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SCOPE AND,CONTENTS: 'The object ?f this ,res.arch progr~ was to develop a' 
, ' 

" , " ' 

strliltegy and methodology for modelling eXisting large-scale chemical reactors , , 

• by coupling 'bench-scale studies w,ith' plant data. 0 
" , 

. , 
- . , " 

By way of exampie. the hydrogenofysis of n-butane on a 10\ nickel on 
. ' - ;" ~ 

-silica gel cataly5't 'was carried, 'out in a pilot-scaie fluidized be" reJlct()r 
, " 

(8 in '. in diameter by :5 ft, bed dep:thl, '\ Integ*;l, reacti~ data were obtain~d 

, from II 'smal i fixed bed reactor, packed with the same catalyst;. A kinetic mode'l, 
,.J • •• 

based on adsorption-desorption and reac,tion of acti vate4 hydrocarbon' species, 
, , 

was developed and th~ ten kinetic parameters in it wer~ estima~ed from the 
~ 

packed'bed data, Statistical ~ethods for the de~ign of experimen~s for parameter 

-estimation 'and for mo~el discrimination were e~loyed. ~ This chemical kinetic 

'model w~s used with a number' of, available two-~~:~e ~e~an~sticniodels -to 

'describe ,the 'fluid' mechanical behaviour in fluidized beds. A catalyst activity 
, I 

, " 

and an i~terchange factor. which prpvides, a pr~diction' of the interchange of' 

gas between the bubble and the ,emulsion phase in a fluidized bed were estim,ted 

from. the plant data,. S!atisticj11 methods were used to plan ~e experiments t~ 

allow '8 combination of~~imum discriminatioTh among models and 8 test of the 
"--- c'; . 

1 



models over the fuli range of possible operating conditio~s. A model 

discrimination criter~o~which takes into account 'the effect of errors 

, in parameter estimates is deve~ped and apPli~ to determi,ne the best 

mode! for this system at two fluidized ,bed heights. , 
Fluidized bed models are evaluated in ~ light of this experience. 

Some of the problems associated with obtaining es~imates of parameters in one 

experimental system and applying them iri another ar~ delineated. General 

guidelines are indicated for modelling large industrial~scale reactors. 
'. 
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• 0 DEVELOP ING A ,REACTOR MODEL 

Computer simulation of equipment and groups of equipment is now an 

stablished. technique used in the chemical industry to aid in design, to 

in future 'expansions and to solve problems in optimization 
1 J . 

Rather extensive experience with chemical ,process simulation (C7) 

as demonstrated .th!f-t;' the reactor is often the most important and the most 
, r 

ifficult to describe. Just a~ the model can be employed to improve the 

~iciency and to optimize the process, the engineer must improve his efficiency 

optimize the use,of his resources in theprotess of developing such'a ,model. 
~ , 

The reactor model must be formulated so as to answer the specific 
• 

estions posed for the study. Some degree of accuracy and precision 

s implied either formally or otherwise, Which, of a number of possible 

is the best must be determined and the'necessary parameters estimated . .. 
e use of experimental design techniques and tqe assessment of errors in both 

he experimental measurements and the model predictions are essential. If all 

hese considerations are not observed; the result will be a hopelessly inadequate 
~, 

odel or. at the other extreme ,"a' DIOdel that' was too costly to develop and/or 

too costly to use. (. 

I 

The basic premise adopted at the outset is that determInistic or 

echanistic moflels are to be preferred, as opposed to those based on empirical 

egressions of plant output-versus-input data~_, It is, only in this, way that Ii 

etter understanding of the underlying basic phenomena can be obtained. This 

derstanding will be essential if engineers are ever going to formulate 

eaningful design scale-up criteria.' . , 
". 
,,:. ' " 

• 

1 

.. 



I 2. 

• 

> 
In order to predict successfully the conversion and selectivity data 

ver a wide range of operating conditions, a mathematical description' is 
, 

equired of the fluid mechanics of the reactants~nd products within. the 

eactor an~ the kinetics of the main chemical reactions. Since in many cases, 

he reactor model will be used within a l~rger simulation of the process , 
r, at least;. in some optimization program, -these mathematical descriptions 

S1: not be so sophisticated that lax:ge expenditures of computer time are 

equired. 

In obtaining these 

e adopted: 

• , 
II\llthematical modelh",the following procedures could 
~ 

(i)' Evaluate the kinetic -parameters in the mechanistic, model for 

he main reactions in a bench-scale reactor, where the fluid mechanics of 

e reactants/products is relatively well-known. Then, a reactor fluid mechan-

cal model is formulated in which some Df th~' flow parameters may tie 

stimated reasonably well a priori and oth~r unknown'parameters may be 

stimated from plant operating data. That is unknown parameters within 

he model are adjusted to make the model predict the m~asured conversion 
\ 

d selectivity data. 

(ii) Evaluate the kinetic parameters as in (i}'and determine the .. 
low parameters in the fluid mechanical model by separate tracer analysis 

" ests in the plant reactor, - again adjusting the parameters to give the 

asured response. 

(iii) Determine the fl~d mechanics as in (ii) and use the plant 

e:L"ating data to provide the kinetic parameters . 

... 



t' 

The actual choice depends to some extent. upon the egse with wh\ch 

the plant data can be obtained but. in general. should be determined in the 

ight of which mecha~ism '(the reaction or, the fluid mechanics) is rate

ontrolling. Only the parameters in the rate-determining mechanism can be 

stimated precisely (HI6). 

The first approach fs adopted here. since both the fluid mechanics' 
'. ' 

dthe reaction rate are 
'c, , .•... important in determining the reactor performance. 

) 

3. 

is important to note the magnitude of t!)e modelling problem when this scheme 
, 

s adOpted. Considerable resources will be required to develop the necessary 

,and analytical te~hniques for the bench-scale experiments and to, 
• 

enerate sufficient data to build an adequate kinetic model. There will be 

certainty about the 'fluid mechanical behaviour in the reactor and perhaps 

ncomplete knowledge of all, other chemftl!-l reactions taking plllce. Furthe'rmore.' 

he plant data will. by its very nature. be less precfse th~ that obtained 
. " , 

rom we~l controlled experil1lents. It therefore becomes imperative that the 

xperimental program and the plant tests be well designed and the data be 

~itically'analyzed based on established statistical concepts. . . 
~ -' -

This means',that, after the various re~sonable maaels have been formulilted, 

aramete-1"s will have to be IIstimated and the~bes't of the available models 

;termined. Experimental design techniques should be employed so as.to obtain 

e maximum of illformalion, from' a minimum of experiments. Parameters should be 

timated in a region where they are contrOlling and models should be discriminated 

region where their resPflnses are the most different." Both these 

cedures are accompltshed by either fitting or comparing the experimentally 

/ 

• 
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observe~, respo~se,'to' the predicted respons~s of the model; . In comparing 

these two quantities it must be realized,tha~ there are errors in both: 

1) the measured' ~esponse due toexperimental error 

2) the predicted ~esponse due to imprecise knowledge of parameters , 
J 

estimated previously and inadequacies in the model. -

The visualization of the,se error structures !Uld ,their resulting effects is 
• 

almost impossible when~orking with non~linear models' and/or 'cxperililmtal 

systems with multiple response dat4 (more than one measured response per 

, e1<perimental~r1aH. 

1:1 Objectives of the I)"esent Study 

, Experience and proficien~y in the development of reactor' moJels has 

, been shown to be expensive to obtain: in the cost of highly technical personnel, 

the experiments that must be' performed ~ in computer time. It'therefore 

becomes imperative that the effectiveness and the efficiency of these procedures 

must be improved by providing general' and specific guidelines in 1;he practice of, 

modelling, just as these guidelines have been developed for design procedu&es 

over the past fifty years.' Hence one of the main objectives of this investigation 

is to develop and test a methodology for obtaining mode~ fo~ existing che.ical 
- . 

reactors and to indicate the re~ative ~ortance of the various steps. !tie 

~~thodology should be based on und~rstanding the basic underlying mechanis.s ~ . -
of the phenomena occurring since this procedure should provide informatio. 

r~lating to the scale-up problem in design. 

A pilot-scale fluidized bed reactor, in which the ca,talytic hydro&CDOlysis 
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{ 

\ 
reaction of n-butdqe will be carried out, is cho~en as a particular example of a 

reac'tor with a relatively complex series-parallel reactic;m scheme and complicated 

fluid mechanics. This system should provide a good test of any recommended 

methodology for reactor modelling. 
, 

The particular objective is to model this reactor system employing the 

methodology suggested in Section 1.0 .. This will involve determining chemical 

kinetic'iparameters in an appropriate I!!0del from the ,bench"scale reactor and fluid 

mechanic parameters in a rea~tor model from the fiuidized bed data. An attempt 

will be made to obtain as much basic iriformation as is deemed apPropriate on 

these aspects from the data from these reactor systems. The data analysis 

will rely heavily on established statistical concepts. 
/ , 

I' 

r, , 

"'_ .. 



2.0 TIlEORY AND REVIEW OF REACTION AND REACTOR MODELS 

The engineer or scientist develops a model to answer questions. 
\ .;;.j 

The statement and definition of the questions to be answerea:,.-6.re of ex-

treme importance although they are often lost and forgotten when the 

search for a model is begun. The questions to be answered dict~te the 

,'~evel of sophistication required: too low and the questions cannot be 

'answered, too high and the cost is too great. 
-(I. 

There are two important rules that can be stated about mod~l 
" 

development that have been learned from 'experience. The first is to . 
start simple. The second is, if possible, to separate and to measure in-

dependently as many as possible of the effe<;ts or phenomena that make up 

the model being developed. 

This chapter of the thesis outlines the background information a-

6. 

vailable for ~hemodels to be developed for this study. The final formu

'lation of the models is presented in chapters four and five. There the 

e~act models empluyed to answer'the questions, as posed in the first chapt~, 

er of the ",thesis, are presented. 

A model must be good. It shoc:Jld be simple and it must fit. The 

,first; criterion "simple" implies cost, the second criterion "fit" implies 

accuracy. These two criteria are highly correlated and generally a'more ' 

complex and costly model will fit better. The cost criterion, or rather 

the'maximum allowable expenditure for a project is often specified (rigid

ly or otherwise) externally to the engineer. Many models are usually a-

) , 



.... 

vailable to describe the' phellCllll8Jla to be studied. '11le cliterion of -fit

implies that the model must predict performance to s~ deqree of accur-

~ or must fit data which vere used to obtain it to SOlDe deqree bf acc-

uracy. 

t' '11le statistical techniques to eValuate the goodness'of fit 

,are fully discussed in tl,te third chapter· o,f this thesis. However, a brief 

presen~tion must be included in the, introduction to this chapter since 

model1ing\~hould not be discussed vithout SOllIe knowledge of the t~ques 

used to describe fit. The standard measure of fit is the SUIII of squares of 
\ 

the deviationS'of the predictior ~f th~ mOdels from the observed results. 
; 

The mean squared deviation should not be too much greater than some value 

representing the experimental error plus the results of known 'errors in 

other parameters in the model •. , A second and equally imPortant criterion 

. is the complete randomness of residuals (observed values minus predicted 

values.) . These should not be correlated vi tit themselves' (autocorrelation) 

or with any of . the control variables (crbsscorrelation.f 

I 
'11le use of a model,in one .physical system after its parameteia 

have been evaluated'in another, physicai system presents another prOble. 

in the analYsis of errors. often it is not just the Precision to which 

the parameters and thli model vere initially estimated ·that is the real 

7 • 

criterion of fit. '11le transformation of a model from one system to another 
, . 

requires that the experimenter consider how the laCk of fit from the 

first system 'vill affect the preciSion of the predictions _de in t1w!' sec

ond system. If the ultiJllate goal of a project·.is thE; prediction of rea--
, ,.) 

ponses in the second system, then it is how the lack of fit in the first 
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model or the tolerances on the parameters actually get translated into 

the secone;! system that is important. This will also be discussed in Chapter 

3. 

. The formulation of mechanistic models and the determination of 

parameters, defined as estimated or adjustable, is an established tech-

nique in chemical engineering. An abundance of models incorporating 

various e.ffects are availab Ie to the engineer. The easy access to high 
I 

speed computers with large storage facilities 'has greatly increased the 

nUmber of. models that can be economically., used to describe an event or 

process. Almost 'all models describing an eVent in a macro sense are app-

roximate at best. They cannot be said to be "the. truth" and even the 

most complex model incorporating a multitude of effects and phenomena will 

not stand up under very close scrutiny. The question'is: "What effects 

to include?" Perhaps the only t!xplanation is enough physically reasonable 

effects to provide answe~s to t~~:··<i.uestions that have been pOsed. The 

measures of model fit, in a statIstical sense" have only been briefly pre-

sented here, but are fully discussed in Chapter 3. Experience is perhaps 

the best guide in the formulation of a model. (mechanistic or otherwise). 

"Start Simple" is the single best guideline for model formulatioD. 

A great deal of time and money has often been spent to describe effects 

. which do not significantly contribute to'the predicting performance of 

the model for the sit~ation being.studied. Some start has to be .ade 

with a model and with data. During this initial step, the engineer be-

comes familiar with both g)IDe model of the system and the system itself. 
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There are very many effects or phenomena which cpuld be included in a 

computation scheae. Only those needed to answer the questions that "have 

been asked should.be included. If a particular response of the systaB 

affecting those answers is significantly sensitive to an effect. the 

9. 

effect sh?uld be incorporated in the model. For example if there is 'an 

experimentally observed pressure gradient evaluato a simple constant 

pressure model using both the inlet and then the outlet pressure. If 

no significant difference results in the predicted values. there is no 

need to incorporate a pressure gradient in the model. This check can 

.be easily made without the expense of initially including the pressure. 

gradient in the computation scheme. Use of .either a large nUlllbor of ad-

justaple parameters or. unrealistic physical parameters shOUld be avoided. 

, As stated in the first chapter. an actual fluidized bed reactor 

is to be mmfelled by estimating a parameter .which reflects the gas flow 

patterns within the reactor. In order to accomplish this. the kinetics 

of the reaction must also be m.odelled and the kinetic parameters estillULt

ed. The procedure fOllowed is to estimate separately the kinetic para-
"-

meters in.a packed bed reactor where the flo,", of gas can be accurately 

described. Background information and a literatu~e ·survey of kinetic. pack" 

ed bed and fluidized bed models are presented ill sections 2.1. 2.2 and 

2.3 respectively. 

. . 
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2.1 HYDROGENOLYSIS OF N-BlITANE 

The ~ydrogenolysis of paraffinic hydrocarbons in excess,hydrogen 
, . , 

over a metal catalyst produces lower molecular weight paraffins. ·The 

product of complete hydrogenolysis in excess hydrogen is methane. 

Hydrogenolysis of small para'ffinic hydrocarbons is generally well 
I . 

und'ers tood. The catalysis literature includes many studies of various 

hydrocarbons over a large nuniber of metal,s on an 'assortment of supports 
I 

'10. 

covering a varying range 'of conversion. However, specific rate constants, 
:,. ('\ 
,",' 

activation energies and reaction orders for a particular hydroca~on over 

the desired catalyst and support·are usually not available with any degree 
, 

of~accuracy .. Also, many studies only present limited conversion and selectivity 

data. Conclusions concerning the catalyst stability and activity va't"y widly 

among the various studies. , 

;-The O~ly published work for n-butane over a nicke'l catalYst was 
, ~ ~ 

carried out by Anderson and Baker {AI) and was done at low pressures. A 
\ 

summary of the studies reported to date for n-butane, propane and ethane 

are, shown in Table 2.1. Very little specific informatiOn concerning the 

'" hyd~og~lysis ofn-butane over 10.\ nickel on silica gel can be obtained 

from these results. 

Taylor, Sinfelt and'Y~tes (T2) investigated'the ethane hydrogenolysis 

reliction at Ii' conversions. A recent study by Kikucki.and Morita (K6) with 

n-pentane over 8.\ nickel on silica gel reported selectivities but activation 
. ' 

energies were not evaluat'ed. Some generalities can be obtained from the 
~ . 

published ~ata summarized in Table.2.1. the rate of hydrogenolysis is 

inversely dependent on the partial pressure of hy~rogen. There is an 



TABLE 2.1 HYDROGENOLYSIS OF PARAFINNIC HYDROCARBONS OVER NICKEL CATALYST , 
,< ,n m 

PH P TYPE OF H.C. 2 -oE ' H~H.C. 
CATALYST 

D ' kca1. TIO AUTHORS 0 C. m" n~ 

Anderson et a 1. Ni. Film 254 - 273 58 12 
(Al) (1963) . 

, 

Taylor et al. N1. on ~1.~ 287. .8 -1. 1· 28.7 
SHica 5.S 218 .6 -1.8 38.2 3 - 10 (T2) (1965) Gel 0.% 1'77 1.0 -2.2 40,;6 

Yates et a1. 10.% Ni. on 187 - 227 1.0 -2.0 40 3,- 10 
(Y1) '(1964) Kieselguhr 

..... II 
Z Mori kawa et a.1:. 15.1 Ni. on 172 - 184 -2.5 43 - 5 - 1.1 ~ 
t;:j '(M1) (1963) Kieselguhr . 

Kemba 11 e CI a 1. 15.1 Ni. on 182 , 0.7 -1.2 52 >1 
(K5) (1948) Kieselguhr 40 <.1 

Tajbl 58.% Hi. on 182 0.7 -1.2 . 46.4 1.1-15 
(T3) (1969)- Kieselguhr 

-', 

She~ard , Co-ppt. 751 200 - 350 1.0 -2.0 50 ,7 
(53 (1969) Ni. on Alumina 

..... . z Anderson' et a1. Ni. Film 217 - 267 31 12 < <>- (Al) (1963) 0 
. , 

Q:: , 
<>-' , - . 

Mori kawa et a 1. 15.1 Ni. on_ 138 ~ 172 .• 92 -2.6 34 
(M2) (1937) " Kieselguhr 

..... Anderson et a1. Ni. Film 184 - 2'09 ; 34 
:i (Al) (1963) 
l-

. 
::::> . c· o. . 
CQ 

, 
, 

I . 
C 

III 

PRESS. 

50 
Tor~. 

Atm •. 

Atm. 

1 Atm. 

50 
Torr. 

50 
Torr. 

, 

..-;--

CONVERSION 

<10.1 

<1.1 

".51 

Up to 
100.% 

1. - 27.1 

~ 1.% 

(.10.% , 
. 

, 

. 

-

• 
I 

~ -
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approximatc proportionality bctwcen thc rate of rcaction an!! .the partial 

pressure of thc hydrocarbon. The'activati?~ cne~gy is VerY-:Jgh., Thc ' 

spccific ac~ivity of thc catalyst' dcpcnds on thc mcthod- 'of ~cparation and 
. ' 

thc tempcrature of rcduction. Nickel catalysts.are strongly.spccific to, 

t;.hc fracture of the tcrm'inal tarbon-carbon bond. 

The magnitudc of the activation cncrgy sccms to dcpcnd on thc state 

• 
of ~ispcr5ion of the nickel on the catalyst support. ,Taylor, 5infelt and 

, 2 
Yates (T2) incrcasep thc nickel ~urface a~ from 0.7 to 13.6 m. '/gm. by 

. . . 
, increasing thc weight percent. nicl!:el from 1. '\ to 10. %. The activation energy 

" <' 

for ethane hydrogenolysis increased i~om -21.7 to -40.0 kcal,./gm. mole. 
"', 

Shcpard (53), 'howcyer, did n~t observe such an incrcase in activation cl)crgy .~ 
. 2 

although hc was able to increase the,surface area from 5. to 56.m /gm. This 

was donc by varying thc reducti,on temperature of the ~o-precipitated nickel 

and alumina catalyst from 340.' to .1160:'C .• : 

The activity of the catalyst has been defincd as the number of 

molecules or moles ,eac,ting per catalyst si1i6per unit· of time: The 

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

of rate constants under simila~ reacting conditions. 

~s usually taken with respect to the surface area of 

The specific activity 

active metal ~atalYS~ 
exposed to the reacting species. 5chujt and Van Reifen (54) performed various 

investigations of nickel on silica catalysts. They report that the percentage 

reduction is a function of the reducing temperature for various concentrations 

of nickel. At very high temperatures sintering can also occur. 5hepard (53) 

found that for most catalysts the activity varied directly with ,the metal 

surface ar~~ •. as measured by hYdrOgen'C'jmisorptlOn. He could not 'detect . 

any trend in activity with crYstal size. Sinfelt, however, (S5) varied the 

I 
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crystal size from 29 to 88 Angstroms by varying the pre-treatment temperature 

from 370°C to 700°C. He did observe a decrease in the specific activity of 

his nickel catalyst from 1070. to 56. for the hydrogenolysis of ethane. 

Yates (Y2) studying ethane over'a rhodium catalyst, found a maximum catalyst 

activit~ with smaller ~rystallite size. 

, . 
RATE EXPRESSIONS 

There are two approaches c~mm~nly used to 

expressions to describe the rate p~reaction for 

formulate the mathe~atlcal 

the 'hydrogenolysis of short 

chain paraffinic hydrocarbons. The first, as proposed by Ilougen and Watson 

{Ill) involves the description of all the possible reaction, desorption and 

~dsorption,rate expressions. The ,,(hole matrix of equations is combined to 

give the overall rate expression. The matrix of rate expre,ssions for the 

hydrogenolysis of n-butane which includes some, 30 parameters' can be found 

in reference 02. This is a very large number of parameters to be estimated. 

A second approach as suggested by Cimino, Boudart and Taylor ,(C2) assumes 
J 

an equilibrium between the'gaseous and adsorbed hydrocarbon, and that the 
- , " 

reaction of the adsorbed hydrocarbon is the rate determinin~ step. It is 

this analysis that is used in the prese~t study and leads to the genera,l 

relationship: 

,\ 
; 

where 

, r = k H.C. H.C. 
2.1 

r H.C. ' is the rate of disappearance of the 

k' H.C. 
is the frequency, factor 

6EH.C. is the activation energy 

m and n are constants 

P
H

.
t 

.and PH are the partial pressures of the hydrocarbon and hydrogen 
2 

-
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I. ) 

respect i ve ly. ' 

The derivation of this rate expression for the hydrogenolysis ef n-butane 

(02) is presented here to indicate the assump'tions that 'are made. 

;> n-Butane, upon or after adsorption loses hydrogen atoms according 

to the process: 

2.2 

-It is assumed that the 'adsorbed hydrocarbon reacts with gaseous-hydrogen 

in the rep.ction step according to the proce.ss: 
" a 

',> (C4Hf ) + H2 -:+- 'Methane, ethane ~nd propane adsorbed species. ',,2.3 

The process represented by equation 2.2 is assumed to 'be in equilibrium. 

• 

Equating 

, 

the rates of adsorption 

~a P (1-6)- kd P 
C4 H2 

and desorption: 
(l~-f) 6 

., 
where ka .. rate constant for adsorption 

_ k a exp (-6~/RT) 

'd 
k - rate constant for desorption 

.. k d exp (-6Ed/RT) 

'. 
2.4 

" 

6Ea ,6Ed 
a activation'energies for adsorption and desorption respectively 

6 = fraction of surface covered with adsorbed butane species 

Pc ,PH 
4 ,2 

.. partial pressures of n-butane and hydrogen respectively 

Solving for a in equation 2.4: 

2.S 

\ 

\ 

·' 
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where <k-

over a restricted range of pressures: 

e .. axllx 

where 0 < x< 1 

.The proportionality is used in 2.8 because, although'the expressi~n: 

15 • 

2.6 

2.7 

2.8 

e -a~f..t, 2.9 
"If 

for an appropriate value of x, predicts the same trends· as 2.5; over a , 

restricted~ressure raQ&e the values of e will not be predicted the same. . . 

The proportionality factor is included to compensate .for this: 

Thus 

x x e ~ a a II 

where a is a function of x • 

• .. 
2.10 

. This proportionality is not clearly stated in either the original paper by 

Taylor et al. (C2) Or in.a late~ develo~ment by Bond (82). 

Assuming that the rate of hydrogenolysis of n-butane is the slow step, 

and that the adsorbed butane mOlecules react with the gaseous hydrogen 

molecules, the rate of reaction of.n~butarie may be described by: 

-n . 
r .. ep

H
/ 

, 2' 
2.11 

2.12 
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Therefore 

r D K a 2.13 

whwe K = rate cgnstant for reaction on the surface of the catalyst 

r r 
=, k exp (-bE /RT). 

bEr = activation energy.for reaction in~ surface 

n = I-x [(10-f)/2] 

Thus equation 2.13 ma~ be written simply substituting kr for k~ a~; ., 

2.14 

, 
This simplified rate expression, known as the power rate law, is used 

in this study to describe the hydrogenolysis of n-butane. The expansionpf 

this rate expression.to include the entire network of possible reactions fo; 

this specific case is presented in Chapter 4 of this thesis. 'This section 

will also include the'exact definition of the parameters that must be 

estimated to completely describe the reaction network • 

• 

/J' 
f.:.":', " ',' 

._:.t 

• 

.. 



2.2 PACKED BED REACTORS 

The physics of packed bed reactors is well understood and has been 

extensively studied. This type of integral rea2tor is commonly used both 

in industry for the production of chemicals and in research for-the 

estimation of kinetic parameters. It is t~e latter case, where the 

flow profile can he accurately described, that is of interest in this 

study. The only problem facing the, experimenter is that of reducing 

the mass and 'energy equations describing the reactor and reaction to the 
, 

simplest form 'and still retain the desired accuracy. 

TwO extensive review papers, one by Froment (Fl) (81 references), 

and the second by Hlavacek JH2) (146 references) provide an excellent 
. "" . ~.- ' . 

coverage of the topic. These',two pap,ers pr~sent ,the mass and energy 
j 

equations for the-one-dimensional case with and without axial mixing and 

for the two-dimensional model which also includes radial temperature and 

17 • 

.. 

concentration profiles. A discussion of the methods of numerical solution 

and the use of packed beds for kinetic parameter estimation ,is also presented. 

~other very good review article 'is given by Beek (B3). 

If the effects ofaxi.al mixing are small, and radial concentration 

and temperat,ure gradients can be lleglected. a simple one-dimensiohal model 

may be sufficient to describe the reactor: Both Carberry (CI) and Satterfield 

arid Sherwood (52) discuss the importance of mass and heat transfer, rates in 

and around the catalyst particles on the controlling step in ,the reaction. 

Satterfield.and Sherwood present jd and)h ~rves in order to calculate the 

effect of mass and heat 

l--

transfer limitations,' Peterson 
\ 

(P2) gives a summary 
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. . 

. . . 
of the effects and importance of axial mixing in packed bed reactors. The 

one dimensional model with no axial mixing is used in this study. , The exact 

equations including the kinetic model are given in Chapter 4 of the thesis. 

The calculation of particlediffusitfu .. and mass transfer limitations and 
, .'",' , 

the importance of radial terms' and axial mixing are given in Appendix .F. • 
... 

. , 
. 2.3 FLUIDIZED BED REACTORS 

FI~idization, as stated by Kunii and Levenspiel (LI) is the operation 

by which fine solids are tranJformed into a liquid-like state th~ugh contact 

with a gas or liquid., This method of contact has some Wlusual properties, 

some of which are very advantagdbus and others ~hichpresent considerable 
-' 
problems in their appl\cation to reaction engineering. The fluid-like 

. , 
property of the solid. particles facilitates the circulation <if the soUds 

between reactors, the transfer of large quantities of heat with immersed 

heat ~xchanger .tubes aria the applic:ation of continuous automatic control. 

The soli~bed is 'close to isothermal, and the heat and mass. transfer rate 

betwe.en gas and ~arclcI~s are high ~hen 'compared to other methods of 

contacting. On the negative side, the residence time of solids is very' 
/ 

non-uniform, extensive oy-paSsingof gas may occur; and the attrition of 

. friable solids and the erosion of pipes and vessels is a problem. Experience 
. , 

has shown that these reactors are difficult to model. 

Historically, the first COlIIIIICrcial reactor was patented by Fritz 

Winkler in 1922, for the gasification of pow,dered coal. The Second Narld 

War marked the beginning o·f large scale intere'st in these reactors for 

the production of high octane .gasoline from kerosene and light oil. ,A 

number of books are now available "describing the phenolllena of fluidization .' 

! 

,-. 
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~d its use in chemical reactors (01) (Ll) (03) (Zl) (03). 

Because of ,the present intense interest in fluidized bed reactors, 

~d with the availability of modern high-speed computers, m~y mechanistic 

models have been developed to describe the behaviour of fluids and.solid 

particles and hence the conversion and product distribution for a-given 

chemical reactor. All these models ~d their various assumptions ~d 

adjustable parameters are variations of the basic two-phase bubble model. 

Before' this model is discussed, a more detailed descdption of the flow 

of react~t feed gas within the ,react~r will be presented. 

In a fluidized bed,reactor the gaseouS reactants are fed into the 

bottom of a bed of fine catalyst or catalyst-impregnated particles. Under 
~ 

'good fluidization ~onditions;most of the gas moves up thebe~ as bu~bles 

which form at'the bottom. As the bubbles proceed upwards they grow in size, 

'c2sce, break-up ~d coalesce. The remainder of the feed gas flows in 

the emulsion or particulate phas~o keep the particles sl\spended in 'a 

fluidized state. Since the reaction may only occur on the catalyst, the 

problem is to describe the interchange between the gas in the emulsion and 

t~e gas which forms the bubbles. The existence of two distinct regions, 
l 

,an emulsiop or dense phase, ~d a bubble or up-f~ow phase, suggests that 

the reactor may be described by a two-phase model., 
" 

Considerable effort has been expended on studying single bubbles 

rising in an infinite medium of catalyst under incipiently flu~dized, . ' 

conditIons (01) (Jl) (M3). These studies suggest that there are three 

regions associated with the,bubble or up-flow phase as shown in Figure 2.1 
! 

eLl). First, there is 'the bubble void containing almost no catalyst. The 

gas wit~in the bubble circulates; this circulating flow includes the other 
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two regions: (i) the wake which is filled with catalyst, and amounts 

to about one third the size of the bubble'void; (U) the bubble cloud, 

which is a region of emulsion phase (perhaps with j;Iigh.tly greater voida'ge 

(L3) surrounding the bubble void, which contains the,cir,culating gas 

flowing from the bubble void and which, travels upw,ard with the void. The 

cloud region decreases in, size as the bubble size, increases (P3). As the 
) 

bubble r90ves up the bed the bubble diameter grows, the bubble rise velocity 

incroas,Q5 ',- ~d as a consequenc'; the re iati ve amount of cloud gas decreases. 

In large reactor systems wh'ere the bubbles may be quite large, the cloud 

phase is a »ery small fraction of the bubble volume'." 

Since reaction occurs only by contact of gas with the catalyst, the 
r-' , 

transfer of reactant from the gas' bubbles to the emulsion phase is important' 

in fluidized bed rea"tors. 'This "transfer has been shown to occur by the 

following mechanism for ''!- single bubble (KI) (Figure 2.;1): molecular 

diffusion and buJk flow transfer occur between th'i bubbl'e and the gas 

surrounding the bUbble~llowed by transfer by mo~\cuiar diffusion between 

the cloud and the emulsion. Some models ,have aSSied infinite transfer rate 

"1,etween cloud and the' emulsion (01) whil~ otpers have assumed infinite <fJ>~ 
transfer be'tWeen the bubble and the 4l0l!~ (that is Uniform concentration 

in cloud and bubble) (P4),. All these models' assume that the bubbles remain 

< 

discrete entities throughout their rise through the bed. It is well known 

that coalescence, bubble break-up, wake shedding and gas by-passing from bubble to 

bubb Ie occUJ;'; these phenomena wi 11 conttibute to the exchange process and 

should be -in'eluded in many more sophisticated models. Van Deemter, (V2) 

includes an axial diffusion term which in a general way would take some 
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of these effects into account. 

The general fonn of the tHo-phase moUel for steady state can now be 

formulated. At any height in the reactor assuming radial uniformity of 

concentrations within each phase, the following equation is written to 

describe each of the two phases as shown in Figure 2.2: 

net axial net axial net interchange net 
+ + + = 0 

diffusion 'bulk flow betl<een phases reaction ~ 

~Iany two-phase models have been proposed. They can be characterized by 

three considerations: 

(i) the make-up of the bubble phase 

(ii) the flow pattern in the emulsion phase 

(iii) the mode of interchange between the two 

In all cases, the bubble is assumed to be perfectly mixed and to rise up 

the reactor in plug flow. This phase includes the bubble void (through 

which some catalyst particles may rain) and depending upon the model can 

\ include the wake or the cloud or both. A number of assumptions can be made:. 

concerning the emulsion phase: it can be perfectly m~~; it can pass in 

plug flow from bottom to top; or the gas within the emulsion can be assumed 

stagnant (K3). More realistically, the Kunii and Levenspiel model (KI) 

assumes that the downflow ~f solids, which compensates for the upflow of . . 

solids in the wake and cloud of the bubble, carries gas downward in plug ~ , 

flow. 

The gas flow and the interchange between the bubble and emulsion 

phases has been investigated as suggested by Kato and Wen (K3) by two 
" 
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methods. One approach involves the usc of tracer techniques while the other 
; 

involves the adjusting of model par~meters to fit experimentally ohserved 
• ?' 

Gilliland and Mason (Gl) first used the tracer cllcmical conversions. 
( 

techni(lue. It has also been employed by other investigators (02, 11, K8, 

K9, ~t4" WI). The method of determining the flow parameters by comparing 

t,he observed and ,the predicted conversion was first used by Shen, and , 
.Johnstone (S6). TIlis method has, proven popular wi th many other workers 

(G2, 12, K10,' Kll, K12, MS, 01). Even with these two techniques, there 

arc SOme fluid mechanic propert'ies of fluidized beds rnd bubbles which 

must.be described before a model can be formulated. 

The following section deals with ,the descr~ption of bubbles in a,' 

fluidized bed. This information concerning buhble size, bubble velocity, 

gas interchange and other, parameters must be understood before the specific 

two-phase bubble models canb'e formulated. 

2.3.1. DESCRIPTION OF BUBBLES IN FLUIDIZED BEDS 

The description of the behaV"iour of the gas in the bubbies is 

necessary in order to predict the performance' of a reactor by a two-pha.~e 

bubbling m0del. Many bubble characteristics must be described., A large 

nurn~er'of studies using X-rays, probes. tracers and high speed photography 

bave been undertaken to study, single bubbles, single streams of bubbles 

and, swarms of bubbles in both wilde and very narrow bed.s of !]lany different 

catalyst particles. One must only look at a freely bubbling thin two- . 

dimensional bed to appreciate the complexity of the flow. 
Fer if 

any 

experimenters in this field would state that their -(or any ot er) model' 
• 
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accurately describes the truth since all the phenomena that are occurring 

arc Jlot included. Even if such a model did exist,.it would be so complex 

and so time-consuming to compute even on the fastest computers, that it 

would likely be of little ·value to the engineer who" wished to model a 

specific reactor. ( _'I • 

The use of fluidized bed reactor models for scale-up or a priori 

predictions is at best a process of limited accuracy. TIlis is particularly 

true in cases where the reaction rate is very high and the fluid mechani~ 

aspects of the model are the limiting or rate-controlling step. Simulation 

of an existing reactor is a different mattC'r". AS mcnti9ned above, current 

two-phase models differ essentia:lly on how they treat the bubble-to-emulsion 

exchang\ process. ~Ioreover. thi s exchange parameter is not only important 

in the overall reactor description. but" also the least we 11 known. Hence. 

it .becomes conven:ent and appropr~ate to, maKe this interchange parameter 

an adjustable one in the model anhse the analysis of the chemical sp'ecies 

~ . as the reponses 

accoun ts for all 

to determine its best· ,(alue.· In this way. this parameter 

the mechanisms such as coalescence and wake shedding that 

contribute to the gas interchange. 

This section presents a sununary,of the existing knowledge and a . " 
description of bubble characteristics. The most complete presentation 

of this information along wit'h references is contained in the book' by " 

Kunii" and Levenspiel (Ll). Only work by the mai~ inve~tigators describing" 
. 

the phenomena needed to formu"bite the two-phase models is presented. The 

formulation of existing reactor models and the exact bubble descTiptions 
-" 

./ 



used in each case will be presented in section ·2.3.2. 

BUBBLE SHAPE 

The shape of a single rising bubble is quite well established 

(01, PS, M3). Sm.all bubbl ~. almost SPheri~al while large bubbles 

25. 

as shown in Figure·2.l are somewhat irregular spherical caps and flattened 

with an indentation the bottom. This has been observed directly in 

the two-dimensional and with the use of X-ray photography in larger 

thicker beds. e as sh0!ffl in Figure 2.1 has been examined by 

several workers (PS, R2) and in general is between 110° and 160°. Most 

models assume a spherical bubble which mayor may nbt include the·bubble 

wake, which contains catalyst. Although violent distortion of the bubble ... 
occurs as it breaks up and coalesces, the spherical bybble model is still 

used. 

BUBBLE SIZE AND.GROWTH 
'~'. 

As bubbles rise through a fluidized bed they groW. The exact mechanism 

for growth is not well underst~od but the growth rate is more than woJ(d be 

accounted for by pressure expansion as the bubbl.es rise through the bed'. 

Bubble break-up an~I coalescence are also occurring.' At anyone height in 
',;-

the bed .. there are bubbles of ·more than one diameter. It has been stated 
. 

that in commercial beds equipped with internals, the bubble size is close 

to constant except for a small region close to the inlet (Ll). It is . V . '. - '. 
generally agreed.that there is some maximum stable bubble size but its 

magnitude for a specific catal>,~, reactor and" flow is in great pispute 

(01, Ll). Actual observation in the specific reactor is still the most 
./ 
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accurate method for an individual case. 

There are four general methods used to obtain, the appropriate 

bubble-size. distribution or average bubble size for a ,specific reactor. 

(i), The bubble size can be estimated by matching observed 
, , 

experimental r,esponses with model predictions for a given 

gas interchange mechanism. 
, '. 
~-

(ii) The bubbies inside a reactor can be photographed using 

X-ray techniq~es . 
• 
(iii) The bubbles in'a thin two-dimenSional ~ed, filled with 

! 
the catalyst to be studied, can be photographed and then 

measured. These data can be used to calculate a bubble 

size distribution for the three-dimensiona,t case: 
, . "-

(iv) The ,bubble size distribution can be estimated by' measuring 

bubble size inside a column with cap~citance probes. 

The accuracy or usefulness of any of these techniques can be criticized. 
• • 

The use uf a constant effective bubbl,e size which is essentially an 

estimated parameter could be considered to be a simplification of unnecessary .. 
restriction. BUbbles'may grow from less than a centimeter at the distributor' 

to aJmost the column diameter at the top of the bed. However, they may also 

be close to one constant size for a reactor with internal packing or heat 

eJCfhanger tubes. 

The es:61mation of a bubble siz.e distribution with height using two-
~,- . 

~~ ) 
dimensional bed 9ata can also be cri~icized. The aCcuracy of the conversion 

from the two,:,dimensional case which can be seen, to the larger three-

dimensional bubbling reactor in which only the emerging bubbles at the 

. ' ) 
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• 
upper surface can be seen has been questioned. This method does, however, 

attempt to take 'into account the effect of the type of catalyst which is 

being fluidized, and this can be an important, factor. 

