=564 54 . 
/\K2 = 543 9 7 . 



c 
c 
c 

c 
c 
c 
c 
c 
c 

AK3 =37514 . 
AK 4=1 67 5 1 . 
AK5 =1 G. v-J:- * 17 . 5 u7 
A K 6 = 1 U • U -iH:· 1 6 • 'v 9 7 
AK 7=1 0 . v x--J:- 15 . 4 3 
AK8 =1 U. v* *G . 984 
AK9 =1 . 7 
AK 10 =2 . 45 
D0 20 I =1, NR UNS 
PRESS ( I l=( 2 ':J . '.12 +DE LTP ( I l/ ~ . O l/ 29 . 92 

I~AC T ( I l =X.A.CT ! I l / 'QAS AC 
20 CONT I NUE 

1CO 

DT=1 . U 
DF =U. lJ 1 
DR =U. U6 
V!1 l =0 . 00 25 
V( 3 )= 0 . 000 9 
V!4 l= U. uOv 9 

FO R ~ ACH RUN - JJ - FI ND I NVER SE OF COVA RI ANCE MA TRIX 

JJ=O 

FI ND - R- HA T I~ IX u F DEI~ IV /\ T IV E S OF r-,O LE FI-< AC TI Oi\JS 
WIT H RESPEC T TO AR EAS 
USE O i'~ L Y 4 I iWEPEJ'-,DEI'l T AI t. /\S A·~D FII<S T THt~C.E 

jj=JJ+1 
Zl = G l '~ /\l (JJl 

Z2 =G2 -l<t\T (JJl 
Z3=G3-~-A3 ( JJ l 
Z 4 = G L, of- AL• ( J j ) 

Z5=G5 ->~A 5 ( JJ l 
Z5P =Gsp -::·A5 ( JJ l 
ZlP= G1P -l<-td (J__J) 
R (1, 1l= Gl* ( Z~+Z3+Z 4+Z5P l 

I~ ( 1 , 2 l = - Z 1 ·x- G 2 
R ( 1,3 l =-Z P·G3 
I~ ( 1, 4 )=-Z1*G4 
R(l,5l=-Zl*G5P 
R( 2 , ll= G2* (-Z 3- Z4 - Z5-G1 *AT !JJll 
R( 2 , 2 J=G2* ! Zl +Z3+L4 +Z 5 l 
R ( 2 , 3 1= G 2*G3* ( A1 ! JJl -AT ( ~ ~l+A~ !JJl l 
R(2 , 4 1=G2 *G4* ( Al !JJl-AT! JJl+A5 ( JJ l l 
R ( 2 , 5l= G2* ! A 1 * ( G~ - G ll-Z 3 - L4 -G5 *A T( JJ) l 
I~ ! 3 , 1 l =- Z3·~-G1P 
I~ ( 3 , 2 I =- Z 3 -x-G 2 

R( 3 , 3 l =G 3* (Ll P+G2*A T(JJI+ Z4+Z5Pl 
I~ ( 3 , 4 l =- Z3·ltGLr 
R( 3 , 5 l =- Z3:;.G 5P 

C LEAVE OUT R!5,Il 

308. 

C LEAV E 0 U T I~ ( 4 , I l - T .£1 !<. E l 4 ;\ N D H 2 AS T H t. DC. P l::.t'll) 1::. NT VA R I AD L C: ~ 
c ***-~7!- 1~*-x-~~- ~-

i ~ ( 4 , 1 ) =- Z Lr * G 1 P 
R(4, 2 l= -Z4* G2 
I~ ( 4 , 3 l =- Z 4 -x- G 3 
R( 4 , 4 l= G4 * ! ZlP+G2*A T!JJl+ L3 +Z5Pl 
1-< ( 4 , 5 l =- Z 4 _1~ G?P 

R! 5 , l l =- Z5-J:-G 1P 



R ( 5 , 2 l =-Z5-*G2 
R ( 5 , 3 l=-Z5*G3 
R ( 5 , t1- l =-Z s-*G4 
R ( 5 , 5 l =G~* ( L1P+G2*AT I JJt+L3 +L 4 ) 

DEE =L l + l 3 + Z ~+ L.5 
DEE = DEE + G2* ( AT IJJl-A1 ( JJ )-A 5(JJl l 
GEE = lJ t: E .,~[) E C. 
D021 I=l,4 
D021J=l '4 
R l Idl=R ( IdliDEE 

2 1 CO NTI NUE 
itJR IT E ( 6,51v l 

51 0 FOI~ f'- •A TU5X, 25 H R 1v1 ATf~IX Or D E i~ IV A TIVES 

ivJ = 3 
D0 3 u i=l, M 
viR I T E I 6 , ? 11 l I R I I ' J l , J = 1 ' 4 l 

5 11 F OR ~ A TI 2X , 5E2~ . 5 l 

30 CO NTI NUE 
V1 2 l=( u . 25*rD IF(JJ) 1* ( 0 . 25 -*TD IF(JJl l 

( ~-**-h-*?(--X-·**~~ 

309. 

C FI ND - S - MA TR IX OF DER I VA TIV ES OF AREAS w iT H RESPE CT TO PEN 
C ERI-.<0 !-\ ,T t. l;,pt.,-<A TUI-n:: , F C. t:L) FLu \'~1-\A T t: , i\ NIJ F E::t:.L.1 RA TIO 
c *-l:·***·:i--~- * ·*-~ 

CA LL OU JEC T 
D05 U I = l ,5 
ANO>~ I· I l = ACALC (I l 

sc· co r~Tr,·u E 

'.'I !,IT E16 , 512 l I ANOf-1 1 I l ,I= 1 , ? l 
512 F Oi-\ /; ATI I 6X , 17H i·W i'lil,,l AL Ai-\E/-'IS = 

TEPIJJl=T~P(JJ ) +lJT 

C;\ L L OG JEC T 

TEPIJJ J=TEP ( J JJ-DT 
D06v i =1 , 5 
S ( I , 2 l = ( A CALC ( I l - AN Oi"l ( I l l I D T 

60 · CO NTI NUE 
RSO = R/\T (JJll 2 . 0 

RATIJJJ= RA T(JJl+DR 
CALL OB JEC T 
RA TIJ J J= RA TIJJ}-DR 
D0 7 0I =l, 5 
S ( I , 4 l = ( A CALC ( I l - A 1\l Q:'--'1 I I l l I D I~ 
S I I , 4 I = S I I ' · 4 l -)(- R S Q 

7 0 CON TI NUE 
F SU = VOLFL IJJJI 2 . U 
VOLF L I JJ ) =VuLFL I JJ l+DF 
CA LL Ol:U t.CT 
VOLFL(J J ) =VuLFL (JJl-DF 

D080 I =1 '5 
S l I d)= I ACA LCI I J- ANO i~ l I l JI DF 
S (I, 3 J= S (I, 3 l *FSQ 

80 CO NT I NUE 
S I l , l J =A 1 I JJ l I 2 . U 
S l 2 , l l = /\ T I JJ J/ 2 . u 
S ( 3 , l l= A3 (JJJI 2 . U 
5 (4, l )= /\ 4 (JJ)I 2 . U 
S ( 5 , l l= A5 ~JJ)1 2 . u 

\·JR IT E 16 ,515l 
515 F Or-.<i i, AT U 6X , 25HS fvi ATR I X OF DEI~ I VA TIVES 

D09 0 I = l, 4· 
v·iR I TEI6 , 516 l I S ( I ,J) ,J =1 , M l 

9 0 CONTI NUE 



:, 16 
c 

FORMAT(6 X, 4 E2u . 5l 
-*** -~- ·H· -~ *-K* * 

c 
c 

11 0 

570 

571 
5 7 2 

D011 UI= 1 , 4 
D0 1 10J =1 , 1Y1 
I~P (I, J l =R I J , I l 
CON TI NUE 
\v I~ I T E:. ( 6 , 5 7 v l 
F OR ~ A T (/ 6X, 1 1H R P MATRI X 
D05 71 l= 1 , 4 
WR IT E I6,57 2 l I RP I! ,JJ ,J=1, Ml 
CON TI NU E 
FO R ~ A TI 6 X , 4 E2 0 .6) 
D0 12v i=1 ,4 
D01 2u J=1 ,4 
SP ( J ,Il=S (I,Jl 

120 CON TI NUE 
ltiRIT E ( 6 , 5 73 l 

5 73 FOR MATI/6X,11H SP MAT RI X 
D0 57 9 I=1,4 
I:J I~ I T E I 6 , 5 7 ~ l I ::, P I I , J l , J = 1 , 4 l 

579 CON TI NUE 
5 75 FOR MATI 6 X, 5t2 u . 6 ) 

D0 1 3U I =1 , rv1 
D0 13U J=1 , 4 
SSS II,JJ= O. v 
D0 13u K=1 , 4 
S S S I I , J l = S S S I I , J l +f.( ( I , K l >~- S ( K ' J l 

l 3 0 C 0 N T I I'~ U E 
WR I TE I 6 , 58v ) 

580 F O I~ ,'-: A T I/ 6X d 2HS.SS l"l ATR IX 
D 0 5 8 1 I = 1 , fv1 
\v R I T E I 6 , 5 8 2 l I S S S ( I , J l , J = 1 ' 4 l 

582 FOR MATI 6X , 4 E20 . 6 l 
5 8 1 C 0 ~n I N U E 

D0 14U I=1,4 
D0 14v J=1 , rv~ 

SSP ( I ,J)= v . u 
D0 1 L~ OK =1,4 

SSP I I ,J)= .S.Sf-> 1 I , J ) + ~ PI I , ,( ) * I~P ( r--. ,J) 

1 L~oJ CON TI NUE 
v1R IT E I6,585) 

5 8 5 F 0 I..Z iV. A T I I 6 X , 1 2 H S S P f, 1 A T R I X 
D05 8 6 I =1 , 4 
\.~I~ I T E ( 6 , 58 7 l ( SS P I I ,J l ,J = 1 ' fvi l 

58 7 F C R ~ A TI 6 X, 5 E 2v . 6 ) 

58 6 CON TI NUE 
D0 145 I=1 , 4 
D0 14 5J=1 , 4 
VAl I ,JJ=O. O 

145 CO NTI NUE 
D0 146 I=1,4 
VA(I,I l =V IIl 

146 CON TI NUE 
D 0 1 5 u I = 1 , 1.;1 

D0 1 5UJ=1 , 4 
SSQ I I ,Jl= O. v 
D0 150 K=1 , 4 
SSUI I ,JJ= SSi.J I I ,Jl+SSS ( I , Kl *VA I K,Jl 

150 CON TI NUE 

310. 



vJ R I T E I 6 , 5 9 u l 
5 9 u F 0 1--< ,,, AT I I 6 X , 1 2 H S:::, 0 h A H~ I X 

D0591 I= 1 , fYi 
W R I T E I 6 , 59 2 l I :::,S O I I ,J l , J =' 1 , 4 l 

5 92 
5 9 1 

c 

FO R;.;A T I 6X , 4 t:. 2u . 6 l 
CON TI NUE 
~-* ~k -~--X- 7~- * ~;.~- * 

c 
c 

S Sf~ I S T HE C 0 VA R I AN C f:. ,vi A Tl <I X 
-~-**** ~-1{-*** 

D0 1 6U I= 1 , i'/t 
D016UJ = 1 , ,,~ 

SSR ( I , Jl =U • v 
D01 60 K= 1 , 4 
S S I ~ I I , J l = S S i~ I I , J l + S S Q I I , K l * S S P I r( , J l 

l 6 U CO NTI NUE 
Wf~ IT E I 6 ,5 95 ) 