X-ray studies become difficult for'the analysis of bubble sizes in 

large ,diameter reactors. Forl smaller reactors this method should provide 

the best description of bubble sizes. Unlike, capacitance probe methods, 

the bubbles are not disturbed by the measurement. The use of probes to 

',\ 

determine the size of bubbles within a reactor ~ay be impossible when studying 

a large industrial unit., 

The use of a general c,orrelation for the mean bubble size with "":LK"1' 

as a functio,! of gas flow and' partic;le size is also questionable. The 

corr~lation of Kobayashi (K13) for a drilled distribu~orplate:~ 

dB = 1.4 -5 d '(U )h + d 
p p U 0 

mf 

2.16 

was obtained from his own work using capacitance probes at various column 

heights.do is the intial bubble size at the distributor plate. 

BUBBLE RISE VELOCITY 

The absolute rise velocity of a single bubble in'~ bed at incipient 
r ' , 

fluidizatio~ as 'first suggested~iCklin (Nl) for gas:Iiquid sys~em is: 

~r =0. 711 (g~) 1/2 " . 2.17 

Later, Davidson and'Harrison used this same expression for fluidized 

beds. Equ~tion 2\17 generally is used for bubbles of size ~ in freely 

bubbling beds. Studies on single bubbles ,and' streams of bubbies (D4, H3, 

R2, PS, T4) show a range of 0.55 to 0.85 for the proportionality constant, 
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but 0.711 is generally used:, Recent _work by Grace and co-workers(G3) 

shows that the inte~action of bubbles causes an upwards acceleration as 

well as lateral movement of trailing bubbles. 

BUBBLE SOLID CONTENT 

Solids havD been observed in the· bubble void by three investigators 

'(T4, K14, K13) and ,they report 'a concentration of from 0.2 to 1.0\ by volume_ 

The main interest in the modelling of reactQrs is the size of the wake and 
, 

the' cloud region as shown in Figure 2.1. Models can be written to include 

none, 'one or both wi tli the bubble void asslDDing the gas included within this 

bubble associated phase is completely mixed. 
f 

A commonly used model to predict the magnitude of the-cloud radius 

relative ,to' the bubble radius for a three dimensional bubble (OS) is: 

dc + 2 Umf 
1/3 

= Ubr 
db Ejjjf 2.18 

Ubr - ~ 
~f 

Work by Murry (M3) for single bubbles probably provides a more accurate 

description of the ,~loud thickness and is .being used in some more recent 

investigations. 

The bubble wake represents about.a quarter of the upflow phase. 
,0 

X-raY,studies by Rowe and Partridge CPS) list previous work including 

probe studies and .present data on bubble shape and wake angle for a number 

of solids. Bubble-bubble interaction in' freely. bubbling beds causes bubble 

and wake distc;>rtion. The validity of conclusions relating to multiple 
~ .1. 

bubble behaviour from single bubble studies can be questioned. 
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The solids transported to the top of the bed in the bubble wake 

can cause flow rev<:rsal in the emulsion phase as the solids are deposited, 
I ' 

at the top of the/bed by the bursting bubble. Tracer studies have verified 
\ 

this phenomenon (L4). The gas flow necessary to produce zero emulsion flow, 

or' flow reversal has beeh given as U/Umf 2.7 - 6,0 (L4) and U/U
mf 

'6. - 11. 

(Ll). The ,reverse flow ,in the emulsion, coupled with poor distributor design 

can produce gross circulation in the emulsion phase (Ll). ~ 

GAS INTERCHANGE 

The understanding of the mechanisms and magnitude of gas interchange 

is considered by many to be the key to understanding and accurately predicting 
, 

a priori the performance of rluidized beds. The interchange has been studied 

by a number of techniques: 

(i) 
.'} 

Stimulus response studies using"a .pulse inj ection of tracer gas 

and then interpretation of the cross flow or interchange from 
, G 

the response. 

(iiJ Fitting the predicted conversion of a model to the experimentally 
\ 

observed conversion. 

Several semi-theoretical models have be~n proposed (01, Ll, Zl, B4, 

04, C6, H8) to descri,be di rect gas, interchange. Davidson and Harrison (01) 

considered the circulation rate of gas in and out of the bubble to be:' 
3 ' 2 

q (~) = 3Umf 1rrb . 2.19 
sec 

Davidson also proposed employing Baird's correlation (B4) initially developed 

to describe mass transfer from liquid bubbles to describe a diffusive 



contribution for the bubble-to-emulsion interchange. 

k • Q.975 01/ 2 d. -1/4 1/4 
g Ib . g 
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2.20 

Note the difficulty in evaluating one unique interchange coefficient in a 

multicomponent system ,if this diffusion mechanism re~resents a major 

contribution to the. interchange process. Partridge and Rowe (P4) proposed 

the use of a mass transfer coefficient similar to that used to describe a 

bllbble of1nm1sc1ble liquid rising through another liquid. Kunii and 

L~ven~Pi~l, (L~) developed a three phase model '(bubble, cl/ud,' emulsion) 

with mass tra~~r resistances in series to describe .gas/interchange. 

In their scheme, the Davidson model (01) is' used to describe the interchange 

between the bubble void and the cloud, and then the Higbie penetration model 

(Ll. H4) is used to describe the gas interchange between the cloud and the 

emulsion. None of these semi-theoretical models account 'for interchange, 

due to cloud and wake shedding or bubble break-up and coa~escence. However, 

they all do general~y suggest a volumetric interchange rate per unit volume 

of bubble which is inversely proportional to the bubble di~eter. 

Kato and Wen (K3) suggest instead, after reviewing the results of 

Kobyashi' 5 (K9) bubble-bubble studies, that the model: 

.cm3 
, 

interchanged 11 
• --"- 2.21 

cm3 of. bubble-sec db 

should be used where ~ is .the bubble diameter in centimeters. This is 

consistent-with other ob~ervations in th'at ·the interchange is invers~y 

proportional to the bubble diameter. Toei (T5) in working with single 

bubbles suggests that the constant of proportionality is between 3. and 6. 

I 

• 
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In modelling situations where one fluid mechanic parameter is to 

be estimated to describe an existing reactor, this description of the 

intercha~ge may' be useful. The proportional i ty constant in equat ion 2.21 

could be estimated. Note that a diffusion coefficient is not included; 

this is because for larger bubbles and most gases, the diffusional mechanism, 

as calculated by equation 2.20 is small. In addition the diffusion coefficient 

may be very difficult to predict for multiccomponent mixtures. Drinkhamer 

(D7)in his comparis"n' of the interchange predictions of the various models 

includes the diffusion coefficient. 

Orcutt and Carpenter in a recent paper (04) have proposed a l;cheme 

to account for bubble coalescence. The vertical coalescence of bubbles 

occurs when a trailing b~ble is accelerated and captured by the leading 

bubble. The coalcscen~e phenomenon will affect the bubble rise velocity, 
) 

the number and size distribution and. the concentration of gas in the bubbles 

at any point in the bed. Hence, this phenomenon plays an important part in 

bubble-emulsion interchange; how important·it is has not been demonstrated. 
) " 

BED EXPANSION 

" The presence of bubbles·causes the bed to expa~d above the level at 

minimum fluidization. This can be readily calculated knowing the gas flow 

and the bubble rise velocity (DI): 

~-Lmf _ U - Umf 2.i2 

L O.711(g~)1/2 

.. 

J 
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\ 

db is the mean bubble diameter for the whole bed. This assumes that the 

• emulsion voidage remains.at Emf even when bubbles are present. Exp~nsion 

may also-occur below the'minimum fluidization velocity as the voidage 

increases from the settled bed voidage. 

, , 
2.3.2 CURRENT FLUIDIZED BED MODELS , 

. ". 

~lany mechanistic models have been proposed to describe the performan 

of fluidized bed reactors. All attempt to describe the phenomenon 0 urring 
, . 

in the bubble and emulsion phases as presented in section 2.3. I models,_' 

the ,bubble rise velocity, bubble'size, interchange, coalescence, flo in the 
< 

emulsion phase and other necessary gas flow descriptions are~odelled~ A 

summary of many of the available models that have been employed to prcdi'ct . 

the performance of actual fluidi.z~d bed ;eactors is given in Table 2.2 \. 

Table 2.2 provides a convenient method of displaying some of the many 

different models and observing the 'many schemes for describing and inter-

preting the associated phenomena. This list is by no me~s complete. Kunii 

and Levenspiel (LI) discuss many of' the published models in their book and 

'----
there must be many models that were 'developed but not published. Th'e first 

~our models 'arc discussed in detail as these were the ones chosen for 

investigation and subsequent discrimination studies in this thesis. These 

models, as originally presented by their authors, arc summarized. The exact 
i 

form of these basic models and the modifications made for their use in this 

study are de.tailed in Chapter S. 

, 



TABLE 2.2a CURRENT FLUIDIZED BED MODELS 

UPFLOW PHASE -

MODEL PHASES BUBBLE r-rlDEL MIXING 
Orcutt, 1 Bubble ' . S'pheri cal bubbl es, Perfectly mi xed 
Davidson, l Emulsion' no sol ins, constant bubble void 

!~l ' Piford size 
01) 

Partridge, 1 Bubble, Murray model, Perfectly mi xed 
Rowe Cloud. , 2-dimensional bubble and cloud 
(P3, P41 2 Emuls10n meaSurements 

, 
KUl'lfi , 1 Bubble Davidson model, Bubble perfectly 

,Levenspiel ~ Cloud,wake constant size mixed cloud and 
(Kl, K2) 3 Emulsion • wake 

'., . 
Kato, 1 Bubble, Spherical bubble Perfectly mixed 
Wen Cloud " and cloud, c16ud and b~bble 
(K3) ~ Emulsion. Kobayashi size 

-
Latham' 1 Bubble, Davidsonmodel, . Petfectly mixed 
(L4) Wake no cloud bubbl~ and wake 

2 Emulsion : .,.... 

.Van- 1 Bubble, Davidson'Model, No Perfect Mixin£ 
Deemter CloCld Volume Fractions . between bubble 
(Vl) 2 Emulsi.on of Phases' Used and cloud 

May (M6) . Bubble Spherical bubbles, Perfect Mi xi ng .i n 
. -Van- 2 Emulsion no cloud Bubb 1 e Voi d .. 

oeemter~V2l 
Ml reur M7 , 

. 

DENSE 
ISOLIDS 
~I:i:ING 

NO . 

NO 

YES 

YES 

YES 

YES 

NO 

,. 

PHASE 
,11 

GAS FLOW AND MIXING 
Um.f ., perfectly mixed 
Um.f ., plug flow upwards 

~ 

~m.f.' plug flow upwards 

Calculated, plug flow, allows 
flow reversal 

Mixing in compartments, 
n6 vertical flow 

Calculated, reverse plug 
flow 

Determined, reverse plug flow 

Um,(.mixing by diffusion 
coe ricient . 
y' . 

, 

: 

w 
w . 



TABLE 2.2b' CURRENT FL'UIDIZEDSED MODELS 

MODEL 

Orcutt 
Davidson 
Pigford 

Partridge 
Rowe 

INTERCHANGE BETWEEN PHASES PARAMETER TO BE DETERMINED' 

Bubble Circulation (Davidson) 
_ "2 

q - t41m; f.1r De Effective Bubble Diameter 
Diffusion From Bubble (Baird) 

kG : 0.975 D/iDGigi 

Mass Transfer Coeff hm:' D Sh de I corre,l ation for size,' nurr.ber and 
where Sh ~ 2.0'" 0.69 Sc1/3 Re 1/2 Velocity ot Bubbles with height 

, ' 

'I Kuni t 
. '"\ Levenspi el 

Bubble to Cloud Transfer same as 
Orcutt Cloud to Emulsion.Higbie 

Effective Bubble Diameter 

.' 

Kato 
Wen 

Latham 

Van-Deemter 

Penetration Model 3 
KcE ~ 6.78 DUb/db 

Gas Interchange per,volume of 
bubble ' 

Fo: 11 /DB 

'Dimensionless Interchange 
Parameter 

X : NQH/Uga 

Mass Transfer Coeff't for Bubble
Cloud and Cloud-Emulsion Transport. 
Effective Mass Transfer Coeff't. 
Accounts for Wake Shedding 

May, Van-Deemter,! Number of Times Emulsion Gas 
Mireur Exchanges with Bubble Gas is,Used 

to Characterize Gas Transfer 

' .. I' 
t', 

None 

Effective Bubble Diameter ; 

Mass Transfer Coefficients, Volume 
Fraction of Phases 

Crossflow Parameter and Diffusion 
Coefficient for Emulsion Phase 

"'"' 

"" ~ 
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ORCUTT-DAVIDSON-PIGFORD (01) 

Orcutt et al: studied the first order deco~osition of ozone over, 

microsphGri~al catalyst impregnated with ferric oxide (1960, 1962). Gas 
\ 

in excess of that requfred for minimum fluidization is assumed to pass 

through the bed in solid-free bubbles of.constant size. The remaining, 

fraction of gas "f" flows through the emulsion and can be described by 

/ 
/ 

a contact time distrib~tion Ee(t). . \ 
For a g1ven rate constant r, the conversion 

can be calculated from equation 2.23 

I-X. 
~ 

= f + (I-f) ! exp (-rt) Ee(t) dt 2.23 

Two bubble flow models are presented for the limiting cases of plug flow 

and completely mixed flow in the emulsion,:::phase. Interchange between 

the two phases is predicted using the O,avidson circulation model (01) and 

the Baird molecular diffusion model (84). The bubble size or effective 

bubble size must be determined for the reactor to be modelled. 

An analytical solution far the case of plug flow in the emulsion 

can be obtained i'f the ,reaction is first order and only the ·conversion is 

calcula'ted. For a complex reaction numerical integration techniques must 

" 

be employed. The model, assuming.a completely mixed emulsion can be calculated, 

very qui'ckly, even for a comp~exreaction where a product distrib~tion is 

predicted. This is due, not only to the assumption of complete mixing in 

the'emulsion, but also to the lack of solids (and thus reaction) in the 
(. , 

bubble. The calculation time is orders of magnitude less than that for the 

plug-flow-emulsion ias'!! wheTe an integration technique'must be used to 

obtain a solution. 
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Partridge and Rowe developed a model first used to describe the 

fi rst order reaction of a 

product (1966). In their 

gas dil~ed Wi~\h an inert going to a single 

model to describe the fluid mechanical behaviour, 

all gas in excess of that required for minimum fluidization forms bubbles 

which grow as they rise· through the reactor. The remaining gas flows 

p 
upwards in plug flow through the emulsion at the minimum fluidization 

velocity. The Murray bubble model is used to describe the cloud. Perfect 

mixing is assumed between the gas iA the bubble void and the cloud. The 

interchange of gas between the bubble and the emulsion is described using 

a Sherwood number and is based on the theory for a .sphere rising in a fluid. 

The'distinct feature af this model is that the bubble size distribution 

along the, axis of the reactor is calculated using obs'ervations of bubble size 

with height from two-dimensional bed experiments with the same catalyst. 

effective mean bubble size is calculated at different heights up the two

dimensional bed by analyzfng photographs of the bed at the required flow. 

This information is 'then converte~ to the equivalent bubble size for the 

three-dimensional case to describ~the bubbles that would occur in the 

reactor under study. 
r 

An 

Because of the plug flQ,w of gas through 'the emulsion and the reaction 

whi ch occurs in the bubb Ie, the mode 1 mus t be solved, !15 sugges ted by its 
. 

authors, by some integration technique. A two~phase·model with grQWing 
, 

bubbles coptaining some catalyst would seem to be an improvement o~Jr the 
f; 

model of Orcutt et al with its constant bubble size and solidless bubbles. 

, 
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/ 

The extension of two-dimensional observations of bubble sizes to a ~hree

dimensional system can be strongly critiched artd therefore this poses a 

serious limitation on the direct use of their model. 

KATO-WEN(K3) 

Kato a~d Wen present a model which is claimed to have no adjustable , -

parameters (1969). They use this mode1 to predict the 
,-

of.a number of experimenters. The bed is divided into 

experimental resUl~ 

a -number of. ( 

compartments whose height is equal to the mean size of the bubbles at 

that height. Each compartment contains a bubble phase and an emulsion 

phase. The gas bubbles flow in plug flow through the emulsion ,Ph-ase which 

is assumed to be completely mixed within each compartment. 

The spherical bubbles are surrounded by spherical clouds of ~adius 
• 

calculated by the Davidson model (OS). The bubble growth is predicted by 
I 

the correlation of Kobayashi (K13) which is based on/three,dimensioral 

bubble observations. The emulsion phase voidage is constant up to the 
, 

bed height at minimum fluidization. 

• 

Kato and Wen recommend using an interchange.coefficient, F, 
P 

representing the volumetric interchange of gas between bub.bles and the 

emulsion per unit volume of bubble per as given by: 

Fr 
This. coefficient is entirely empirical being based on KobaYl/-shi's experiments. 

Note that it contains no effect of the exchanging gases, particularly no 
t' 

diffusion coefficient. 
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The partitioning of the bed into zones for the purpose of calculation 

allows for a more rapid calculation than by most integration te~hniques. The 

assumption of complete mixing within each emulsion zone is unique to this 

model. " . ." 
\ " I 
~NII-LEVENSPIEL (Kl. K2) 

", 

Kunii and Levenspiel have proposed a three-phase bubble model in 

,which the clQud is a separate phase (1968). A constant effective bubble I 

size must be determined for 

that a constant bubble size 

the r~r" to be investigated. They claim 

should adequately describe deep beds or beds 

with.internals that effectively control bubble size." 

The Davidson model" (OS)' is used to describe the cloud size. The 

direction (upward or downward) of the plug flow of gas in the emulsion phase 
'oj 

is determined by the circulation of. solids entrained in the bubble wake. The 

~ resistance to gas interchange fpom bubble to emulsio~ is calculated from two 

resistances in series between the three phases. The gas transfer from the 
<, 

bubble to the cloud is described by the Davidson 'circulation model (01) and 

the Baird diffusion model (B4). The t/nsfer between the cloud and the 

emulsion is described by the thin layer Higbie penetration model (H4). 

An analytical expression arises for ",calculating the conversion if a 

first order reaction" is assumed. If the reaction is not first order or the 

product distribution must be predicted. the differential equations describing 
r 

the concentration of the reactants must be solved by numerical integration. 

The addition of the third pha"~e. the cloud. greatly increases the calcu~ation 

\ 
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time. If the down flow of gas 'in the emulsion phase is 'included, the 

computation time is further increased since a two-poin~ boundary v~ 

pr.oblem must be solved. Again, for the Baird diffusion model, the 

determination of an effective 'diffusivity in" a multicomponent· system 

of changing coniposi4on may be difficult. 

The exact fonn of' these models employed to predict the performance 

of the reactor to be studied is presented in Chapter S. The models will 
: ' 

be used in a simulation mode and one fluid mechanical parameter will be 

estimated 'using' data obtained from the observed,,{onversion and 'product' 

di'stribution. 

) 

, 

) 
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3.0 STATISTICAL TECHNIQUES 

Statistical techniquss enable one to make qlo\antitative inferences about 
r 

,the truth. Statbtical, analysis is otten considered to be too ditUcult tor 

the problem studied or that the problem being studied is '1;00 simple to require 

the analysis. It' is not tor window dressing. , The gr.,at paver ot proper 

statistical analysis lies in ita ability to prevent the experimenter trom 

decei ving himself, not in ita poasibili ties tor deceiving others. 

The need tor statistical analysis -can',be simply explained, 'The-

measured value ot the dependent variable at an experimental trial is not in , . 
general the true value ot the quantity measured. An error, trom Qhe of a 

mul ti tude ot sources and ot unknown magnitude, makes up some part ot the 

recorded response. These errors cannot be -removed completely. Thus, the 
. 

experimenter must rely ori some torm at statistical analysis to etficiently 

reach his goal'lit indeed this is'possible) and to 'honestly'and unbiasedly 

report his findings. Almost allot the techniques nec.essary have been 

available for many years. Blame tor the! lack of use is both with the 

experimentalist and with the statistician, The experimentalis~ has often 

been uncompromisingln his mistrust of these techlliques and reluctant- to 

s,p(!nd valuable' ~ fO~their ~Plementation W;ich he considers almost to 

be wasted. Lndeed, he often has great f~ith in hi. intuitive ability to 
- ',0.(: 

appreciate what the effects of all the errors will be and to,react and to 

plan a?cordingly. -To him, this is much more efficient. The statisticians 

" 
on the other hand have often presented theorems and techniques which are 

perfect and precise in their own language ~ .integrals, spaces, matrices 

and tablesl unfortunately" this language is in many instances almost 

incomprehensible to all but the faithful. He i8 often unv11.ling to 
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;>' 
compromise and contaminate his theory by !Dakin<} concessions requested by' the 

experimenter to solve ~ specific pr6blem. 

lone solution to the problesu i8 to have the experimenter b8COllle his 

own statistician. A more efficient solution is to enlighten both parties. 

The experimentalist is rapidly converted when he can und~rstand the basic 

statistical techniques and can be shown the power and efficiency of these 

techniques. The statistician too, sees the benefit of ·the relationship to 

himself when sh~at problems, can be SOlVed

L 
The learning \rocess by the experimenter can be very infectuous. 

The appearance of more and more "readable" statistics papers 'is very .... ~:. , 

encouraging. 'The ,best paper to date is that of Box and Hunter, entitled 

"The Experimental Study of Physical., Mechanisms" (B13). This paper should 

be required readin<}, for every experimentalist. It deals, with th~ ,basics at 

data analysis, the 'presentation oLparameter estimates and conclusions based 

on models, as well as experimental design for Parameter estimation and for 

model, discriminati0!1' It stresses the importance of the visual scrutiny of 

the data and the ,analysis 'of residuals. 
, 

It also points out ""e'importance 
, 

of the interaction,-and joint analys~s of results by both the experimenter 

and the 'statistician. Both can draw important conclusions from the data . ' 
that the other might miss or be unable to interpret. This interaction will 

, , 

result in a 'far more efficient and rapid attainment of the.goals of any 

prQject. 

This chapter presents the statistical nomenclature used in this 

thesis. It deals with experimental data with more than one response or 

observation per experimental trial.. The presence of errors .is analyzed 

and the variance-covariance matrix of the . ,resPonses is dealt with. The 

, ' 
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procedure of ~rlUlleter ea.timAtion. is ,discussed an4 the use of confidence 

regions, instead of point estimates, presented. Hethoda of experimental 

design for both efficient and effective parameter estimation and model 

discrimination are·s\llllllUU"ized. ,Finally, the concept of the total exper-

imental redesicjn is explained to show how, 'through a sensitivity analysis, 

the experimenter can identify the maj-or sources of error that wi.ll hinder" 

his progress. 

The use of statistical techniques mUst be, an essential part of any 

experimental study. In neglecting their use, the experimenter 'J;educes his 

efficiency, reduces his chances of drawing precise and accurate conclusions 
~ 

and increases il)e probability of deceiving himself and others. 

3.1 ·MULTIPLE RESPONSE DATA-

In the search to investigate' underlying Phy~al mechanisms, the 

engineer will often postulate a mechanistic model. Of course, he only 
. . , 

tentatively assumes it, he never accepts such a model uncritically. 

Primarily due to the speed and availability of modern computers, he is now 
., . f 

able to investigate more complex models for more complex systems. It is 

inevitable that he. would ,noW try to investigate phenomena that yield more 

than one observation, result or response per single experiment or exper-

!mental trial. The slatistical techniques for the analysis of multivariate 

42. 

observations, as suggested by the limited number ,of texts on the subject for 

example references A2, XIS, and HS, are still relatively unknown c~pered to 
~ . ~ ). 

univariate analysis. The notation however, is ~imilar in form to that used 

in the univariate case and is' explained in the following paragraphs. 

/ 
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A mechanistic model ill proposed. 

- u - 1,2 ... n 3.1 

where ~ is the vector ot observed experimental responses for the u'th 

t 
experiment and ~ and~ are the vectors ot predicted responses and exper-

imental errors respectively tor the u'th experiment. This assumes that 
, 

the model describes the physical system exactly. The vector of r predicted 
• 

responses'is given by some function. 

~ (k·iD - [fi' (~.k) I i - 1,2 ... r 3.2 
rxl 

where 1n is the vector of control variables for the u'th experimental trial 

43. 

and e is the vector of parameters for the model f. The quantity in· square . 

brackets is the i'th element of the rxl vector. 

Multiple resPOnse. d~ta produces r observations or responses per 

experimental trial. Howe~er. for normally distributed data the error structure is 

described by (r) (r+l) quantities per trial (the variance~covariance matrix). 
2 

Define.one·single vector of responses for all n trials, 

:t.. 
nrxl - '3.3 

• The terms response and dependent variable are used synonymously whether 

referring to predicted. "true" or measured value. 

f The term "predicted" response has been used to mean the "expected" response. 



44. 

Thc~ its variance-covariance matrix* V (~) becomes: 
~, 

E 0 0 . o 

I 0 E 0 

V (V = 0 0, E c A 3.4 
nrxnr , 

~ . 
0 r. 

• 

where E = V (~) u = 1,.2, .•. n 3.5 
rxr 

·is the variance-covariance matrix of an individual 
, 
ctor of abs rvaticns 

,and 0 is a rxr null vector: The '.!u vectors are' ass have the • 

variance-covariance matrix and to each other. 

... 
distribut on forms have 

gated cture. Most often, one assume that the 

error is normally distributed. If this distribution ~oes indeea describe 

• The covariance ~atrixl som~times called the " variance-covariance matrix 

~ 

or dispersion matrix is defineif. for a vector random variable Z as; 
mxl· 

" 

V(~) = [CBV(Zi,Zj) I = E {[~-E(~)l [~- E(~)l T} 3.6 
, 

mxm 

l, 

where the operator E stands for the expected value. The expected value of' 

a vector random variable is the vector of expected values of the elements 
, 

of the random variable each of which may be considered the limiting average 

value·for an indefinitely large number ?f trials. It is ·defined as: 

E(zi) = I'" zi Pr(zi) di, 3.7 
~ '\ 1. 

where p(z,) is probability density function of Zi· 
1 ~ 
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the error structure, then the least squares estimate of parameters is also the 

maximum likelihood e~tiaate (lik,elihood fUnction defined equation 3~17). In the 

multivariate CASe, the multivariate normal distribution is so far the only. 

distribution that has been investigated to any great degree. The form of 

the probability density function' is similar to that. for the single response 

case: 

~ {-! (~_~(~))T ~~l (~_~(~))} 3.8 
" 

where ~ is defined AS the expectation of ~ ~ N-nr. The expected value of 
. r 

the error is zero aDd its variance-covariance matrix is given by~. Equation 

3.8 can be written'in the alternate form: 

p(x.) - 3.9 

-" The error variance-covariance matrix can be used for several purposes. 

It is needed to provide an independe.nt estiiDate of the lack of fit, of model 

predictions. It can be used to establish confidence regions for the parametert 

estimates. It is also needed to weight properly the experimental responses 

when using the likelihood function to o~tain parameter estimates. 

3.2 PARAMETER ESTIMATICII 

G' , 

There are three basic aspects of' parameter eStimation that the 
., , 

experimenter, must deal with: the design of experiments, the weighting of 

responses' and· finally, searching for the parameters. The first. the design 

of experiments. is the IIIOSt important. The damage CAused by poor.iy designed 

experiments is irreparable. This IIIOst imPort;ant topic. which is often over-

looked. is presented in section 3.4. The second problem, the weighting of 
4 
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the experimental responses, is easier 'for the single reaponse experiment. 

For the multiple response experiments, however, the individual responses 

. . 

may be of different numerical magnitudes and do not in general have the 

sameweightsbecause their variances and covariances may have anY permissible 

values. Finally, a technique of search must be chosen. The parameters to be 

estimated should be transformed to make the derivative of the objective 

function with respect to the parameters to be of the same order of magnitude 

for convenience. Direct search or local linearization can be used. If IDOre 

than one parameter is to be estimated, Balle criterion of parameter grouping 

for efficient searching must be used (02). Also, the experimenter must 

ensure that the measured responses he is using are linearly independent (B7). 

Before the searching procedure can be discussed, the experimenter must fully 

understand the importance of and the actual procedure of weighting. 

WEIGHTING 

If there were no ~~rors, the weighting of 'the experimental responses 

would not be, necessary. Even if the structure of the errors were exactly 

known, as 'in the case of many statistics papers with synthetic data generated 

from a true model.and known error structure, the task would be much simpler. 

The experimenter in his search for parameter estimates is cOnfused and 

hindered by three main types of errors. All, depending on their relative 

magnitudes, can be important. They are: 

1. experim'ental error 

2. inaccurate parameter estimates used for the lDOdel predictions 

3. incorrect lDOdels. 

.. ... 
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The experimenter must estimate the effect of the magnitude of each and 

proceed accordingly if he does not wish to fool himself, both with the 

parameters he has estimat~and the degree of confidence he has in them. 

easiest with which to deal. It can be wei1 defined by performing properly 

randomized and replicated experiments. Randomizatidn of replicate experLments 

is essential since this' first type of error is the random experimental error. 
. , 

The technique of randomization is well understood (D9). The v~ed for proper 
..-

replication is not we'll appreciated. The taki~g of a second sample and 

. -
analyzing it is not sufficient. At some later time, the experimenter must ,-
return to the operating condition and physically reset al~ the control variables 

to the Same settings. Then, the sample will rerlect, not only the error in 

analysis, but also the inability to detect differences in operation that 

cannot be seen even though all the instruments and the operating ':'settings 

are exactly the same. These may include temperature profiles', feed 

concentration differences, catalyst activity, slight c~libration changes. 

and a multitude of other effects. If a systematic error is detected, 'it 

must, of course, be identified and corrected. 

From replicated experimental trialS the variance-covariance matirx 

can be estimated: 

. 1 
n 

n 
uh (lu - I.) 

T 

3.10 

where I. is the mean for the experimental trials performed. If there are 

enough data to assume that the ~yimate is equal to the true value it may 

be used-to weight the data when employing the. maximum likelihood method 

to estimate the parameters. In this case the maximum likelihood estimates 

of the parameters are obtained by maximiz~the likelihood function: 



, 

n 
exp {.-4 ~'l (IU- Ilu (~,!!) ) T 3.11 

The quadractic form in the exponent takes into account both the magnit~de 

of the responses :l. and also the magnitude of the. error in each response. 

It should be- noted that this equation assumes a constant variance-covariance 
, 

matrix over the entire range of. operating conditions. To ensure this, 

-' several sets. of randOlllized replicates should be· performed and the variance-, . 

covariance matrix for each calculated (equation 3.10) and compared. 

The Plackett test (P9) can be used to ~valuate the homogeneity of . . 
the variance-covariance matrix. ·Both the variance and the covariance 

j 

elements are t~sted. .The technique is sam810lhat cumbersome. The Bartlett 

test (Kl6) can be em~loYed to investigate the homogeneity of the 

individual variance elements of the variance-covariance matrix if the errors 

are normally distributed. The test is very sensitive to departures from 

normality. If the variances are not homogeneous then the data can be 

transformed to a form which will overcame this difficulty. Common 

transformations include logarithms, exponentials and inverses. Box and 

Cox (BS) ·have developed a specific method of dealing with a family of such 

transformations fo~ the sinale response case but not for multiole responses. 

Pra·c;:tical application to multivariate systems is tedious. 

·An estimate of the variance-covariance matrix is desirable, even 

in the initial stages of parameter estimation as will be seen. At this stage, 

the experimenter should not expend a large effort iri obtaining the very 

best estimate however. PrimarilY, he will not know at what conditions to 

• 
perform experiments. Thus replicated trials can be performed at several . .. 
conditions dictated by the experimental design" Then he will have a 

reasonable estimate of the variance-covariance matrix and its constancy can 

be evaluated over the entire response surfa~useci. to obtain th~ final 
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parameter estimates. In the initial stages, perhaps only a rough estimate of the 

diagonal elements or variances would be necessary. It is unlikely that the 

approximation. 

- " 
l: = k I ~.12 

would be reasonable where k is some guessed variance and I is an rxr 

I 
identity matrix. From his knowledge of the system, the experimetter may be 

" . 
able to provide a reasonable estimate of the.variance of each of the 

responses but perhaps not good estimates of the. covariances among them. 
. .-

Box and Draper (B6) propose a method for parameter estimation when 

toe variance-covariance matrix of a single measurement is unknown. If the 

experimenter has no knowledge of I, then this method should be used. It 

assumes a uniform prior probability for the parameters to· be estimated 

over the parameter region where the likelihood takes on appreciable values. 

It also assumes that the errors are independent from one trial to another, 

'normally distributed and with expectation zero. Parameters are chosen 

so as to minimize the determinant of the matrix v where: 

v • 
n 
l: 

u'l 
(y - n (I:; ,8)) (y - n (I:; ,8)) T 

a....u -u-u- ~ -u-u- 3.13 

The paper also develops expressions for the Bayesian posterior uensity flln<;tion 

of the parameters estimated. If the model is assumed perfect then the 

matrix V can be used in estimating the variance-covariance matrix: 

1 

~ 
v 3.14 

where v is the matrix y1lrh''ich has the smallest determinant and p is the _ .. 
number of parameters estimated. 

SEARCHING FOR PARAMETERS 

Box et al. (B7) in a recent paper point out that incorrect parameter 



50. 

(i 

e~timates will ,be obtained if there is a linear relationship llIJ\ong the 

me~9ured responses. The most common example of dependent responses is 

that which arises when the experimenter makes the sum of the mole fractions 

from an analysis equal to 1.0. In the case where moder~~mooth 
transformations are used their linear relationships could be expected to 

01 

produce a badly conditioned estimation situation. 
. ~, 

Three common search methods for finding an extremum are: ' 

grid search'and directed search including local linearization. The 

simplest but the least efficient to use is the grid search. Values, 

are calculated at various discrete grid points L parllll\Cter space. 

The qrid spacing is then decreased in the region of the minimum 

until the minimum is located. 

A more efficient search method, especially where ridges are present, 

was developed by Rosenbrock (R3, R4). ~~e parameters arc initially varied 

one at a time and the effect of these changes on the objective function are ,', 

noted. After encountering a failure (increased' objective function) in all , . 
/ 

directions, the axes which determine the direction of move~ent ~re rotnted 

and the parameters are varied together. 

The simplex search technique is perhaps the best for parameter 

estimation when a high degree of correlation exists among the parameters. 

In searching for p parameters, p-l initial values of the objective function 

are evaluated. In the case of a two parameter, search, the three points would 

form a triangle in two dimensional space.· The next pair of parameters is 

ChOSen by proje£ting from the vertex of the poorest value of the objective 

function through the centroid of the remaining vertices. 

This search,technique allows'~or movement of all parameters early in 
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the s~rching procedur~. The simplex search, like the Rosenbrock search is 

easily ueed. 

The method of linearization is perhaps the most difficult of the th~ee ~d 

is often less fool proof ,than direct search methods. The model is linearized 

about the initial estimates of the parameters using 'a Taylor expansion and 
I 
~ 

neglecting second and higher order derivatives (B8). The partial 

derivatives of each of the resPonses with respect to all the parameters 

are determined numerically for each data point. A ~trix equation is 

written involving the observations, the model and the derivatives. Then, 

,using linear least squares theory, the equation is solved for the best 

estimate of the parameters. The procedure is iterative since new 

derivatives may be calculated at each new point as the parameter estimates 

arc updated. ~,method is not simple to use and the calculation of the 

large number of derivatives can be very expensive for complex models and 

la'rge amounts 'of data. Also, linearization of the models far from the 

best estimates of the paramters may cause considerable trouble. 
_____ f II .. 

Searching for one parameter at a time ~ing direct search techniques 

is very inefficient, particularly in cases where parameters are highly 

correlated. Searching for more than four or five parameters at one time 

can also be very inefficient (although the simplex technique should be,far 

better than the Rosenbrock method with this number of parameters). The 

method which appears to be most efficient is to choose two or three highly 

correlated parameters and then to simultaneouslY search on them. Other sets 

arc chosen until all the parameters have been estimated at least once. This 

procedure is repeated until the best estimates of the parameters (based on 

some appropriate criterion) are determined. 
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/ 
The grouping of some correlated,~rameter. such as activation ,energies 

and reaction frequency factors is us~allY-ob~ious. The correlation matri~ 
'-Y ", 

of the parameter estimate, can be used moat eftlciently for determining the 

grouping of parameters. It is obtained form the covariance 'matrix of the 

estimated parameters which is. 

[)l 
xT 1:-1 

X l-l 
3.15 -u -u 

'> 
where 

[afi (~'!l..)J X 3.16 -1.1 
ae', ~~~ rxp .. 

and e is the best current estimate 'f the parameters !l..' The resulting p 

dimensional squar~ matrix (p parameters) is then divided row and column 

by the square root of the diagonal elements. The resulting matrix is 

the .correlation'~x of the parameter estimates. The off-diagonal 

~ elements represent 

\:espective row and 

the degree of correlation between the parameters for the 

column. The best grouping of parameters for efficient 

simUltaneous se~rching can then be easily determined. 

The analysis of residuals is also an essential part of the parameter , 
estimation procedure. It is not sufficient to ~est on the basis of some 

magnitude of the weighted sum of squares. There must be no obvious crosS' 

nor auto-correlation among the residuals. That is, the residuals must be 
" 

randomly scatt~red about zero. The residuals must be plotted against the 

control variables and against the. observed experimental responses. As well, 

it is ~ls~ advisable to plot them against time, batch number and other such 

quantities. This Can be easily done at the end of a, search stage USing standard 

computer programs to produce "dot" diagrams. TIle analysis of the correlation 

of the residuals with the variables increases the efficienty of the search. 

o 
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by visually displaying .ystematic lack at tit which the 
)Lr 

experimenter can 

often correct by adjusting the appropriate parameters other than those being 

estimated befo"" restuning th'enext stage of the .earch. 
. .... 

After the best parameter estimates have been obtained. tho experimenter 

may want to know how procisoly ho has estimated the parameters. This can 

be roadily obtained by an analYsis of tho confidonco contours or 

likelihood ratios for 
\ 

next soction. 

his~rametor ostimatos. 

... 

3.3 CONFIDENCE REGIONS 

~is is discussed in the 

Tho bost estimates of the parameters can be found using the methode 

doscribed in section 3.-2. These are point estimatos. In SOllIe' case. 

(usually very few) they are sufficient. The experimenter can be far mor~ 

informative if ho can also provido a ~easure of how good. how precise or 

how much better his best * values are over any other set of parametors. < 

This valuable information can be presented by defining the region of 

"confidence" or the degree of, "confidence" .. Tho region or area at 

confidence can b~ described by likelihood o~ by Bayesian methods. 

The ~ikelihood analysis is based on a calculation of a likelihood 

.ratio for two or more caSes and th!!.se are· compared. The magnitude of an 
"' ) 

, 
individual likelihood is a function of the ~rror in the measurements (or an 

* In this work the word "best" is not used as the absolute best when applied 

to estimates of model parameters. The least squares estimator has been 

used for~arameters because even in the non-linear case they are unbiased 

and with minimtun variance at least approximately. Unbiased estimates 

have been used for the variance-covariance matrix. 

'. 



estimate ot it) and t~data~ Consider the case ot experimental data 

~ with error normally distributed with mean zero and known variance-, 

covariance matrix.I:. The likelihood function tor any set ot parameters 

e is. 

L (Q.\ 

" 

1 
~,~,.!:.): L = --N"";/2;"'--n-/'-2 

(2Tl) \ I: \ 
J 

\ 
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where n is the total ,number of experiments performed. This likelihood can 

then be compared to the maximum likelihhod value calculated using the 

the parameter estimates pr~ducing -i:he minimum weigh,ted least squares. 

Since onl~ the ratio of the likelihood values is of interest, the 

exponenti41 factor in the ,likelihood is the only one that need be calculated. 

A likelihdod ratio of 10 is ordinarilY taken as showing a real difference 

I 
while a ratio ~of 100 denotes a strong preference for one set of par~eters 

(.;~..-

over another. using this technici\i~"and choosing sets of parameters 

differ~nt from the best estimates of the parameters, confidence regions can 

be accuratelY defined. References to likelihood methods in general arc 

BIO and'J2. 

The Bayesian analysis is based on the subjective interpretation of 

probability' and Bayes' Theorem. The experimenter, before starting an 

experiment is able to assume an appropriate prior dis~ribution for the 

parameter(s) to be estimated. After 'performing one or more experiments, 

"l 
he can update the probability density function of the parameters by using 

Bayes' Theorem: 

3.19 

where,f
2 

is the posterior probability density function of the parameters 

3.17 
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~ with variance-cQvariance matrix~. ~ are the new experimental 

responses for the control variables~. fl is the prior density function 

as defined previously and f3 is a likelihoOd. In this way, subsequent 

eXEBrments':',are used to update the previous degree of "belief in the 

distribution or, confidence regions of the estimated parameters. 
) 

These two techniques provide a way of more completely presenting 
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, 

the parameter estimates. These two techniques are superior to, any 

me~od which s~ports a point estimate or even to one which reports 
~ 

a ~imple interval estimate. One essential part of both of these techniques as 

applied in our sitllation is a knowled~or at least a ~ood' es,timate of 

-the variance-covariance matrix. 
~ 

Bayesian and likelihood techniques can also be empioyed to 

discriminate among possible models and to express a measure of confidence 

in these models. HOwever, as stated by Box and Hunter (B8), MThe damage of 

poor design is irreparable; no matter how ingenious-the analysis, little 

information can be salvaged from poorly planned data". 

3.4 ' EXPERIMENTAL DESIGN 

Considerable study has been given to the field ?f.experimental design. 

This work can be convenientlY divided into two sections: for parameter 

estimation and for model discrimination. Some combined criteria have 

also been proposed (H6). In this study there are two experimental design 

• problems to be solved. For, practical reasons parameters had to be 

estimated in the packed bed reactor where the model was known. Secondly, , 
, 

in the fluidized bed reactor, experiments had to be designed for model' 

discrimination. 

" 

, 
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'fl 

J. '4.1' PARlIMETER ESTIMATION 

I.f experiments are not carefully ·planned, the operating conditions 

may be ~o situated in the control variable space that the estimateb which 

can be obtained for the par~eters are not only imp~Qcise b~t also highlY 

correlated. There has been considerable investigation of th~.Jbsign of 
, 

experiments for models which are non-linear in the parameters (Bll, C5, K17, 

AJ, D6, KID). These workers have attempted to reduce the hypervol~ in 
1'-, ' 

p parameter jspace which defines some regi~ confidence for the PFameters. 

The multiple response·- multiple parameters design is a simple extensio~ 

of the one parameter_ one response case. In th!l latter case, the 

experimenter attempts to choose the operating or control variables so that 

the derivative: 

[
a (response) j 2 
a) 

3.19 (parameter 

\ 
is maximized (Bll). In this way, ,the effect of the experim~tal error 

leading the experimenter to an incorrect estimate of the pa~ameter will 

be minimized. For one parametsr and r responses the effect of the er~or 
..., 
" , on each response must be considered. Even though the derivative as written 

in equation 3.19 might be large for qne response, the expected,experimental 

error might also be' 'large thus negating the effect of a large derivative. 

Thus each derivative is weighted by the in~rse of the variance. expected 

for that response (DIO). To design experiments for r responses and p 

parameters, the control variables are chosen so as to 'maximize: 

XT E -1 X I 
-u - -u 

3.20 

where E and X are as defined previously. The derivatives, in the case 
-u 

of most complex non-linear models, are determined numerically. The 

derivatives for the conditions ·presently being considered, the n+l 'th 
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trial, must be determined. 

'If only one experiment is to he performed, a directed search can, 

" determine the set of control,variables that will maximize the determinant 

defined by equation 3.20. Often it is more pract~cal from an experimental 
( 

point of view to design and perform a block of experiments. This is only 

slightly 'less efficient (B15) than the sequential approach of designing- , 

One experiment, performing it, analyzing the' new parameter estimates and 
, 

then,.if warranted, repeating t;he procedure. 

,If,one experiment is to be designed, a directed search over the 

control variable space will yield the conditions for the best experiment. 

If a blpck of experiments is to be performed a Monte Carlo prqcedure 

could be employed to' select possible sets of operating conditions and the 

best ones selecte1. A similar method is desc~ibed in Cochran & Cox (C9). 

" Although this is not as efficient as a direct search for determining the 

best possible sets of operating conditions, it may require substantially 

less computation time and the resulting sets of operating ,conditions should 

be reasonably close ,to the best sets. A number of sets of operating 

conditions can be ran?omly chosen and the best ones selected. 

These methods of experimental, designs are based on the criterion that 

the total uncertainty in all the parameters is minimized. In some cases, 

L 

this may not suit the requ~rements of'the estimation, situation. This 

present study has indicated that if the; parameters that, are estimated are 

to be used in another model, a different criterion should be employed. This 
, 

criterion includes in the analysis the effect of the uncertainity in the 
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parameters On the preCision of the predictions of the second model. That 
\ 

is, the sensitivity of the final model to 'the parameters that are being 
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cHtimated from another exper~ental system must be considered when designing' 

the experiments in this ~y"tom. Elaboration of this point may be found 
.-;: .. 

in Chapter Six and Appendix K. 

) ,4,2 MODEL DISCRIMINATION 

The e~perimenter is usually faced with a number of models that may 
/ 

descr;be the physiqal'system to be investigated. They may represent different 

postulated reaction paths, flow patterns, reaction orders, or any of a 

number of possible mechanisms. When modelling a syste~ in which a umber of 

models may apply, each with differ~nt parameters to be esti ated, it is 

desirable to reduce the number of models being considered. In this way, 

,the more probable models, and their parameters, can be defined with greater 

precision with less computation and experimentation. This discrimination, 
, ' 

procedUre only guarantees that the best model of those proposed will be 

chosen to fit the experimen'tal data over the ,investigated range of 

independent variables. Formalizing the discrimination procedure will 

hasten the choice of the best model 
, ~I 

from among those proposed. This best 

model may still be inadequate if it is not 'a good one in the sense that 

it uoes not predict the experimental responses within the experimental 

error. 

ZlU'erimental design for model discrimination is simply a formal 

pr~ce,dure for choosing operating conditions so that when the experiment is 

analyzed the greatest 'possible difference among the models can be detected, 
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As in -the CAse of experimeJltAl design _ for parameter estimAtion. the _choice 

of the operAting conditions is Also Affected by the error in meAsuring 

the rosponses and by the uncertAinty in the predictions Arising from errors 

in the pArameter estilllLltes. SOllIe criteriA for experimentAl design for- this 

purpose Attempt to bAlance separAtion between models And errors in prediction 
• 

stemming from these sources. 

( 
Reilly (R5) presents A summary of SOlllO of the methods with examples 

of the criteriA used for experimental desig~for model discriminAtion. 

TheBo arc: The Roth criterion \(R7). th'; Box Ak-Hill (B12) criterion and 
(J 

the expe4ted entropy criterion (R5). These criteriA increAse in complexity 

as listed above and differ in their treatment of the error structure. In 

all cases, the prior degree of belief or probability of the model, bAsed on 

all the previous experiments, is used for weighting. 

The Roth criterion, presented in his thesis (R7) is the simplest 

and easiest to apply. No direct reference is mAde to the effect of any 

errors. l\s it was initially written for the single ,~sponse case operating 

conditions ~ are chosen to maximize: 

m 
Z(~) ~ 1: P(j,n-l) 

i-l 

m 
(P(i,n-l) IT Inj(~) 

j-l 
j"l 

" -' 

I 

, 
n'th trial to be performed. P(i,n-l) is the posterior BAyesian 

probability of the i'th model after the previous n-l experimental trials 

3.21 

have been completed and m is the number of moqels. A criterion similar to 

equation 3.21 can be proposed for the-multiple response caSe by including 
( 

the'product of differences between each of the responses9 

, \ 
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m 
l: [(P(i,n-l)+P(j,n-l)} «!lr!lj)T~-l(!li_!lj»)! 
jal 
j,.i 

3.22 

The quantity within the curved brackets is multiplied by the sum of the prior 

probabilities of models i and j. The inverse of the variance-covariance 

matrix is used to weight the expected responses of the i and j model for 

the chosen operating conditions ~. 

The deficiency of the Roth criterion is the failure to include the 

effect of error in the predicting ability of the model. The Box-Hill 

criterion includes the effect :,o,f the prediction error in the models. The 

[lox-Hill criterion. (B12, H7) is based on Shannon's (57, K19) entropy 

Clpproach to information theory. The entropy is analagous to thermodynamic 

entropy and is a measure of the randomness or uncertainity. This criterion 

considers uncertainty in both the experimental responses and the model 

predictions. The maximum expected decrease in entropy for the total system 

is the criterion used to choose the next experiment with operating conditions 

f,.. 

chClnge 

.. 

The third criterion involves the calculation of the expe~ted entropy 

rather than using the upper bound as in the Box-H111 criJerion. 

Reilly (RS) presents a me~for calculating :he integral necessary lo~ 

defining the expected entropy change. 

Many methods of designin~ experiments for model discr,imination are 

Clvailable. The importance of including the effects of experimc"ntal error 

Clnd prediction error can easily be seen. Comparisons of the various methods . . -
have generally shown that all the methods select the same or very nearli" 
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the same conditions as the best for the next experiment to be performed (RS)" 

• 
If more than one experiment is to be designed. all the criteria would choose 

the same experiment to be repeated. This can be considered to be a weakness 

if other sets of very different operating conditions exist that are expected 

to provide almost as good a discrimination. This problem and a proposed / 

solution to it for the design of blocks of experiments is. fully discussed 

in Chapter six. 

The mathematical techniques described in section 3.4 are'very important 

and must represent part pf any experimental investigation. The investigation 

\' 
of physical systems is usually an iterative procedure of conjecture. design. 

experiment a~d analysis. Thus. a procedure of total experimental redesign. 

of which experimental design as described here is an importan,t step. should 

be followed. A formal description of the various 

redesign is given in the next secfion. 

3.5 TOTAL EXPERIMENTAL REDESIGN\. r 
The experimental cycle of design-experiment-analyze is well known. 

The necessary techniques to avoid the irreparable damage caused by POOl:; 

design of experimental operating conditions are well understood. A mu~titude 

of statistical techniques are available to ,obtain the maXimum information 

from the eXperimental data. The experimental cycle is iterative and the 

error that could limit the attainment of the final goal can come from any 
\ 

of a multitude of sources. Thus. a total redesign of the total experimental 

cycle should be undertaken. formally or informally. before each "experiment-, 
IV , 

step o~ the cycle is begun. This simPly~nVO~es a sdnsitivity analysis of 

all the possible contributing sources of err~rf' ·The total number of possible 

errors are too many and their individual 'llagnitud" .. are too difficult to esti ... te 

wibhout some form of sensitivity analysis. I 
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The errors will generally affect th? results of , an experiment in 
~ .. 

one of two ways. Estimated·parameters or model predictions may be imprecise 

and have a larger than desired variance or confiden~e,region associated with 

them. Secondl~, the parameters or the model predictions may be systematically 
. I ~ 

higher or lower than the true parameter values or model predictionS. There 

are many errors which may cause these effects but they can generally be 

grouped into five. categories: 

1. Improper Experimental Conditions 

2. Deficiencies in the Model 

3. Uncertainty in Paramete.rs Assumed to be Known 

4. Experimental,Apparatus 

5. Analytical Techniques 

The effect and magnitude of any of these can usually be readily and simply 

determined by using a sensitivity analysis. The analysis is performed by 

observing .the magnitude of the change in a parameter estimate or a model 
, 

prediction for a small change in one of the above sources of error. By 

comparing the magnitudes of the various contributing errors the experimenter 

can efficiently concentrate on reducing those with major .co,ntributions and 

not spend valuable time and money on those that are negligible. As given 

here this analysis ignores interactions. If they are expected a reasonable 

number of them can be investigated b~similar methOds. f 

Deficiencies in the models are closely related to experimentally 

observable conditions. These may include temper~ture or pressure gradients, 

non-ideal·mixing patterns, inconsistency in packing or any number of conditions 

that are not described by the model presently being used. The first step is 
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til ,t.'tot-mlno it thoy would Arrnet the roaulta and concludona ot tho atudy 

If thoy woro Includod In the mod.l. Thill can u'"ually b. o.ally dotarmlnod 

wi lI",ul m,'Jor chAngeR to tha mod"l. It. tor axampla. a proaaura qradiont la 

I l\llll'l-Vpd , tho concluaionll from tho modol can be comparnd u81nq flrat tho 

Int.'t I'renuure and than tho outlot proaaura In tho IIIOdol calculation. It 

thpn' In An appreciable ottoct of the prea.uro. it must bo Includad in tho 

"1<,,1,,\ or .,lso tho "pparatuB rndeaignod to ollmlnato tha pr" •• uro drop. It 

'm.,y h" V(1ry unwlao to n""lect Inv".tlqating tho Bonaltlvity ot an attact 

which tho experlmontor "toola" is unimportant -tor hla ca.o. ". quick. ovon 

""I",' of mngnltudo. chock by oonaltlvity analysia will uaually provido a 

"'"'-" objectiv~ and honoot 'appraisal ot tho importanc!! ot a specHic phenomona 

IH ('ffoct. 

0,1<' of tho moot COlMlOn woaknoBooo In oxpor lmontal otudies 10 the 

I., i \111"<' til as,,!)ss the degreo of uncortalnty in paramo tors that are aoaumod 

t \1 hI' known. Commonly, p.l.rrun~tcr9 or phenomena are ind('lpendcntly dctcnninod 

in "'1<' nYllt('m for use in a second oyotcm trom which tho main conclu810no will 

I", ",,\cl<,. Th" preciuion to which th"9" v1l1u09 woro first drt"rminod. plus tho 

';"n,li ti vi ty of the conclusions to b" drAwn to orroro in thoo" parillllotora 

If not,tim" consuming Andcootly "xperim"nts and anAlysis 

",hid, m,lY n('vcr b"able to provide th" answoro might be perform"d and waotod. 
, 

I;, 'L,r" introduced in thi!l way arC! cO<MlOnly' n"gloctod in many exper imontal 

,;tlHll<'lI, "nd m"y bring about the total failure of. the project before it i. 

Indeed, often the identification of thio error io never made. 

In.,ccuracies In experimental technlqueo. or In rccordlng phenomena 
• 

",,1t-ll...-11 ~lrp occurring, can also l('~d to inc1ccurclto or imprC'cisc conclusions. 
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Th" offoctu of calibration errors, ranc10m oraYBtematic, aro ",,11 known 

.w ponuiblo oourcoa of conoldorablo orror. "simplo oonai tiv ity analysia 

wi 11 provide a <Juido ao to the ordor of ma<Jnitude of thoir affoct on tho o 

"t Ildy beln'} performod. Aloo, juot becauoe a phencxtm!na io not obsorved 
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d<l('1i not mOlln it doeD not occur. Improperly pODitioned thermocouple. in a 

I'.ll"ked b .. d reactor may not detect tho true tomperllture profUe lind proaence 

.,f " hot opot. This could lead to ostimated vllluoo of the IIpparent 

ol"tiviltion onergies much lllrger thlln actulllly occur. "'111in, II oimple 

';<"Jl!litivity Ilnlllysis clln provide an oatiDiato of the aeriouoness of an 

impn~C{Be measuremont of tho temperature profilcs. 

The method of ilnlllynis of the experimental reoponses must alao be 

,·.lrdu 11y investi'lilted. An estimllte of the expectod random orror inherent 

I n til<' me'thod of ilnalysis may show that tho error may bo of the Dame orller of 

flwlni tude "" the rosponse. It may be possible t.hat the intorpret;ation of the 

"";\llt" I" very sennitive to tho accuracy of tho rooponso being measured. 

If thin in found to be important, II new and more accurate mothod of ilnillysis 

mll,;t I,.. deni'lned.· Milny experimenters hilve discovered lllte in II study thilt 

U,,' m,·thod of ilnillysis, thought to be accurate, WIlS insufficient to provide 

t hi' c lp.lr answers that were sought. 

Thug il sensitivity ilnillysis performod eilrly in an experimental study 

'·.10 "olV<, filr more time and wasted experimentation thiln it tilkos to porfonn. 

It may indeed show thilt the error structure ilnd the errors inherent in the 

·;y,;1<'m being studied will not allow conclusion" of tho desired accuracy and 

j>rt·ci.sion to be obtained. 
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4.0 ESTIMATION 01' KINETIC PAIWIIlTERS 

Both the kinetics of the reaction lind the flow Qf reactants through 

u reactor must be described if a mech.,istic modnl is to be employed to 

predict the performance of a reactor. One could attempt to define and 

to estimate the i-equired parameters for both phenomena using the result. 

of the fluidized bed experiments. Thh approach to the problem was not 

,,,cd in this stuy since there would be a larlle exponditure ot computer 

timo uaing the tluidlzed bad modeh. The full justification for 

cHimating .the kinetic parameters independ~ntly ot th .. fluidized hod h i' 
presented in Chapter S. 

It was decidod instead to estimate the kinetic parameters' separately 

in u ~ystem where.the flow within the reactor was accurately known and only 

the kinetic model and the associllted kinetic parameters were unknown. 

A pocked bed reactor wa, chosen to ~tudy the kinetics of the 

react ion. The modellina ofthe.e reactor. is cOllUDon practico and .the 

flow and' temperature can be described qui tn accurately a5 ,hown in Append ix 

F. Thus, with the flow of ga, through the reactor accurately known and 
, 

the temperatures th~oughout the roactor moasured qhe only unknown would 

be the kinetic model and the associated parameters. In thi' way, the 
:'. 

kineti~s can be inve~tigated without the added complication of uncertainty 

in the flow of the reactants .. which"most certainly would complicate the 

analysis if performed using tho fluidized bed data. 

At the beginning of the overall study very little infurmation was 

available concerning both the performance of the fluidized bed and the 
• 

, 
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hydnJRcnoly.l. of I-hutuno. Two .lmllltllOooU' •• tullio. woro Inltilltod to 

~lItl"'r tho prlm.~lry Informutlon concernlnll hoth tho.o topic •. 1110 Inltlnl 

·;tlllly of tho klnotlc. wu. performod hy A. Orllcko. (02). 

Tho work roportod In till. chnpter covon tho totul kinetic .t.udy. 

II '''''ttmllry of the Inltlul work hy Orlltku. I. pro.antod In .octlon 4.1. Tho 

inlt lal Invl·.tlKutlon of, tho porfonnunco of thl. first klnotlc modol 'In tho 

rluidlt.ed hod modol., 05 reported In Chnptar 5, Indlcotod thnt further 

i"v,·"t Il(at Ion of tho klnotlcs wos nocessary. A chronologlcol do.crlptlon 

"I' tl'" totul Invostll!lItlon of tho klnotlcs would he vf:!ry dl~Jolntod .. 'l1llls, 

th,· various "spects of tho p"rnmotor ostlmutlon ure divIded Into "ectlon. 

atld all studle~ porformod uro reported In tho nppropriute .ectlon •. "10.0 

· ... et ions Includo: the oxperlmentnl uppurlltu.,' tho rooctor und reaction 

IIIO,kl<, the de"ll(n of experiments', the estlmotlon of puromotor. und tho 

a"alysis of confldenco In the modol. 1110 Justlflcotlon. for the oxton~lon 

to the more ril:orous ond complex models and nnnly.is· ure presentod In tho 

·1 . 1 I'R EV IOUS WORK 

'1110 inltiol pucked bed reuctor study fOr the purpo.", of formuloting 

.1 kinetic model and ostlmation of tho necessary purameters .was cat.ried out 

hy Mr. IIlgis Orlickas (02). The resultant modol and tho estlmnted parameters 

wer .. incorporated into severul fluidized bod models and used for tho Initial 

·;tudy of the fluidized bed. These studies,. as presented in the noxt chn.rter, 

clearly indicnted that further inyestigation of th~kiRotics would be . , 
J~cessnry and should be expected to improve the modolling of 'the fluidized 

bcd. 

• 
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Catalyst was prepllrod and II bench SClllo p"ck"d hod rOllctor 

,'on·,lrllcled. II kinetic modol WIIS fonnuluted lind Incorporllted Into 

" reactor model to doscribe the convorslon and selectivity of the 

illlegral rellctor. II series of experiments WIIS perfonned uslnK n-butllne 

allJ IIlso propane as feod. II Idock fllctoriul experimolltlll design WIIS 

per-fonned ut three levols of temperature, flowruto lind reactant' 

,'OIlCl·ntrlltlon. Standurd Cl'ntro point replicute exp""lments were perfonlll',1 

10 mOllitur the changing catulyst activity. 111e rClp,ired kinetic paraml'lor" 

weI'(' estlmateo und a tochnill"" developeo for the grollplng of parlimetcl's 

dllrillf! the seurch. Moo"l, for tho changing cutalyst activity wore also 

illvestiK,'ted. InJivlouul, confioence 'regions were estimntco for ench 

parameter ano an error analysis of the ohserved mole fractions of the 

reactor effluent data was perfonned. 

This study represent"" the initial stage of work reported in tlri:: 

chapter. 

·1,2 EXPER IMENtllL PROCEDURE 

II schematic of the flow 'y:;tem alld packed bed r',.lctor io; shown 

III Figure 4.1. n,e reactioll I,I:IS _rrieo out at essentially atmospheric 

pressure hy the oownflow of reactants throflgh a 0.276 cm, 1.0. hy 19.0 ern, 

Ion!! packeJ bed of 10." nickel on silica gel catalyst. 1111 lines excepl 

for the r,eactor and preheater were 1/8 in. 0.0. copper tubing so as to 

reduce dead volume. The reacl ur effluent was sampled hy means of a ga" 

sample valve and analyzed by gas,chromatography (lIppendix C). 
? 

• 
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FI' U) SY ST I'M 

The flowrate of feed gas was measured by means of the pressure' 

tlrop across a capillary and conttolled with a neetlle valve. The calibration 

I,rocedure and curves are given in Appendix A. A constant pressure of 

11.90 in. of mercury as measured on a mercury manometer was manually 

maintained using a Fairchild-Hiller model 10BP back-pressure 'regulator. 
J 

Thus any 5 I ight change in the reactor pressure drop. caused by cha'nging 

the flowrate would not affect the calibrations of the two flow meters. The 

feed gas was taken from high pressure cylinders. The same gases were used 

for both packed bed and fluidized bed studies. The hydrogen was of minimum 

purity Of 0.9999 and was purchased from Canadian Liquid Air. The n-butane 

was Matheson C.P. grade with a minimum purity of 0.99. Chromatographic 

analysis indicated only iso-butane (0.004) and ,a trace of propane. 

Many modifications were made to the original apparatus. Because 

of the low flow rates of gas and the need to change operating conccnirations 
. ' 

quickly the dead volume in the system had to be re<luced to a minimum . 

. All lines were 1/8 in. 0.0. coppcr.~and two purge valves were added to 

the feed system. Because of the low n-butane flow and since Meriam oil 

adsorbes n-butane, thus, changing its density, an inclined ~ercury manometer 

was. used to monitor the n-butane flow. An auxi llary hydrogen cy1.inder was 

added to supply an uninterrupted, oxygen free,supply of hydrogen to the 
. 

reactor so that the capillary flow meter calibrations could be checked 
• 

during a run. 

REACTOR 

The reactor and feed preheating coi Is' were immersed in a constant 

" 



temperature bath. lIelit was supplied to the bath by two 1500. watt 

." Chromalox immersion heuters which were manuall-y controlled with a 
\ . 

Variac transformer. llitec heat transfer salt (ll.l. Dupont Corp:) 
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"i th a me I t ing point of f75 of. was t~.e fluid in the bath. IIi tec is 

".eutectic mixture of pota~sium nitr~t'e, sodium nitrate F sodium nitrite 

and cun be used to 1l00oF. 'A two-bladed stirrer was immersed In the 

insulated bath to produce a uniform temperature throughout the bath. 

The prehcllter coil is approximately 3. ft. of 1/8 in. 0.0.· stainless 

steci tubing completely immersed in the salt bath. 

The reactor was 0.276 in. 1.0., 3/8 in. 0.0. stainless steel held 

·vertically and completely immersed in the salt bath. The cataly~~ was 

';lIpportcd on a 200 mesh ·s.tainless steel ·screen hel~ by a Swagelock fitting 

at the bottom. The reacting ias was intr?ducod at the top of tho bed. and 

flowed downward. The reactor was substantially modified and altered throughout 

the series of experiments. The reactor used in the initial study was 25.0 

em. long and contained three 1/16 in. ceramo chromel-alumel thermocouples 

"hich were inserted through the reactor wall from the sides and silver 

so luered. They were located at 1., 9. and 17.: cm. from the top of the 

reactor and were positioned on the centerline of tho reactor. For the 
.-

'temperature range over which the reaction rate was to be studied, the bod 

"'IS too long. Also a more accurate measure of· the temperature profile was 

needed. The bed was shortened to 19.0 cm. and thermocouples placed. at 1.0, 

3.6, 6.2, 11.4 and 16.5 cm. from·the top of the bed along the centre-line. 

An additional thermocouple was pla~ed on the inside waH of the rellctor at 

11.4 em. Stainless steel ·Swagelock fittings were used only at the top and 
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c 

h"llom of tho reactor ami the food lind oxlt tubing wore connected by 

.llver .oldllig to reduco tho chance of leak~. 

U'I'!.III'NT (:AS ANAI.YSI5 

Tho product gus from tho rOllctor wns nnnlyzed with II gas chromlitogl'lIph 

"'Iulpped with II Varian Aerogrtiph plunger-typo IIns snmple volvo. 1110 onulysh 

"a'; chanl/ed II numbor of times to Incrouso tho accuracy nnd to'roduco tho 

""aly,.I'; tlmo from 19. to 5. minutes. A comploto description of the 

~<' 
('allhrat.\oll proccdu'!'l' 

f: i v l'n I ~\ Append I xC. 

HLM:TOH OI'I'IVlTlON 

lind the serlos of analysls,schomos that woro ulod'oro 

.. 

The. catulyst was drlod at 200. oC. for throe·hours. Tho ronctor fuho 

Wil. vlhrated with a hand vibrator whllo fUling with cotnlyst te tho rcqulrrd 

+ 
depth (- 0.2 cm.). The feod preheotcr wns llttnthod and tho reactor look 

" . 
Il'stell. '\110 hydrogen foed was turnod on and the roactor slowly (15. min.) 

10were,.1 Into the hot sol t hnth to avoid the suddenvopo,i zat Ion of wntet 

,,,I,orhed 'during the filling of the reactor. Tho catalyst was reducod nt 

~;~;O,'F, for eight hours using tho auxL! lory hydrogen cylindor. Tho salt 

hath temperature wns lowored to about 400. OF. and loft overnight. A similar 

conditioning prQce~s ~i carric~ out for tho fluidized bed reactor except 

that the temperature droppod to almost room temperatura ovornlght. This 

difference, should he unimportant since no oxygen Is allowed to contact 

the catalyst and th.e catalyst activity Is determined by the upper 

conditioning temperature (54). 



The feed sYltem il purgod of oxygen which would immediately 

oxid~10 the catalyst. Por ono day before an experimontal trial both 

the hydrogen and the n-butane are fod through the feed system and 
. 

exhnu~tod to romovo. any oxygon from the lyaUm. 

The dosirod roacting conditions are obtainod by adjustina the 

hydrollefl7 and n-butar\o flow. and tho reactor temperaturo os moasuro by 
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tho thormocouplQs. Caro must bo taken to ensure thot tho hydrogon-to

n-butane food rAtio novor drops below 3.0. At 0 ratio ~owor thon this, 

cl1rbon doposition on tho catalyst may occur. This would bo dotoctod by 

11 rapid increase in the reactor pross~re drop and the catalyst bed 
• 

would havo to bo replaced. Both the do-sired hydrogell und n-butane 

flows und tho back-pressure on tho foed system of 11.90 in. of 'morcury are 

~ot. The dosired roactor temporature is sot by adjustinll tho heater 

Vl1riac control. The thormocouples in the reactor aro monitored on a 

l2-point chart recorder. The thermoco\Jple 3.6 cm. from the top of the 

reuctor is also continuously monitored .on a digita~ volt metor. This is 

the thermocouplo cl~sest to tho possible hot-spot and is the bost indicator 

.' of the thormal stoadY'state of the reactor.' Since about 0.025 mv. is 

equivulent to 1.0"F. the digital voltmeter p~ovides an excellent indication 

of temperature drift and thus t~ heot input to the sal t bath can very 

quickly bo adjustod to obtain steady state, .. The digital voltmeter also 

" provides a che~k of tho calibration of t~c strip chart recorder. 

A snmple is taken after four minutes if no visi~le change is 
.. --' ' ..... 

'observed in the feed flows (as indicated by the manometers) or the back-
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ill'l'sslIre and tho temperaturo drift is le5s than 0.003 mv. per minute. 

1\ check Is made to ensure that tho chromatograph filament ClJrrent l~ 

correct I)' s·ct. The pre,;suro drop across hoth cllpillary "flow motel'S Is 

rpcurc.lcd along with the reactor pressure drop. lbe flowrate of the 

reador effluent is mcasured using a soap buhble flow motor . 

. \ .. , K I NETI C AND REACTOR MOIJELS 

The background information and n I I terature survey of packed bed 

re"ctors "nd the hydrogenolysls of smull paraffins Is ]lresented In 

';L'ctlons 2.1 and 2.2. Tho specific models !-,sed In this study and the 

jllstification of the assumptions made are presented in. this ,;actlon. 

TI,eir evolution Is traced as they were modified in the iter3tive procedure 

of experimental redesign . 

. 1. 3.1 IIYDROGENOLYSI~ or N-BlITANE 

In the presence of excess hydrogen ·there wi II be no formation of 

oeol.e or unsaturated hydrocarbons. There arc six reactions that can be 

"\~ritten to describe the family of reactions that can occur. / 
(411 10 + 112 • (3118 + (H

4 
4. I 

(411 10 + 112 • 2(2116 
. ... 4.2 

(3118 + II -.--- • (2H(, • (H
4 

4.3 
2 

(2116 
+ II _. • 2(114 

4.4 
2 

--------(411 10 + 311
2 

,. 4(11
4 

4.5 

-----~ 
(3118 + 2H -. 

2 
~ 3(11

4
' -------_ ..... 4.6 

~ 
/' 

/ 

---
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'. 

[n ordor to d08cribo tho roaction rato of butano. in an intogral 

I ".I<:l.or, it 10 nocoDoary to know tho hydrogon concentration nt ovory 
• 

1,,11Il. :ilnco tho hyJrogonolyoiD of tho producto. propano nnd othnno. 
, 

(,·,,11,,11011/1 4.J, 4.4 nnd 4.6) occuro oimultarloouoly. it will bo nocouoary 

I" i IIdud .. thono r('actiono in tho (\OIJcription aD woll olnco thoy aloo 

i 'llI)~;UJnp hydrogen. Moreover, thoro arc other intoractions, such' as Burf'aco 

,'"Vt"li"'" by .,duorb"d moloculqo. that will affect the butario kinotic model. 

"l"1"·I,·for(', a full or p.:1rtial <\oocription of tho other reactiono io necoooary 

ill ""I"r that the parametor·a estimntod from the exporimentnl, integral bod 
, .... ,. ; 

(\.,1" ,1)1' m"iulingful. 

H(,~lctionn 4.5 and 4.6, no oucH, -wore assumed not to occur bocauso 

"f 1 h,: low probability of. breaking two or three of tho cnrbon-carbon bonds 

"i n,," i.l/H'OU!> ly. II ochematic diagram of theso reaction pathD io ohown in 
./ 

("i'",n' 4.2 (an nU'J<Jeated by Profoosor R. B. IInderson and Dr. J. C. Ke'llpling 

:;1 udy ill'! lht"!le Harne reactionn on a ruthenium cat.:11yut). For simplicity thio 

di,I'II.lln ,;howu only the major compoundo that are inVOlved in the reaction 

I, .. th,;. Tho compounds labelled C
l

, C
2

• C
J 

an'd C
4 

are the hydrocarbon species 

in I h,' 'P'; phase. Tho compourids labolled CI~' C2•• C
J 
~ lind C 4· represent 

1 iI.· hy,h'" :arbon specios tha L.:1ro absorbod on 

l\ 11 iI': JnJL.;drhon cracking is l'lss~cd to occur 

the surfaco of the catalyst. 

til tough th~ bro~king. one at 
.... -

,\ I im\', of th" carbon-carbon bonds of theoe highly active adsorbed complexeo. 

1",1.,· "xpr<'union5 are developed to describe the roaction paths. shown in 

(" i'l\I C(' .1. 2 with solid linos. Only the adsorption of but.:1ne and the 

dt'.';orpt ion of methane paths arc excluded, since in the ,rate 
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FIGUBE_LL2 (NERALL REACTION So1EME FOR HvnROGENOLYSIS OF ~1-BuTANE .. 
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equations yet to be developed nct rates will be considered for these 

compounds. 

One ba1ic change only, was'made to the kinetic model. The results 
, I' , 

of the initial oxporimbnts indicated that the ~ate of adsorption of ethane 

(previous believed to be small) was important. The initial experiments 

were not sufficient to ostimate this rato. The ethane mole fraction 

p'redicted in the reactor offluent was significantly higher than that 

\ 
measured whon the exporiments at a high rate of reaction and low hydrogen , 

content were analyzed. Further investigation, of the gas cpncentrations 

predicted by the fluidized bed reactor models indicated that these 

conditions of low hydrogen concentration and extensive re!lction were 

very common ,in the emulsion ph!!se. The readsorption of ethane must~be 

incorporated into the kinetiC model and the rate parameters accurately 

estimat'ed. The rnte equations developed here arc essentially those of 

Orlickas (02) but with the readsorption of ethane included. 

ASSUMPTIONS 

The following assumptio~s were necessary since no method was 

available for observing the particular phenomena: 

(i) Steady-state prevails on t,he catalyst surface, that is, 

rate of change of t~e active species on the catalyst surface is zero. 

This assumption requires that an equal number of active species of a 

particular type disappear through reaction and desorption as are formed 
, 

through reaction and adso~i?n. 
, 

(ii) The fr~ representing the amount df C4" species that 

reacts to form C
3

" plus Cl",species is 0,9 and is constant with temperature 

, 
• . . 



and catalyst activity. 

• 
i 

From Figure 4.2 it may be notep that ifF is 

77 . 

not specified, an infinite number of~sets' of solutions could be obtained 
, 

to, describe the reaction scheme, F could not be predicted from experimental 
, . 

analysis of tne effluent gas. It was estimated 1;>y O~lickas by extrapolating the 
/ 

selectivities of propane" ethane and methane to '~ero conversion of' n;:butane.' 

If all the carbon-carbon bonds of the adsorbed n-butane species were broken 

with equal ease, F would be 0.667 • However, both the experimental observations' 

and all the literature data indicate that a nickel catalyst is more selective, 

to 'the fracture of the terminal .carbon-carbon bond. It must be pointed 

• out that any value of F between 0.7 and O.~ would probably produce an equally 

valid, from a simulation point of view, set of kinetic parameters estimates. 

F was chosen as 0.9 since no ~easurement technique was available 70 provide 

bettor estimates. Moreover, it must ~e emphasized that the primary purpose 
, 

uf the kinetic model was to simulate rather than to uncover' fundamental 

mechanisms. 

(iii) The catalyst activity is defined as the ratio of the rate 

of reaction at any.time to the rate of reaction ,at similar experimental 

operating conditions and at a time at which the activity is defined as 

the known or reference act~vity! Catalyst activity is assumed to be 

directly related to the number of act~ve sites on the catalyst surface • 

• All sites are assumed to have the same catalytic properties. A more 
r 

detailed description of the proposed.moael for catalyst activity changes 
,~n 

15 given by Orlickas (02Y~ The ~atalyst activity is assumed to have a 

linear efJect on all. rate processes involved in the reaction, and, therefore, 
{ 

,1f'-"" 
I' ,I 
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) 

a factor for activity is included in all rate expressions. This factor 

is the ratio of the rates or frequency factors at the operating conditions 

under study to those at. a standard operating condition. The catal.yst 

activity for an ex~erimcntal .trial is determined from a standard 

experiment performed just before and ju':j after that trial. The activity 

is reflected by both but more strongly by the activity of the experiment 

'following the trial. The catalyst activity. (l/k o) for the n'th e:cperiment 

was defined for this stud~ as: 

(k/k) = [(k/k) 1 + 2. (ilk) 1113. o n 0 n- 0 n+ 4.7 

"hCTe the' subscripts n-l and n+l refer to the previous ·and following . 

experiments respecti~ely at a standard operating condition. The method 

of calculating the catalyst 'activity from. ~he experiments at a standard , 
condition is. included in section 4.5 where the method of parameter 

estimation is presented. Again it must be emphasized thai' the primary 

purpose of the kinetic model IoIas. to simulate rather tliltn .to uncover 

fundamental mechanisms. 

(iv) 
\ .. 

First order adsorption. desorption and reaction kineticI!" .-
wi th respect to the hydrocarb.ons IoIere assymed'. ,Literature data indic~ted 

. these orders of reaction were close to first order. This assumption greatly 
') 

reduced the number of par~eters to be estimated, 

RATE EXPRESSIONS 

• 
" 

Figure 4.2 can be broken down into sections according to components 

• 
and the eq~ations describing adsorptio~. desorption and reaction formulated. 

/ 

• 



• 
)79: 

.. 

.. 
n- BlffANE 

n,e net rate of disappearance of butane is described by the ,analys~s 

fjrst proposed by Cimino, Boudart and Tayl6r (C2): 

where 

4.8 . 

<r
C4 

= rate of reaction (moles/sec.gm. cat~l~~ 

flEB = " activation 'energy for butane 'reaction (cal./gm. mOle) 

'. 
frequ~ncy factor for 

- (m+n) catalyst atm. 

b~tane reaction (moles/sec:~ 

. -

\ 

= partial 'pressures of butane and hydr~gen, respectively~ 
. 

(atm.) 

m,n = constants 
. 

The term k/k represents the catalyst activity as previously defined. 
o 

PROPANE 

, F •. re . 
4 

• 

Separate rate expressions are required to de~cribe the adsorption and 
i . 

desorption ~f p~ropane. The rate of adsorp~ion can be' described by: 

... 
. .. 
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a -k a • n' \ r C ' = 
~ t kC exp (-flE

c3 
a /RT) Pc m PH 4.9 

3 3 , 3 2 
a ( = '. "here rC ~te of adsorption of propane (moles/se!:.gm. 

~ , , 3 
catalyst 

-. . 
kC 

a 
frequency factor (moles/sec.gm.cat.atm. -em t on) = 

3 j I 

flEC 
a 

activation energy for adsorption (cal./~.mole) = 
3 ' , 

,P = partial pr\!ssure of proP!l"e (atm.) , /-'-, C 
3 - . 

• • m ,n = constants 

Let Kp2 represent the ratio of the rate of 'reaction on the surface to the 

rate of desorption 
~ 

kC 
r ' r e * 4.10 'exp ( -flEe /RT) 

3 3 3 

d d e * 
, 

kc exp(-flEc /RT) , J 3 3 

r 
rC and 

3 
rates of~ea~tion .:nd'desorptioo, (moles/sec. , = 

, , 
gm.~ catalyst)" 

= frequency factors (moles/sec.gm. catalyst) 

= activation energies for reaction and desorption 

(cal./gm. mole) 

= fra<;tioll of active surface sites covered by C3* 

species 

Equation '4.10 can be condensed to: 
e-

Kp2 = kP2 exp(~flEp2/RT) 4.11 
/ 

• where kP2 r d 
= ~ /kC ' 

3 3 
, 



81. 