5 95 F OI~ i,~ A TU6Xd 9HCO VAR I Af CE ,·i AL~ I X 

D 0 5 SJ 6 I = 1 , :•i 

vJ R I T E I 6 , 5 9 7 l I S S I~ ( I , J ) , J = 1 ' f'l l 
5 9 7 FOR~A T I 6 X , ~f:.2v . 6 l 

596 CON TI NUE 

c ********** 
C I NV Ef·H THE COVAI~ IAI'KE ,,i A T I~ IX 
( ~- -* -*" -~ * -K -x- -~- * -~-

c 
c 
c 

002 I = 1 , r-1 

D02J=l, fl, 
S S f~ I I , J ) = S S 1~ I I , J l ~- 1 • v E + 8 
VS I I , J J= SSI~ l I ,JJ 
V R V I I , J l = S S I ~ I I , J l 

2 CONT I NUE 

F i i\I D DETEi--<tvilf\ !\ iH TU CHE C!( FOI-< S i f'iG UL At<ITY 

CALL SO LVE I V~ , XKM , I D , 3 , 6 J 

1:3 1:3 =FL OA T II U l 
D E TT= 2 . v ~· * BI:3 

'tJ f~ I T E I 6 , 3 l DE T T 
F OR MAT I /6X , 1 8H DE TT I S APP EOX = 
ZEf~O = 1 . v E- 13 

c ********** 
C I NV E R T i · i A T ~~ I X BY -- I NV fv1 A T --
( * * ~A- -~- -'A- ~f- -* -X- * -* 

CAL L I ~V~A T I VRV , 6 , 3 , ZERO , IE R R , ~ l l 

~··1 R I T E I 6 , 2 l ...., l 
21u F OR~AT I / / 6X , 22 HI ~ VERSE BY I NVMA T IS 

D 0 2 1 1 I = 1 , rv1 

D0211J = 1 , H 
v.; R I T f:. ( 6 , 2 1 2 l ( V f~ V ( I , J l , J = 1 , - ~"1 l 

2.11 CO NTI NU E 
212 F OR~JIT i lX ,4 El5 . 5 ) 

L= O 
D045 I =l , M 
D0 4 5 J = 1 ' I 
L =L+l 
A A I L l = S S I~ ( I ' J l 

45 CON TI f\J Ut: 
( -~****-K -~f--~-~-* 

C I NVERT ;,1A Tf--< I X BY -- I NVSYt ' t 
( * * * ~*"* 7~- -h-~- X- -~ 

CAL L I N VSYM I AA , M, I ERR l 
IFII ER R . NE . u JGO T0 17 0 

311. 



47 

48 

4 9 

17 0 
171 

172 

173 

174 
175 
176 

L=O 
D047I=1, rv1 
D047J=1,I 
L=L+1 
SSZ <I ,J l =AA ( L l 

D048 I=1""1 
D0 4 8 J= 1 , Jvi 
SSZ <I,Jl =SSl (J,I l 
CON T INUE 
D0 49I=1, i"\ 
D049 J= 1 ' IV\ 
SSZ < I ,Jl= SSL ( I ,J) -l:-1 . UE - 8 
COI'H I f'-IU C: 
GO T0172 
vi R I T E < 6 , 1 7 l l 
F ORMA T(// 6X , 24H MA TRIX D I D NOT I NVERSE 
GO T02uu 
CON TI NUE 
\tJR IT E <6 ,17 3 l 
F OI~iitAT U 6 X , 23 HI N VEI-<SE OF VAl~ I11ATRIX 
D 0 1 7 4 I = 1 , IV: 
\v 1-< I T E ( 6 , 1 7 5 l ( S S Z ( I , J l , J = 1 , fvl l 
\~I~ l TE ( 7 d 76 l ( SSZ (I ,J l, J= 1 , r~ l 
COI'!T I f\JUE 
F ORMA T< 6X , 5E2 0 . 5 ) 
F OR t'-'i A T ( L, E 15 . 7 l 
\'·!I~ I T E ( 6 , 1 8 u l 

1 8u 

c 
FOr~i"t AT U 6X , 2 1HX-1X Ui'< IT Y ,J,AH<I X , 
.)~- ~- ~~ -~- -h- * -;~- ·X- -X- -~-

i'IU LT if-'LY i•oATI~ I X BY I i'<VE1-< SE TO GET D I A.GO t'-IAL Ui'l !TY t'- tATI~ IX c 
c 

D0181 I=1, M 
D0181 J=1' M 
SSY <Idl= J . U 
D0 1 81K = 1 , i"l 
S S Y ( I ,J l = S S Y ( I , J l + S S L ( I , i<. H* S S 1-< ( ;<. , J l 

181 CON TI NUE 
D0 1 82 I=1, M 
w I~ I T E ( 6 , 18 3 l ( S SY ( I ,J l , J = 1 , M l 

1 82 CON TI NUE 
183 F OR~A T< 2X , 5F2J .1 v l 

W R I T E ( 6 , l 8 5. l 
WR ITE<6d 85 l 

1 8 5 F 0 r~lviA T ( 2 X '4 \J H -~--X-~*" -~-7( * ~- ~-~--~-X- -X- -~- * -~--~-~- -;\- -x- * -~- * * -~ -~- 1~ -;~~- -x- -h- * **"* * 
c ********** 
C C 0 N T I 1\J U t:. F I N 0 I N G H A T 1-< I C E S F 0 1-< 1-< E S T 0 F RuN S 
c **;'(--h(_*~--x-~-~-* 

IF<JJ-NRUNS ll 00 ,2 U0 , 2 00 
200 CONTINUE 

S TOP 
END 
SUBROU TI NE OU J EC T 
C Ofv;,.:IO i~ 1\i 1-<U1~ S , 1\J C i··Y , J J , N S WI T 

COM MON AREA , HT, BASA C 

312. 