• 
d 

From a mass balance on. C3' as~umi,ng pseudosteady state on the surface: 

4.12 

Therefore: 
F • 

= 
.4: 4.13 

" 

The net ra,te of desorption of pro'pane is defined as: 
\ 

I 

4.14 

'Combining equation'4.13 with equation 4.14' 

F Kp2r C 
a 

r C ' -
4 3 

4.1S rC = 
3 (1. +K ') 

P2 

Therefore the rate of. production of propane may be 
c 

represented by:, 

." . m' , 
- ',k n F rC Kpl . exp (-I1Ep/RT) Pc PH 

4 fo . 3 2 
4.16 rC = 

3 

where Kpl KP2 kC 
a 

= 
3 

• 
, 

/' 
-I1E r d -I1Ep1 = + I1EC C3 3 

, . 
ETIIANE 



\ 
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The rat.e expressions including the adsorption and desorption are 

essentially the same as those for propane. The rate of adsorption 

-can be described ·by:. 
~'. 

• 

where 

k 
k o 

~, 

a m" nil 
e;q,(-flEe /RT)Pe Pc .4.17 

. 2 2 2 

= --'rate -of adsorption. of etpane (moles/se~.gm. 

ke 
a 

2 
a 

flEe 
2 

Pc 
2 

mOl , ntl 

c 

" = 

= • 

= 

( 
catalyst) 

, ,- (m"+n ll)' •. 

frequency factor (moles/sec.gm. catalyst ·atm. 

activation'lI1nergyj..f~r adsorption (cal'./gm. mole) 

• partial pressure of ethane· (atm.)' 
, 

constants 

Let KE represent the ratio' of the rate of rea.ction on the surface to 

the rate' of desorption: 

r k r 'r 
62* re C2 , 

exp (-flEC IRT) 
4.18 

KE 
2 2 

= --a- = d ' . d 
rC kC exp (-flEC /RT) . 62* 

" 2 . 2 2 

/ 

.., 

r ., 

'where r d 
rC ,re 

'rates! of .reaction and pesorption (moles/sec.gm.catalyst ., , -

2 2 
r d 

ke ,kC 
2' 2 

r d 
flEe • flEe 

2 2' 

f~equency factors (mOles/sec.gm. catalyst) 

activatio~ energies fdr reaction and desorption 

(cal./gm. mole) 

fraction of active surface siles covered·.by 
.' 

c2* species 

/' 

/' 
I 
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,\ion 
4.18 can be conde'nsed to 

K ~ kE exp (-6EE/RTf 4.19 E . 
d ~ r where kE g kC IkC' 

2 2 

~6EE -6E r 6E' d - + C2 C2 

From a mass balance on C2* assuming pseudosteady state on th~ surface: 

d 
"rC . + 

2 

Therefore: 

= 

1 + ~ 

• 
The net rate of desorption of ethane is.defined as: 

Combining equation 4.21 with equation 4.22 

rc = 
2 

where 

r 2(1- F)rC + rC 
4 3 

KE2 ~ KE kC 
2 

Ii 

-6E' -6E r 6EC = + 
£2.~ C2 

• METIlANE AND. HYDROGEN 

I + kE exp ( -6EE/RT) 

d 6EC 
a 

2 2 

By overall mass balance on equations 4.1 to 4.6 and assuming 

4.20 

4.21 

4.22 

4.2f 

pseudosteady state, the rate ~quations for the production of methane 

and disappearance of hydrogen are:' 

.. 
"I 
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rc' ,- 4 rC - 3 
1 4 

4.24 

rH ::0 3 rC - 2 
, 2 4 

4.25 ,) 

SUI-Il-IARY , 

I The rate equlrt,ions given by 4.8, 4.16, 4.23, 4.24 and 4.25 are needed 

to describe the hydrogenolysis of n-butane. Assumed values were use~for 

five of the'kinetic 'parameters: 

m, m', mn, t.Epl ' t.EE2 ( .... ~ 
, 

, The values of m, m' and mn were assumed equal to one. This appeared to 

be a reasonable assumption in light of thll reported literatu,re in which 
, {) 

the rates of reaction appeared essentially first order with respect t9 

the hydrocarbon partial pressures. The values of t.Epl and t.EEZ,differ 

only from t.Ep2 and t.EE by the respective energy of activation for the 
,~ , 

rate of adsorption for propane and ethane. Limited literature studies 

indicated that i~ is very difficult to estimate this rate independently 

• 'and that a value of 10'. k.cal./mole was a reasonable estimate for the 

adsorption step for both gases. Thus for the purpose of parameter estimation: 

'"' t.Epl '=, t.Ep2 - 10,000 4.26 

t.~2 = t.E ' -, 10,000 
E 

4.27 

and values of t.Ep2 and t.EE w~re estimated using these relationships: 

The kinetic parame~eis which,must be estimated from experiments are: 

, 
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. ~ 
!pe kinetic parameters and equations will be combined with the fluid 

I • 

mechanical, the material and the energy balance equations for both 

reactors. '.,The kinetic parameters will be estimated from packed bed ,::!. 

experi~nts where the flow equations can be accurately described. They 

will be used in the fluidized bed models to assess the predictions of the 
\ 

variOUs models for that reactor. 

. '. 
4,3.2 PACKED BED REACTOR 

The-Idnetic parameters defined in sectien 4.3.~ were esti~ated h¥ 

searching for the values whi'ch minimized t~e surf of squares of the difference 

between observed values and values predicted from a packed bed reactor 

model .. The predicted values are obtainlld by sotving the appropriate 

differential equations describing the reactor an~reac;tions . This section 

describes both the specific packed bed reactor model and the assumptions 

made to. formulate it. 

The reactor mo~el used first was .the standard simple integ~al pacleed i 

bed model: 'h\lmogeneous, isothermal, isobaric and iJlcludillg only bulle axial 

flow. On th~ basis of sensitivity analysis it was modified to include axial 

temp~rature and pressure pr9files before being used for the final estimation 

of the kinetic parameters. The model assumptions and their'justifications 

are presented below. 

SPECIFIC ASSUMPTIONS FOR MODEL , . 

(i) The packed bed is assumed 'statistically homogeneous with all . 

changes in the bed occurring contin~ously and smoothly. The bed diamet~r 

and the mean particle size· are 0.70 em. and 162~ respectively. Hlavacek (H2) 

. \ 



86 . 

. J 

[('ports that a Ilete~ogen~ous pac~ed bed a«n be treated as a continuum if. the, 
~ 

tube diameter' is greater than 10 particle diameters and the depth greater 

than 6. 

(iiJ The gas is assumed to. flow in plug flow. Beek (83) reports 

that if the particles are smail the velocity profile is {lat at leas~ 
/ ' 

over the central ~oitl?n ~f the cross-section'. The exact. solution to this 

problem is still unresolv.ed. 

(iii) Concentration gradients in the radial direction are assumed 

negligible. The packed bed encouq"ges radial mixing and the diffusi6n path 
~. ... 

is small because of the small tube radius (0.3S em.). • 

(iv) 
, . 

Axial diffusion can be neglected when compared to bulk flow. 

The tletailed calculations supporting this assumption are given in Appendix F. 

(v) There is no interparticle ot intraparticle mass transfer 
• • ~, 

limitations and the heat transfer rate is sufficient to keep the particles. 

at the same temperature as 5he gas. Calculations supporting these assumptions 

\ 
,arc given in Appendix F. 

\ 
'in a laminarly flowing system. 

(vi) The pressure drop across the reactor is linear as expected 

The maximum observed pressure. drop for' the 

data used for parameter estimation was 0.17 atmospheres. Table 4.1 s~s 

• the effect of pressure on the model predictions of conversion and selectivity 

of ethane and propane for a constant pressure ~odel. Both predictioDs are 
, 

for the same conditjons except for the~eactor total pressure. At higher 

• 
temperatures and more n-butane in the feed. the dirferences in the predictions 

are even greater. There was no measurable pressure drop or reaction when 

the empty reactor was run under these conditions. 
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ATM. 'pO Ipo , ml./sec. 
. ·c. .sONY. S2 S3 H2 C4 

. 

1.067 4.0 1.7 253. 80.9 . n. 254 0.398 
. .' 

. 
1.134 4.0 1.7 253. 74.5 0.242 0.438 , 

r--~ 

TABLE 4.1 EFFECT OF PRESSURE ON MODEL PREDICTIONS 

. 
\ 

-.. 

, 

~ 

• 

\ 
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. ' 
\ 

(vii) There is no blank reaction.' Experimental tests with tlte 

empty reactor at condi tions far more severe' than those used for parameter 

estimation showed no reaction. 

(viii) The gases in the reactor are assumed to obey the ideal gas 

law. 

(ix) The axial temp~rature profile through the reactor can be 

approximated by linear interpolation between the observed thermocouple 

mc",urements and the radial temperature gradients are small. The 

temperature profile for the most severe experiment used in the parameter 

estimation is shown in Figure 4.3. The first thermocouple measured the 

feed gas teml?C)rature above the catalyst bed. ' The sharpest temperatura. 

gradient is between there and the thermocouple 1.0 cm. into the bed. This 

is due 1:0 the fact that only the salt ba'th was used to preheat the feed. 

The thermocouple 3.6 cm. into the bed is the best indication of the " 
, A 

magnitude of~~ny hot spot. The magnitude and position of a hot spo~ 

will vary depending on the reaction conditions. Excluding the, first 1.0 

cm. of the bed, the maximum temperature range for the bed was 4.8 °c but 

for most of t,he data used for parameter estimation the range was less than 

half of this. The observed temperature profile is that which would be 

expected quantitatively in a packed bed reactor and the thermocouples were 

concentrated near the entrance so as to measure the critical region. The 

maximum 

per cm, 

observed temperature gr'ent between 1.0 em. and 3.6 CI1I. is 1.0·C. 

along the axis of the reactbr. The radial temperature gradient was 

not measured.' The well stirreq hea't transfer mediUlll around the reactor 

would provide cooling. 'Based on the maximum observed axial temperature 

D 
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gradient of 100°C. per cm. and the reactor radius of 0.35 cm. a rough 

estimate of the axial temperature gradient between 1.0 and 3.6 cm. along 

the reactor might be 0.35°C. 

MODEL 

From a mass balance on a differential height of a packed bed 

react"r: 

dc 

dx 

where C = 

-r " v 

u = 

x = 

since u = V 
A 

dP " ax 
where P = 

T = 

R " 

A = 

V = 

ME11l0D OF SOLirrION 
i 

-r 
v 

u 

• 

,J--

3 concentration of reactant (gm. moles/cm. ) 

4.28 

3 rate of disappearance of reactant (gm.moles/sec.cm. ) 

superficial velocity (em/sec.) 

length along reactor (cm.) 

and C = P 4.29 
RT 

(R.T.A.) (-r ) 4.30 
V 

v 

partial pressure of reactant (atm. ) 

temperature (OK. ) 

gas .constant (atm. em. 3/gm. mole °L) 

reactor cross sectional area 2 
(em. ) 

~" 3 volumetric flow (cm. /sec.) 

"-
-, 

The equations describing the rates of disappearance of the five 

components (4.8, 4.16, 4.23; 4.24, 4.25) were combined with equation 4.30 

giving five coupled non-1inear differential -equatiolls; These were 
i,---

\ 
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• 

';imllltaneollsly integratod using a fourth order R\lnge-Kutta numerical·' 

integration technique. The step size was allowed to vary in order to 
. , 

monitor and to correct for the integrl/.tion error and to increase the 

step if justif,ied. -6 The maximum allowable error was 10 atmospheres. 

For calculational purposes the reactor whs' considered as six 

reactors in series. Each section was bounded by i thermocouple and the 

1 incar te~~erature profile, as shown in Figure' 4 .3, defined the temperature 

at any point 'in that section. 1\ uniform linear pressure profile representing 

the total reactor pressure drop described the total pressl;lre along the 

reactor. The average execution time for one reactor calculation required 

0.5 second on a C.D.C. model 6400 computer. 

4.4 pESIGN OF EXPERIMENTS 

The statistical techniques for the design of experiments is only 

one, although a very important'one, of the considerations in the total design 

or redesign of experiments for parameter estimation. This procedure requires 

the expenditure of time by the experimenter'. Many recent studies on this 

subject indicate that these techniques should be applied as soon as possible, 

even after only, a very few exploratory expe~iments have been completed and 

only ~~Ii crudest estimates of the parameters obtained. Indeed, the poorest 

of estimates from the literature or the experimenter's intuition may be 

sufficient for all but a few of the parameters. Then, the experimenter 

can very early design and begin the right experiments for param~ter 
• 

estimation and/or model discrimination. 

The preliminarY'packed bed experiments were performed according to 

a block factorial design (02). 'There was a large amOlmt of uncertainty 

, 
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,~bout the reaction rates and catalyst activity as well as the dependability , 
i 

~? the initial 'apparatus. Orlickas perfoI'1lled his set of.'expex:imen~.s over 

two levels of flow and feed concentration and three levels of temperature. 

Each' experimental trial was replicated and was followed by a trial at a 

standard condition (midpoint) to monitor the catalyst activity. All the 

data were obtained over a continuous ninety~six hour operation. The 

operating conditions are shown in Table 4.2. The preliminary kinetic 

~odel that ~as (irst entertained was of the polynomial type and so an 
. 

orthogonal experimental design was chosen as a convenient initial 

experi~e~tal design to be performed. Analysis of the data and the 

requirements of the fluidized bed models indicated that a regression model 

would not be adequate. By attempting to investigate the effect of the 

independent variables over the total possible rangeJsome of the operating 
, 

/ 

conditions proved to be too severe. This is a very common occurrence during 

initial experimentation wh'en a wide range of operatin!! conditions are being 

explored. However, these experiments provided sufficient data for the 

formulation of a kinetic model and initial estimates of the'required 

parameters. f 

Further experiments were necessary to obtain a more precise and 

accurate description of the kinetics of the reaction. These new experiments 

were necessa~ for a number of reasons: 

(i) The temperature profile was not adequately def~ned since 

only three thermocouples were used in the experimenta~ reactor. The 

original model assumed the reactor was isothermal since relative~y small 

" 
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"'-
OPERATING CONDITIONS . ..., -

J 
FOR TWELVE TRIALS FOR HID POINT 

TEMPERATURE (oC.) 246 258 282 258 
. , 
RATIO (H2o/C4o) .4.0 9.0 6.5 , 

FLOW (ml./sec.) 1.0 -1.8 1.4 
, -

TABLE 4.2 D~SIGN OF EXPERIMENTAL T~ALS FOR INITIAL PARAHETE~ ESTIMATioN 

) 

" 
( 
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temperature' differences were recorded. 

(ii) The original reactor model was isobaric. 

(iii) Experimental conditions close to those predicted to be 

occurring in the emulsion phase of the fiuidized bed mod~ls 'must be 

investigated. Experiments with much lower hydrogen concentration and . ) / 

more ex~nsive reaction must be used for parameter extimation. Moreover, 

the original experimental range was not sufficient to allow a reasonable 

estimation of the readsorption of ethane, a step Which waS, occurring at 
/ ) 

a significant.rate in the fluidized bed. 

(iv)-~e original me~ of chromat09rr:hic analysis, as given 

lin Appendix C, ,was no~ ;ufficientlY accurate' for experimental trials 

• high conversion. 

at 

(v) Uncertainty existed as to the exact catalysf-v'oidage in the 

initial trials. This value and the corresponding value for the fluidized 

bed'are critlcal if the kinetics are determined in the one reactor and 
) . 

then used in the other. 

Because of these inadequacies tpe previous experiments could not be 

us~d to develop a revised kinetic model. 

The criteria, used for the design of the experiments as given by 

equation 3.14 was 

T -1 /' X E X 
-u- -u 4.31 

\ 

over the 'c6ntrol variables of temperature, feed ratio and flowrate. 'Strictly 

speaking for the design of experiments with a multivariate response E must, 

be known. In this case, not knowing f. an estimate was used. To obtain 

• 

\ 

\ 



· . 
. this matrix five. groups of three replicated ~xperiments were performed 

with the modified apparatus and exit gas analy~is technique. The 

experimental operating condttions were chosen to cover the expecte~ 

ranges of temperature, flow and concentrat~ons to be selected by the 

experimental design technique. In most cases the exact settings of 
~ 

95. 

these variables could only be determined once the·reactor was operating 

since conditions' of SO ',' to 98.' conversion and at low hydrogen concentrations 

were beyond. the range of the data used to develop the initial model. , . . 

Al though an estimate of experimental covariance requires operapng 

replicate experiments, that is, under conditions of identical settings. of 

the control variables,some variation did occur within each set of three 
" 

experiments. To compensate for this, minor adjustments were made to the 

observed responses. An a-..:erage valu.e of the control variables was 

calculated. for each set of three replicates. "Predicted model responses 

were calculated for each of·the three actual control variable settings 

and for the average control variable settings. The differences between 

the calculated r~sponses for th~ 'avera'ge control var'iable settings and 

those for the three ~ctual experimental trials were det~rmined. These 

di fferences were subtracted from the value of the measured experimental 
/ 

responses for each of the three experiments. The control variables for 

each experiment as well as the calculated average control variables are 

( 
, 

shown in Table 4. 3a. It can alGo be seen from Table 4. 3a that the adjustment 

made to each of the measured responses is very slight. The estimated 

variance-covariance matrix is shown in Table 4.3b. It is not distorted by 

known and detectable differences in the control variables and provides an 

--
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r 
OPERATING CONDITIONS RAW RESPONSE ADJUSTED 

RUN pO ·C. '. CONY. S2 S3 CONY. C4 Hi 
sec. S2 S3 

.1275 .9426 ' 270.43 .9956 .2401 .1936 .9974 .2402 .1880 

.1315 .938,2 2,0.38 .9959 .2439 .1882 .9960 .2434 .1884 ...;,. 
"11., 

.1293 .9409 270.75 .9960 .2542 t1759 .9943 .2547 .1789 .. 

.1299 .9403 52 ' If: ., 

.1l38 .9582 .5798 .4863 

.1119 .9615 .5799 .4772 

.1090 .9637 .5635 .4820 

.9179 .2494 

.9244 .2485 

.9216 .2479 

.9612 .2323 .2294 .9~04 .2317 .2319 

.9510 .2318 .2351 .9550 .2333 .2282 

.9500 .2337 .2358 .9511 .2341 .2~40 

• 

TABLE 4.3a DATA FOR ESTIMATION OF VARIANCE-COVARIANCE MATRIX FOR , 

PACKED BED EXPERIMENTAL DESIGN 
I 

• .. 
• 



• 

. . 
CONVERSION S2 S3 . 

. 

0.15225 -0.13544 -0.05618 -
• -0.13544 0.33687 -0.06i84 

-0.05618 -0.06184 0.19344 
. 

. 

TABLE 4.3b ESTIMATED VARIANCE-COVARIANCE MATRIX OF CONVERSION AND 

SELECTIVITIES OF ETHANE AND PROPANE FOR EXPERIMENTAL DESIGN 

I 

• 

. . 
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estimate of the error in replicated experimental trials performed at' the 

exact same settings of the control variables. 

Preliminary experimental design selection indicated that better 

designs could be obtained, as measured by equation 4.31, if only n-bu~ane 

rathe~ th!n a proposed feed of n-butane and methane was used. Also, a 
'- .. 

reactor length of 2S.0cm. as ,used for i~itial kinetic ,inve~tigations was 

too long. A length of less than'16.0 cm. was not acceptable since the 

chosen designs would PI~c~ all temperatures a~ the upper limit of 

te~peratures which cou~ be achieved in the fluidized bed. At this 

time the operating conditions to be selected for the final fluidized bed 

studies were now known. As a compromjse a reactor length of 19.0 cm. was 

chosen. 

To use equation 4.31 the ~eterminant must be evaluated over the .' full range of control variables as indicated in Table 4.4. The'te~erature 

range was defined by the upper possible limit of operation in the fluidized 

bed. A flow much below 1.0 ml./sec. would come close to the limit of some 

of the model reslraints for the packed bed and a flow greater than 2.7 ml./sec. 

produced an excessive pressure ,drop. A ratio lower than 3.0 could produce .. -

coking and a ratio greater than 6.0 produced little reaction. The reaction . . 
conditions generally chosen by the design ~ere at high temperature, high 

flow and low ratio. 

The maximization of the determinant in equation 4.31 could be 

achieved by a direct grid search but becB:u'se of the high c~mputer time 

expenditures involved, a Monte Carlo technique was employed (eg, 816, J3). 

" , 
" ' 

'I 



VARIAllLE . RANGE INTERVAL 
~ . 

.c' 
, 
I 

Temperature (OF. ) 485. - 625. 1.0 

Flow (m1./sec. ) 1.0 - 2.7 0.1 

Ratio '(po Ipo ) 3.0 - 6.0 0.1 
H2 • C4 

. 

TABLE 4 ... 4 RANGE OF INDEPENDENT VARI!'BLES FOR TIlE DESIGN -OF 

EXPERIMENTS FOR PARAMETER ESTIMATION. 
" 

;' 

• 

'II' 
I ' 

" 
., 
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k set of twelve "best" experiments to obtain the parameter 

estimates was determined. The initial' X matrix was ~etermined for the 

experimental trials reported in Table 4.2. The derivatives of each 
, 

100. 

response with respect to the param6ters were determined for each of the 

proposed trials chosen by the Monte Carlo search. The derivatives for 

each of these proposed trials wer~ added, one at a time, to the! matrix 

T --1 and then the determinant of.! r X calculated. The operating conditions 

resulting in the maxi.mula value of the determinant were selected as the 

next set of operating conditions to be added to the design and its 

derivatives added to the! matrix. 
':;" . ( 

This. procedure was repeated tweiv~'1:ilIIes . 
>. 

The chosen operating conditions 
" 

are shown in Table 4.5. / 

"!. 

Unlike single response dat~ the data for a multiple response kinetic 

study with a series' reaction can provide information about all the parameters 

even at 100\ conversion of the primary reactant. Visual analysis of the 

expected responses suggested that this should be a reasonable design since 

many'of the operating conditions selected were in the range where ethane 

readsorption would be occurring'to an appreciabl~degr~e. Even though 

these conditions would ~esult in no n-butane and very little,propane in 
~ 

the reactor effluent the model would have to treat their reactions correctly 

since they affect not only when ,and how ethane,is generated in the reactor 

but also the rate of consumption of hydrogen .. If during the experiment, 

the chosen operating conditions did not produce the expected responses 

approximately the operating conditions were'adjusted'slightly to achieve 
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, 
• 
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; 

. . . . . EXPECTIiD RESPONSES 

°F. ml./sec. 
0., 

RATIO CONY. S2 S3 
I--

j 
488. " 1. 1 • 3.6 0:999 .300 .023 .. 

b 489. 1.5 3.2 LOOO .256 .001 
c ·496. 2.0 3.2 1.000 .120 .000 
d 500. 2.4 3.3 . Logo .185 .000 
c 516. 2.0 3.8 . 1.0 0 .061 .000 
f 488. 2.1 3.2 . 0.851 .268 .348 
g 485. 1.4 3.3 0.949 .308 .220 . 
h 494. 2.3 3.1 1.000 .269 .003 
i 490. 1.(/ 3.4 0.989· .314 .100 • 

J 520. 1.0 6.0 1.000 .134 .001 
k 486. 1.1 . 3.2 1.000 .114 .000 
I 490. 1.7 3.1 1.000 .197 .000 

, 

TAllL!: 4.5 OPERATING CONDITIONS CHOSEN BY EXPERIMENTAL DESIGN 

FOR PARAMETER ESTI~~TION 

101. 
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them. Since the initial parameter estimates vere w~ng. the predictions 

were wrong. The experiments vere chosen to give the pred~cted responses. 

4.5 EXPERIMENTAL RESULTS AND PARAMETER ESTIMATION 

The ex;.:>eriments desig'ned for parameter estimation as described in 

In addition. experu;,ents at the"iame flow 
':"t'i 

section 4.4 were performed. 

and feed composition but different temperatures were performed. These 

exper.iments were chosen when it was obserJt.c/ that some of the designed 

experiments exhibited a very severe temperature profile. 

In addition. five sets of five replicated e~riments vere later 

performed in an attempt to obtain an estimate of the. experimental error 

variance-covariance matrix. The total data for the packed bed studies 
.' 

are presented in Appendix I. Both the raw data'and the analyzed results", 

are listed. 

Experiments 441 to 488 were performed to oqtain an estimate of the 

• 
experimental variance-covariance matrix. Four sets of five replicated 

experiments Were performed. The five replicates vere performed one after 

the other. Later analysis of these data shoved that the experiments had not 

been randomized ~operlY. Randomization of experiments was required since 
} 

the catalyst activity changed slightly with operation conditons. Thus. if 

~he catalyst activity were not knovn,~xactly for each e~rimental trial 
[, 

the residual after the kinetic parameters had been estimated would be larger 

than if the catalyst activity·~ere known exactly. Since the ·variance-

covariance" experimental trials were performed serially there would be 

li~tle or not change in the catalyst activity since"the operating conditions 

., 
I 

/ 
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I 

had not changed. Thus the. estimated variance-covariance matrix 'only 

reflected the experimental error associated with replicated exper~ments .. 
at the same operating conditions. It could not be used as an independent 

. '-
est,imate of the experimental erro~ss~d.ted with replicated experiment!> 

, . 
performed at slightly different catalyst activities. Since sufficient 

experimental trials had been designed and performed for parameter estimatt~ . 

the alternate method of Box and Draper (B6) as given by equation ~.9 was l~' 

for parameter estimation. The consequences of not having an independent 

estimate of the variance-covariance ma\ri~ reSUlting from experimental error wilJ; 

" be discussed in section 4.6 

The resul ts of the variance-covariance experiments were, analyzed 

to ensure that all four of the hydrocarbon responses from the'chromatograph 

were linearly independent. Box et al (B7) have indicated the problema 

which may arise when parameters are estimated from measured experimental 

responses which are not independent. The.ir recommended procedures relatinr. 

to the eigen values-eigen vectors of the responses were employed ~d all faur.' 

responses were found to be independent. The chromatograph was used as an 

absolute instrument and the responses were not normal~zed. Instead', a 

sample of the same constant volume, pressure and temperature was analyzed 

" each time. Only four of the five components (~xcluding hydrogen) were m~ 

in the analysis. 

The formal procedure for choosing a transformation of the res~nses 

so as to obtain a constant error variance-covariance.matrix over the 

entire response surface is presented by Box and Cox. (BS). The three 



t.lrm~ "f the rupon .. Invutiaated tortllh Itudy wera: 

l. (chroll.tollraphlc lrol) x (Ittenuation) 

~; chromatoaraphic rna 

~. \chromatollraphic are,) x Jlt~enultlon' 
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11,'1 h I h~ ~t'colld and thl rd tOI'1l' ot til. expori •• ntal ro'pon ... proYed 

"""rl'lnhlt' 011 the basis of a hrU.tt t .. t on the variance el_nt. (lC,UI).' 

l'hr I h I rd fbi'll was botter than thl' .. cond. It WII reuon..s tllat the 

IIIa~1I I I IId~,·, of t ht' vllrhnco-covarlance .Itrix 'tor .tll •. rupon ... WI' relat.d 

1" t,,'t h tho uo. of, tho rosponn poak and to I lUlOr d.ar" to the 

alll"III\1 "I' "lIeh ·colllponont in tho slIIplo b.ina anllya.d, Thh wa. the 
• 

!,'rm 01' th~ ro~pun~o uaod In parlllottlr osUaaUon,. 

11\0 ~xp"rlll\(lnt~ usod for par .... ter ost hilt ion'aro shown In Table 

/, ~. 1'h(l tc:>mpc:>raturt> protUo, no listod in App.ndix I Ilona wltll tho 

l':namrt (lr "H IlIIl&t Ion proaram ,howing the oxact fol'1l of tho Input d.ta. 

(1;11 ,,~~5 10 .WO art' frolll tho t'xporllll.ntal desian. SOIll. ot tho data pointt 

"bl:linr,1 1I~lnli thtl dt>~lanod op.ratina conditions w.r. OlIlttod bocalUe th.y 

1>,'(,(' I'ryond tht' rcanl1t' of tho IIOdol Ind/or exhibited oxcossivlI teaperature 

I'nlfllr~ ,'r rC:>lIctor runawly. It 1, not uncOllftOn wh.n usina .xperi~ta1 

.I,., \~I\ trchnlqllo, oarly in a study that '0110 of tho choson oxpuiJMllti 

,. :1111101 hr 1I,c:>d for paramotC!r o,t lut ion. ,incC! .xtr •• condi t Ion. al'tl oft.n 

cI"',,,u. It I, oftt'n quito difficult to, know ·which oxp'ori • .ntal condition •. 

to:IV hr 100 't'voro. Exporllllonts 421 Ind 425' were porfol'1led at tho 'end of 

Ih" ,1"~I~nc:>d run at two diffor.nt te.poratures .. Points 447.to 484 Ire from those 

.I,·'i~n(ld 10 obtain an o,ti.ato of tho expori.ental varianco-covarianc •• atrh 
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TABU: 4.6 EXI'EHIHENTS USED FOR PARAMETER ESTIMATION 

-

RUN I' 
0 

I'll 
0 

ml./scc. SI 52 53 c4 
CONV 

2 
f-. 

375 .268 .884 2.12 2.607 .245 .301 95.7B 
3HO .265 .841 1.43 2.764 .248 . .247 98.90 
3('8 .287 .884 2.33 2.991 . 253 .168 99.68 
390 .252 .871 1. 70 2.588 .263 .295 97.25 

421 .152 1.007 2.24 2.218 .236 .437 80.86 
425 .150 1.006 2.23 - 2.048 .223 .502 66.75 

447 .215 .918 2.39 2.284 .235 A15 89.76 
45H .150 .964 2.06 2.148 .245 .454 89.13 
466 .101 1.047 2.66 2.587 .307 .266 99.23 
484 .177 .972 2.70 2.388 .252 .369 94.98 

. 
347 .212 .922 1. 80 2.328 .241 .297 87.87 
378 .208 . .921 1. 79 2.324 .258 .387 92.45 
383 .207 .923 1.82 2.203 .. .231 .445 ..... 81.34 
39·1 .200 .929 1.80 2.170 .228 .458 79.95 
418 .207 .922 1. 78 2.173 .231 .455 77.14 
423 .209 .921 1. 79 2.167 .224 .462 76.09 
442 .156 .972 2.30 2.269 .243 .415 90.61 
·163 .153 .974 2.28 2.289 .262 .396 94,69 
487 .154 .970 2.23 

'-
2.362 .264 .370 96.31 

'. 

• 
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/ 
over the range of operatiog condi ti ons invest igated. TIle remaining 

points repr'esent a few of the experiments for monitoring 'the ca'falyst 

. ;lctivity throughout the. study. Replicate experiments were performed 

at each operating condition. The second of the two replicates was always 

chosen for parameter estimation. The reactor and the reaction conditions 
I 

were more stablp and a larger chromatogram could be obtained from observi'ng 

the first, analysis and setting the appropriate attenuations. A compromise 

wa~ made here ~ith respect to statistical considerations since only one of .. ' . 
the replicates amId be inCluded because of computer time limitations. 

The parameters to. be estimated are:. 

These parameters ar;e estimated for a given value of kB and catalyst activity. 
f 

After the best estimates arc determined', the catalyst activity which pre-
\ . 

mul t i p(i cs tIl\! fre'L"ency factors for butane, propane and ethane is ~ermined 
'-' 

by equation 4.J. \With the updated estimates of the catalyst activity the 

above parameters arc estimated once more. Thi~. procedure is repeated until 

there i·s no further change in the parameter estimates. The frequency factor. 

for butane is not included in this iterative cycle of paramet( r estimation 

because any change iri the rate of reaction of butane is reflected in the 

catalyst activity and therefore a simultaneous search is not possible. If 
, . 'B we're estima~d eaCh step, its estimated value and that of the catalyst 

activities would alw;'ys chang~ since there is an infinite set of these. 

poramet ers that would satisfy the observed experimental results. It is 

the prodGct of thb two that is of interest. For this case, the process 
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of parameter estimation is an iterative procedure of first estimating 

a set of kinetic parameters and then independently estimating the catalyst 

act ivity\at the experimental trials used to estimate the kinetic ,parameters'. 

Some of the kinetic parameters were transformed when used in the 

search routi ne.' The transformations were: 

llE searched = (IlE actual) X 0.001 

k searched = 10gi0 (k actual) , 
n searched = n ac'tual 

This was 
I 

only done to obtain numbers of a convenient \ll'lrnitude to wQrk 

witll in the search routine. 

It would be ,uneconomical to search for ten parameters simultaneously 

USlIlg a model of this complex'ity and the Rosenbrock search technique. More 

recent work at this university (W2) indicates that a simultaneous ten 

p'lTametcr search using the simplex search ,technique on a similar problem 

may he lItore efficient. In thi sease, however, the parameters were searched 

for in groups of two or three at a time usin,; the Rosenbrock method. 

I ' 
Parameters that were expected to be highly correlated were searched for 

I 

s i mu I taneous Iy. The grouping of parameters generally used and the order 

in which they were searched were: 

I. I), I • Kp2 

2. n' , n" 

3. K
E

, K
E2

, n" 
} 

" 

After every other search cycle the activation energies were investigated. 

Although there is a strong correlatio'1 between the activation energies and 



\ the corresponding·frequency. factors, the activation energies are very 

difficult to determine 'accurately. The use of the kinetic model vas 
,~ 

for prediction and the temperatures in both the fluidized and the packed, 

ped reactors were wi thin the same ran<Je. Thus, "the increment of~rch 

for the activation energ.i,es vas chosen tQ be 2.0 kcal./lnole OR. a4 no 

finer grid waS investigated. 

} • using the Origi,na: par~eter estimates from the initial study, eight 
:, 

se';rch cycles as d'tscribed abo."e were performed. At that point it was 

) , 

discovered that the experimental varianc~~ovariance matrix being used ,for 

weighting did not properly reflect the unc~rtainty in the catalyst. The 

'method of Box and'Draper (B5) wa~ 'thed ~i~Yedl)p seek optimal parameter 

",,' 
estimates. Three more search cycles were completed with very little change 

in the 'estimated parameters. On the third cycle, nand n' were the only 

108. 

two parameter estimates that were changing significantly from cycle to cycle. 

When they were over relaxed a large increase in the lack of fit resulted. The 

parameter estimates at this third stage (final estimates) as well as the three 

preceeding stages are shown in Table 4.7. Further searching (500 evaluations 

of obje~tive function) f~iled to reduce Ivlor Chan~e the parameter estimates. 

wi thin e~ch search cycle the parameters were searched for within their ' 

respective groups for fifteen to forty eval~tions of the objectvie funtion. ~ 
I 

At the end of each of,these searches, ~e cross correlation of the residuals 

was investigated. A correlation with 'the exit hydrogen mole fraction 

indicated that the exponents n, n', and n" were'not estimated cOrrectly. 

" correlation with temperature indic.i:ted that the activatio~ energies were 

!lot estimated correctly. In this way the number of evaluations of the 
I ' 

/ 
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Program Thesis 

Al II EB 
A2 II Epl 
A3 II Ep2 
A4 II EE 
A5 kB 
A6 Kp1 
A7 Kpz 
A8 KE 
A9 n 
AID n' 
All II EE2 
A12 ~2 A13 

PROGRAM 

THESIS 

SEARCH 

)' 

, 

Search Initial T -1 
(2:-!!.) 1: Q:. -!!. 1st 

XO.OOI 56.900 51. 51. 
A3 + 10: 54.334 40. 40. 
XO.OOI 37.579 30. 30. 
XO.OOI 16.853 16. 16. 
FIXED 17.703 15.6604 
log10 16.133 10.6604 10.6283 
log10 14.973 12.1613 12.2223 
log10 6.978 6.848 6.8153 
n ~1.59 -2.004 -2.0505 
n' ~2.47 -2.059 -2.0652 
A4 + 10. 26. 26. 
log10 4.453 4.5239 
nil '. -2.153 -2.1881 

l I v I 
, 3.90 - 1.94 -

Parameter names used in computer program 

Parameter names uged in thesis 

Form of the parameter used for search 

Parameter estimates from Orlickas (02) INIT~ 
l' 

(r.-'!!) :-7-\ (r.-'!!) - Parameter estimates using this weighting 

over 
2nd 3rd relaxed 

10.6324 10.6322 
12.2223 12.2229 
6.8140 6. 814tl 

-2.1074 2.1550 -2.348 
-2.0707 I< 2.0753 -2.151 

4.5208 4.5208 
2.1881 22.2115 

.;1.79 1. 74 4.00 

1st, 2nd~d - Parameter estimates from search cycles using Box and Draper weighting 

OVer Relaxed - n and n' were changed and the lack of fit measured 

TABLE 4.7 KINETIC PARAMETER ESTIMATES 

~: 

FINAL 
ESTIMATES 

51. 
40. 

. 30. 
16. 
15.6604 
10.6322 
12.2229 . 6.8140 
-2.1550 
-2.0753 
26. 
4.5208 

-2.2115 

• 

o 
<0 
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objective function. and thus computation time" could be minu-Ized by 

changing some of the parameter estimates before the next search. These 

correlations could be detected by constructing dot diagrams. These 

) residuals were all completely random by ttle end of the first search cycle 

using the Box and Draper weighting m~thod because of the good parameter 

values from the prev~ous analysis. 

This concluded the study for the estimation of the kinetic parameters. 

The final two sections of this chapter present a discussion of the model fit 

and of the confidence in the parameter estimates as well as the conclusions 

of this kinetic study. Some of the conclusioris that can be made concerning 

recommended techniques "for parameter estimation and experimental design only 

became apparent once the total study. including the final ,fluidized bed 

study. was completed. These will b~ fully discussed in the g~neral summary. 

at the end of'the thesis since they apply generally to the simulation 

methodology being deve~ped in this thesis. 

4.6 MODEL AND PARAMETER CONFIDENCE 

When modelling a physical system. two considerations arise: 

(i) An "evaluation of the uncertainty in the parameters given that 

the model predicts the physical phenomenon. and 

(ii) An evaluation of the uncertainty of the mathematical model. 

These will be discussed in turn. 
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EVALUATING T~UNCERTAINTY IN THE PARAMETERS 
1 

i: 

It is important not only to supply the best point estimates of 

the parameters in a given model but also to indicate the relative' 

uncertainty in the parameters. By using either Bayesian or likelihood 

methods, as described'in section 3.3, individual or joint confidence 

intervals can be determined for the parameters. 

In light of the total objectives of this study which relate to 
I 

modelling of the fluidized bed reactor and consequently the discrf~ination' 

among the fluidized bed models, it was concluded that the degree of 
(. -I 

confiden~e in the estimated kinetic parameters from the packed bed 

study should not be evaluated by the classical methods. Indeed the 
• 
, , 

general approach to the design of experiments for parameter estimation 
,f} 

'employed in this and many other similar studies is not correctl~ dealt 

wi th by some parameter. estimation techniques. One generally accepted 

method in the design of packed bed experiments is to minimize the uncertainty 

in the estimates of the kinetic param~ters. These parameters are then 

usually assumed to be perfectly known when incorporated into the model-

of the reactor of primary in'terest. Note, however, that the overall objective 

here is the modelling of the fhi.idized bed reactor and not the packed bed 

reactor which was "used to obtain the kinetic parameters. Hence, it is 

j important to ensure 'that ,aU the uncertainty in any element incorporated 

into the fluidized bed model is~expressed in'terms of possible prediction 

error in that model. That is to say, the only importance connected with 
, ~G 

the degree of confidence in the k~etic parameter estimates is how this 

affects the predicting abilities of the various fluidized bed models. 