cm·WtOf~ RUt\ ( 3 v l , VGLFL <30 l, IEP(3 v ) , DE L TP(3 0 ) , f-< A1 ( 3U ) , XA CT<3u) 
COf•'iiV\ON ,'\l (.Sv l , AT <3u l , A3 ( 3J l , A4<3 C l , A5 ( 3U l 
COi'W,ON TDIF ( 3Lt l 
CO~~O~ G1 , G2 , G3 , G4 ,G 5 
COM~ON Ai<. l , AK2 , AK3 , AK4 , AK5 , AK6 , Ai<.7 , AK8 , AK9 ' AK 10 
CCnvtt• tOI\ I~A C T ·( 3u l 

COfVtt.•iOI V ( 4 l , VA ( 5 , ? l , 1-< < 6 ' 6 l , S < 6' 5 l 



ACAL C ( 5 l , Af'-l O;'l ( 5 l 
I~ P ( 6 , 6 l , SP(6 , 5 l 

CO/v·l,viON 
c o r·.:".:.or'-l 
c o;v, ,.ioi s s s ' 6 , 5 1 , s s P ' 5 , 6 1 , s s u ' 6 , s 1 , s s r~ ' 6 , 6 1 

C4I N, H2 I N 
C01'1,·1 01\l c r~lJ , G< E, CRP 1, CI~ P 2 
c o ;v,jv,Of'j PI~ ESS ( 3 ,; l 
CO.Hi,O f'l ~S l( 1" '1 U ), SSY (1 \.J ,1 U l 

( Of"i fv10N XKiVi ( 6 ) 

COI'-M ON VS ( 6 , 6 l 
C OM~O N VRV( 6 , 6l , N1 ( 24 l 

C ''*" ~f- .l,{- ~·*?r ,'t -~ -Y.- 1*" 

C THI S SUBROU TI NE SETS UP Rt ACT I UN CALC ULATIO NS 
C I N EVA L UA Ti v f~ UF f'JU /'i,i::. I-< IC/\ L PMd i AL DEI-< IVATIVE.~ 
c i~ ~- -~ * ~- ~- -~- i{- * -h-

TE MP=T EP ( JJ )+ 273 . 
C4I N=PRESS ( J Jl/ ( l . L+RA T(JJl l 
H 2 I ~ = PRESS ( JJ J-C4I N 

RCC=( 82 . 06* TEMP* AREA l/ VOLFL(JJl 
R T = 1 • 9 9 * T E 1": P 
C R8 = 1-< C c-* I ~A C T ( JJ l ~~A K 5 *EX P ( - AK1/ I-<T l 
CRE= AK8*E XP (-AK4 / RTl 
CRP 1=AK6*RA Cl ( JJl * EXP (-A K2 / Rf l 
C R P l = C I~ P 1 -* i~ C C 
CRP2 =AK 7* EX P ( - AK3 / RT l 
CRP2 =1 . 0 /(1. v+CRP2 l 

c *** ** ***** 
CA.LL REA C4 

c ********** 
RET UR N 
END 

CD TOT 0 39 7 

313. 



CO I"i.'-', O f'~ ' F<U1'14S , l'l (I .. ,P ,J( I " \JS\11 IT 314. 
COfvl;'\0 i~ A I~ E A , H T , t3ASAC 
C 0 f~~'l t 'l U r' 1-\ U j·~ ( 3 v J , V U L F L ( 3 u l , T E f) ( 3 v l , D E:.L T P ( j 0 l , R A I ( 3 u l , X A C r ( 3 u l 
C U,'ii',O I ~ F l-<t•tUL ( 3 u , 5 l, FL/-\LL (.:h.~ , ? l 
COr',• iUI'-l P k E S~ ( 3u l , C4P I ( Ju l , H2t-J I ( 3 0 l, H:y:P ( 3·0 l , 1-KC ( 3u l, 1·<T ( 3U ) 
CO!•I,··.O i'< I~A C T ( 3u l 
C UI 'II ·,U I~ Ar(E( i 1 l , A;\llJ I•i ( 1 1 l , DA ( ll ) , A t<. I !~ ( ll ) 
C0 1v1f/, 0f' N. P 1 , ;1P 2 
COfv,,',.1 0 i"': V I ;'Y. V ( 3v , 6 , 6 l 
COi·'. i'iO;\J SUHS() 

C 0/", ·"1 0 1~ AC IT ( 1 5 l , AUH ( 15 l 
CO fv1jv,QI I~A TL 1~ (11,11J 

C Oi'' I I •.U.~ Cf-.<b ( 3 v l , (I-< U 3v ) , (i~rJl ( .)U ) , (I~P~ ( 3U ) 

COI"i t' IO ,·J YD I f- ( 6 l , VV ( 6), VV V ( 3u l 
C orv·. ,"10 i·~ F I X , FAX 
COMMON VA1 ( 4u ,1 0 l 
COI,,;.: or·J v A2 ' s u , 6 J 

( * ~~- -~ ~~ -~~ -X- -;(- -ii- ~{- -~-

C PROG i~J\, -,, T C F- 11'<0 l3U TAt'lE f-J I--<t:. - tXf-Ju ,-..J E;H I AL F/\ CTO I~ 

C G I VE, t3U TAi\lE ACl I VA TI Or~ E1'-lci~G Y 

C G O L DE ~ SE CTI 8 N SEAR CH USEU 
c 
c 
c 

WR I TT[N B Y AL OR LI CKAS 

RE AD l N REACTO~ DA TA 
FI X=v . 9 
READ ( 5 , 50U ) NR UNS , NCMP 

5 v u F 0 f~ ;v1 A T ( 2 I 5 l 
READ(5 , ~01 l AKEA , HT , B ASAC 

5 0 1 F or-~ :,1 fi T ( 3 F 1 u . 5 l 

WR I TE ( 6 , 5v2 l bASAC 
5v2 F OI~ : ·'IA T U 6X , 9 iibASAC = 

D02 c: I= 1, NIW i·~ s 

J Uf'lE 1 9 70 

, F1J . 3 J -

i-< E A 0 ( ~ , 5 u 3 ) 1-.. U 1~ ( I l , V 0 L F L ( I l , T E I-' ( I ) ' [) C. L T;.; ( I l ' I~/->. T ( I l ' X ~~ C T ( I -l 
v'iR I Tt_(6 , 55v J I-\U;IJ ( I l , VulrL( l l d eY( I l , i)t L TP( I l "'~AT ( 1 l , Xi-\C f( I l 

55v FOR ,•; t-\T ( 6X , 6r- l 5 . 3 l . 
2 0 C 0 N T I I'~ U E 
S v 3 F 0 R ,\ f1 T ( 6 F lu • 5 l 

003 u I= l, NI-Wf\S 
I~ E A D ( ? , 5v 4 l ( F i~. ·1 0L ( I , J J , J= l , , C••IP ) 
!tJR I TE ( 6 , 5 v '+ l ( FR f·J; OL (I, J l, J=l , i\JC-'l P l 

30 CO NT I i'-JUE 
5 0 4 FO RMA T( 5 Fl U . 5 ) 

GC= 82 . 0 6 
D04 u i = 1, NRUf\JS 
PI~E SS ( I J= ( 2 9 . '12 + DE LT P ( I ll i. . Ol/ 2':) . 92 
C4P I (I l = Pi~I::.::,S ( I l I ( l . v + RAT (Ill 
H2P I (I J=P I-<t:S.':J ( I J-C4PI ( I l 

TE MP ( I l =TEP ( I l+2 7 3 . 0 
R C C ( I l = ( G (-:t T E r•1 fJ ( I l -J:- A 1-< E 1\ l I V 0 L F L ( I l 
RT( I J= l . 99*TEfVi P ( I l 
RAC f (I l = X/-\CI (I l l r3AS AC 

4 0 CON Tl f>J Ut. 
C READ IN PARA ME TE R DAT A 

D05 0 I= 1 dl 
READ ( 'J , 5 U 5 l 1\ K E ( I l , AN Oivl ( I l ' D A ( I l 
\t.JR IT E ( 6 , 53 v l AKE ( I l , Af...;O ,'~ ( I l , [) ;\ (I l 

53 0 F OR~A T ( 2X , 3F20 . 4 ) 
5u5 F OR ~A T ( 3F1u . ? l 

5 0 CO NTI NUE 
REA D ( 'J , 5u7 ) NP l, NP Z 

5 0 7 F OI-<i -; AT ( 2 I 5 l 
C S ET Uf-J WE I GHT I NG MA T ~ I X VI i'lV 



c 
c 

2 1 

D02 9 I= l , NR UNS 
D028 J=l'5 
I F I F R ~O L I I , J )- G. Ul l 2l , zz , zz 
VAl I I , J ) =U. v Uv l 
GOT028 

22 IFI F I~W,O L I I , J)- v . l ) 23 , 24 , 24 
23 VAl (I , J ) =u . uv l 

GOT 0 28 
24 VAll I ,J)= O. Ul 
28 CONTI NUE 
29 CO NTI NUE 

D03v8 I= 1 , NJ~Uf\j~ 
D0 3U8 J= l , 5 
VA21 I , J)=VA1 I I , J)~~VAl l I ,J) 

3 0 8 CONTI NUE 
D03 U6I=l , NRUNS 
~'IR ITU6d v 7 l I VA2 1 I ,J) , J =1 , 5 l 

3v 6 C ON Ti t~UE 

3 C7 FOR~A T I 1X , 5E2U . 6 ) 

D0 3v 2 I= l , NIW NS 
D03 v2 J=l , 5 
VA 1 I I , J ) = 1 . v I I VA 1 ( I , J l "~ VA 1 ( I , J ) ) 

3 0 2 CO NTI NUE 

3J 3 

30 4 

5 3 1 
51 
52 

D03 v3 I =1 , NFWN S 
D03 0 3J =l , 5 
D03 v 3K =l , 5 
VI NVI I , J , r~ ) =v • U 

CO NTI NuE 
D03 U4 I= 1, N I~UNS 

D03 U4J =l , 5 
VINVI I , J , J)=VA11 I , J ) 
CON Ti r~UE 

D 0 5 1 I = 1 ' N I~ UN S 
D05 1J=l , 5 
~~I~ I T E I 6 , 5 3 1 ) ( V I NV I I , J ' K ) , K = 1 ' 5 ) 
FOR ii, AT I 5X, SE 15 . 7 ) 
CONTI NUt: 
FOR MATI5E15 . 7 l 
CALC . SUM OF SQ UA RES AB OUT BEST PARA~ETERS 

CALL SSQ 
c ********** . 

R Li'·1AX =SUM SO 
C S TART GO LDE N SE CTION SEAR CH 

AKE (ll=57 . 2U 
NLOOP=O 
Nr!, AX=15 
BB L=1 7 . 823 
BBR =17 . 832 
AK E15 l =BB L 
CALL SSQ 

C CALCULATE LI KE LIHOOD RA TI OS 
RO TLI=EX P (-v . 5* 1RLMAX - SUNSUll 
RR L =i~O TL I 
AKE ( 5 l = BB I~ 

CA LL SSQ · , 
RO TLI= EXP ( - v . S* I RLMAX - SUMSQ )) 
f~RI~= R O TLI 

WR IT E I6, 83 l Gb L, BBR , RRL , RRR 
8 3 F OF,U·1A I I I 6 X , ~ F 2 v . 6 , 2 E 3 u . 4 ) 