" 
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EVALUATING THE UNCER'l'lUNTr IN THB I«lDKL /' 

Assumill9 that the JDOdel describill9 the' gu flow in the packed bed 

reactor is accurate (the~e considerations are presented in section 4.3.1 

lInd Appendix F) the total lack ot tit troaa these experiments is the quantity 
~ , 

of interest. 'l'bis may arise trom inaccUracies in the kinetic model and 

from the experimental error. ' Both ot these le1; to errors i~ the parameter 

ostimates and are thereby transmitted to the fluidized' bed model. It is 

of course essential ~t the experimental conditions ot temperature and 

concentration investigated in the packed bed reactor are the same as those 

occurring in the fluidized bed. 'l'be estimate ot the variance-covariance , 
matrix assuming the model to be correct is given by. -1: _ 1 4.32 

--~ 

(' 
where n is the total number ot experimental trials used for parameter 

estimati9n. p is the number of parameterS estimated. r is the number of 

responses per experiment and the subscript ureters to a specitic experimental 

trial. It should-be stated that the divisor ot (n-p/r) is 'arquable. The 

number of degrees of treedOal tor such a multiple response problem is . 

, 
not clearly detined. For the multiplft resPonse cue in which only r means 

are estimated the divisor is most certainly n-l. It can be implied that the 
, 

divisor shouid be (n-r/r) since'there are r responses and r means estimated. 

If this is the case. then with p parameters estimated and r responses. the 

divisor would be n-p/r. 

The estimate E. lIbich is a _uure ot the uncertainty in the responses 

(chromatogram ~a) x Jattenuation' for the packed bed studies is 'liven 

• 

• 
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) 
TABLE 4.8 MATRIX EFOR PACKED BED REACTOR'RESPONSES . - , 

C2 C2 C3 
0 

C2 25.82 2.084 

~3 2.084 93.07 

~l 16.92 -64.76 

~4 -38.31 O.2~22 
, 

• 

. Cl 

16.92 

-64.76 

299.1, 

~81.97 . 
; 

, ' 

\' 
\ 

C4 

-38.31 

0.2322 

-81.97 

159.4 

r 
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/ 

-. in Table 4.8. By combinincJ the _trix f with ,the derivatives of , 
the responses of the packed bed reactor model with respect to the estimated 

parameters' .. 

[
T --1 

X 1: -u - !,J -1 

4.33 

the covariance matrix of the estimated parameters can be expressed (Appendix G)· 

This is the total uncertainty due to the kinetic model, the estimated 

parameters and the catalyst activity. It 'is necessary to reflect this 

.entire uncertainty. 

was evaluated and is 

The resu\tant ten-by-ten matrix for .equation 

presented in Table 4.9. The transmission of 

4.33 

these 

error estimates to the fluidized bed models can be examined by investigating 

" . 
the derivatives of the responses of Qoth the packed bed model and the 

\ 
fluidized bed model with respect to the kinetic parameters. The estimated 

J • 
variance-covariance matrix of the predicted responses in the fluidized bed 

arising from uncertainty in the kinetic parameters as estimated from the 

packed .beq experiments is: 

where 

~U/ = 
pXr 

31Ji (~J e) 
aej, • 

4.34 

4.35 

where n. U; ,e) is ·the value of the j'th response predicted by the 
. J -u-

fluidized bed model for control variables Su and. X and ~ ~e ~ defined 

previously for the packed bed model. It can be seen ~at the variance-

covariance matrix of the predicted responses in: .the fluidized bed model will 

be small if the elements of A and x - -u 
are sallll or the elements of X are large - .. 

'11ler:e are 66 degrees of freedca for the set of parameters estimated. 

The nineteen experiments had four independent responses each and ten 

• 

-
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, 
Al p A3 A4 A6 A7 AB A9 AIO Al2 Al3 

2.IBE-3 1. B2E-2 -2.96E-2 7.69E-3 7.72E-3 -1. 20E-2 s.9BE-3 -1.40E-3 -1. 34E-2 -2.3sE-3 
1.B2E-2 4.s6E+O -6.47E+O 1.B9E+O 1.BBE+O -2.71E+O s.ssE-2 1.39E-2 -2.47E+O -B.40E-1 

-2.96E-2 -6.47E+O 9.9sE+O -2.67E+O -2.67E+O 4.17E+O -B.BOE-2 -3.32E-2 3. B2E+O 1. 12E+O 
7.69E-3 1.B9E+O -2.67E+O 7.B7E-1 7.76E-1 -1.12E+O 2.43E-Z -3.s9E-3 -1. OZE+O -3.s6E-1 
7.72E-3 1.BBE+O -Z.67E+O 7~76E-1 7.BOE-1 -l.IZE+O Z.27E-Z 1. 07E-Z -1.03E+O -3.41E-1 

-1. ZQE-Z -2.71E+O -4.17E+O -l.lZE+O '-1.12E+O 1.7sE+O -3.34E-Z -1. 3sE-Z 1.s9E+O s.Z4E-1 
s.9BE-3 s.ssE-Z -B.BOE-2 Z.43E-Z Z.Z7E-Z - -3.34E-Z 1.77E-Z -s.49E-3 -3.70E-Z -1.04E-Z 

-1.40E-3 1. 39E-Z -3.3ZE-Z -3.s9E-3 1. 07E-Z -1.3S/:-Z -s.49E-3 1.B6E-Z '-Z.03E-Z 9.13E-3 
-1. 34E-Z -2.47E+O 3. BZE+O -l.OZE+O -tfoE+O 1.s9E+O -3.70E-Z -Z.03E-Z 1.SsE+O 3.4ZE-l ' 
-2.3sE-3 -B.40E-l 1.Z2E+O -3.s6E-l -3. E-l ,s.24E-1 -1.04E-Z 9.13E-3 3.4ZE-l 3.46E-l 

~ 

TABLE 4.9 TRANSMISSION OF LACK OF FIT FROM KINETIC EXPERIMENTS TO ESTIMATED PARAMET~RS 

I 

i 
, 

I 

! 

\ 

J 

-

~ 

~ 

<.n 
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cpar~eters were estimated. The estimation of the catalyst activity for 

• each trial was determined independently using a preceeding and following data 

point_ These data were not used for the estimation of the kinetic 

parameters. ", 

\ 
'The model fit can be judged by COIIIParing the residuals (observed minus, 

predicted responses) to an estimate of the experimental variance-cavariance 

matrix. No independent estimate of the experimental variance-covariance matrix 

was available since the "variance-covariance" experiments had not been 

properly randomized to reflect the changing catalyst activity over the 

~otal experimen'\al period. These experiments only reflected the error due ' 

to experimental observation. However, the purpose of the packed bed study 

was to obtain a set of parameter estimates for a specific model, the 

fluidized bed model. Thus the effect of the total lack of fit fqr the 

packed bed modelling rather than how this lack of fit COIIIPAr8S to the 

data employed' to estimate the parameters is the quantity of t.portance. 

Equa tion 4.34 can be used to transmit the lack, of fit from the packed 

bed reactor, I, to the fluidized bed~els. 
, 

4.7 DISCUSSION OF PACKED BED STUDIES 
, 

The overall goal of this study was the discrimination among models' 

that described an actual fluidized bed reactor and to. inves,tigate and '. 

evaluate the necessary procedures t,o attain that goal. In order to produce 

a model of the reactor, the kinetics, as veIl as'I,the flow of the reactants 

must be described. The required kinetic parameters vere estt.ated 

independently of the fluidized bed reactor data since the estimation of the 

kinetic pa~ameters !.Ising the, fluidized ~ models would have required 

excessive computer time. Also the flow oJ reactants through the packed ~ 

reactor could be described accurat~ly,vithout the estbDation of flow para.eters. 

, 
L-

, , 
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It is very important to -start' simple-. Both the kinetics ot the 

reaction and the tlow within the tluidized bed reactor must be described. 

There is no advantage gained by developing a very sophisticated kinetic 

model if the limiting factor tor describing the tluidized bed is the 

description of the reactant flow. The overall goal ot the project must 
\ 

always be kept in perspective. The sequential investigation of both the 
J 

kineticsjand the flow description ot reactants within the tluidized bed 

is an effective technique to achieve the tinal goal etficiently. Thus, 

"'/ it is important to "start simple". The least accurate component ot the 

fluidized bed model can be improved only once all the components of the 

model have been assembled and that least accurate compon~nt identified. 
r-' , 

In the search for the best parameter estimates, the correlation 

matrix of the estimated kinetic parameters can be employed to identify 

most efficient grouping Gf parameters. The correlation IIIIltrix can be 

constructed from: -1 

4.36 

This P x P matrix is divided row and column by the square root ot the 

- , 
diagonal elements. The ~trix f. as defined by equation 4.32 can be 

, 
calculated at any time throughout the parameter estillllltion process. It 

is realized of course that this estimate of f. is predicated on the 

assumption that the model is perfect. The tinal value of the correlation 

matrix of the estilllllted kinetic parameters tor this study is present~ 

in Table 4.10. Visual analysis indicated the high degree ot co=elation 

among parameters "A3, A4, A6, A7 and AB. This indicates that s~ cailbination 

of these parameters should be grouped together tor simultaneous searches 

for the p~rameters. 

" I' 

.: 



I 

118. 

The correlation among the propane'and ethane parameter estimates 

is not desirable. Usually a correlation value of 0.20 is considered '. 

acceptable. This correlation is due to two factors: the form of the 

kinetic model and the uncertainty of the estimates of the catalyst activity 

for the experimental conditions. One method of correcting this situation 

might be a more sophisticated ~el for the catalyst acti~ity and further 

experi~ental studies to determine it. 

A study of the . form of the proposed kinetic'DIOdel indicates that 

these parameters would be expected to be highly correlated. The fact that 

the mechanism is basically serial suggests 'a method of uncoupling this , 

interaction. Any uncertainty in the description of the reaction rate for 

n-butane is 'tra~smitted through th~ system. '1'I;lus the possibility of 

indepeooently estimating the rates of ads~rptiori by using propane or ethane 

feeds to the reactor could be ponsictered. ,In such a study the rate of 

adsorption and the rate of' desorpt;on-to-reaction would have to be estimated. 

Then, the ratio of these two rates. unaffected by the larger paraffins. 

could be determined. Then fixing this ratio in the total scheme for the 

-hydrogenolysis of n-butane. the absolute magnitude of the two could be 

estimated. This may be the only method of uncoupling the correlations 

that occur. The final decision as to this extension of the progra. 

must be made in light of' the n~c';ssity to provide a better descriptio~ 

of the kinetics for the final fluidlzed bed studies. Rovever at this 
r 

stage the validity of the estimateJ of the kinetic parameters is 

acceptable. The estimated activation energ.ies are consistent with those 

published from studies on pure n-butane. propane" and ethane. Also the 
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" '-
Al A3 A4 A6 A7 A8 A9 AID AI2 AI3 

AI 1.0 0 .18 -.20 .19 .19 -.20 .96 -.22 -.23 -.09 
,1.1 · 1 8 I. 00 -.96 .99 -.99 -.96 .20 - .05 . -.93 -.67 
M -.2 n· -.96 1.00 -.96 -.96 -.99 -.21 -.08 .97 .66 • 
I\(l · 1 9 .99 -,96 1.00 .99 -.96 .21 -.03 -.92 -.68 
A7 · 1 9 -.99 -.96 \ .. 99 1.00 - .96 .19 .09 -.93 -.66 
AH -.2 0 -.96 -.99 -~96 -.96 1.00 -.20 -.07 .97 .67 
A9 .9 (. .20 -.21 .21 .19 -.20 1.00 -.30 -.22 -.13 
AIO , 2 -.05 -.08 -.03 .09 -.07 -.30 1.00 -.12 .11 
A 12 .2 3 -.93 .97 -.92 -.93 .97 -.22 -.12 1.00 .47 
AI.l -.0 9 -.67 .66 -.68 -.66 .67 -.13 .11 .47 1.00 

--'-

'1',\1\1.1: ·1.10 FINAL CORRELATION MATRIX FOR ESTIMATED KINETIC PARA/>IETERS 

FllO~1 PACKED BED STUDY 

" 



120. 

exponents of hydrogen in the reaction rate expressions are nagative 

and of the right order of magnitude. Fin~lly the reaction rate conatants 
> . 

estimated are all positive. • 

.' 

! 

-
• 

. ... -, 

• 
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INITIAL ~IODELLING OF FLUIDIZED tiED REACTOR S,O 

- ,.j This chapter reports the work and conclu.sions from the initial phase 

, of moM I I ing for the fluidi zed bed reactor. 'The final work is presented in 

Ch"pter 6, These, two chapters are separated since there were significant ,. " 

conclusions drawn from this initial phase. In addition" there was a 

suhstantial change in the formulation of the fluidized bed models, the 

methods of treating the data and the basic kinetic model. Further expeJ:-

iment "I work was necessary to improve thl! kinetic model before the final 

anaIysis of the fluidized bed could be completed. 

A pilot-plant scale fluidized bed ~eactor was chosen for this study 

1'01' a number of reasons. 'The experience gained from chemical plant simulation 

at ~1c~"0ter University in the Department of Chemical Engineering (C7, S8) has 

indicated that the models for chemical reactors were often the limiting 

I ' \ 
factors in .achic;.ving the 

knOldedgc: of the reacto'r 

objecti ~., "f any given study. That is to Sl,ly, the 

and ability, to model it with sufficient accuracy 

often Iilt,ted the number and quality or'the answers that could be provided 

for the questions posed for the simulation of the total plant. This has 

been the prime .'motivation for the pres.ent study: to investigate procedures 

~h i eh "ou Id allow the use of {llant and' other data to provide a meaningful 

model for a large scale reactor. 

Undoubtedl'y, many of the problems inherent in noisy plant data, which 

complicate"the analysis and modelling of large-scale industrial reactors, 

would be enc,?untercd in describing the performance,'of a pilot-plant unit. 

A fl uid i zed bed reactor was chosen since the flow 'withiA it, which must be 

./ 
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described for a mechanistic model, was very uncertain and should provide 

a good test for any procedures and methodology developed. Moreover, there 

were a number of models reported in the literature for this type of reactor. 

Our experience in e~5imulation of chemical plants indicates that the 

.. mode Is, once develope , are often required for extrapolation outside the 

range of variables' or which they were developed. In this case, mechanistic 

models, as opposed 0 purely empirical models obtained from an~irical 

regression analysis, re expected to provide better estimates of reactor 

performance. Although some arguments can be made against this statement, 

the mechanistic route was followed here. For such a model, a mechanistic 

description of both the chemical kinetics and the fluid mechanics must be ... 
developed. 

For this study the investigation of the reaction kinetics was 

performed independently.of the· fluidized bed reactor. These kinetic 

parameters were then used to describe the reaction in the fluidized bed. 
" 

The description of the flow be~aviour required parameters which were net 
known accurately a priori; these were estimated using the conversion and 

selectivity d'ata from the' pilot-scale reactor. !he justification for not 

attempting both these estimates from the fluidized bed data alone can be 

seen by observing Figure 5.1. This plot was constructed u~ing the relatively 

simple model proposed by Orcutt et al (01) in which the emulsion is assumed 

to be 

fi rst 

perfetY'y mixed. It is possible with this,-model to choose a: particular 

order rate constant Jc..and then find a fluid mechanical parameter, X, 

which will yield almost any convlrl-sion. This plot demonstrates that a wide 

range of these two parameters can be chosen for any specific conversion. 
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The choice of model does not affect this conclusion since they all exhibit 

the same behaviour. 

Another important point emerges from this plot. Note the extremely 

low sensitivity of the interchange value at low values of kvand low measured, 

conversions. Idd ' r " I ' n ee , 1n some s1tuat1ons any va ue within two orders of 
,I 

magnitude would predict a reasonable conversion! On the other hand if 

the interchange parameter in the model is very large under all operat~ng 

conditions of interest, then a large error can be tolerated in its estimated 

value wi thout significantly effect~ng the predicted conversion. In this 

case, the accuracy of the model is determined entirely by the error in 

estimating the reaction rate parameters, At the same time, it is important 

to note that if an interchan~e parameter is to be determined from a fluidized 

bed reactor, then the chemical reaction rate constant must be fairly large 

to en'sure that the 'error in it's estimated value will not pr,oduce a large 

error in the estimated value of the ipterchange factor. Moreover, 'any fluId 

mechanical model will only be put to a severe test in those regions where 

fluid mechanisms determine the conversion, that is' at high reaction rates. 

~lally investigators have not recognized these points in the past. 
f' r 

Thus, for this study it was decided to develop the total kinetic 

model independently from the fluidized bed data. The model, which is far 

more complex than the simple example presented here ,to predict only conversion 

,,'as devel~ped e,mp~oying a packed bed reactor. In this system, the flow 

behaviour of reactants can be fairly accurately described and the kinetic 

rate parameters can be determined from the chemical analysis Ot the products. 
" 
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This chapter includes the description of the fluidized bed reactor 

whi ch was designed and constructed for this study. The two phase reactor 

model which is the basis of all the models used in this study is described. 

The bubble p~rameters which are common to all the models are summarized. 

The basic diffet:ences among the specific react"or models are indicated .. The 

designs for the initial experiments and the .res·ults obtained are. presented. 

The two simplest reac~or models were inves~igated using these data. Both 
, 

provided reasonable predictions of the reactor data once the appropriate 

parameters were estimated. From these studies a number of conclusions 

were drawn, These sununarize the information obtained from this initial 

investigatio~ and delineate the weaknesses in the models. '~ese short-

comings had to be overcome before any discrimination studies could be 

performed among the various fluidized bed models. 

5,1. REACTOR DETAILS 

It was necessary to design and construct a fluidized bed reactor 
- ~ .. 

for this study. The details of its design, operating ,characteristics and 

limitations arc described below. It was made larg'e and complex so that it 

would respond, a's much as possible " in the same way as a large industrial 

unit. When operating, it was observed to exhibit many of the same operating 

characteristics observed in much larger fluidized beds . .. 
The diameter of the reactor was to be as large as possible. Previous 

studies' reported in the literature with four inch or smaller diameter reactors 

_'ere strongly criticized for the possibility of s~gnificant wall effects and 

slugging. A diameter of eight inches represents a compromise since a reactor 

any larger would be too costly to operate. During operation at the higher 



flowrates studied, one large hydrogen cylinder (ca. 220 s.c.f.m.) was 

consu'med each hour. 
/ 
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The hydrogenolysis o~ n-butane was chosen as the reaction. It is 

sufficiently complex co~tain~ng both series and parallel reactions and 

provides multiple response data. This reaction occurs significantly 

around 480°F., is strongly exothermic and was known to exhibit very high 

" activation energies. 

A schematic diagram of the reactor system is shown i~ Figure 5.2. A 

photograph of the system, before it was insulated, is shown in Figure 5.3. 

The description of the apparatus is presented in three sections: feed-, 
• 

preparation, reactor and heating systems. The component equipment is 

idcnti fied by the numbers on Figure 5.2. '. 

5.1.1 FEED PREPARATION 

The feed gases are supplied from high pressure cylindersQ). Certified 
• 

nitrogen i~ used for purging the. system of oxygen and if necessary for 

emergency shut-do~n. The n-butane feed is C.P. grade (better than 99.5\ 

puri ty, ~Iatheson of Canada Ltd.). Warm water was sprayed onto the cylinder 

to provide the heat of 'vaporization and maintain a suitably high pressure 

in the n-butane,cyiinder. Three hydrogen cylinders (Canadian Liquid Air 

99.99,% purity) are connected to a common manifold and supply a minimum of 

three hours operation. A single reserve cylinder, connected in parallel 

.'j ththe other three supplies hydrogen when the main' cylinders are being 

replaced. 'Ch~alves(3)are installed on al~ feed lines to prevent back 

flo", of gases. The hydrogen and n-butane flow controls are mOWlted on the' 
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• 
FIGURE 5.3 FLUIDIZED BED REACTOR 
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main control hoard. Rotameters are used to measure the gas flows (hydrogen, 

Fisher Porter FP-l/2-21-G-1O/BO; n-butane, Brooks BR-l/2-2SGIO; nitrogen 

Fisher Porter Ratiosight l-ARS-S93). The nitrogen rotameter is used only 

for flow indication'. Both the hydrogen and the n-butane rotameters contain 

two specially designed floats so as to cover the flow ranges required. The 

cahbration curves are given in Appendix A. 

The feed gas is first heated With 100. p.s.i.g. steam in a brass 

she II-and-tube heat exchanger@ (American Standard 200-B BCF, single pass, . 

1.2 sq. ft.). A backpressure of ~ p.s.i.g. is maintained.on the rotameters 

to prevent the floats from bouncing at low flows. '-Ine valve® (Research Controls 

Ltd., 1/2 in. stainless steel, ·air actuated, trim E) is pneumatic and is 

controlled by a Honeywell controller (Honeywell mOdel PP972 1035, 0 to IS 

p.s.i .g.). The feed gas is heated to the reactor temperature in two carbon 

steel heat exchangers(§)by circulating oil (American Standard 201-6 EP, single 

pass, 2. sq. ft.). 

5 . I . 2 REACTOR 

The reactor is constructed of 16 gauge type 316 stainless steel and 

mild steel plate. The bottom coneGis B. in. at the top and is welded into 

a 12. in. square flange of 1/4 in. plate. The cone is packed with 3/4 in. 

stainless steel packing rings to disperse the gas flow acros~ the column 

cross-section. The distributor' plate@is a 12. in. square by 1/2 in. 

thick mild steel plate drill"~d with 230 holes of 0.055 in. diameter on 

a central 8.0 in. diameter circle. A sheet of 200 mesh stainless steel 

screening is bolted to the bottom of the plate to prevent solids from 

falling through. The reactor barrel was 7.986 in. 1.0. and only 1/16 in. 
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( 

.' 

off round at the worst point. The reacting section is 6.0 ft. high' and is 

topped with a disengaging section @ 2 ft. long J.>y 18. in. in diameter. 

The bottom of the reactor was wel,ded through e. 12. in. square by 1/2 in. 

thick flange from which'the total reactor system i's fixed into the support 

frame of 2. in. pipe and Kee clamps ,as shown in'Figure 5.3. The dome on 

top of the disengaging section was made of 12. gauge mild steel because of 

cost considerations., The exit gas flows through a cyclone @ (Wright 

Austin, 1 1-1/4 TIS 8). Entrained catalyst is returnvd to the bottom of 

the bed in a 3/4 in. stainless steel dip leg 0. A 1. in. line leads to a 

pressure release valve @ set at 5 p.s.i.g. A double pipe heat exchanger 

cooled with water is located between the reactor and the release valve to 

protect the valve seat. A 6. in. flanged port 3 is used for charging 

catalyst and,visual observation of bubbles when using nitrogen 'gas. Pressure 

taps @ and @ are used to monitor the bed' pressure drop on a manometer 

~firiam 30 in. S.G. 1.04). The temperature in the reactor is measured by 

chromel-alumel thermocouples © at the feed 'and the distributor plate as 

" we 11 as at 6. in., 1. ft., 2. ft., 3. ft., and 4: ft. up the reactor. The 
, 

thermocouples were 12. in. long and could be moved into~reactor through 

teflon ferrules in Swagelok fittings. 
~ 

The calibration data for the 

thermocouples are given in Appendix B. 'The catalyst can be removed from 

the reactor through a drain plug, ~ The gas samples are taken at the 

cyclone exit. The reactor gas is, exhausted through a large exhaust fan 

with measured capacity of 45,000 S.C.F.M. and powered by an explosion proOf 

m or. At the maximum reactor flow the hydrogen content of the mixture of -

air an hydrogen is 140 times less than the lower explosive Hllit assuming 
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HEATING-COOLING SYSTEM 
\ 

Two circulating oil systoms are 'Cmployod to control temperatures; 

\ 

" 

,,,,telll ,'ontrols th., rOlletnr und tho other hoats tht· feed gu~. The circulating 

tloid is Sun 21 lIeot Transfer Oil (Sun all Company) and can safely be used. 

in II dosed system with u cooled expwlsion head to' bOO. °F. Some thermoi 

hreahduwn occurs but th., residuo docs not foul tho pipe~. The plUDps used 

In huth systems @ and 3 replaced initial pumps In which the seals could 

• 
not withstand S80°F. for lIny poriod of tlmo. Tht' pumps Were ~upplied by 

Sihi POlllPS Ltd. (model ZLLE 4017/lSSQ, S.' USGPM at IS. ft. for 1/2 III' 

and 1200 HI'~I wi th cooled stuffing box for 600. to 700. °F). A triac control 

ci rcoi t {(;3) wus uSt'd to adjust tho power to some of the heaters. 

:' 

The firs. oil circulation system supplied heat to the hent eXli:hWlger~ 
(Band heatt'd the outside of ,the bottom coneQ). 'rhe pump vibrations were 

• 
d;unpeu by two armored flexible couplings @ and @. The 10 gal. oil heating 

tanh was constructed from 14 gouge mild steel WId contained three 1500 watt 

lmm,',',i"n heaters supplied by Canadian Chromo lox onu controllcu by three triac 

cirCtlits. 

The second oil circulation system was used to control the reactor 

temperature. Again the pump v.ibrotions were damped by two armored flexible 

coopl ings @ and @ .. lIeat was suppM.ed by three 1500 watt immersion heoters 

,<'ntnliled by triac oir.cults Wld two 2000 watt Immersion heaters with on-off 

,'<'nt J'll!. All these heating clements were contained in the second 10 gal. 
;·.1 

'lll JIl'at i n~ tank @. The oil could be cooled in a heat exchanger @ 

1.\:::l'I'ic;In Stanun,u 200-8, sing1e pass, stainless steel, 1.2 sq. ft.). 
~ 
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.. 
TIw cooling fluid was 100 p.s.i.g. air and was vento.d thro,ugh a simple 

two pipe muffler to reduce noise. The circulating oil was fed to a 

manifold of 1. in. pipe @ on the side of the reactor which can be seen 

in Figure 5.3. Three lines of 1/2 in. ,type 316 stainless steel tubing 

we~e fitted to the manifold. These lines were wound on 2. in. centers up the 

reactor for 2. ft. sections of the reactor and emptied into an exhaust 

mani fold @ and returned to the oil heating 'tank @. Both oil tanks 
p 

were connected to an oil expansion tank containing water cooling coils. 

These lines contained only a 1/4 in. opening to reduce the natural 

circulation of oil between the cold expansion tank and the hot oil tanks. 

5.1.4 OPERATING QlARACfERISTICS 

A dqtailed set of oper,ating instructi'ons for start-up, catalyst 

conditioning and operation are given. in Appendix E. this section of.the 

thesis describes the ope,rating characteristics and responses of the reactor 

for the hydrogenolysis of n-butane over the 10.\ nickel on silica gel 

catalyst. 

The reactor is manualfy controlled by adjusting the flow control 

valves on the hydrogen or n-butane~pnd adjusting the coolant temperature 

on the reactor walls via the oil heaters and the air heat exchanger. The 
t'" 

feed gas temperature is also controlled by adju§(lng the heat input to 

this circulating system. 

Because the reaction is exothennic and tlie activation eneTgie,s are 

very higl'i, it is yery difficult to set tlie operating conditions (temperature, 

flow and ratio) at predeteTmined valves. main control is exercised 

through the circulating coolant oil to remove the heat of reaction for a 

, 



given set of operating conditions and must be carefully monitored., 

A digital volt meter on which 0.025 mv. is approximately IP." was 
I 

133. 

employed. Any consistent temperature chanKe can immediately be detected 

by sampling on this sensitive instrument every second. Under Keneral 

operating conditions the oil is about 40.·P. cooler than the bed of 

reaction catalyst. Por very extreme conditions,· the temperature difference 

may approach 80. of. If the rea~tor t~lIIperliture begins to increase above ( 

the desired temperature. when the feed mixture is correct, more cooling is 

required. Since the response of the oil system to the air cooling is quite 

'slow, the hydrogen flow is increased and/or the n-butane flow is decreased while 

a new coolant temperature is established. It is important how~ver, to ensure 

that the reaction temperature does not fall more than a few degrees below 

the desired temperature since the cooling may be 50 severe that the reaction 

rate (and hence the heat generation rate) may be insufficient to satisfy the 
I 

heat transfer rate. The reaction is then quenched and the coolant apd the 

reactor temperature must be increased to initiate the reaction and·the whole 

procedure started again. 
• 

S.1.5 REACTOR TEMPERA1lJRE PROFILES 

b 
One of the best known advantages of a fluidized bed reactor is 

temperature uniformity due to the motion gf the catalyst particles with 
r" ,.' 

the ensuing h~at transfer rate at ari~ heat transfer surface in the , / 
bcd. Insufficient mixing for good heat transfer and axial mixing occurred 

for flowrates below about five times minimum fluidization velocity. This 

.as evidenced by large temperature gradients near the distributor plate 

and temperature excursions of as much as IS to 20"F. at some of the , 

. '. 
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the rmocouples. At flowrates in excess of ten times minimlllD fluidization 

velocity these temperature gradients did not occur. 

A temperature traverse across the reactor at 6 in. "above the 

dis tributor plate was carried out at fai1llty extreme reaction conditions , . )" 

(SOO"F., ratio = 6.S, flowrate • teri times minimum fluidization). This 

(traverse indicated a maximum temperature variation of I.S·C. over the 

central 7-1/2 in. core of the 8 in. diameter reactor. A similar temperarure 

variation was observed in the axi~rection from the distributor plate to 

the feed gas was heated to near reaction the top of the bed as long as 

temi<erature. 

5.2 FLUIDIZED BED REACTOR MODELS ~ 
Despite the ab~dance of differe~ reported fluidized reactor models 

there is only one basic model: the two phase model in which bubbles are .. 

assumed to rise through a fluid-like bed of solids. Although this is a 

mechanistic model, it is doubtfUl that the authors of the various models 
'.-' 

would claim that they describe anything more than an ~pproximation of the 

truth. ) 
The differences in the model descriptions can be resolved into three 

different parts: 

(i) the make-up and size of the flow and the mixing behaviour of 

the bubble, cloud and wake regions 

(ii) the flow of solids and gas in the emulsion phase 

(iii) the interchange between the bubble and emulsion gas and the 
r 

a priori prediction of its ma~itude. 

There are a large number of combinations of assumptions that "can be 

made relating to the fluid mechanical phencaena but: it is not the purpose 
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of this study to add to .this 'already large number of so-called unique two-

phase models. Rather, the object of the study was to simulate a~ , 

fluidized bed reactor and to discriminate among the models chosen to 

describe i.t. Al though some people have suggestea that fluidized bed reactors 

can be modelled wlt~sufficient accuracy, a priori predictions are generally 

not very good. 

This study. involves: 

1. 

2.' 

employing some form of the tw.o-Phase jodel and 

estimating some model parameter(s) for each specific case . . . 
These two basic statements summarize the approach taken throughout this 

study. The first statement implies that this study will make use of some 

of the large volume of work al~ady done on fluidized bed reactoTS. This 

-would be the logical first approach followed by any engineer'i~ modelling 

process equipment. There is little to be gained in developing a new model 

unless the ol~have 

descriptIons or-fne 

been proven to be inadequate and/or new insights or 
• I 

basIC phenomena have come to light. Secondly, some 

parameters specific to the reactor of interest may be estimated using data 

from' the operating reactor. 

Given this basic approach and reaction kinetic parameters from a 

separate study, the questions to be resolved are: 

(i) 

J 
(i i) 

, 
which of the two-phase models'best predicts the product 

distribution in the reactor ,effluent, and 

which parameter(s) in the~ two-phase models 

estimated using plant operating data. 

should be ,_ 

'-.. 

To consider the second question, it is best to estimate as few parretcrs 
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as possible, Also the parameter(s) to be estimated Sho41d be those 

abollt which there is most uncertainty and which are' the most di.fficult 

to estimate independently and accurately. For a large scale reactor 

op' rating within a plant the number of tests that can be performed on 

it rna)' be very few. Indeed, the only data that may be possible to obtain 

rna)' be that obtained under normal operating conditions. 
I 

For the purpose of this study the basic differences in the fluidized 

bed studies are grouped int? three main categories. They a~e shown in 

Table 5.1. The first category of the basic assumptions includes: the 

makell]> of the bubble phase, the flow.pattern in the emulsion and the use 

of a constant si ze or growing bubble. These are the general minor variations 

in the basic two-phase'models that hav'e been suggested by various modellers. 

'1110 question of inter~hange is placed in the third category. The second 

category of unknown parameters that can be estimated independently with 

reasonable ~ccuracy includes: initia, bubble size, bubble growth, maximum 

bubble size, bubble rise velocity. bubble shape, cloud thickness, wake 

fract ion, emulsion voidage and bed expansion. Of these parameters perhaps 

the 1ll0S t important and the mQst difficult to describe accurately is the 
~ 

bubble si2c and growth. Some might argue that this should be the estimated 

parametcr and the .interchange: should be included in the second category 

based on one or'more of the four basic interchange mechanisms which include 

bllbble circulation, diffusion, coalescence - breakup and wake and cloud 

shedding, However, considerable informa~ion is available on the variaqon 

of bubble size with height. These observations have been made in ~on-

react ing systems using capati t,ance probes, X-rays and visual observations 
>{ 

, 
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TABLE 5.1 CLASSIFICATION OF ASSUMPTIONS AND PARAMETERS IN 
TWO-PHASE ~DELS 

I 

II 

BASIC ASSUM~TIONS AND METHODS OF SOLUTION 

UNKNOWN 'PARAMETERS THAT CAN BE ESTI~TED 
INDEPENDENTLY 

III MORE UNCERTAIN PARAMETERS 

/ 

• 0 

137. 
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, , 

of burstin'g bubbles at the top of the, bed. Since' the description of the 

illterch'Ulge phenomena occurring between the bubble and the emulsion is the 

It"llS t we 11 known and hence uncertain, the ·"overall interchange was chosen 

as the single phy~ica~ pa,rwneter' to 'be estimated in each model from the , 
chemical concentration data for the experimental system. 

The models of Orcutt et aI, Kato and ~en and Partridge and Rowe 
( \ 

are investi~ated. Initi~llY the Kunii and/~evensPiel model was also 

included; i.lJ\fo'r.~unately, this model required a prohibitive,ly high amount 

of compllter time and 50 had, t~ be abandonned . 
. ' The basic assumptions ~ 

flow patterns i~ the emulsion, 

and the me,thod of solut ion 

concerning the makeup 'of th~ bubble phase, the 

the usc of a constant, si ze or a growing bubble 

used in this study (the type I assumptions of Table 5.1) arc the same as 
, 

those proposed by the authors of the individual models. The same relation-

ships were used in all the fluidized bed models to describe the type II 

mode I parameters. A lIeparate interchange parameter based on the Kato and, 

Wen analysis was estimated for each model. The calculation of the parameters 

common to al'l the mode Is is presented in Section 5.2.1. The formulation of 

the fluidized bed models used in this :study is presented in Section 5.2.2 

through 5.2.4. 

~. 

5.2.1 CALCULATION OF PARAMETERS COMMON TO ALL I-IODELS 

To ensure consistency among the basic models used to describe 

the reactor, certain parameters were}the same for all the models. The 

estimation or measurement of these parameters is indicated in the following: 

Ca) 

The initial bubble size from a perforated plate can be calculated , 



/ 

if the hole spacing no 0.-2 is 

(b) 

do = 6 (U-Uaf) 

n n o· 

0.4 

BUBBLE SIZE AND GROWTH 

known. 
-0.2 

g 
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5.1 

.The correlation as suggested by Kato and Wen fequati-o~ 2.16) is 

used to predict the bubble diameter at any height in the reactor. The 

~ = 1.4 (p d) (U ) h + d 
p p - 0 

_ U.f 

2.16 

effective particle density waS determined using mercury and the average 

particle diameter was determined from sieve analysiS (Appendix 0). The 

mean bubble size was the average over the total height of the bed. It must 
\' 

be noted that the correlation is a strong function of particle diameter. 

When used for non-spherical particles some cautiqn should be used. 

(c) ~!AXIMIJM BUBBLE SIZE 
, 

-The accurate prediction of the maximum bubble size is very difficult. 

A plexiglas plate was clamped over the viewing port at the top of the reactor 

and the bed fluidize'd with nitrogen. Observation of the bursting bubbles 

indicated that the eruptions were of the order of about half the reactor 

diameter of 20. em. From these experime~ts. it was postulated that the 

reactor was not slugging for the range of flows investigated. The observed 

eruptions were not at the center of the column and there were three or four 

distinctly different locations for subsequent bursting bubbles. Also there 

did not appear to be any gross rising and falling of the inte!face at the 

top of the bed. Subsequent closer observation of the bubble behaviour in a 

second plexiglas column of the exact same size and with the same distributor 

confirmed these observations. A maximum bubble size of 10. em. was estimated. 



This is to say that it appeared to be larger than 9. CUI. and less than 

11. cm
l 
There is considerable evidence from X-ray studies and two

dimensional bed photographs that some exp~sion of the bu~le occJrs 
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just before exiting from the bed. /However, since the theory of Harrison 
• 

(H9) suggests a maximum bubble diameter greater than the reactor diameter, 

the visual observation of the erupting bubble was used. :::.;.------

, 

(d) BUBBLE RISE VELOCITY 

The bubble rise velocity is predicted by equation 2.17: 

Ubr = 0.711 (g 

(e) . BUBBLE SHAPE 

• 

2.17 

.The bubble s assumed tO~I-Spfi<m.,;a,}' and of diameter determined 

by equation 2. I The .bubble is surrounded by a spherical cloud of 

thickness dete by equation 2.18. 

(fl CLOUD THICKNESS 

For the models whicl\'included the cloud with the bubble phase, the 

cloud thickness was calculated from the' Davidson model: 

. r (u + 2 (b /E )~.. 1/3 c ~ br - mf mf . 
r b ' Ubr (Umfhmf) 

2.18 

(gl WAKE FRACTION 

F~r the models which-included the wake fraction with the cloud 

O.2~ of the bubble volume was assumed to be occupied by·the wake. 

(hl EMULSION YOIDAGE 

It is essential to have an accurate measure of the emulsion voidage 

since the kinetic parameters were determined in a packed bed reactor of .-

~ 
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different voida~e. The voidage in the packed bed reactor which was packed 

and settled using a vibrator was 0.449, whereas that of the emulsion of the 

fluidized bed at incipient fluidization was determined to be.O.557. The . . 
voidage throughout the emulsion phase of the bubbling bed was assumed to 

be the voidage at incipient fluidi~ation. Thus, the kinetic rate equations 

must be adjusted by: 

(1.0 - 0.557)/(1.0 - 0.449) 

The method for the determination of the voidages by merc,ury density and 
r 

expansion to incipient fluid~zation is presented in AppendiX D. 
J 

BED EXPANSION 

The bed expansion from the freely settled state (as opposed to the 

vibrated and packed state used in the packed bed--reactor). to minimum 

fluidization was determined in a separate column of silica gel and was 

found to be 4.3\. The expansion.due to bubbles can be determined £rom: 

u - U mf 2.22 

This expression follows directly fro~ assumptions relating to the volumetric 

flowrate in the emulsion and the bubble rise velocity. 

BUBBLE-TO-EMULSION iNTERCHANGE c; 

, The interchange or volumetric flow from the bubble to the emulsion 

was estimated fbr each individual model using the exit reactor concentrations. 