TAU= l . 618 
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8 1 

6 1 

65 

6 8 

6 7 

8 B = IT AU * B B R + ~8 Ll/I T A U +1.l 

~J "I I = 1 
GOT0 65 
B I R= I3 t:3 
R I R = f~ O TLI 

8B = I TAU* bb L + b8 R l/1 1 . U+T AU l 
NN I=2 
GO T0 6 5 
B I L =BB 
R IL =ROTL I 
GOT0 6 7 
COf\J T i f\! UE 
AK E ( 5 l= BB 
CAL L SSQ 
ROTLI = EXP I - v . 5-l-" I R L ,\ IA X - SU fv,~(J l l 
WR ITE 16 , 6 8 l db , ROTLI 
F OR ~ A T I/ 6X , 6HBB = ,F 2 G. 7 , YHROf LI = 
GO TG I 60 , 6l l , NN I 
f~ L OO P = N L OOP +1 
I F I 1'-< L OOP - i '~I'I A X ) 7 3 , 7 3 , 74 

7 3 IF I RIL-R I R l 6 Y , 7 1, 7 1 
71 R R L = F~ IL 

f?, BL= R IL 
GO T0 8 1 

6 9 B B R = t:n r~ 

RR R = f~ I R 
GOT08 1 

74 STOP 
EN D 
SUF) ROUTI NE SSD 
COHi•;OI'< i '-lf~u •b , i'-~ C I 'I P , J C T , 1\l S ,·v l T 
COiv;,,,QI-J ;\ REA ' H T ' l:3 ASA C 

316. 

C Q;v,O '" 1-.( U i\1 ( 3 v l , Vu L F L I -3 u l , l E P I 3 v l ' DEL T P I 3 u l ' I~ A T I 3li l ' X AC T I 3 U ) 
CQrJ,;v,Q['., F f-.( ,•iO L I 3 u , 5 l, FCA LC I 3u , 5 l 
C Q,-.~.-: 0 i'J PR ESS I 3 u l , Cl+ P I I 3 G l , H 2 ~ I I 3 0 J , T E l"i P I 3 G J , i< C C I 3 0 l , F-<T I 3 0 l 
COI".:·iO; I~ A( T I 3 u J 
CO•·•··!Oi'J AKE I 11 J , AI\ Orv, I 11 l ' u ~ I 1 1 l ' Ar:- I .~ I 1 1 J 
CQil: iviQN NP 1 , NP2 
( Vf'' • l,i OI~ V I 1\, V I 3 u , 6, 6 l 
C0 i"1 iv'i 0N su ;-.iSO 
( Q/'I, ,v\ Oi~ AC IT ( 1 5 l ' ACi'H I 15 l 
COf\1 '·10 N RA TL I K I 11 ,1 1 )· 
C Olvt~:i Q i\l C R l:3 I 3 u l , C i' E I 3 L: l , C l·<f..i 1 I :5 v l , C I< P 2 I 3 0 l 

( Q,'-'i l "i 0 f~ YD I F I 6 l , V V I 6 l , VV VI 5U } 
(Q,Vli-'i ON F I X , FA X 
CQ fv~ I· IO I\l V A 1 14 v d U ) 
C Q JVJiv , or~ VA2 15 u , 6 ) 

( ~- ;~- * -~ -X- ***·~~ ~~-

C . TH I S SU GROU T I NE CALCULI\ TES THE 1;JE I Gri TED SU1 ·1 uF SUU /'\r~ E S FO i..( THE 
C PARAMETER VA LU ES --- AK I N II l 
c * -~:- -j..<.. -* i"!- -~- -;<- * * -~-

AK I N I 1 l = AKE i l l * 1 oUE+ 3 
AK I N I 2 l = AKt i 2 ) * 1 . UE + 3 
AK I N I 3 l = AK t 13 l *1 . 0 E+ 3 
AK I N 1 4 l = AK c 1 4 l * 1 . U~ + 3 
AK I N ( j ) = 1 ~ . v**AKE I 5 } 
AK I N I 6 ) = 1 v . u **AKE I 6 } 
AK f N I 7 1=1 u . u* *AKE I71 
A K I N I B I =i U . ~ * * AKE I 8 } 
AK I N I 9 l = AKE I Y l 
AK I N I 1 U )= I-\KE I l Li } 



c 

AK I Nl11 l= AKE (11l 
JCT=LJ 
CALCUL ATE f..ZcA CTJ ON RATE lln STANTS · 
D020 I=1, NRUN S 
C I~ 8 ( I l = I~ C C ( .I l 1:-1..; /J... C T ( I l -;;. .A. !( I 1 ' ( 5 l -::- t:. X f-> ( - A 1---. I f\j ( 1 l I R i ( I l ) 
C I~ E ( I l =A K I N ( 8 l o,c E X P ( - A f' I I ~ ( Lt l I 1< T ( I ) ) 
C r~ P 1 ( I l =A K I~ ~ ( 6 l *I~ AC T ( I l -l(- EX P ( - A r<. I ;~ ( 2 l I I< T ( I l l 
C R P 1 ( I l = C 1-<. P 1 ( I l >:-I~ C C ( I l 
C R P 2 ( I l =A K I r-J ( 7 l >:-EX P ( - A K I 1'l ( ::l l I 1-.i T ( I l l 
C R P 2 ( I l = 1. 0 I ( 1. u +C R P 2 ( I l l 
COI'H I f\lUE 
JCT=J CT+1 

20 
3C 

c ***************************************** ************* 
CALL I~EA C4 

c ****************************************************** 
IFl NS WI TJ 35 , 35 , 36 

36 D037 I=1, NCMP 
FCALC(J CT,I l=l u . 

3 7 CONTI NUE 
35 CONTI NUE 

IF(JCT- NR UNS ) 3U, 50 , 50 
5 0 CONTii\i UE 

JCT= u 
6 0 JCT=JCT+1 

C CALCULA TE WE IGH TEO SU~ OF ~WU ARES 

D07 0 I=1' 5 
Y D I F ( I l = F f-~ l"i v L ( J C T , I l - F CAL<. .. ( J C T ' I l 

7 0 CON TI NUE 
D0 8 UI =1 ,4 
VV (I)= U. U 
D08U J =1 ' 4 
V V ( I l = V V ( I l + Y D I F ( J l * V I i'-l V ( J C T , J , I l 

8u CONT i i\jUE 
591 FOI~I/iA T(6X, 9 HVV ( I l = , 5t:2.u .6l 

VV V(J CT J =LJ . u 
D09U I=1,4 
V V V ( J C T l = V V V ( J C T l + V V ( I l -l(- Y LJ 1 F ( I l 

90 CO~H I NUE 
IF(JCf- N RU NS l6 ~ , luu ,1 00 

10 0 CONTI NUE 
592 FOR ~AT ( 6 X , 5E2u .6l 

SU iv1SCJ =v . 0 
DO 11 0 I= l , N I~ UNS 
SUM SQ =SUMSQ +VVV(IJ 

11 0 CONTI NUE 
WR IT E ( 6 ,5 93 l SUMSQ 

593 FOR MATl16 X, 9 HSUMS Q = 
RE TU RN 
END 

CD TOT u233 
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318. 

K. 5 FLUIDIZED BED REACIDR IDDEIS OF ORCUI'l', DAVHSCN AND PIGFORD 

The theoretical developement of these models and a description of 

the rrathanatical metlx:x:ls used to solve the resulting equations are given 

in Appendix J. 

For the model assuning pltl1 flow in the anulsion phase the Runge 

Kutta part of the program is deleted fran the print-out. This part of 

the program may be seen in K.l. Here the preliminary calculations, the 

differential equations and the final calculations will be slx:>wn. 



Dlt-IEN~ I ON CJ'>l ( 1 ':> ) , (( 1 5 ) , (l ( 15 ) H K ( 15 ) , cz ( 1::- ) , (j ( 1':>) , (4 ( l':> ) 
Ol iv1 USIU N ( 1'; 1 ( 15) , (0X ( 1 'Jl , C:PS L<l 5 ) , ( l i ( E> l 
D I I~ n S I U I h U' , A X ( 1 ':> ) , H <i•II N ( 1 5 ) 
D If i, EN S I UN !d 1 5 l 

c ***~-* ~--~L*-~~~-
319. 

c FLUI DIZ tD i..H:. C I~EAC TOI~ 111 0Dc.L OF 81-<CuT T DAV I DSCX AI'W P I GFOIW 
C PLUG FLO W I ~ EMULS I ON PH ASE 
C \·JRITTEN BY 1-\L 01-< LIC KAS ----- I",AI-<C H 1970 
( -X- -x- -~- ~} * -~- -~- 7;- ~- ~~ 

C PRELli·df~AI--i Y CA LCULAT I ONS 
c -~*~-~<- **~~-~- -~~* 

i'~EQ =1 U 

uo ~ o . ss 
H0=9o . o 
HT=1 uU . 
U=8 . 8 
T=27lJ . O 
Nu =u 
T E :"1 P = T + 2 7 3 • 
r~ T=1 . 99~qu;,p 

RTT= RT 
A<1l =56454 . 
A<2 l =54397 . 
A(3 J= 3 7':>l4 . 
A ( Lt- ) = 1 6 7 5 1 • 

A(5l= 1o . G**1 7 . 5u 7 
A<6 l=1 0 . G**l6 . U9 7 
A<7 l= 1u . U**l5 . v43 
A( S J=l U. O-:Hi-6 . 984 
A(9 )=1 . 7 
A!l U)= 2 . 45 
RA T=7 . 0 
CAC T= v . 5 

622 CACT=CACT +v . S 
RKB =CACT*A<5 l *EXP ( - A( 1 J/ RT T ) 
R~ E=A < 8 l *EXP < - A ( 4 )/ RT T ) 

RKP1 =CACT*A <6 l *EXP <- A<2 J / RTT ) 
R ~P2 = A ( 7 J *EX P (- A ( 3 )/ RT T) 

6 2 c c orn r f'\UE 
C40 =1 . J / ( f=<A T+1 . l 
H20 =1 . 0- C40 
X=1 . U 
\·: 1-< I T E < 6 , 6 1 2 l 

612 FOR,,·1AT (/l X, 4vH •••••••••••••••••••••••••• _ ••••••••• 
t3 ETA= l . u- UO / U 
Z1=<H O*l . 9~*TEMP l/(U*HT*<l . O - l3ETA l l 
Z2 =( t3E TA* Xl/ ( HT* <l . U- bETA l l 
Z3 =X / HT 
Cf~ ( l ) = u . 

C!'J(2 ) =Q. 
(i'~ ( 3 ) =0 . 

CN <4 l =C40 
CN( 5 l =H20 
CN ( 6 ) =0 . 
CN (7 ) =0 . 
CN( 8 ) =0 . 
CN ( 9 l =C40. 
Cf~ ( l 0 )=H 20 