This interchange was described by: 

K ~ em
3 

interchanged 

cm3 of bubble - sec. 
= ~",x !! 5.2 

\ 
where db is the bubble diameter in centimeters and e" is the parameter to, 
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be estimated. The effects of coalescence, .breakup and wake shedding as 

well as the effects of gas circulation within the bubble and diffusion, 
:' .. 

are assumed to be included in this parameter. 

SlJl.IMARY 

The description of the bed and bubble characteristics presented 

here are incorporated along with the kinetic equations describing the 

reaction rates into the fluidized bed models used in this study. These 
" 

modelS with their various basic assumptions now can be compared using the 

same set of descriptions for their common parameters. The mathematical 

development of the flow equati~ns for these models and the methods of 

solution are outlined in the following three sections of the thesis: 

5.2.2 MODELS OF ORCUTT ET AL. (01) 

The two modeis of Orcutt, Davidson and Pigford as originally presented 

are summarized in section 2.3.2 and in Table 2.2. Orcutt et al.proposed 
.' 

two ways to describe the flow of reactants in the emulsion. One was that 

all the emulsion gas was perfectly mixed and tne other was that it was in 

plug flow. The basic assumptions of both these models according to 

classification I of Table 5.1 are: spheric~l bubbles of constant size 

containing no solids and all gas in excess of that required to provide the 
. , 

minimum_fluidizatio~ velocity in the 7ion phase flows 'through the 

reactor as bubbles in plug flow. 

PERFECT mXING IN THE EKlLSION (ORCMIX) 
( 

The model used in this study was named OROIIX. A mass baiimco \ ,,-,i 
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for any component in the bubble gives: 

Q"(Pe - Pb) = UbrVb dPb 5.3 
Or 

Integrating equation 5.3 over the bed height H gives the partial pressure 

of any component at the exit in the bubble as: 

Pb = P + (p" - P ) exp (-X) e 0 e 5.4 

where 5.S 

and Qis the interchange or transfer rate of any component which results 

from diffusion and bulk flow of fluid into and out of the bubble. The 
' .... 

subscripts e, band 0 refer to the emulsion, bubble and feed respectively. 

From a total mass balance on the emulsion as a mixed tank: 

Net Flow in Net Flow in Rate of Disappearance 
+ -

From Bubbles From Feed Due to Reaction 

where N = number of bubbles per unit volWDe 

u = minimum fluidizatiOn velocity (em. /sec.) mf 

rv = rate of disappearance (moles/sec. 0.. 3) 

Using the notation of Orcutt and substituting 

Il= I 

= U,* (1 - Il exp (-X)) 

RTII 

equation 5.6 for the emulsion becomes: 

5.7 

The five _rate expressions 
\J 

for each of the components are substituted into 

equation 5.7 resulting in five equations plus equation 5.4 to be solved. 

A solution is obtained by choosing the correct partial pressure of hydrogen 
<"\.::;7 

r 
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in the emulsion phase. Once a partial pressure of hydrogen is assumed 

all 9f the six equations can be calculated directly. The calculated 

hydrogen pressure is compared to the estimated or guessed value. After 

two hydrogen concentrations have been guessed and a ~orresponding calculated 

value obtained, a Regula Falsi convergence' technique can be used to obtain 

the correct value of the hydrogen partial pressure. 

The total computation is very rapid since no integration techniques 

are needed. 

PLUG FLOW IN THE EMULSION (ORCPLG) 

The model used in this study was named ORCPLG. From a mass balance 

on the bubble phase over a differential height of the reactor 6y : 

. where 

(U - Umf) A6Pb = QNA 6y (Pe - Pb) 

U - Umf = NVb~r 

S.8 

and U is the superficial velocity for the total feed. Taking limits as 

Dy" 0 and as before defiping: 

x = QH/Ul,irVb 

dPb _ X (Pe - Pb) 
cry- Ii 

In the emulsion phase. at . any height: 

(U-U f) dPb + U f dP ~ RTr m m e v 
dy dy 

where again rv· is the rate of disappearance. 

Substituting equation S.9 into S.IO 

- RTr v 
Umf 

S.S 

S.9 

S.IO 

S.l1 

For each of the five components there exists two differential equations 
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5.9 and 5.11 to be solved. They describe the partial pressures of each 

component at Wly height up tho reactor. Since both the emulsion and '. 
I 

bubble flow are upward from the distributor, the problem is an initial 

value one. A fourth order Runge Kutta integration routine is used. 
, 

The error of integration is calculated and the step size specif~ed so 

that the error on the partial pres'sure between each integration step 

is controlled between 10-6 and 10-8• 

The model~of Orcutt et al. are two of the simplest available. The 

~ssumptions of no solids in the bubbles and of no.growth of the bubbles 

may limit the accuracy of the model predictions. However, the calculation 

time for the perfectly mixed model is about twenty times faster than any 

of the other models because of these two assumptions • 

. / 
5 .. :.3 MODELS OF KATO AND WEN (K3) 

The basic model of Kato and Wen along with two modified versions of 

it were included in this study. The two modified versions investigated the 

'effect of including the wake perfectly mixed with the bubble and also the 

effect of modelling the emulsion flow of gas as a perfectly mixed tank •. 

lne basic assumptions of the original model according to classification I 

, 

pf Table 5.1 are: spherical bubbles with spherical clouds, .growing bubbles, 

no. flow of feed into the emulsion, solution of the mass balance differential 

equations by assumed zones (integration steps) equal in height to the bubble 

Ji~eters and perfect mixing within each emulsion zone but no axial transfer 

between these zones. The partitioning of the bea into.zon~~r the 

purpose of solving the reactor equations is a 1II0St Wlique 'feature of the 

original Kato and Wen model. 
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BAS ll~ KjlTO AND WEN MODEL (KATWEN (0) 

The mod,,1 used in this study was Ilamed KATWEN(O). A mas} balance 

r 
oIl 1 h .. oubbl c phase for component i in any zone up the-bed gives: 

.,j 

wile rt' 

(F. ) I ] n· 
("hl' . I'el') + RTVc r + (5u P ) i br bi n 

" - cross secti elnal area of the buhble phase .' 

tJ c 
hI" 

superficial velocity of the hubble phase 

,; . i ntl'rchange (cm. 3/cm. 3 -·sec.) 

IF. I I" 5u,. (I'b' 1 I from the stage below (knoJ'l1l 
1 11- uf ) n- . / 
, 

V h •. vol\lme of the buhble phase in the zone 

'1' (" ,. volume of the cloud phase in the zone 

5.12 

A mu,,· balance on the cmulsiop phase for component 1 within each zone with 

IlO axial flow gives: 
, 

I' .) c RTV r
i 

+ 0 - 0 
E'l C 

5.13 

The five equations for the rates of reaction are substituted into equations 

S. Ii and r,. 13. These equations are then solved for Pbi and then P ei' Given 

the· flow [rom the zone below, the partial pressures of hydrogen must be 

glll'sscd [or both the bubble and the emulsion phase. Then the. partial 

pressures can be calculated. The solution for each zone converges very 

qulcklv. 

KATO A.'-ilJ WEN WITH WAKE IN BUBBLE (KATWEN(I») 

TIle model used in. this study is named KATWEN(l). The only difference 

from the model KATWEN(O) is in the calculation of the cloud volume V'c. In 

this model the cloud volume is increased by an amount equal to 25 percent 

or th .. bubble. This involves the changing of two cards from the KATWEN(O) 

'. 
" 
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" 

KAlO AND WEN WI11I ENTIRE EKiLSION PERFECTLY MIXED (KIIMIX) 

The mOllel used In this study is named KWMIX. The equation for the 

hubble phase for tlli~ model is "'1uation 5 ,12 without the wake included with 
'. 

the bubblc. The equation for thc emulsion phase is different since the other 

two models are developed using the net interchange of a component betwcen the 

bubble and thc emulsion. The mass balance equation for the mixed volume 

with ;I'action for comkonent i is: 

(A-S)U f P,
o 

• E (KVbl'b')'. 
m 1 '1 1 J J-

wlle.ro (A-5) is the cross sectional area for the emUlsion. Ve is the total 

5,14 

<'mulsion volume 'lind Pi 0 is" the partial pressure of component i in the feed 

to thc rcactor. The second tcrm on the left hand side is the sum of the 

total flow of component i from each of the k zones in the bubble phase. 

A solution of this model is obtained by first assuming the emulsion 

" .. part'lul prcssurcs as calculated using the OR~IX model which executes very 

. rapidly, Knowing tho approximate emulsion partial pressures. the composition 
~, 

of the bubblc phase can be calculated up the reactor. Now. given the total 

~ 

input to the emulsion from the 'bubbles and from the feed. the emulsion ' 

partial pressures can be calculated from equation 5.14. Then the bubble and 

emulsion partial pressures are alternately calculated until the change in 

the partial pressure of hydrogen in the emulsion is less than 10-4 betwcen 

subsequent itcrations. Only three or four cycles are required and the 

solution converges rapidly since the QRCMIX model provides very good starting 

values. 
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.. 
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5.2.4 /oKlDEL OF PARTRIDGE AND ROWE (Pl, P4)'J,PARROW) 

The mode\ used in)this study is named PARROW. The basic Assumptions 

for this model in accordance with classification I of Table 5.1 are: 

spherical bubbles with spherical clouds, KrowinK bubbles, gas in the 

emulsion flows upwards in plug flow at the ,minilllWi fluidization velocity 

and all the remaining feed gas flows through the reactor in plug flow as '> 

bubbles. The bubble mechan,ics are described as indicated in Section 5.2.1. 

The mechanics of calc41ati~ the bubble properties in the original 

Partridge and Rowe model arc significantly different from those employed 

here. They made use of data from ar'two-dimensional bed to determine ,n 

, . 
bubb Ie size distribution. The validi tyof this technique and the subsequent 

conversion to the three-dimensional.case is questionablo. 
'''~ 1_, • 

\ are the 

\changeS 

~'-

For this stuay, the equations for the Partridge and Rowe model 

same as those for the' ORCP,LG model except that the bubble size 

up the reactor and the bubble phase includes a reaction term. The 

resulting ten coupled difforential equations form an initial value problem 

since the flow of bodh phases is upwards from the distributor. 

, . 
• J. ,') INITIAL EXPERIMENTS AND /oKlDEL FITTING 

The results and the analysis of the initial two sets of experiments 

arc presented in this section. The model of Orcutt et al. with perfect 

mixing in the emulsion phase (ORDlIX) was used for mos't of this initial 

.lllalysis since it was by far the least expensive in computational time. 

Limited studies using the Kato and Wen model KATWEN(O) indicated that the 

res idual fit for this model on the basis of a weighed least squjlre estimate 

"as about half that for the OROIIX model. 
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I ' 
/ (;-

Shortcomings of the apparatus were found during preliminary tests 

of thl! reactor, the hl!ating 'systl!ms IDId the fl!I!d gas systl!m. The ranI" 

of operating cond~~ions over which reaction would occur and thl! reactor 

could bl! controlll!d were, investigated. A reasonable conversion of 

n-butane occurred above 470·F. At temperatures above S30·F. the seals /) , 

on the ci rculat,ing oil Pta9Ps failed after about '20 hours. An at r cooled heat ... 
exchanger was added to the oil circulating system; without it in the reactor co·! 

not be controlled and temperature runaway occurred. Below a flOWTate of 

about ten times the minimum fluidization velocity the reactor could not be 

controlled and hot ~spots occurred. It was postulated that below that flow 

there was not sufficient movement of the catalyst to remove the, heat of 

reaction through contact with the reactor walls. 

The o.1l1bination of conditions for the experimental dedqn is shawn in 

Table 5.2. Experiments were performed at two levels each of temperatare, 

ratio and flow. A centre point or standard condition experiment was 

perfonned at the temperature, ratio and flow condi tions of: 48S·F, 5.3 and 

10 U/Umf respectively. Two samples were talcen at each operating condition 

and a pair of center point experimcnts were performed between each of the 

sixteen experiments indicated in Table 5.2. The results of these and all 

the other experiments performed along with the data and the data _alysis 

computer programs are presented in Appendix J. For these initial experiments , . 

the feed ratios were determined from the chromatographic analysis rather than 

from the rotameter readings due to an initial error in the calibratiaa of 

the n-butane rotameter. For subsequent experiments the material balaace 
( 

as detennined from the rotameters and the chromatographic analysis agyeed 

wi thin four percent. 
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} 

TEMPERATURE (OF) 

RATIO (H/C4H10) 

FLOW (U/Umf) 

- \ 

) 

~ 470. 

3.3 

10. 

150. 

SOO. 

7.3 

IS. 

TABLE 5. 2/NOMINAL OPERATING CONDITIONS FOR INITIAL FLUIDIZED BED EXPERIMENTS 1-34 

" 

" .. 
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, 
Two subsequent sets of experiments\ were performed with the same 

depth of catalyst bed: 

i) Experiments 35 to 46 were designed to determine if the catalyst activity. 
) 

which remained constant over the first set of experiments would be the S8IIIC 

when the catalyst was conditioned in the same way four months later. The 

observed conversion and selectivities a~ the same center point operating 

c~ndition~ wer) identical to those obtained previously. Several experimental 

trials were pc formed using first propane and then etilane'instead of n-butane 

in the feed. The failure of a pump S~l did not allow all the planned 

exporiments to be completed. o 

ii) Experiments 48 to 86 were designed to investigate,a wider range of', 

control variables ,~temperature. flow rate and feed ratio). Two of the 

three control variables were set at the mid-point values (485°F:. U/Umf a 10 

= 5.3) and the third one varied. In this way. temperatures 
• 

of 440; 455. SIS. 530 and 550. ratios o,f 2. 5 ~ 11.0 and a flow of 22 
, 

times the minimum fluidization velocitY'were investigated. The experiments 

at high temperature were performed to test the fluidized bed models at very 

high reaction rates. 

CO~IPARISON OF FIXED AND FLUIDIZED EXPERIMENTAL RESULTS 

• Some conclusions can be drawn by comparing the experimental data \ 

from the packed bed and from the fluidized bed reactors. Figure 5.4 shows 
I 

plots'of the integral sele~tivities against the resultant conversion of 

n-butane. The selectivity of'~ethane increases to its maximum value of 

four and the ethane and propane selectivities decrease toward their minima of 

-cera as the conversion of butane increas~ to 100\. The sca~ter in these 
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plots 'is due mainly to the wide range of temperature and 'feed ratios 

used in obtaining the d~t~; the scatter occurs as expected from the 

kinetic model. The observed scatter is wider for the fluidized bed 

mainly because the fluidized bed was operat~d over a wider range of 

temperature and ratio (by almost a factor of two). 
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It is to be noted that for the fluidized bed data, the selectivity 

of methane is usually greater and the selectivities of ethane and propane , 

arc usually smaller than the corresponding selectivities observed in the 

packed bed. The selectivities approach each ,other at low conversions 

where presumably differences in composition between the two phase in the 

fluidized bed become small (interchang~ rate high relative to the 

reaction rate) ,and hence the two reactors exhibit essentially the same 

behaviour. At low hydrogen-to-butane molar feed ratios, the hydrogen 
\ 

~ 

inhibits the reaction much less and higher rates and conv~rsions are 

observed. This is a region where interchange significantly influences 

the conversion attained. 

For overall conversions greater than 40\ in 'the fluidized bed, 

the selectivities observed for ,the fluidized bed runs correspond to 

.select'ivi1:ies in the packed bed at essentially total conversion of 

butane. Moreover, at high reaction rates the selectivities are most 

probably determined by the local extent of reaction. This suggests 

that the conversion of butane in the emulsion phase, where most of the 

reaction takes place, is quite high and hence the relatively low overall 

conversion is due to the bypassing effect of the bubbles. It follows 

that the reaction kin'etics if they are to be applied to a fluidized bed 

reactor must be accurate in the region of high conversions of the primary 

" . . ' 
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• 
reactant (in this case, butane)~ 

The selectivites of methane, ethane and propane are independent 

of the rate of butane reaction. The selectivities arc ho~ever strongly 

dependent on the local extent of reaction in the sense that extent of 

reaction determines the local gas phase composition and hence the surface 

composition'of absorbed species on the catalyst. The rate of,butane 

react tOn is strongly correlated with gas interchange,rate as shown in 

Figure 5.1. Selectivities' will, of course, also be determined ~ the 

gas interchange rate because this phenomenon affects gas comp~ion in 

the emulsion phase. Our experience sQggests, how~ver, ~en the 

ratio of rate of reaction to rate of gas interchange i& high, the selectivity 
. \ ' 

will be determined primarily by the local extent of reaction. 

PREDICTION OF FLUIDIZED BED SELECfIVITIES AND CONVERSION 

To determine how closely the reactor could be modelled and to detect 

any major weakness in the two-phase modelling concept the ORCMIX (Orcutt's 

bubbling bed model assuming perfect mixing in the emplsion) mode-I-was used. 
, '/ 

This model was chosen for its simplicity and short computing time reqUirements. 

lne interchange parameter which in the'Orcutt model is given by 

(q + kGSh) L 5.15 

Ubr Vb -
accounts for the gas interchange between bubble and emulsion phases. Here 

it was not estimated from equation s.lS· A value was estimated for each 

operating co'ndition such that the sum of squ~res ,of the difference between 

the predicted and 'observed conversion and selectivities was a minimum leaving 

tl-lO degrees of freedom per trial. The sum of the relative errors between 
• 
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the predicted and the observed values of the conversion and the selectivities 

of propane and ethane was used as the objective fUnction. The selectivity 

of methane is not an algebraically independent response and so was not 

included in the weighting. The kinetic parameters used were those from 

the initial packed bed study and are shown in the first column of Table 4.7 • 
. 

A constant catalyst activity{of 3.65 as indicated from packed bed studies 

waS assumed to describe the activity of the catalyst in the fluidized bed. 

lIence, the interchange parameter was t~onlY adjustable parameter in 

the reactor model. The ~ariation of(jthis reactor interchange parameter 

shJwed no direct correlation with flow but some with temperature. Its 

most probably value was in the range of 1.0 to 1.5. Some of these interchange 

factors were as low as 0.6 while others were' as high as 30. No real 

significance can be attached to some of these values for the reasons 

suggested in Section 5.4. 

The calculated selectivities are shown along with the envelopes 

covering the experimental data in' Figure 5.5. 'ryle. propane selecti vi ties 

arc predicted fairly well. Above about 25\ butane conversion" however, the 

ethane selectivity is predicted too high and was worst for the low ratio 

runs. Since methane is not an independent component; predicting the 

ethane selectivity too high results in the methane selectivity being 

predicted too low. A few conditions were tested using the ORCPLG. and 

the KATWEN (0) models and the same trends were observed. 

This result is not surprising since the kinetic model was known 

to break down at low hydrogen-to-butane ratios and high conversions. 
~ 

Q 

, 
{. 
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'~e selectivities observed for a wide range of conversions in the fluidized 

bed are in the exact ~ange of selectivities observed for the packed bed 

reactor at 100\ conversion. This suggests that even at moderate overall 

conversions in the fluidized bed reactor there is a very high conversion 

occurring in the emul,;;ion phase. This means that any kinetic model must 

be quite accurate in its predictt~ns at high conversions. 

ONE KINETIC PARAMETER ADJUSTED 

The predictions of ~e selectivities ~ere poor and deviated 

systematically as the observed conversion in the fluidized bed increaSed. 

The hypothesis to be tested was that the predicted selectivities were 

poor because: 

(i) the conversions of butane and propane are high where reaction 

occurs in the ~d and r 
the inability of the kinetic model to predict the eihane (ii) 

behaviour at these high conversions is the prime reason for 

the breakdown of the overall reactor model. 

To do this. the kinetic parameter relating the ratio of reaction 

rate of ethane to its desorption rate was adjusted empirically to account 

for the lack pf readsorption of ethane. That is. increasing this ratio 

has the same overall effect as readsorbing ethane on the catalyst; the 

desorption rate thus becomes a net rate. This is not entirely correct 
: "-

since the other kinetic par,ameters' were determin'1/.l on the basis that 
r. , 

Teadsorption was negligible. This ~ar±er was found in the following 

way: the interchange parameters which ~e determined in the first fit 

of experimental and predicted data were used here; this new kinetic 
/ 



\ 

parameter was estimated to yield the minimum sum of squares fit of the 

calculated and observed mole fractions of ethane in the exit stream of 

all run5~ . ., 
" 
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The new predictions of selectiviti~ are shown on Figure 5.6. The 

trends are now predicted extremely well. Both the methane and propane 

selectivities improve because of the interaction among hydrocarbon, 

components and with hydrogen concentration. The accuracy of the predictions 

is more easily visualized on Figure 5.7 where the observed responses are 

plotted against the predicted ones. There is however, a significant 

correlation of the selectivity residuals with conversion. 

TEST OF FLUID ~IECHANIC MODEL 

Most of the initial modelling of the fluidized bed was carried out 

using the Orcutt perfectly mixed model, ORCMIX. The computing time 

requirements were low and a complete inVestigation using all six models 

was not warranted since ~t, was demonstrated in the packed bed experiments 

and the fluidized bed experiments. that the kinetic model was deficient in 

its treatment of the ethane adsorption-desorption phenomena. However, the 

predictions of the ORCMIX model were compared to those of th~ Kato and Wen 

(KATWEN(O)) model., The original.' kinetic parameterrs were used and again an 

interchange parameter was estimated for each run. The observed versus the 

predicted conversions are shown for both models in Figure 5.8. Much. of 

the .correlation of residuals is removed by the Kato and Wen model. The sum 

of squ~res of residuals for the Kato and Wen. model is half that for the 

Orcutt perfectly mixed model. 
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'"., SIJMIolAJ(Y OF NITIA!. FLUIDIZED BED STIJDY 

An evaluation of tho Initlill phaso of th" study cun only bo mude 

"r fi nt consldorinll tho gouh of the study. Thoy uro to fl nt produco 

',illlllllllion mod"ls of lIfI oxlsting fluidized b"d and then to discriminate 

:tIllOJlf: thu IIYlIlluble models nnd to choos" the bost ono. In d"YoIopi.ng tho 

',illllll"t iun models, tho Idnotlcs of tho roactlon are determln"d Ind"p"ndeJltly 

"I' Ihe fluldlz"d bed. 'Then, usini the so kin"tics, tho fluIdized bod 15 

"""Idled by ".tlmatlng u purnmeter which doscribos the flow wIthin tho 

fe-actor. 

1\ satisfuctory model for a fluidized b"d chemical reactor for' 

iJlrl",;ion within a process simuilltion has been nchl"y"d through usc of: 

(a) a simpl" model to d"scribe tho fluid mechanical behllYiour 

wi th in the reactor, 

(b) kinetic constants "valuated from "xperlments perform,:d on Il 

bench-scale integral fixed-bed reactor (01), and 

(c) conY"r~ion lIfId selectivity data obtnlned from reactor 
• 

"xp"rim"nts. 

'nlis model predicts conv"rsion and sd"ctivlties of all components with 

fa i r accuracy over a wide rllflge of feed flowrates, hydrogen-to-butane feed 

r:lt ins and temperatures. A single parameter which could be related to the ) 

rIlliJ mechanical behaviour could be estimated from the reactor experiments. 

~Ioreoyer. the chemical kinetic model could be modified through use of the 

,:\fne expeJ'iments to partilllly account for inadequacies in the or!~inal 

'Inetic model bnsed on the fixed bed experiments. The structure of this 
. 

lII<'chan i $ tic model provided an insight into the actual modi fication required; 
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No /Itt cmpt was '"nde to dl ~.Lard any of tho fluitll zod bed modo b 

:I' .111', stllKo. '.lllce a numb~r (If rofinomollt5 and mo<llflcatlons needed 

• ,.1><' madl' to 1111 th(' modols. Tho dlscardln& of some of the model5 would 

1111' 1"dIlCl' 1 Ill' computllt \ Oil time Il(,fossary to affrct tho modlflcatlons, 

.11<' ,'"anKl''' lhat had to It .. mado b,,!'ore discrimination was attempted were: 

(i) The kinetic model mllst include th., readsorptlon of ethane 

unto tt ... catalyst Wid mU5t be tested at very hl&h conversions. 

(ii) A hettrr model is needed to describe the gas interchange 

"etween the emulsion and bubblo phaso5. 

(I i i) The rffect of the uncertainty in the kinetic parameters on 
J' 

the predicting ahillty of the fluidized bed models must be 

investigated. 

The importance of multiple response datu including selectl vi tics 

as ''<'il as convl'rsion becomes very ovident. It must be emphasized thnt 

'o,,,il'l'I ivity information. Wllike only conversion information (as used entirely 

III lIIoq previous studies reported in the literature) gives more informution 

"holl' the condi t ions of the local areas where reaction actually occurs. 

'nlal ,s. from conversion data alone, local r,.tes of reaction or conversion 

,';llIlIot b .. inferred wi thout an almost perfect knowledge of gus interchange 

hctlol('I'1I hubhl/' and emUlsion, This is because, in a fluidized bed model, 

the rate of reaction and the interchange parameter are strongly correlated 

'U that 8 Single conversion may be obtained from a wide variety of rates 

allJ '"tl'.rchange parameters, This also means that'unless one has a high 

)('\'(') of confidence in the chemical reaction model and the kinetic parameters 
• 

at the i'()cal conversion or extent of reaction, correlation between an estimated 

. . 



Illt"rri)llllgc valuo and tho actuill physical intorchanie value would be 

fllrtliltou~. 
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In tho s!tuat ion whore the rate of roaction 15 ~iO compared to 

till' 1"11[,<' of Interchange botwoon the bubble and the emulsion, the "mul~lon' 

wi 11 he almo~t dopleted of reactants. It thus becomes nocessary,to 

illv~stiKato tho kinetics over all conversions and particularly at the high 

cOllv"rsions that will occur throughout' the .emulsion phase of the fluidized 

hed, Thus In the study of fluidized bed reactors, the study of gas inter

rhall~" and bubble mechanics may not' be suffici,ent. POl' a fast reaction it 

Is also necessary and equally important that the reaction rate be investigated 

lIlId"r conditions that will exist in the cloud, woke and emulsion. If this 

i" lIot done, any phys ical Interpretation of interchange parameters would be 

IInrl'lIsonuble. 

The performances of the various two-phose models are evaluated and 

cOlllpared in Chupter 6. Once the kinetic and interchange models are improved, 

modt'! discrimination CUll be attempted. 

, 
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(,.0 FINAL FLUIDIZED BED STUDIJ!!8 

In Ch;'ptor 5, tho predicting ability ot the tluidiz:ad bed modela WAS 

"villuntod uaing tho initial .ot ot paramator. tor tho reaction kinotic.. Tho 

111"111 trl indicatod that· turthor exparimental work wa. noco.sa~ to modity 

th" klnotic modol And to astimato tho required parameter. at highor convorsiona. 

'1111" rofinomont ot too kinotic modol and tho do.ign ot tho roquired 

O'xl,,,r1monts 10 dOBcribod in Chaptor 4. The dillcrimination IItudio. among 

I hI' f1 lIiM zod bod modol'B wi th the improved kinetic modol ara roportad in 

I hi" chaptor. 

h.1 MOIlEL ~:VALUII1' ON WITH IMPROVED . KINETICS AND INTERCHANGE 

'1'110 nix fluid zed bed modols wero evaluated u.ing the oxisting' 

"XI"" Imontal d1\ta. '!Wo paramqtors wero oat1mated in oach model (the 

int"n:h"nljo p"ramotor 0* in oquation 5.2 and tha catAlyat activity in 

"<]II.,tlonH 4.8, 4.16 and 4.23) by maximizing tho likelihood tunction tor 

t hl'.'a~ two pnramotors, that 1& I 

, k 
L(O-'k) 

o 
_. p (VlJ., o*,~ ) 

k 
o 

'I'll lIn thb tho objoctivo function. 

1 exp {-t 

n· T-l 
E (lu- 2u) E (lu- nul 

u=l 

6.2 

101.,,; minimized with rospoct to 0* and k/ko '. Tho ROsenbrock algorithm (R4) 

101.1" uned to so arch for tho paramotora. 1: is the variance-covariance matrix 

for the fluidized bod experiments. 

I:Xf'!';!'lMENTAL VARIANCE COVARIANCE MATRIX 

An estimnto of the experi'mental error was needed for the three-. 

independent experimental responses. They were. the selectivity of methane, 
.." 

the selectivity of propano and the quantity unity minus conversion. During 

• 

.', 

6.1 

" 



fl,p first Bet ot 1-86 experi~t8, there were 29 independent trials at 

f I,,' ml,l-point or . /i center/po nt operating conditions. 

, 
"-

S~nce these trials 

""" •• A IRa randomized, they were used to provide an estimate at the 

I'XI}('rirn(~nt.ll variancolcovarianco matrix. Thoso exporimonts had been 

i "duded in the initial trials to monitor the catalyst! activity or any 

,,11ll'[ phenomena that would have aftected the experimental responses 

,,11,..r than .the three control variables. The variance-covariance 

m"trix evaluated from these mid-point experiments is shown in Table 6.1. 

No) I rilnsformation of the variables was necessary for the fluidized bed 

t'xlll~rimontB. 

Wi th 29 experiments there are a ·large number of degrees o~~freedom 

~ -
,""r 1:. Thus 1: should be a good estimate of !: and could be used for 

"',. i'lhti "<) in pilrameter esti"l.ation. 

Pl\HilMETEH ESTIMATION 

Th" 32 experiments used for pilrameter estimation are listed in 

166. 

ill'l><'ndix J. These data represent the second of the 'two analyses which were 

(lbt ,1 i ned .<~t each experimontal condition. The second was chosen because the 

'PM-tor operation hild stabilized for a longer period and the 

.cf f "nuations on the chromatograph could be properly chosen for each 

'''''Iionse . The trials in this series employing propane or ethane feeds 

\oo"'r" not included because the kinetics were not tested for these feeds 

,,,,,I the rpaction rate was low at the operating conditions investigated. 

,\:; presented in section 5.0 and shown in Figure 5.1, experimental 
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'. 
\ 51 53 ~-CONV. 

; I 1.4115 x 10-3 -2.1312 x 10-4 
121.1692 x 10-4 

" -2.1312 x 10-4 6.8'623 x 10- 5 . 4.3709 x lO-5 

I·CONV-I.1692 x 10-4 4.3709 x 10 -5 1.4982 x 10-4 

TABU. 6.1 VARIANCIl-COVARIANCE MATRIX DUE TO EXPERIMENTAL ERROR FOR TIlE 

FLUIlJIZED BED 

. ' 

• , 
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trials at low reaction rates may not be reliable for estimating the interchange 

that' is occurriilg. 

The results of estimating both the catalyst activity and the interchange 

parameter for each model using tlie 32 trials arc shown in Table 6,2, The time 

r!'ported is the time in ,seconds required for the evaluation of each model at 

<II\(' catalyst activity and onc interchange parameter for all of the 32 trials. 

Not!' that there is a wide range of execution times for the various models 

(''''ploycd. The large compu~er time for the Partridge and 'Rowe and the Orcutt 

plug flow models arises because of the integration and error evaluating 

rout incs lind hence makes them less desirable as models for ,optimization 

·.Iudies. Indeed, the cost of computer time for these models with the complex 

Undies included was ,considered too great to include them in any further part 

of this study. 

With the exception of the Kato and Wen model KATWEN (1) which includes 

th!' wake with the bubble, 'the parameters estimated for the basic six models 

art' quite similar. The estimated values 'of the catalyst activity range from 

1.·le to 1.65 for the various models. The interchange parameter rang~B from 
. .' 

11 .. 171 to 0.436. In fact, much.of this range is due to the KWMIX model wi th a 

higher estimate of the cat~lyst activity and a corresponding lower estimate of 

t ht' i ntt'rchange parameter. There is obviously a fairly large correlation 

betwecn the interchange parameter and the catalyst activity but this correlation 

I,a" not investigated. 

11\1111:1. D I SCRIto1INATION BY TIlE MAX I MUM LI KELIHOOD METIlOD 

The likelihood values in Table 6.2 are 'scaled by an arbitrary constant. 

Ihl' absolute value of the reported likelihood is of no direct interest .. rather 

.' 
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--- - ---:----
CATALYST o· 
ACTIVITY 

fltlilLI. k • L TIME 

IIl011 X 1.42 0.426 1.9xlO-95 

1.45 0.422 2.0xI0- 85 
110 

'''HHIII~ I.S3 0.436 S.OxI0
IS4 

320 

,\lWrN (OJ I.S8 0.430 6.4x10
174 

36 

~"TWIN (I) 1.37 0.218 <10- 200 
39 

1.6S 0.371 1.lx10
156 

25 

,ATWIN (OJ lill • CONS TANT 1.68 0.374 2.2x10
165 

,ATIiIN (0) Vc 0.0 I. 74 0.429 3.6xI0- I02 

TAltl.F 10.2 I'STIMATED CATALYST ACTIVITY. INTERCHANGE PMAMETEIl FOil FI.lJlIlIZED 

BED EXPERIMENTS 1-86 AND MODEL LI KELIIlOOD~· 
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'. 

II,,· '-0111,,,, of tho~e values can be examined to auen rolatlve 1I00dnoIS of 

III 11'11111 IIno model to anothor. II rotio of likelihoods of 100 denoto~ Hronfl 

1"'<'I('I"I'lIr~ rOl' one modol over anotherj a ratio of 10 u~ually' Indicates a , 
"';d .I I ft','r('nce. 

Th,' fir"t six entrlos In Tohle 6.2 aro for the models as prosentod 

III ''''''1111\1 ~,.2. On the basis of tho IIkolLhood ratLos. the basic Knto on,!, 

Ikll "",,1,'1 proves to he by far the best to describe ,the opernt Lon of the 

1IIIIdi :,(,,1 hpd r(,Rctor. TIle Kato and Wen formulation with a completely mixed 

~'1n"I·.illn.appcllr, to bo noxt best but Is definitely Inferl,or. SurprisingLy. 

Ihi·. mix .. d ('mublon model h only mllrginally more acceptllble thon the Portrldge 

.11101 U,,;' .. m",lel which 15 blued on plug flow of the gllS In the emulsion phose. 

Ih,' Il'-('I!t t "t Ill. models ore very poor reilltive to those already mentioned. 

I'h,· "",,1 .. 1 wi ththe worst performance is the basLc Kato ond Wen model with 

Ih,' wah .. alld associated catalyst particles Included with the bubble. The 

"'1"''-''''''lItal trials n.t very high reaction rates are most responsiblo for tho 

1''''''- I"'rfllrmance of this model. Tho hlflh reaction rlltes and the omount of 

"II,d\'·;t in contoct with n-butone in the bubble rosulted in predicted convorslon~ 

111.11 WI' 1"1' far hi Kher than those obsorved, Even reducing tho woke fract Ion to 

III " whirh is well below the occepted ronge of 20," to 35\ mado little Improvement 

III I h,' I"'rformance of tho model. 

,\,\111 I. SINSITIVITY TO IISSUMPTIONS 

III order to investlgote whether the assumption of 0 constant bubblo 

., ',' "I' thl' assumption of no cloud included with the bt.bb~e wns the major 

',II",,' "I' the poor performance of the models of Orcutt et ,,1.. two additional 
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" 

["ntH worn porformod. Tho ba.ic Kato and Non lDOdel KATNEN(o~ wa. 

,u.mll riod to cloaoly bohavo as tho ORCMIX modol oxcopt for tho mothod of 

!loll1l:10n 00 au to involltigllto thoso IlIlSUlllptions one Ilt 11 tillO. The 

,.'fl" ltll of thoso teota Ilro shown in Table 6.2. For th" oxporimontlll 

l,-lillu porformod, tho Ilsswnption of a constllnt bubblo sh:o d008 not IIppellr 

I" 1>0 <1S rostrictivo liS tho IlDaumption of no clltllly.t in tho pha80 

'''l',-,,"onting tho cloud and tho bubble. 

Tho sonDitivity of a numbor of t~o bubblo propertios wlla invostigated 

"I. thin timo. Tho KA'lWEN(o) modol waa chason for tho study lIinco it hlld 

• ;.,' 

l'llrformed bost in predicting- the roactor solectivities lind conversion. 

'I'h.· c.,tlllyat IIctivity lind tlie interchllnge p..rOl1leter wero not ostimatod 

,,,,.d n. Tho vnluos of these pllramoters oa roportod in Tablo 6.2 wore uaod. 

'11,,, v.uious pllrllmeters invostiglltod wero each incroasod 5\ ono at a time. 

11", re~ultB Ilro ahown in Tllblo 6.3. One obaervation to bo mado from thoae 

.I" t" io tho grelltor change in the likelihood, effected by the 5\ increase 

ill the interchange than by a corresponding change in any at the other 

l',lr.lmctcrs. It is noted that by increasing the volUJDO of, the cloud a 

"I iiJhtly larger likelihood reaultll. 

d 

T.lble 6.2 summarizes the evaluation ot the relative pertormance at 

• 
Iht' various models in predicting the experimental data obtained during, 

th" initial reactor trials. All these trials were at one depth ot 

catalyst bed and had not been designed specifically to discriminate among 

Ihe v.uious models. In order to evaluate tho models for a different bed 

<I"1'th, experiments were designed for the purpose of discriminating among 

the models at a lower bed depth. These experiments and the design 

techniques employed to choose the operating temperatures, feed ratio-J &net 
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1'1\1!/\/otETEH INVESTIGATED k L 

\ 

,AlWI'N (0) I:HOM TABU; 6.2 1.0 

· {)!l X rI out! volumo 5.5 
, 

· (1 ~~ , hubble riso velocity 2.5 x 10·· 

· (l~; , het! height 4.7 x 10.6 

I . (l ~l X 0" (i nterchungc.) 1.6 x 10-0 

1 . ():l , catalyst activity 1.2 x 10 
-~ 

1'.\\11,1: (,,3 INVESTIGATION OF' FIVE PERCENT CIIANGE IN SEVEHAL I'AHAMETERS 

I N TilE KATWEN (0) MODEL 

\ . -



.. 
flowrates are presented in se~tion 6.2 . ' 

6.2 ExPERIMENTAL DESIGN FOR ·MODEL DISCRIMINATION 

A summary of some of, the possible techniques employed for the 

design of experiments fo~ model d~scrimination is presented in section 

,3.4.2. In some, of the simpler criteria operating condi~ions are 

selected so that the predicted responses of the models being 

entertained will b'l, most different. However., the precision of the 

predictions under,the models being entertained may be greater for some 

173 • 

·operating conditions than others. This latter effect along with differences C, 
,'" I 

in predicted responses are inC?rporated' into the design criterion 

proposed by Box 4nd Hill (B12, H7). However, the Box and liiH .criteri,on ~ 

was not employed. This method required the evalua~ion of th~ t~rms' ~ 
referring 'to the' ;'rror in prediction for the models. I In this particular 

case, the major contribution,to the prediction error is not as indicated 

by Box and Hill'but is that resulting' frem uncertainties due to the kinetic 

parameters. To include this effect would require a large expenditure of 

computer time since derivatives would have to be evaluated at each possible 

operating condition. , 

A modified c~terion 

model responses for a 

• 

was employed to determine the separation among 

particular operating condition. The O~igral 
formulation b¥ Roth (R7) was for the single response case. This can be 

modified to cover the mtiltiple response situation as shoWn in equation 3.22 • 
• 

, 
6.3 
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) 

wl,,·r" !;uqc;cripts i and j refer to each of the models .• Note that 

the quadraqc foqn wi thin the curved l;>rackets is 1IIf1 tipiied 
, . , 

by the sum of the current Bayesian probability o'f each model which is 

<ktc'rmined after (n-l) trials. 

. . 
From the. results of in~tial investigations of the models as presented 

, 
in 'f,lble 6.2, three models ~ere far more likely than the others. Because 

of excessive computational requirements.the PA~OW model was ~o~ ~~IUded. 
For ~xperim<:ntal design for ~odel. discrimination' between two rnode:ls ~, 
prior probability ~f each mOdel does n;'t affect the choice of operating 

conditions for the discrimi,nation function employed. 