KN EG= O 
KFIN=U 
NK =O 
Y= O. O 



DY= U. S 
IH AL F= 0 
I H A ~.4 A X = 4 0 

JHALF=O 
NS itJIT= U 
D03I=1 , NEQ 
T R f'v1 A X I I l = 1 • U E- 6 
T R i'1 I N I I l = 1 • u E - 8 

c ~~ -* ~*" ~*" -~- ~} ~*~'-* ?!-

c F I N A L CALC u L A T I 0 N S PI"\ 0 b L E. r'l I S .::, 0 LV ED 
C FI NAL VALUES ARE CN ill 

WRITE I 6,613JX , RA T,U 
613 FO RMAT I6X , 12 HX VALUE IS ' F3U . 8 , 

1/6X,15HFEE D RA TI O IS 'F 20 .4, 
2 / 6X , 3 0HFEE D SUPERFICIAL VE LOC ITY IS 

'tJ RITE 16, 925 l T 
· 925 FOR ~ A T I/ 6X ,1 3H TE ~PERATUkE 

\'./ f~ I T c I 6 , 7 1 v l C A C T 
710 FO R~AT I/ 6X , B H CACT = , F1U . 2 l 

W f-< IT E I 6, 614 l I CN I I l , I= 1 d U l 
61 4 FO R1v! A. T I /6 X, 3 SHE f1iULS I Of'-1 AN D BUB BLE P1-<ESSURES AI-<E 

l/6X , 5F2 L- . 8 , 
2 / 6X , SF2u . 8 ) 

D06 1UI=l,S 
CNIIl= l uO *CNII l +(U - UO l *C NII+5l l/U 

61 u CO NTI NUE 
DDDD =C40- CNI4 l 
CO NV=I DDDD/ C40 l * 1Uu . 
S1 =CN I1l / DDDD 
S2=C N( 2l / DDD D 
S3=C NI 3l / DDDD 
iti I~ I T E I 6 , 611 l CN I 1 l , C 1\l I 2 l , l 1-< I J l , CN I 4 l , C1 -J I 5 l , CO N V , S 1 , .::, 2 , S 3 

6 1 1 F 0 I ~ 1 •1 A T I 1 X , 2 ? H P R 0 lJ U C T D I S T 1--< I l.3 U T I 0 N I S ' 5 F 1 U • 5 ' 
lllX,2?HC Of'-IVE I-<SION OF !::l UTA I'< E I S , Fzo . s , 
2/lX,19HSEL ECT IVI TiiS ARE ' 3~20 .1 U l 

c **~*" ~-* ~~-*~-** 
C DIFF ERE NTI AL EQUA TI ONS 
( * ~- -x- .y, -x- -~~ -*-X- * ~-

RB= u . 725*R KB *C 14l * I CI5 l **AI9 ll 
DDl =L-.7 25*R KP1* CI 3 l *IC 15 l **Ailu l l 
RP =I G . 9*R l3 ~ DD 1l/11. U~RKP2 l 
RE= -I l . l*R B- kPl/ ll. U+RK El 
RP= - RP 
RM=-4. 0* RB- 3 . U*RP - 2 . U*R E 
RH =3 . 0* RB +2 . U*RP +RE 
vJl=C I 1J-CI 6 l 
'vJ 2 =C I 2 J-C I 7 l 
W3 =CI 3 J-CI 8 l 
V-J 4 = c 1 4 J -c < 9 J 
W5 =CI 5 J-CI1 lJ I 
Z4=-DY-:t-Z 1 
Z5= - DY-:t-Z2 
DC I1l=Z 4*R M+Z5*Wl 
DC12 J= Z4*RE+Z5*W2 
DCI 3 l= Z4*RP+ZS*W3 
DC I4 J= Z4*R!::l+ZS*W4 
DC I 5 J=Z 4*RH +Z5*W 5 
w 1-J 6 = z 3 * [) y 
DC I 6 l =w·vv 6*W1 
D C I 7 l = v'l \oJ 6 -* ioJ 2 

320. 



DC ( 8 l = ~·l vJ 6 *W 3 
DC( 9 l =WW 6*W 4 
DC! l 0 l =WW6* W5 
GOT 0 ! 3 u ,5 u , 7\.. , 9l.J l , N 

50 J CO NTI NUE 
300 CO NTI NUE 

CD TOT 

321. 

()129 



DIMENSION A(l5) 
322. c 

c 
c 
c 
c 
c 

FLUIDIZI:.D tJcD 1-<EACTOI-.( 1v10Dt:. L OF ORCuTT DAVIDSON A1 D PIGFORD 
PERFECT IVIlXli\jG l N l:.i'~iULSlUI~ PHASE 
W R I T T t: N t1 Y A L U 1-< L I C K AS •"I A I~ C H l 9 7 0 

SET VARIABLES AID INITIAL CA LC.uLATIUNS 
Nu=u 
T=27u.o 
TE MP=T+ 273 . 
l·nT= 1. 99* TEMP 
A(l)=56454 . 
A(2 )= 543Y7 . 
A(3 )= 37514 . 
A! 4)=16751 . 
A!5l=l 0 . 0** 17.507 
A( 6)=1 0 . 0**1 6. U9 7 
A!7)= 1u . u**l5 . u43 
A ( 8 ) = 1 (J . (J * 0-l-6 . 9 8 4 
A( 9 )=1.7 . 

A(1U )= 2 .45 
RAT= 7. 0 
U=8 . 8 
CACT=0 . 5 

622 CACT=C AC T+ 0 .5 
RKB=CAC T*A !5l*cXP!-A(ll/ RTTl 
RKE=A(8l*EXP !-A( 4 )/ RTT ) 
RKP1 =C ACT*A(6 l *EXP !-A(2)/ k TTl 
Rr<.P2 =A! 7 ) *1:.XP !-A( 3 )/ RTT) 
UO=U . 88 
H0= 90 . 
HT =lO O. 
U=8 . 8 

626 CONTINUE 
C40=1 . U/ ( RAT+1 .) 
H20=l . CJ -C40 
BETA=1 . J - lJ0 / U 
FAC= . 725 . 
X=l . O 
WR ITE(6, 925 ) CACT,X 

925 FOR MAT!1X , 8H CACT = ,Fl u . 2 ,5 HX = 
X1=BETA/EXP !X) 
X2=1 .-X1 
GA M= ! G*X2) /! RT T*H0) 
TOL= O. OOOUU l 
NSW=l 

C INITIAL GUESSES FOR PAR TI AL Pk~SSUkt: 0F HYUROGEN 
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