If a block of experiments is to be performed, the st'.anQ~rd design 

techniq,!es will choose the same or very nearly the Sama set of operating 

conditions to be repeated. This( of course, is to be expected since there 

is usually one condition that will be bett~r than the rest for the purpose 

of discriination. ·However, in additon to ob!aining good discrimination 

among a number of mOdels, the engin~er evaluating them should make some 

attempt to tes~ the models over the total range of operating conditions 
\ 

expeci~lly ~f theco~ditions.are different from any investigated to date. 

'fhere maY'be opeYating condiiion~ far 'from those that pr9vide the best 

, 
possible discrimination however, that still provide good di~c~imir.ation. 

By including these experiments in a block of experiments, the total . 
. sl'paration achieved among the models may be slightly "iess , but the 

'performance of the models can be evaluated over a wide range of control 

variables. A n~er of,~riais at one c~ndi~i~~ may be·no better than 

d point estimate. In keeping with this philosophy, a bed height different' 
./ 

from that of 
/ 

all the pre:vious trials was used. Since rio additional catalyst 
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J 

~~ available, the bed height vas reduced fro.;. 11 em. to 41.6' 011. 

vector of operating conditions selected was' the one that 

greatest difference between the two'models as defined by 

equation ~e ;e~nd and subs~ent o~ra~ing ~ondji_ ons-~re .selected • 

by ltilizing the expression given by equation 6.4, '. \ ' 
, ( . 

~ [Z' (~~ b 
[

0' 
x 1: 

, i~l 6.4 

where Z' (~) is.the lIIl'asure pf th~ diffuence between'the 1IIOd/!-1s foi; the 

k'th possible set of control variables ~ as defined in equation 6.3. The 

subscript j refers tq eaCh of the three control.,~ri~lell. ~e second , 
te~ in equation 6.4 represents the sum of the distances in control 

r -
variable space between the k'th Possible set of contro!.variables and 

-.. . ",-.. f .' • 

each ot'the control variables 'for ~e n' conditions already 'selected to be 
" • • f 

included in the design. The expo~ent b is USed to ,scale the relative 

magnitUdes of the two terms ,in equation 6.4. Its v~lue can be ~nding 

on the range of values of Zi ,(~) over the control variable space and how , 

much weighting is .required on the second term in equation 6.4. IFor this st;udy,' 

a value of 0.20 waS chosen to enSure a wide range' of operating conditions 

since the range of Z' (~) was quite large. 

The experiments that iwere chosen were selected from a possible set of 

/, 

( , ' 

400. This total set 6f possibl.! experiments was generated using a Monte C4rl\ 

technique to·' choose t~atures'- flows and feed MtiOS un~f:;rmly and randOllll~ , 
distributed' over the ranges ~ in Table 6.4. 'lith 400 operating conditions . " 

selected the probability of excluding the best 1\ of the operating 

condi tions is, 
\ 

I . 

400' 
p :: (1-0.01) 0.018 

, , I 
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, ,( 

t 
.. 

( '\.. 

j 
I 

. 
, , -

CONTROL VARIABLE 
. 

- RANGE INCREMENT 
/-'" 

. 
• '. 

irEMPERATURE (oF) 470. - 510. . 1.0, , 
, 

;LOW (C.F.M.) I 6:0 - 12.0 . 0.2 . . 
~TIO .lHYDROGEN/n-BUTANE) 4.0 ',- 6.5 0.1 

" I - • : . 

TABLE 6.4 RANGE OF CONTROL ~ikBLES FOR EXPERIMENTAL DESIGN FOR DISCRIMINATION 
. ,,'" '. 

BETWEEN FLUlOIZED BED MODELS 

\"""'<' 

, , 

'( 
. • 

1 

) 
. /. 
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It was recognIzed that the Monte,Carlo technique might not be the most 
" 

efficient method of ~electing the very best condition for one trial. H~ever. 

it was chosen so that a very la~e number of operatinq conditiQns within 

1 
the total range of conditions would be investigated. This is important 

since the criterion for evaluat,ing the desi",n also included a term which. 

weights the spread in the sets of 'control variables as measured by the 

distance in control variable space among the control variables. 
" 

The best 13 experimental trials to perform. as selected from the 
" 

400 are listed in Table 6.5 in decreasing order According to the criterion 

of equation 6.4. The value of z' <9 ~or l!ach of €he operating conditions as 

well as the expected responses for both modles are presented. These 

data are for a bed depth of 47.6 em: which was the measured depth of 
, 

catalyst in the reactor. ',The beat est~tes of catalyst activity and 

interchange for each separate model. as listed in Table 6.2. were used 

to calculate the model responses. 

"" Several obs~ations can be made concerning the operating conditions 

selected. The greatest separation between the models l~e ( z'(~) ) 

occurs at lrigh ~rature ~d 'low ratio (high reaction rate) and at 

intermediate values of flow. The modified Kato 'and Wen model with the 

~ ,perfectly mixed emulsion predicts highe7 conversions and methane 

selectivities but lower propane selectJivities. 

.' 

Since the catalyst activity did not chan,!e during the earlier experiments. 
, -

a standard' experiment was not performed after each experiment with a nev ~ 

,operating condition, as was done in the earlier set. Rather, the second 

" . " 
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PLOW TEMP;' RATIO k Z' (§..) Sl ._ S3 
c.f.m. 'F. 1· 2·* , 1 

-; 

1 9.4' 509. 4.1 3088. .. 3.54 3.72 0.082 
2 6.0 470. 4.0 68. 2.75 2.61 0.275 

~ 11.6 510. 4.3 1864 3.46 3.62 0.094 
6:6 507 4.1 2450 3.57 3.74 0.078 

S 10.8 50i. 4.0 2255 ' 3.55 3.72 0.082 

~ 
\ 6.2 510; 5.6 '248 3.31 3.41 0.120 
10.4 508. 4.0 28Z6 3.56 3.74 0.080 

~ 7.0 505. 4.3 1583 3.49 3.66 0.090 
12.0 . 507 4.5 576. 3.36 3.48 0.112 

10 6.0 500. 4.2 668. 3.48 3.64 0.09,3 
11 11.6 502: 4.0 795. 3.49 3.64 0.091 
12 6.2 509. 6.4 56. ~.20 3.28 0.142 
13 8.6 500. 4.0 2061., 3.56 3.74 0.079 

• 

"J 

* MODE.L 1:' KATWEN (0), KATO AND WEN MODEL 

** MODEL 2: 'KWMIX, KATO AND WEN MODEL WI1li PERFECTLY MIXED EMULSION 

k is an arbitrary constant for scaling . ' 

. ' 

CONVERSION 

2 1 2 
. 

0.035 0.561 0.61: 
0.298 0.606 0; 58' 
0.051 0.599 0.65] 
0.633 0.480 0.52! 
0.037 0.589 . 0.63! 
0.088 0.481 0.52( 
0.034 0.579 0.63] 
0.045 0.508 0.54i 
0.075 . 0.614 0.65E 
9·051 0.472 0.50~ 
0.051 0.612 0.651 
0.117 0.494 0.52E 
0.034 0.551 0.595 

'--

TABLE 6.5 OPERATING CONDITIONS SELECTED FRCl>4 EXPERIMENTAL DESIGN FOR MODEL DISCRIMINATION 

" 

,~ 

~ .... 
00 
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trial, as indicated in Table 6.S was repeated at the end of the block of 

experiments to check tha~ t~e catalyst activit~,had not changed. This trial 

is at a low temperature and'thus a low reaction rate, a condition where the 

experimental responses are the most sensitive to changes in catalyst activity. 

'. Great care was taken in setting the control variables at the exact 

values selected by the experimental design. The potentiometer used for these 

experiments had been sent to the manufacturer for calibration. At the end 

,of these experiments, all the instruments that had been used were re-checked. 

It was discovered that otl\.ere had been a- large error made in the factory 

calibration of the potentiometer and as a result th& temperatures that had 

been very carefully set for the experimental trials were about 13. o F. lower 

thary the desired settings. The experimental design program' was'run again with 
I 

a 13. of. lower temperature range from which to choose, the experimental 

temperatures. The same experimental conditions, except for the lower 

temperatures,were chosen. Now"the corresponding values ot.k Z' .<1.> indicating the 

difference between the predictions of the two models was about e~ht times. 

lower at these lower temperatures. 

The, conversions and selectivities of the two low tllmperature experiments 

106, 107, 125 and 126, two samples were taken in each case, were t~~ same. Thus, 

. it was assumed that the: catalyst activity was '-constant for experiments 101 to 
"':~""G 

126. 

<'The catalyst activity and interchange parameters were estimated for 

the ORCMIX, KATWEN (0), KATWEN (1) and KWMIX models. The models PARROW and 

ORCPLG were not included. 

The estimated cat~lyst activity and interchange parameter for each 

model, and the maximum value of the likelihood function, scaled by an arbitrary 

, 



180. 
\ 

constant, are shown in 'Table 6.6. By comparing the likelihood values of' 
, " 

the various models, it is seen that for the data obtained at the lower bed 

height, the models' that treat the emulsion as being perfectly mi~d, ORCMIX 

and KWMIX, are now the most likely models. The KATWEN (1) model, as for the 

previous trials, is the least :likely of the models used to fit the data. 
< 

[neluding the wake solids perfectly mixed with the gas in the bubble does 

not resul t in a satisfactory model even at the lower reacticn rates (lower -, -, 
temperatures) of these trials. ' The KATWEN (0) model with the stagnant , 
zones in the emulsion does not provide as good a fit of the data as do 

the two models that assume a perfectly mixed emulsion phase. It would 

be expected that the two models, PARROW and ORCPLG WOUld, like the KATWEN (0) 

model, not fit these data as well as the models with perfect mixing in the 

emulsion phase. 

for 

One 

There is not as great a difference between the likelihood values 
~ "\9' 

experiments ~l to 126 as there was for the first set of experiments. 

reason is ~ these likelihoods are calculated using only eleven 

experimental trials and'not thirty-two. Also, lower bed heights and 

lower operating temperatures result in less discrimination between a 

- model assuming a concentration gradient in the emulsion and those models 

with a perfectly mixed emulsion. 

The estimated catalyst activities for all the models are less than 

those for the correspo,ndi,ng models for the pr~ceeding trials. This may be , 

! 

due, wholly or in part, to the fact that the catalyst was conditioned 13. o F. 

l~er than for all 1;he previous trials due to the faulty potentiometer. 
\ 

However, the fact that the settled bed height was almost- half of the height 
I 

, 

'.-. 
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----
~ 

MODEL CATALYST:ACTIVITY e* k '*~ , 
-- - ...., 

~ , , 
2 ~ 11xl(i~ 13 JROIIX 0.963:.· 0.398 

KATWEN (0) 1.054_ 0.492 ·2.64X1078 

KATWEN ( ) ) 0.980 . 0.250 

:wMIX 1.118 0.453 

TABLE 6. () ESTIMATED CATALYST ACTIVITY AND INTERCHANGE PARJyo!ETER ~OR 

FJ.UIlllZED BED EXPERIMENTS 101-126 

6.12x10- 63 

1. 56x10110 

, 
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o( the previous trial may explain the difference in estimated catalyst 
! 

act~vity. If the fluidize4 bed models do not properly account for the 

change in the -depth of the catalyst bed; the estimated values of the cataiyst 

activity could be expected to differ at different bed depths even if the 

cataly~t activity were constant. 

From the ratios'of the likelihood values reported in Table 6.6. 

it can be seen that the ORCMIX and the.KWMIX models are rarbetter than 

the others .In addition. the ratio of the likelihood values for these 

two models is greater than 103 which was be taken as'a very significant 

Ji ff'erence. 

6.~ ~10DEL DISCRIMINATION' INCWDING 11ffi EFFECT OF UNCERTAINTY IN ESTIMATED 

PARAMETERS 

The likelihood values for the fluidized bed models shown in Table 6.2 

" and 6.6 are calculated assuming that the only errors in w the vector of 

obscrved-minus-predicted responses are due to experimental e'rror. The vector 

w is assumed to be !!,(Q,. A) where 0 is a 3n x I null vector since each 6f the 

n experimental trials produce three independent responses. The matrix a. 
is a 3n x 3n matrix and is composed of n variance-covariance matrices E 

..... 
along the diagonal with all other elements zero. E is estimated from the 

repl icated centre-point experiments and reflects the error in experimenta,~ 

~easurement. The effect of uncertainty in any of the parameters in these 

models has not been included. in the calculation of the likelihoods: 

Reilly (RS) in illustrating a method of model discrimination by Bayes' 

theorem shows one method of integrating out the nuisance parameters that are 



. ' 
in Ihe' models. Following that method, but for the case of multiple 

n~~;p?nsc cxpet:.~ental trials, the vector 0 of all the parameters in the 

II1Iiclized"be<l model is N(O , U). 
. 4) -

e is the prior estimate of the 
4) 

p,!r,l[l\eter~ and.!:!. is their covariance matrix, in thi~ case ":;3- x 12 
, . 
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,;ince therc"are 10 kinetic and 2 fluidized bed parameters. The first 10 x 10 

portion is the covariance matrix of the kinetic parameters v(~) as given 

in Table 4,9. The eleventh and ·t:welfth diagonal elements 'are the prior 

.-l 
c,;timates of variance of the catalyst activity and interchang"..parpeter 

respectively. 

Consider the model: 

E 
-u 

i= 1,2, ... .J; 6.6 

,'~hcre ~ector of observed ,experimental re~ponses (or the u'th 

experiment and E is the vector of experiment"al errors for the u'th experiment. 
-u 

The vector E is assumed to be N(Q,~) .where 0 is an r x 1 null vector'and 
-u 

r is the r x 'r variance-covariance matrix". The vector ~ is the control . -u 

vMi.ables for the u' th experiment and e is the vector of all .parameters 
\ 

for the model f. The quantity in square brakets is the i'th element of the 

r x 1 vector. 

The model can be approximately linearized with respect to ~as follows (B12): 

w = -u 
x (e - e ). E 
--u - ':"""'0 

• 
..... hore the i I th element of ~ is 4: 

, 

f, (e , ~ ) 
~ 4) -u 

. ~ -

6.7 .. 
6.8 
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w 

~ 

\ 
j' 

,- is cJ. vector of errors --

.tllll 

X [><' Ii. s.I 1 '4,. 

-u ae
j e = 0 rxp ,- -0 

6.9 

for ~ll the kinetic and fluidized bed parameters. Then taking expectations 

,1ml covariances on the linearized model (with respect to variation in both 

o ~nd ~ ) th'J. di'~tribution of Jr-u is mUltivariate normal with expectation' 

, ,T " () <1nd covarl.ance matrl.X X llX .... L. 
-u u -

This now reflects the total uncertainty 

ln w arising from unrartainties in e and from the experimental error. 
-u 

Let'w be the rnxl vector of observed minus predicted responses for 

"Ii n experimental trials. Then Of (:v'M) the unconditional de~sity 

[unction of :! given"-model Mis: 

Of (;v'M) 

n T T -1 
exp{-i 1:

1
'{ w (X UX ~ 1:) w}} 

u= --u ~ """'1.l 
- ------------------------------

"', (21T)nr/2 I~ (X UXT .. ~) In/2 ~ 
._-' u=l -u--u • 

6.10 

\.-,. 

This density function can be determined for each ot; the models at 'the best 

"stimate values ,of the parameters ~ and the relative rnagn~des compared 

for the purpose of model discrimination. 

A computational problem occurs when the vector w is large. In the 

case of the first set of experimental trials, there were 32 experiments 

"dch with) responses used to estimate the catalyst activity and the 

interchange parameter. To use equation 6.10 the determinant and inverse 

of a 96 x 96 matrix would have to be evaluated. It can be Shown (Appendix H) 

tl',lt equation 6.10 can also be written: 

r 
D 

I 
I' 
i 
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- . 
-

{ { T -1 T -1 T ""1, -1 
exp -i w A w - w A X (X A X ~ U ) 

, - - -. - - - - - - -
-1 

Df(~) - -----------------------------~------------------ 6.12 

where X is a ~hxp matrix of "all n X matricies and A is a rnxrn matrix' 
-u 

with n ]; matricies along- th'i' diagonal and all ~ther elements' zero. NoW' _ v. 
_ n T -1 ,-I" -

the quant1ty- un (!,.. .E"!,.. + u )" is' of dirn<:,osions p x p "where p is the 

number of npisan~e parameters to be integra~ed out. The deterMinant of 
" . 

the rn x rn matrix ~ can easily be evaluated since there are n identical 

r:xr matrices along the "diagonal and all other. el~ments ar'e .'%~tq; 

U is a 12 x 12 matrix since there are 10 kinetic aI)d" 2 fluidized bed 

.. 

nuisance parameters to be integrat'ed out. The eleven"th and twelfth diagonal 

/:I'" \ 
elements are the "prior estimates of the variance of the catalyst"activity 

and of the interchange parameter "respectively; 
.. Since the knowledge of the 

kinetic parameters" in no way influenced the opinions held,about the 

~ : \ .. . 
catalyst activity and the interchange parameter. the covariance among 

these parameters was sat at zero. To estimate an a pr~ori variance 

for the catalyst activity for experiments I-B6.it was expected that the 

catalyst activity would be greater than 0.6 and less than 1.B. Half this 

range is 0.6 and thus 0.36 was employed as t~ variance estimate. Similarly 

for the interchange factor. for a maximum expe~t~ range of 0.2 to 1.2, ~ 
,J variance 

the assumed 

estimate of 0.25 was obtained." For the second set of . " 

range was arbitrarily chosen as 0.\5 of" that for the .. 
experblents. 

first set 

since there was now less uncertainty in these parameters. It must be 

emphasized that in these cases the maximum uncertainty or ignorance in ,. 
these parameters is being expressed. " 

The posterior probabilities for the models ORCMIX. KWMIX and KATWEH(O) 

are shown in Table 6.7. The ORCPLG and PARROW'DIodels, were not included in 
'0 
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POSTERIOR PROBA.B.ILITIES 
MODEL 

Bed Height';47clI. Bed Height-77cII . 

. 0137 «.3 x 10-222 

.9856 .7 x 10-205 

(0) .0007 1 

TABLE 6.7 POSTERIOR PROBABILITIES fOR VARIOUS fWIDIZED BED MODELS fOR 

ALL EXPERIMENTS PERfORMED 
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this final study because of the excessive computer time required. For 

comparison the maximum likelihoods for th~se ,models ASsuming the kinetic 

parameters to be perfectly known are shoWn in Tables 6.2 and 6.6. Note , , ' 

that as previously found for the deeper bed, the best model is AgAin the 

or'iginal Kato as>d Wen model, but. noW , the KAto,and Wen mixed emulsion 

model is favoured over the others for the shallow bed contrAry to the 

results using the maximum li,keUpood criterion. 

For experiments 1-86 with the deeper catalyst bed (height-to-diameter 

ratio of approximately four), ,the KA'I.'IfEN(O) model is far .. petter., The 

other tvo models describe all the gas in the emulsion AS being pertectly 
" 

mixed while, the KATWEN(O) model assumes that the gas in the emulsion phase is in 

stagnant zones with no axial mixing between zones. However, for experiments 

. . ~ 
101-126, with the shallow catalyst,bed (height-to-diameter rAtio ot , 
approximately tvo)~-there is far less difference between the'models. In 

fact, now the tvo models assuming the emulsion gas to be perfectly mixed. 

appear to be the more likely models. It was ,expected that the degree ot 

discrimination would be less for the second set ot experiments tor 

several reasons. There are only 11 instead of 32 da.ta points included in 

the analysis. Also, the discrimination among the models is lower At lower 

i bed depths and is lower at the lower temperatures at' which these experiments 

were performed. 

In this discrimination process, each model WAS linearized ~ a TAylor's 

series linearization about the prel1minary estimated ,values for the cheadcal 

" 
kinetic parameters and the final fitted values for 'the fluid mechanical 

'\ 
parameter. This of course leads to two types of error. one results froa the 

fact that the linearization itself is intrinsically an approxiaation and the 

other is an error in that the linearization would be better if better par_ter 
, . 

estimates had been Chosen for the point at tohich to lilMari&e. 
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6.4 MODEL EVALUATION 

The evaluation of a model resolves itself into two parts: 

(i) testing whether the residuals are correlated with any of' the 

independent variables. and 

(ii) comparing the error in predictions with the error arising from 
• 

experimental measurements. ., 

Each of these are discus~ed in turn. 

6'.4 J ANALYSIS OF RESIDUALS 

A. Deep Bed Experiments 

The observed and the predicted responses for the KATWEN ~(O) model at the y 

best parameter estimates are shown in Figure 6.1. The mid-point experiments . 

can be identified by the group of points at: Sl equal 2.8. S3 equal ,0.22 and 

\ " 
I-X equal 0.48. The~residuals of all the three respon~es are randomly scattered 

al)out,zero (the 45· line) although the predicted propane responses at the mid-

point experiments are slightly higher than the corresponding observed values. 

Figures 6.2. ().3 and 6.4 show the residuals plotted against n~Wt-ate. 

temperature and rates. respectively. Again. it is rioted that.the residuals 
. \ " 

scatter uniformly about zero. indicating no correlatlion with the independent 

variable. The ~odel is therefore satisfactory from this viewpoint. 

B. Shallow Bed Experiments 

Figure 6.5 shows the observed and predicted responses for the KWMIX . 

• model at the shallow bedexperiaents. The points are randomly scattered 

about the 45· line indicating no correlation. The residuals are plotted 

against the three independent variables in Figure 6.6., Again, ~there is no 
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correlation indicating that this model ,is satisfactory with respect to 

randomization of the residuals. 

6.4.2 COMPARISON OF HODEL FIT WITH EXPERIMENTAL AND PREDICTION ERRORS 

For the case of an experimental system ~ith one measured response 

peQ'experimental trial, the experimenter can assess the lack of fit of a 

model by comparing the difference between the observed and the predicted 

responses with an independent estimate of the experim~ntal error. In the 

case of experiments with more than one response per trial; covariances must 
I 

also be considered. If there i\ unce~tainty in th~ mOdel predictions other 

than due to t~e experimental error involved in measuring the responses of the 

trials, the analysis of the lack of fit of the model is further complicated. 

When the prediction errors in the model also depend on the opera4lng conditions 

for an individual triaJ.. (non-linei model), ~.e experimenter may be forced 

to compare the lack of fit to the prediction error at each condition to 

assess the performance of a model. 

In this case, a simple approach was taken and the three responses were 

considered separately. 
, 

'11lis was done by examining the elements on the 

.. 
principal diagonal of the estimated variance-covariance matrix describing 

experimental error from the 29 replicated center-point experiments performed 

on the deep bed at different times over the whole experimental period;' This 

variance-covariance matrix is shown in Table 6.8. '11lesewere compared with 

the estimates of the same variance obtained frOm the residuals of the fitting 
I 

of the model. '11le residual S\DII of squares divided by the degrees of freedom ' 

-2 . -4 -4 
(n-2),.for the'deep bed experiments are 1.6 x 10 ,9.7 x lC! ,and 4.8 x 10 

for the responSes 51' 53 llJ>d (I-X), respe«tively: Performing an F-teat on 

these values relative to the diagonal elements in Table 6.8 at the appropriate 

degrees of freedom for eacb indicates that the .adel is irladequate. For- the 
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"'r 
experiments at the lower bed depth, the residuai'sum of squares divided by 

the degrees of freedom for the KWMIX ~el are 4.90 x 10-3 , 3.97 x'lO-3 

-4 
and 3.00 x 10 for the responses 51' 52 and ,(I-XI respectively. Again, 

performing an F~test on 'these values relative ,to the diagonal elements in 

Table 6.8 indicates that th"e model is inadequate. It must be emphasized 

that the model tested here is that of the form described,~d includes 

kinetic parameter values estimated from the fixed bed·work. Also this 
> 

F-test is very 'sensitive to departure from ,normality of the error distribution 

but in this case it is believed that the normality assumption should be 
, 

reasonably good., 

Of interest here also, bu£;,not directly ,re~ated to "the test of goodness 

of fit of 

by errors 

the model. is the en:or in predictions from the model produced 
\ "'-. , 

in the estimates bf the kinetic parameters. The variance-

covariance matrix of this en:or is evaluated approximately at an 

/ experimental condition ~ through a linearization procedure as: 

XT y(OI-l X 6.12 

where 
X 6'.13 

where .!l are the predicted responses for a fluidiZed bed mCJ:del. i are the .. 

best estimates of the ten kinetic parameters from the packed ~ experiments 

and y (iI' is the variance-covariance matrix for these parameters which can 

be extimated from ~e packed bed experiments. Here the fluid bed response 

derivatives are evaluated at the center-point experimental conditions 

using the Kato and Wen model and using ~e variances of the parameters lUJ 

determined from the packed bed experimental program. This matrix is shown 

I -

, 
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SI 1.41 x 10 -3 ' -4 
-2.13 x 10 -1'.17 x 10"" 

-4 6':86 x 10-5 4.37 x 10-5 Vat: 52 • -2.13 x 10 

I-x -4 -1.17 x 10 ' . 4.37 x 10-5 : 1.50 X 10"" 
.... - .... , 

~'-

" 

TABLE 6.8 VARIANCE-COVARIANCE MATRIX FOR EXPERIMENTAL,BJUU)R, . / ' .. 

, / 

( 

; 

51 1.61 X 10-1 '6.94 x '10-3 -2.82 X 10 -l 

Var 53 
-3 -1 1.54 x 10-3 • 6.94 X 10 1.16 x 10 

(1-)() -2.82 x 10 -3 -3 
.1.54 x 10, 9.77,x 10-5 

;<~~ 
,, __ .1 -• 

TABLE 6.9 VARIANCE-COVARIANCE MATRIX FOR nm PREDICTIONS DUE TO ERRORS 

IN KINETIC PARAMETERS (KATWEN (0) MODEL)' 
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in 'rable 6.9. The lack of tit of the model as determinod by the F-tcst' 
lj" '., 

\Il,lY bn at loast partly the result of the propagation of errors in the 

kinetic parameters into the fluidized bed modol as is illustrated 

Therefore,.it is not ?fl~sible at this stago to 
''':.,-:J-

in 'rablos 6.8 and 6.9. , 
!lilY tho fluidized bed fluid mechanical model 1'd inadequate without 

p(·rforming more experiments to determine the kinetic parameters more 

precisely. Moreover, some of the error in the kinetic parameters may 

.. ·ariHc because of the inadequacy of the packed bed model. ThUD, the pack'il,d 

bed model would have to be evaluated by determining the measurement error 

variance-covariance matrix through replicating th09~ experiments ahd . 

carrying suitable tes'ts of fit analogous to the F-test used above. 

~lternatively, all the kinetic and fluid mechanical parameters can be 

evaluated from the fluid bed 1':esponse.s employing Bayes' Theorem. to utilize 

the prior information from the packed'bed experiments. 

Of course, no mathematical model provides a perfect representation 

of reality and the best model here has been tested by compariso~ against 
.. 

rather good experimental data. This is a severe test and its failure 
'" 

does not necessarily imply that the model is not useful in practice. , 

However, because of the failure of the model to fit the data some caution 

must be exerciSed in i~~erpreting the parameter estimates obtained. our 
, 

experiments suggest that the best model found in this investigation should 

be satisfactory for plant, simulation and reactor optimization studies. 

This is demonstrated by observing the rannomness of the residuals as shown 

in Figures 6.2, 6.3, 6.4 and 6.6 and the relatively s~ll error between the 

predictions and the observed values. The model at least responds'in the 

correct way. 

4:\", . 

. , , ..... . 

•• 
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7 . 0 RESUME AND F I NO INGS 

This study ehcompassed 'a wide spectrum of topics involving expJrimental 
I 

work un fundamental ph~ical and chemical phenomena, modelling and statistical 

. \ ! 
analysir,. For this reason, a ~ummary is included to gather the'various topics 

together. The conclusions and contributions to knowledge are presented in 
<' 

sections 7.4 and 7.5 respe~tively.' . 
This study was undertaken to investigate 'and to ,evaluate a strategy 

for developing 

'tan be used by 

a steady state model'for an industrial 

t:helljselves ~ incorporated into a full 
\ ' . ' . \ 

reactor. Such models 

scale model of a· 

chemical plant such as in a MACSIM,PACER or similar executive routine (C7) . , ...?' 
A secon~ary or subsidiary objective may be stated as follows: it is expected 

that by carrying out well designed experiments on industrial reactors and 

analyzing the re ,ults of such experiments to ascertain ,the basic physicU 

and, chemical phenomena occurring, then a better underStanding of, the principles 
" , 

of scale-up in design will be achieved. These designcPrinciples w04ld be the 

gcneralization accruing from the many simulation experiences. 

Developing a model of a large scale industrial reactor that will 

answer the qL\estions asked of the simulation in which' it is to be employed 

can be a difficult task. The pro,blem is further complicated by the inhe'reritly 

nois)' or -er;'or filled data that is usually obtained from a large operating 

rcactor. Also, the reaction' occurring '\nay be complex and the flow of reactants' 

and products within the reactor may 'be complicated to de~cribe. 

In order to model such a r~actor, statistical, techniques for the design 

and analysis of the experiments,,...Jlnd the experimental results must, be employed. 

Experiments for the estimation of the required parameters and the discrimination 
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among possible models can be designed so as to minimize the harm done by 
~ 

exper.imental error. These errors are always present and greatly red~ce the 

precision or the model selected to describe the reactor. At all times, 

the experimenter or model b~ilder must be aware of the degree 'of precision 

that the model possesses in predicting the responses,of the reactor being 

studied. 

A pilot plant reactor was modelled. The hydrogenolysis of n-butane 

over nickel-on-silica gel was carried out in a fluidized bed reactor. Not 

only was'the conversion of n-butane predicted but also the selectivities of' 

propane, ethane and methane, the three products ~f" the reaction, were described 

by the model. This is a complex reaction in a reactor of uncertain flow 

r,atterns. -----.' 
A mechanistic rather t~an ,an empirical model was selected to describe 

the kinetics and the reactor. Since models are often employed,io,predict at 

conditions outside those at which their parameters have been estimated, it 

was believed that mechanistic models would be more suitable to investigate 

in this study. 

There are several possible schemes that can be used to ~stimate the 

required kinetic and reactor flow parameters. The kinetics could be estimated 

in a separate reactor or frOm the results of fluidized bed experiments. The 

reactor flow parameters could be estt.&ted in a separate reactor, the reactor 

of interest at non-reacting conditions or during r~action. Also, a~~~ 

parameters could be estimated at once fI'Olll the?esults of fll,llQi~ bed 
'c, 

experiments. The latter method was rejected to avoid the excessive 

computer ~ime that would be required. The kinetic par .. eters were 

estimated from separate bench-scale experiaents in a packed bed reactor 
, . 

r 
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where the flow of reactants should be more accurately described than in a 

fluidized bed reactor. The reactor flow parameter was es~.i.mated from i 
reactor experiments where not only the conversion but also fluidiwd bed 

thl' selectivities could supply infonnation for its estimation. 
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This summary is presented in two part;. In section 7.1, those details 

applying specificallY to the experimental work and the fluidized bed models 

and modelling are presented. In 'section 7.2, the general techniques fo'r 

developing simulation models are discussed. 

7 .1 ~fOj)ELLING OF FLUJDIZED BED AND MODEL DISCRIMINATION 

The models evaluated in"this study were all two-phase models. The 

first phase, the bubbles of gas, flows through the bed of catalyst particles 

which constitutes the second phase. In order to estimate the interrhange of 

, 

!:.IS between the bubbles and the emulsion, it is necessary to conduct experiments 

at high reaction rates where the perfonnance of the reactor is limire,d by gas 

interchange -rather than by reaction. With the hydrogenolysis of n-butane and 

the experimental conditions which could be employed in the reactor system" 

as designed and operated in this inyestigation, these high reaction rates 

could be obtained. 'The use of a complex reaction involving series and parallel 

reactions with high activation energies is a real challenge and a severe test 

• • • 
for an)' proposed model. 

Parameters within these models must be estimated from experimental 

,!:ita and then experiments designed to allow discrimination among the models _ 

to allow the selection of the best one for the purposes at hand; In estimating 

t hesc parameters, the following philosophy was fOllowed: r 
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1) Estimate the kineticjParameters in a separate experimental system 

so as to hav~ a large amOunt of tractable data applicable to their estimation. 

2) Estimate the parameter (s) describing the' .• least known phenomena in 

the fluidized bed models and to·use existing correlations and bubble mechanics 

models where possible. 

3) EmPloy the concept of total experimental redesign to improve the 

parameter estimates that limited the precision and accuracy. 

As suggested by the first statement, the required kinetic parameters 

were estimated independently from the fluidized bed reactor. The estimates 

of the parameters in the fluidized bed are dependent on the point estimates 

of the kinetic parameters obtained from the packed bed experiments. These 

point estimates, however, were obtained cheaply while to have obtained them 

..... 
from fluidized bed data would have been a tedious and extremely expensive 

operation. Based at least on judgment it appears that the expe"imental errors 

\ in the bench-scale packed bed were considerally 
..... " 

,in\the pilot-scale fluidiZed bed. 

sm'Alier than those experienced 
~ 

Now that this has been done it is obvious that a Bayesian_approach 

should be taken in which bench-scale data are analyzed to proBuce posterior ~ 

distributions for the kinetic parameters.' Then this would be applied as prior~ 

distribution for 'the analysis 'of the pilot-scale data' to obtain a posterior 

distribution 'for all parameters combining all the data from both experimental 

" . systems . 'I1lis is the obvious next step i~ the program. 

The second point in the modelling philosophy explains why the interchange 
, , 

of gas between the bubble and the emulsion phase was chosen as the parameter 

to be estimated for the fluidized bed models. Of all the models for phenbmena 

associated with the bubble mechanics in a fluidized bed, this is the least 

certain. 

J 
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The f?raB ot the .adel. used in thi. ,study vere modi tied ver~iona ot 
- " 

those proposed by their authors. '11le _jor ..adel co~iderations such as the 

nature of the flow in the emlilsion phase, the method of solution, the use of 
, " 

a constant size or growing bubble and the inclusion'or exclusion of catalyst 

particles in the bubble phase were retained. The various authors pltoposed 

different methods ot describinq»ubble-..:ssociated paraJllOters. 'In this 

study, these parameters vere described in the same manner for ;lrJ.:l model. 

employing existing literature data and r~tiona. '11le interchange of 

gases between the ~le and the emulsion vas estiaatedfor each model. 
, . 

The interchange model that vas used ass\Ded that the aiDount ot gas 

interchanged ,vas proportional to the inverse ot the bubble diameter. 

The third part of the modelling'philosophy vas to use an iterative 

technique here referred to as total experilDental redesign. '11le importance 

of "starting simple- when developinq a simulation model is well known. A 

simulation study is undertaken to answer specitic questions abou~ a process 

to a certain deqree of accuracy and preei,\ion. An initial model and its 
I q 

associated parameter estiaates _y be sufficient to ansWer, ~ que,stiona about 

the proceSS1 if not, the model aust be made IDOre sophisticat<:d or 

the parameter estimates determined more precisely and accurately. '11le 

operatinq conditions or control variables,lIIUSt be chosen uainq the 

appropriate experilDen~l design techniques. As equally~ important, the 

experimental apparatus, the analytical tools and .,aratua as veil aa 

the form of the model to' be emplOyed sbould be redesigned' it necessary. 
, " '. 

The possibility of these liaiting theefteetiveness of the .adel in 

ans .... eriilq the questions' for the siaulatioo IllUSt not be overlooked. 

'\ 
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, First-stage or preliminary models were deveioped t-o describe the 

kinetics of the reaction an~ the. fluidized ped reactor. The kinetic model 

'~as then' ,~ncorporated int~ the reactor model;' the required reactor, p)eters 

estimated and the ability of the model to predict the conversion and ~ 

selectivities of the experimental reactor was 'assessed • 
• 

(, 

It was observed that the selectivities of propane, ethane and methane 
• 

in the fluidized bed atco~versions greater than about 40\ we~similar to 

those in·the packea bed rea!=tor near 100\'conversion. The relatively low 
" ( 

6verall conversion 'is ~e ~o the bypassing 

follows that the reaction ki~eti~ if they 

effect of the bubbles. It 

are to be applied to a fluidized 

bed reactor must be accurate in the region of high 
~, 

conver~ion of the primary 

z\,actant. 
" 

The model used during the initial investigation of the fluidized bed 

reactor was the Orcutt model (01) assuming perfect mixing in the emulsion 

phase. This was the simplest of the models and. required the least computer 

time. An interchange parameter wa4lestimated for each experimental triai 

such that the sum of squares of the difference between th~ pr~icted and 

the observed conve:tsion and selectivities "ere a minimum. This left two 

degre~s of freed,om per· experimental t,rial since the co,\ersion. and two of 

the three selectivities,were independent responses. ' 
- '... ~ 

The conversion and the s~lectivity of p~opane were predicted quitd 

well but the predicted ethane selectivity was too high, especially at 

high reaction rates.. The other fluidized, bed models exhibited the same 

behaviour. 
, 

This was due to the absence of an ethane readsorption tel'll in 

the kinetic model. The kine~c parameter relatine the ratio of ' reaction 

/ 

'. 



rate of ethane to its desorption was adjusted to minimize the sum of the 

squares of the observed minus the predicted ethane selectivities. Tho 

overall effect of increasing this ratio is the same.as including tho 

readsorption of ethane o~to the catalyst. The resultant improvement -
i~ the predicted selectivities of ethane and methane indicated the'gairis 
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.. 
to be made by impDOving the kinetic model through further experimentation 

" 
in the packed bed reactor. 

Further experime~ were performed in the pack~d bed reactor and , 
the kinetic model and paramet«>r estimates improved. The reactor, the 

reactor model and the method of gas analysis were all modified to improve 

the precision and accuracy of the parameter estimation procedure. The 

operating variables (temperature, feed rate and hydrogen to n-bu~eed 

ratio) within a specified range were chosen so as to maximize !cT ~-l ! 

and hence minimize the uncertainty in the parameter estimates due to 

experimental error. 

The method of Box and Draper (86) was used to weight the responses 

for parameter estimation since the experimentally determined variance-

covariance matrix did not properly reflect the effect ~f uncertainty in 

the catalyst activity. The variance-covariance matrix of the parameters 

was estimated. 

The fluidized bed reactor models we~r ~ssed once the improved 

kinetic model and the necessaty paraDete~ere.available. A separate 

interchange parameter and catalyst activity were estimated for each of the .~ 

reactor models in fitting all the experimental trials. Tho Kato and Won 
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modd provided the best fit of the experimental data. The Partridge and 

Rowe model and a modified version of the Kato and Wen model assuming 

perfect mixing in the emulsion phase provided the next best fit. The 

twO Orcutt models were far less suitable but were not as inadequate as 

was a model which included. the catalyst in the bubble wake completely 

mixed with the gas, in the bubble phase. 

Experiments were designed to provide discrimination betwpen the 

Kato and Wen model and the modified version of· it, Because of the large 

::::;:::'::,::.':::::::o::·':,:h:,::::'::::.:::'-::: :::::.::; :::'::::"i.'-~ 
condi t ions (temperature, flowrate and hydrog·en-to-n-butane feed ratio) was 

chosen not only to provide as. large a difference between the model responses 

at the same operating conditions as possible, but also to provide'as large . , 
a difference as possible' between the chosen operating conditions. This set 

of experiments was performed at half the catalyst ·bed' depth of the previous 
/ 

experiments; . ' 
The posterior probabilities of the yarious models at both bed heights 

.,ere calculated. In doing so, the effect of uncertainty in the so-ca'lled 

nuisance parameters, the ten kinetic parameters as well as'the catalyst 

activity and the interchange parameter, was integrated out. For the 

experiments with the deep catalyst bed and· for the models considered, the 

". 
KATWEN (0) model had a posteri~r probability of unity while that of the 

. -200 
ORCHIX. KATWEN (1) and KlI'MIX were each less than 10 . At the shallow 

catalyst bed depth, the posterior probabilities of the models with the 
~ . ' 

emulsion phase perfectly mixed *ere greater than that of the KATWEN (0) 

.. 

• 
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model. 

"-
The KWMIX model had a posterior prob~ility of 0.986. 

~ 
The fact that different fluid mechanic'al models were found to be;best 

\ 
for the two bed heights suggests that the available descriptions may not 

account for all the important phenomena occur:hng. For example" a description 

of the bubble coalescence and break-up, the effect of solids movements on gas 

flow in .the bed, and phenomena occurring near the distributor plate are not 

Illcluded. More adequate descriptions of these may be required before a 
" 

universal model can be achieved. 

7.2 TIlE EFFECT OF ERRORS AND THE USE OF STATISTICAL TEClmlQUES 

E){perimental errors exist. It is the task of the experimenter to 
\ 

estimate and minimize the uncertainty they will cause in the parameter estimates 
~ . 

in the model predictions that are made and' in the c'onclusions that are drawn. 
i3 

This can be accomplished by improving the equipment and experimental techniques , 

employed (reduce the magnitude of these errors) and/or by choosing the best 

avai lable operating conditions at which to perform experiments (reduce the 
A 

effect of these errors on· the experiments to be performed). Both of these 

methods are equally important and can only be exploited t9 the maximum benefit 

if the structure of the errors that ·exist is known. 

It is equally important that the experimenter know how much precision 

IS rt~uired for the models that are being developed. It can be ~ery costly 

to deve~op a model of greater precision than required to do the job, or to 

answer the questions a project !)r study was initiated to study. The conclusions 

an~ suggested methodology for obtaining steady-state models for existing chemical 

reacr;rs i~ operati~o~esses are summarized. 

'.' 
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UNCERTAINTY IN MODEL PREDICTIONS FROM PARAMETERS ASSUMED TO BE KNOWN 

It has been and continues to be common practice in the chemical 

industry when modelling large industrfal reactors to estimate the required 

kinetic parameters in a labo~atory-scale reactor. These kinetics are then 

incorporated into ~ reactor model. ~ is not co~on practice to estimate 

the necessary reactor parameters from experimental data obtained from the 

reactor under'operating conditions. In this study, this was done. The 

parameters were chosen so as to minimize w the vector of differences between 

the observed ~esponses and the model predictions. It must be realized that 
. , 

each element of W 1S subject to uncertainty from two separate sources: one 

from the reactor experiments and the other from the kin'etic parame~~rs, or 

any other parameters, 1n the reactor model used to generate the predicted 

responses. 

The effect of uncertainty in model predictions can be removed for 

the case of model discrimination. In evaluating the likelihood function, the 

kinetic parameters are ass~ed to be perfectly known; hence an error in its 

magni~ude arises because of the error in these parameters. These errors may 

be transformed by the model into the likelihood,function in different ways, 

thus leading to' erroneous'ratios. 
, 

A discrimination criterion was developed 

which removed the effect of this uncertainty by obtaining a posterior probabi-lity . ' 

of the models which' had the parameter uncertainty removed. This problem was 
, 

demonstrated in this program since the latter criterion indicated a different 

''best'' model than the likelihood criterion. . 

- \ 
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ESTIMATING PARAMETERS IN ONE SYSfEM FOR USE IN ANOTHER SYSfEM OR MODEL 

The kinetic parameters that were estimated in the packed bed reactor 

were for use in the fluidhed bed re~ctor model. The precision of these 

parameters is only of importance inasmuch as they affect the preCision of 

the fluidized reactor model. ~s. s\lDDDarlzed above. the vector W contains 

unccr~ainty resultin~ from both the experimental error and the model predictions. 

A proposed design technique for estimating parameters in one system for us~_~P. 
, ' 

another is presented in. Appendix K. This method minimizes the uncertainty of 

the prediction error in the second system rather than the uncertainty of the' 

parameter estimates from the first system. When tested for this study. different 

operating condi tions .. ~~ele,cted·, 

In estimating parameters in one system for use in another model. a 

second very important fact must be recognized. The estimated parameters may 

provide a good prediction in the model for which they were estimated. but if 
• 

the model is in error a compensating error will be introduced into the paramet~~, 

estimates. Then. when these estimates are emplo)(ed in another model. the 

error in this model's prediction would be greater t~ that imPlied by the 

variance of these parameters. This would be' a systematic error. Thus. when 
'.--;: 

parameters ,are to be estimated using a system and mode! other than the one in 

. which they are to be used. cautibn ~ust be exercised. This mpdel must accurately 
I 

. account for the phenomena that are occurring. 

EXPERIMENTAL DESIGN FOR MODEL DISCRIMINATION 

To discriminate among models. operating conditions are selected so 

that the responses of the variou~els will be as differ~nt as possible at 
, 

identical operating condit'ions .. The desired !!xperiment is perfo~ed and the 

likelihood of each model is determined. Since the vector'!. (observed alnus 
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I 

predicted responses) has variance aue to experimental error as well as 
I 

. I 
model prediction error, both these factors must be considered in t~ choice 

of an operating condition. As shown ~n ~hiS study, there could be'co~siderable . 
error or uncertainty in parameter estimates obtained in one system and then 

incorporated into the model of the process to be studied. 

T 
There 1S a furth'er consideration that should be included when designing 

experiments for model disc~imination when there is still considerable.uncertainty 

in the performancef of the various models. If more than one experiment is to 

be designed, conventional techniques would select all the operating conditions 

at, or very nearly at, the same settings. There is usually one operating 

'" , 
condition that would provide the best discrimination. However, there may 

; 

be a number of other very different operating conditions that woul~provide , 
• 

almost as'good discrimination. These are of great value if the accuracy of 

the model predictions have not been well tested over the entire control variable 

space. Such experiments, while providing only slightly less discriminatinQ , 

power, provide far more information about the various' models over, the entire 
/' , 

control variable surfac~ to be considered. 

A Monte Carlo technique was used to generate a number'of possible sets 
/ -

of operating condi'tions for this study. Because of the computer time involved-

only the experimental error and not the· model. prediction error was used to 

,Jetermine the discrimination power of each of these operating conditions_ 

The set of control variables providing the maximum discrimination was selected 

to be performed in the' first experiment. The remaining operat ing eondi t ions 
, 

were selected according to the criterion: 

MAX [(fiX) '(fly) bJ 
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The term ~y is the discrimination provided by the i'th vector of 
, 

operating conditions and ~x is the sum of tte di~tances in control variable 

space of these operating conditions from those already selected to be 

included in the block of experiments to be performed. The exponent 

b (0.2 in this case) can be chosen so as to increas; or decrease the 

importance of either term. 

ESTIMATION OF PARAMETERS IN INDEPENDENT SYSTEMS 

It may be necessary to estimate a large number of parameters for use 

in a reactor modeL This can be an expensive procedure if the reactor model,', " 

requires extensive computer time and/or 'the required experimel'ltal trfills 

themselves are expensive to perform.' Furthermore it may be very difficult 
I 

to obtain preci~e est4mates of ,some of the parameters from trials performed 
, . 

on a large reactor. As shown in this study, under certain operating conditions, 

there may be ~ very wide range of reaction rates and interchange that will 

produce the same conversion; Thus there may be considerable reason not 

to estimate all the required parameters using the large reactor. in this case 

the kinetic parameters were estima~~~om packed bed reactor trials. ~en 

using these parameters the interchange parameter was es~imated from fluidized 

bed reactor trials. Of course, the effect of uncertaint~in the kinetic 

parameters affecting the precision of the interchange parameter so estimated 

must be realiZed. 

ITERATIVE CYCLE OF TOTAL EXPERIMENTALREDISIGN 
, 

A model is developed to answer questions to a'certain degree of accuracy-

and precision. It is important to start simple. It is costly to'developt 

model that is mor~ sophisticated than needed. for the questions to be answered. 
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Once a model is availa,ble its adequacy can be evaluated. If it is not" 

sufficient, parameters may have to be re-estimated or additional phenomena 

included in the model. Further, experimentation will be 'necessary. Operating 
~ , 

'conditions should be chosen using the experime~tal design techniques alr~ady 

discussed. Equally as important, it may also be necessary to redesign the 

exper,imental apparatus, the analytical tools, and apparatus and the fon. of 

the model. These aspects of the total experimental program can introduce 
~ , 

~ither systematic 

the questions for 

or random errors that may make it impossible to answer 

which the simulation or modelling was initi~ted\ Thus, 
, I 

in designing an experimental program attention must be paid not only to 

selection ,of operating conditions, but also to the precision and accuracy 

of the experimental procedures; moreover, the model ~st include the effect 

,of the phenomena of major importance that are occurring. 

7. 3 RECOMMENDATIONS FOR FUR1llER I«lRK 

The kinetic parameters' should be re-evaluated in an attempt to reduce 

the un~ertainty in the predictions of the fluidized bed models. ,Using the" 

~ existing fluidized bed data and Bayes' Theorem, the prio~ parameter estiaat~s 

'from the packed bed experiments -can'be updated. The residual sum of squares 

of the responses divided by the degrees of freedom can be compared to the 
, . 

diagonal elements of the variance-covariance matrix due to experimental error. 

I f these residuals are still too large as determined by an appropriate test;,"further 

,I, 

I 

experimentation in the pac\ed bed reactor should be' initiated. ,:' 

The performance of ~th the feactor model and the. estimated value 

of the interchange factor could be assessed using propane feed to the reactor 

and propane kinetics in the models. 

I 
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A fluidized bed reactor model with two separate horizontal zones 
" 

III the emulsion phase should be investigated. As shown in this 
, 

study, 

213. 

a shallow 

bed iJ,better hed is best modelled witJ:l a perfectly miXed emulsion and a 

:-~ 
deep 

llIodelled assuming plug flow in the emulsion. The bottom of the catalyst bed 

"here there are a large numb'er of small bubbles and violent-mixi'ng may well 

behave as a well mixed region.,' Higher in the bed where there are fewer and 

larger bubbles the emulsion phase is more likely ,to have an axial concentration 

profile. 

Fluidized bed models requiring less computer time should be investigated~ 
These should include models such as those proposed by Van Deemter (VI, V2) ~ 
where the results ,of pulse testing are employed to characterize the gas mixing 

and residence time. Also, the pertormance of simple regreSsi~;/Jdels should 

he evaluated. 

There are a \ number of bubble parameters that could be investigated 

further and thenpdated inform~tion" included in th~ mpdels employed in this 

study. These include:" the maximum size of bubbles, ,the relationship between 

hubble si ze 'and height up, the reactor, the phenomena occurring at the distributor 

plate, the gas intbrchange'due to break-up and coalescence and the effect of the 

!TIu\'ement, of solids on the gas flow in the emulsion. More information on these 

topics would be very valuable to the field of fluidization engineering. 

'Th,e proposed design techniques outlined for the estimation of parameters 

In one syst~m for use in another should be investigated further. 

'.' 
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7.4 SUMMARY AND CONCLUSIONS 

An experimental study involving the determination of kinetic parameters 

in a rather complicated reaction has indicated the value of statistical 

procedures in experimental design and analysis. Procedures for designing 

experiments in .a fluidized bed reactor for discrimination and model testing 

have been developed arid evaluated. 
, 

A mathematical model (K7) was adapted to describe' the hydrogenolysis 

• of n-butane. It was shown that for such models t~ be .useful when incorporated 

in a fluidized bed model, they must describe the r~action over all 

and. particularly at the high c'onversions of the primary reactan't that "ill 

occur in the emulsion phase. 

Selectivity information, unlike only conversion information (as used 

entirely in most previous. studies reported in the literature) gives more " " . 
information about the conditions of the local areas where reaction·actually 

occurs.' That' is, fro~ conversion data alone, local rates of reaction or 

conversion cannot' be inferred without an almost perfect knowledge of gas 

interchange between bubble and emulsion. For a fast reaction, it is also 

neces~ary and equally important that the reaction rate be investigated under 

conditions that will exist in the cloud, wake and emulsion. If this is not 

done, any physi~al interpretation of interchange parameters would be 

unreasonable. 
, 

The maximum likelihood criterion was used to discriminate among the 

fluid mechanical models for a fluidized bl'd because of its relatively 5 .. 11 ., 

computer time requirements and its ease of application. Although this criterion 

.. 
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could be used to establish those models which were vastly superior, incorrect 

conclusions may result if the models exhibit different sensitivities to 

errors in predetermined parameters. A Bayesian method which integrates 

out this effect has been derived and its successful use has been demonstrated. 

The problem of weighting the responses, when estimating parameters 

by the maximum likelihood method, in situations where there is appreciable 

error in these predeterained pa~ameters has been delineated. 

In the present reaction/reactor system, further experimentation is 

suggested in which the packed bed reactOr model is tested for adequacy and 

more and perhaps better experiments are performed to reduce the errors in those 

parameters which lead to large errors in the prediction of the propane and 

methane selectivities. 

This study has indicated that the present mechanistic modelst~ 
the fluid mechanical behaviour in a fluidized bed do not describe all of the, 

important effects. This is suggested by the observation that the model w~ich 

was found to·be best for the deep bed was found to be inferior to another for 

the shallower bed. The different descriptions of the em~lsion phase for deep 
o 

and shallow beds suggest that the overall gross behaviour of these beds is 
~ 

different. This difference may reflect the relative importance with. these 

beds of those phenomena occurring near the distributor plate, the bubble 

coalescence and break-up, solids flow, with the accompanying gas .flow resulting 

from the rising bubbles, etc. Only when these phenomena are better understood 
~ 

will this difference in gross behaviour be explained. 
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, 

Within the limitation~ of the assumed behaviour and prior information, , 
I 

tho interchange factors determined f~om th~se ex,periDl1'nts are about 0.43 to 

\ 
0.45 times the values recommended by Kato and Wen's correlation. 

Notwithstanding the inadequacies indicated above, the fluidized ped 

reactor model which arises out of this study, based on the Kato and Wen 

formulation, is qui~.e satisfactory for simulation 'and optimization studies. 

'nll'refore, the statistical techniques and expedmental procedures used in 

this study !Ire recommended for developing such models. 
! 

( 
, 

-

• 

( 

• 
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7.S CONTRIBUTIONS TO KNOWLEDGE 

Because of the nature of this re~earch program, 'the contributions to 

knowledge 'are best 'slDDIIIarized according to the various areas that have been 

investigated. These are indicated 1n ·turn. 

1. ~emical Kinetics 

A kinetic model for the hydrogenolysis of n-butane on a catalyst, 

comprised on 10\ nickel on silica gel, has been formulated on the basis of 

" " proposed mechanism involving adsorption, desorption and reaction of activated 

hydrocarbon molecules on the catalyst surface. The kinetic constants, namely 
~. 

"r,-,exponential factors, activat.ion. energies ~d exponents of reactants, have 
, 

been evaluated from integral packed bed. experiments. This model allows the 

conversion of butane and the selectivities of all reaction products to ~e 

predicted with good accura~y over the full range ~f butane conversions, including 

those at 100% conversion. 
I \ 
, 

'2. Phenomena Oc in Fluidized Bed Reactors 

A pilot-scale fluidized bed reactor has been de.signed, constructed and 

("pcrated with the n-butane hydrogenolysis reaction. Conv;ersion and selectivity 

Jat" of high accuracy have been .obtained in this J:eactor at two bed heights 

ullJer reaction conditions wiuire fluid mechanical phenomena:are controlling. 
, . 

\Iureover, the experimental system together with the physical and chemical 

l'r,'pcrties of the c;Ltalyst 'have been well characterized. These data, ,along 

.lththe kinet'ic description of t~:e reaction, will be useful for further 

,,( any new fluidized \led lIOdels that may be proposed in thefut6re. 

/ 

testing' 

1\ 

~ ., 
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Interchange parameters to describe the. interchange of gas between 
", 

the emulsion and b6bble phases in current models for fluidhed bed r~actors 

have been determined. These factors indicate that the interchange,. in a fully 

fluidized reactor operating at fai~ly high u/umf flow ratios, iS'approximately 

one-half tha determined by other investigators in ~ingle bubble experiments. 
'-.. 

Thi' 

(K3) is th 

investiga~ion has indicated that the model proposed by Kato and Wen 

best of tJe two-phase mechanistic models tested. Furthermore, the 

resul ts of is investigation st,rongly suggest that the bubble wake should not 

he included with the bubble phase, This further suggests that the sophisticated 

model proposed by Kunii and Levenspiel, which includes the wake with the 
, 

bubble phase, would he il}ferior to the Kato and Wen model. ... ,.. . 
The fact that'different models are required for the mixing patterns 

in the emulsion phase at two different bed heights sugges.ts that the current .. 
models do not accoun~ for all of the primary phenomena occurring in a fluidized 

bed. 

3. Statistics 
( 

Statistical methods have been successfully applied to the design,and 

analys'is of experiments from which a relatively large number of model parameters 

had to be estimated. The shortcomings of these methods have been delineated. 

A criterion for designing experiments for both model discrimination and 

~el testing has been proposed and successfully applied. 

The inadequacies of .the model discrimination criterion employing maximum 

likelihood ratios have been delineated in its appiication to situations where 

t here are errors in th«vparameters. 

~ 
c~ 
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I 
A new criterion for model discrimination"which is independent of 

parameter uncertainty has been developed and successfully t,csted. 

219. 

A method. for designing experiments in one apparatus for estimating 

parameters which will be used in modelling the behaviour in another apparatus 

. has been sugges ted. 

4. Simulation Methodology 

The·classIcal approach in chemical reaction engineering in which 

kinetic parameters are. estimated in a bench-scale apparatus and then used 

in design and simulation of large scale reactors with different fluid mechanical 

behaviour, has been evaluated in this case study. Some of the problems arising 

out of the uncertainty in the parameters have been delineated for the first time.~ 
A strategy for steady-state modelling of industrial reactors has been ~ 

suggested and critically tested. It has been shown that this methodology can ( 

lead to reactor models of sufficient accuracy for most simulation purposes . 

• 

) 
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APPENDIX A 

GAS FLOW METER o\LlBRATION FOR PACKED BED AND FLUIDIZED BED 

The hydrogen and the n-butane feeds to both reactors were metered 

separately. Capillary flow meters wore used for the low flows to the 

packed bed while rotameters were used for the fluidized bed. All the 

flow melers were calibrated before and after each set of experimental 

trials. In the case of the packed bed, the calibrations were checked 

throughout the run. Gas flow through the reactor was maintained using 

an auxilIary hydrogen supply. 

PACKED BED REACTOR 

A constant pressure of 11.90 in. of mercury was maintained on the 

capillary flow meters' with a back pressure valve. Thus, any change in the 

reactor pressure drop would not affect the calibrations. Both flow meters 

were calibrated using a soap bubble flow meter. The hydrogen capitlary 

was 28. in. of 1/2 mm. 1.0. glass tubing. The pressure differential was 

measured on a vertical manometer filled with 1.04 S.G. manomete~ oil. The , 

n -butane capillary ~s 6.2 in. of 0.010 in. 1.0. stainless steel'hypodermic 

tubing. The pressure differential was measured on 6. in. vertical equivalent ,. 
mercury manometer inclined at iO.D'" •.. It was necessary to use mercury since 

~~riam fluid dissolved n-butane and changed density. The calibration curves 
. . ' 

did not change over the ~hree months they were used although they were 

constantly rechecked. The 'calibration curves are shown in Figures A.l ~d 

A.2. t 
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FLUIDIZED. BED REACTOR 

The total volumetric flows to thQ fluidized 

2.0 to 6.0 S.C.F.M .. Floats were designed and made 

232. 

~tor ranged from 

for commercially available 

rotameter tubes' (Brooks Instrument' Company) to cover the exact flow range 

requ~ed. The rotameters were calibrated at a pressure of 4.0 P.S.I.G. This 

back pressure was necessary to eliminate rotameter -"bounce". The n -butane 

rotameter was calibrated usin, a wet test meter (Precision Scientific Company). , 

The hydrogen rotameter was calibrated up to 1.3 S.C.F.M. using the wet test 

meter and hydrogen. For higher ~ws, precision orifice nozzles and nitrogen 

(for safety) were used. When readings were converted to equLralent -hydrogen 

·flows, no discrepancy in calibration was noted between the two methods. The 

calibration curves are shown in Figures A.3 and A..3. 

, 

• 
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APPENDIX B 

THERMOCOUPLE CALIBRATION 

235. 

Some variation in the e.m.f. temperature calibration is expected 

among thermocouples from the same batch of wire and even a greater va~iation 
/ 

is expected between tl)ermocouples from different batches of wire.' ,Thenrio
~ 

couples should be calibrated. It is very critical in this study because 

of the high activation energies of the reactions. Also, because the kinetic 

parameters are estimated in one reactor and are then used to describe a 

second reactor containing different thermocouples, a thermocouple error .-, 
~ .~ 

could be very serious. ' 

Ceramo thermocouples from Thermo Electric of Canada Ltd. w~ used. 

All thermocouples, were chromed-alumel with a 316 stainless steel sheath and 

were filled with magnesium oxide insulation. The packed bed thermocouples 

had a 1/16 in .. sheath with 30 AWG wires and the fluidized bed and the standard 

thermocouples had a 1/8 in. sheath with 24 AWG wires . 
• 

One thermocouple was calibrated using the freezing point of a tin 

sample (U.S. National Bureau of Standards Sample 42 with freezing point of 

231.880C ! 0.01 on 19~8 International Temperature Scale). The standard 

thermocouple read low by 0.034 ! 0.004 mv. as measured with a digital volt ., 
meter (FLUKE ~IODEL 8300A). The packed bed reactor was emptied of catalyst 

and filled with mqlten salt and placed in the reactor salt bath. The'standard . ~ 

thermocouple was inserted into the reactor beside each thermocouple for 

<n calibration. The thermocouples from the fluidized bed were tied together 



236. 

\ 
wi th the standard thermocouple and placed in a small muffle furnace to be 

calibrated. Table B.l indicates the results of the calibrations. The 

correction factors must be subtracted from the experimentally· recorded 

mi 11 lvol t readings· before the temperatures can be calculated· from the 

standard conversion tables 
• 
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TIIERI-IOCOUPLE 

NG 

FLU ID I 

No. 1 ON DlSTRIBtrroR 0.054 
• 

No. 2 6. in. UP REACTOR 0.038 

No. 3 I. ft. UP REACTOR 0.025 

No. 4 2. ft UP REACTOR 0.004 

No. 6 3. 0.024" 

No. S 4. ft. UP REACTOR 0.041 

No. 9 REACTOR FEED GAS 0.073 

PACKED BED 

No. 1 kEACTOR·FEED GAS 0.000 

No .. 2 1.0 em. FROM TOP 0.073 
~ 

No. 8 3.6 e~. FROM TOP Il.lll 

No. 3 6.2 em. FROM TOP 0.054 

NQ. 4 11.4 em. FROM TOP . 0.080 

No. 5 11:'" em. FROM TOP 0.069 

No. 6 16.5 em. FROM TOP 0.074 

TABLE B.l Thcrmoeoupic Calibration Corrections 
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APPENDIX C 

CHROMATOGRAPHIC ANALYSIS AND CALIBRATION 

A gas analysis technique should be designed to provide the required 

accuracy in the minimum time. It was important to minimize the analysis 

time since at least two samples were taken at each operating condition with 

the fluidized bed and it-was often difficult to maintain steady operation 

for an extended period of time. 

Four different chromatographic analysis were evaluated. The first 

lechnique described was used -for th~ initial packed bed (02) and fluidized 

~~bed experiments. It was redesigned to provide increased accuracy and 

decreased analysis time. The calibration method and the preparation of 

synthetic samples, as described in the following section, were used for 

all four analytical methods. <-
, . , 

CALIBRATION PROCEDURE . 
Mixtures of methane, ethane, propane, n-butane and hyd~ogen' were 

prepared in a 2 ft. by 6 in. diameter sample bottle. A mercury manometer 

was used to measure th~ pressure in the bottle as each pure gas was added. 

The order in which the gases were added was randomized from sample to sample. 

The sample bottle was filled, and evacuat~ three times with the first gas 

• 
to be added. The filling lines to the sample bottle were also filled and 

~vacuated three times as the next pure gas was added. The partial pressure 

of each component was calculated knowing'the mercury manometer readings and 

the final total pressure, in the sample bottle. 

\ 
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CHROMATOGRAPHIC ANALYSIS 

A Varian Aerograph model 90-P chromatograph and a Sargent model DSRG 

recorder with disc integr~tor were used for all the analysis. Samples were 

introduced into the chromatograph using an on-line Varian Aerograph plunger

type gas sample valve with a 1.0 mi. sample loop. A thermal conductivity 

·detector was used. 

METHOD 1 

Two columns in series at room temperature witH a helium carrier gas 

flowrate of 35 ml./min. were used to effect a separation. The first column 

was 24. ft. of 1/4 in. 0.0. copper tube packed with 20.0\ dimethyl-sulfolane 

on 80 /100 mesh P acid washed chromasorb. Three peaks were obtained: a 

combined hydrogen-methane-ethane peak, a propane peak and a n-butane peak. 

The products from this first separation were passed through one side of the 

detector cell and then held up i,n a 40. ft. delay column of 1/4 in. 0.0 . 
. . 

copper tubing until all the sample had passed through the detector. The 

second column was 3. ft. of 1/4 in. 0.0. copper tubing packed with 60 /80 

mesh SA modecular sieves. This 'colWlUl had a semi-infinite retention time 

for ethane, propane and n-butane and effected the separation of hydrogen and ~ 

methane. These two gases were passed through the other side of the detector 

cell. The ethane response was determined by subtracting the sum of the 

sepa:ated hydrogen pe~ methane peak from the original combined hydrogen-

methane-ethane peak. . , , . 

This method of analysis was used to obtain initial estimates of the 

kinetic parameters (Ol). The analysis time of 18. minutes was exessive 

for use with the fluidized bed reactor. Also, a study of the errors involved 
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in tho chromatographic analysis (02) indicated that for a high conversion 

of n-butane, the error in estimating the ethane response would be of the 

same order of .magni tude as the response itself. Since 'further parameter 

estimation required packed bed reactor data at'very high conversions, a new 
" 

method of analysis was'required. 

METHOD 2 

This method of analysis involved a separa~e hydrogen analysis and a 

second hydrocarbon analysis using'~ hydrogen carrier gas. Two sample valves 

in series at the reactor exit were used to obtain the gas samples. By first 

determining the percent hydrogen 'in the sample, and then by determining the 

relative amounts of the four hydrocarbons, the composition of the reactor 

effluent could be calculated. 

The hydrocarbons were analyzed in the gas chromatograph' using, a hydrogen 

carrier gas. Thus, no hydrogen peak appeared. Two columns in series were used· , 
wi th a carried gas flow of 83., ml./min. The first column was 9. ft. of 1/4 

0.0. copper tube packed with 40 /60 mesh Porapak S at 140.oC. The four 

hydrocarbons were completely' separated and were passed through one side of 

the detector cell. Because the first peak, methane, was very narrow and 

not very useful for quantitative an,alysis, a second column was used. 'The , 
gas from the detector cell was held up in 14. ft. of 1/4 in. 0.0. copper 

tubing until the third gas, propane, had passed through the detector. The 

second column was 1. ft. of 1/4 in. 0.0. copper tubing packed with 60 /80 

mesh SA molecular s~ive at OOC. This column had a semi-infinite retention' 

time for ethane, prOpane and butane. The methane from this colUIIII was 

passed through the other.side of the detector cell before the butane was 

~ 



elluted from the first column. i 
I 

The hydrogen was analyzed voltDDetrically. A 10. 'iill. sample was 

241. 

\ 
introduced into a 2. J;t. by'l/4 i'~. 0.0. copper tube packed with .40./60. mesh 

activjlted charcoal at room temperature. A carrier gas flow of 30. ml./min. 
, ~ , 

of carbon monoxide was used" This. column separated hydrogen and methane and 
, , ~ 

had a semi-infinite retention tIme for ~thane, propane and butane. The gas 

from the cOlumn was bubbled into a saturated solution of potassium hydroxide 

which completely reacted with the carbon monoxide carrier gas to form non-, 

gas,eous produc;ts. The hydrogen was collected in a calibrated tube ,above ~ 

'the bubbler and its volume recorded. , ~ 

This method of analysis did not provide an accurate" enough determination 

of hydrogen. However, it was noted that if the carrier gas flow, the' detector' 

block temperature and the filament current were held constant, the sample . \ 

composition could'be directly and accurately calculated from the hydrocarbon 

re~ponses from the chromatograph. The third method"of analysis-involved the 

cal ibration of the detector cell response with a known amount of nitrOgeV 

METIlOD :; '~ 
The same sample 'valve and sample loop at constant temperature and at 

, atmospheric pressure, was used for: calibrating with known gas mixtures, 

analyzing the reactor effluent, and calibrating the detector cell with nitrogen. 

'At ,a constant filament cUrrent, carrier gas flow and detectOT block temperature 

(EI), the response from 

valve) could be used to 

a standard amount of nitrogen (from ~~ gas 

calibrate the deti1c.tor ceJI at any Ame: 

, 

, 

sample 
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~
Mole fraction 
hydrocarbon 
gas sample 

~A ~;~o~~~~o~f \'f~!: ;~:~t~~~mpe)_~~~~O~:~il:;:~i~~ca ) J \from gas samPle!-\~alibration ~itrogen peak area 
t time of gas sample _ 

, 

The' same Paropak S column as in method 2 was used for the hydro

carbon separation. This method of analysis prove4 to be accurate.- The 

nitrogen responses ~ere constant within experimen~al error:' It was decided 

to use a pure butane sample to calibrate the detector ce'll. This was the 

method of analysis for the final packed bed and fluidized bed studies. 

MEll10[l 4 

The specifications for the chromatographic analysis of the'reactor 

~ffluent containing methane, ethane, propan'e, n..butane and hydrogen are 

Ii sted in table C.l. 

The four hydrocarbons arc separated on column 1 and pass into one 
" 

side of the detector cell. The first peak, methane, is too narrow for 

quantitative analysis and so the gases then pass through the delay column 

2 and into column 3. This column has a semi-infinite retention time for 

ethane, propane and Il-butane. The, methane from colum 3 passes through the 

other side of the detector cell before the butane and after tke propane 

is released from column 1. The analysis is complete in less than 5 minutes 

from the time of sample injection. 

Repeated determination of the n-butane response from pure n-butane 

samples and n-butane calibration mixtures gave an average total butane 

response of 8,498. and a standard~deviation of 1.6\ based on 27 samples 

obtainea during calibration 1IIiCl;t;'fore and after all packed bed and 



LU~INS I) 

2) 

3) 

IER GAS 

j 

9. ft. by 1/4 in. in 0.0. copper tubing packed with 

40'/60 Poropak S at 140.·C. 

14. ft. by 1/4 in. 0.0. copper tUbing delay cQIUmn. 

1. ft. by 1/4 in. 0 . .0. copper tubing packed with 

60/80 SA molecular seive at O.·C. 

/ 

thermal conductivity cell 

165. ·C 

220. mao filament current 

hydrogen,at 83. ml/min. 

243. 

TABLE C, I - Spec/fications for Chromatographic Separation and 'Analysi;; of 

Product, Gases 
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fluidized bed experiments. The relative. responses for the four hydro-

carbon ~ are: 

methane 1.020 " • 2.0\ 

ethane 1.483 " • I. 2\ 

propane 1.839 " • 1.1\ 

l!utane 2.111 a • I. 6\ 

The mole fraction of each component can then be calculated: 

m (Area i) x (Attenuation) x relative respon~e n-butane 
xi 8498. relative response i 

lois method of analysis provides four independent responses for 

each chromatog.raphic analysis. The same sample loop must be used for the 
_/" 

~alibration procedure and the analysis. The sample loop must also be at 

one constant temperature and at constant pressure (atmospheric). 

'I ,t 
. .. 

I 
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) CATALYST PREPARATION AND OIARACTERIZATION 

, PREPARATION 

Thirty liters of 10.\ nickel on silica gel catalyst was produced. 

The silica gel support was Davidson grade Bl silica gel wi:tJl a reported 

size range of 70 'to 297 microns (this material was donated by Davidson 

Chemicals). ' Fisher certified N-62 nickelous nitrate (N i(N0
3

) £ 6M
2
0) 

was' used to ~ioVid~ the nickel. 

The silica gel was dried at lBO.9C. 
( 

r, " h~d 430. gm. and required 315. mI. of 

1ic~dlOUS nitrate to just fill the pores. 
'~ 

to the dried suppor~'stirring constantly. 

Each litre of dried support 

solution contain\ng 220. ga. of 
, ' 

The nickel solution was added 

The resultant green material 

was placed on, type 316 stainless steel trays to a depth of I. in. The 

trays were put in airtight,type 316 stainless steel boxes equipped with 

inlet and outlet lines for air. The boxes were placed in electric muffle 

furnaces and constantly purged with air. The temperature was raised to , 
300°F. and held for 1-1/2 hours .. The temperature was then held at 4500 F. 

for 1-1/2 hours and then at 6900 F. for eight hours. The exit air, along 

with the poisonous nitrogen oxides were b~bled into a packed column filled 

. wi th 1 normal NaOH solution. 

The resulting grayish solid was 'placed in the fluidized bed reactor. 

It was reduced with hydrogen 'for eight hours at 5500 F. Taylor, Yates and 

Sinfelt (Tl) observed extensive reduction of their 10.\ nickel on silica gel 
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catalyst when reduced to 482°.P. To ensure cOmplete reduction the catalyst 

used in their 'study was reduced at 7000 P. The maximum reduction temperature 

for this study was limited to SSOop by the ciosed oil heating system for 

tho fluidi~ed bed. 

CIIARACTE::lTION 

• 

\ 
The silica ge* support was sharp and jagged and appeared to have been 

produced by crushing. The particle densi~y.was determined. Also the voidage 

in the packed and in the fluidized bed was measured. Two determinations of 

the particle size distribution were made. A sieve analysis was done. 

Also; a measurement of particle size from magnified catalyst photographs 

was performed. 

The density of a catalyst particle is 0.9S7 gm./cc. The volume of a 

10. cc. sample bulb was determined using mercury. The bulb was filled with 

catalyst and then slowly heated to 2000e. in a vacuum and the we~t of the 

catalys~ recorded. Mercury was introduced into the evacuated tube and\filled 

only the voids between the particles. 

Prom the above method it was also determined that the voidage was 

0.449. The catalyst in the sample bulb was vibrated to pack it. When filling 

the pack bed reactor with catalyst. it was vibrated in the SIllllO way. 

The bulk density of the dry catalyst is 0.S28 gm./cc. This was 

determined b~ ~illing a graduated cylinder with catalyst and heating it 

for four hours at '2000 e to remove water. 

The voidage of the fluidized b~d at the minimum fluidization velocity 

IS 0.SS7. This was determined by filling a 3. ft. by 1. in. diameter glass 

~ ..~ 
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) 
tube with dry'~atalyst and vibrating it to obtain the same packing of 

particles as in the packed voidage determination. The height of the 

catalyst bed was recorded and then the bed was fluidized at the ~nimum 
" 

fluidizatien velocity and the height recorded. 

Photographs were taken of 522 catalyst particles and 435. silica gel 

I support particles. The photographs were taken through a 6. power microscope 

with ,the particles on a glass slide with a l.mm. scale etched ,on it. 
, 

Enlarged positive prints were made and the particle size distribution 
"4-

based on t~e equivalent circle diameter was,determined using a Zeiss 

Particle Size Analyzer (model TGZ3). The results· are shown in Figure 0.1. 

Because the particles are non-spherical, this analysis can only be uscd to 

indicate t~e particle size distribution and to show that some attrition has 

taken place in the fluidized bed. 

A sieve analysiS of,the catalyst indicated a mean particle size of 

162. microns. The results of the seive analysis are shown in Table· 0.1. The 
• I 

number of particles in any size range is proportional to the mass of the 

particlcs collected, divided by·the average size cubed. 
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FRACTION 

on 40 

on ~O 

Ion 70 

on 100 

on 140 

on 170 

on 200 

on 270 

on 325 

on" 400 

through 400 

MESH SIZE 
(microns) 

-

-420 

297 

210 

149 

105 

88 

. 
74 

53 

44 

37 

/ 
/ 

, 

l" '. 
, 

grams average 
collected (Gi ) size (Oi) 

0.0 ---
1.477 359. / 

~ 

156.150 253. 

144.969 180. 

73.662 127. 

24.AS6 96.5 

17.045 81.0 

5.332 63.5 

3.263 48.5 -

0.309 40.( 

0.378 35. 

. -
TABLE 0.1 Sieve Analysis of Ca"talyst after Forty ~urs in Fluidized Bed 

t> 
"~ 

• , 
G/(Oi)3xl08 

---
3. 

964. 

2,487. 

3,611 

2,. 726 :-

'" 3,210 

_2,083. 
. 

2,860. 

465. ~ 

1182. 

_1~-,291 
-

'" 

Percent 

---
0.02 

5.00 

12.89 

18.71 , 

14.13 

16.64 

10.80 

14.83 

2.41 

4.57 

100.00 

'" A ... 

, 

1 , 
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APPENDIX E 

FLUIDIZED BED REACTOR OPERATION AND START UP , 

Because of the use of large quantities of hydrogen, the high 
) 

temperature and the mechaniJal complexity and size of the apparatus, 

a detailed check of the~reactor is necessary to ensure safe operation. 
, . 

This check will a150 reduce the chance of mechanical .. breakdown. This 

section contains instructions for pre-experimental check out, catalyst 

conditioning, and reactor operation . 
. , 

PRELIMINARY CHECK OF HEAT EXCHANGER OIL SYSTEM 

- open all three valves in the oil system 

ensure expansion 011 tank is filled to 5. in. when cold 

turn heaters on to 40.\ for 2 hrs 

- turn off heaters 

- turn on pump 

- turn on heaters to full power 

- turn on expansion oil tank cooling water 

- remove insulation from pump to check for oil leak 
\ 

- heat to 400°F. 

- turn off heaters and pump' 

- repair oil leaks and insulate pump 

PRELIMINARY CHECK OF CIRCULATING OIL SYSTEM 

- open both valves in circulating system 

250 . 
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- ensure expansion oil tank is filled to 5. in. 

turn the three- adjustable heaters to 40.\ for 2 hrs. 

- .turn off heaters since there is a large amperage surge whon 

starting pump 

- turn on pump stuffing box cooling wa~er 

,. - turn on ·pump 

- turn on all heaters to full power (5 switches) 

- turn on expansion oil tank cooling water 

- remove all oil from pan below pump 

- place dr~p tray under'stuffi ox 

- remove insulation from p check for oil leaks 

- heat to 350°F 

- turn off heaters. pump and cooling water 

- repair oil leaks and insulate pump 

LEAK TEST FEED SECTION 

- remove pipe nipple from back-pressure control valve and seal with 

a plug (the valve does ~ot pr~vide :-;erfect seal) 

- pressurize with nitrogen to 15. P.S.I.G. 

- if pressure drops more than 0.4 P.S. Lin 1. hr. check for leaks. 

especially~ 

- steam heat exchanger 

rotameter tube seals 

- all dart unions 



CALIBRATE FEED RoTAMETERS 

- remove plug from control valve that .had been inserted 

listing and connect .to wet test mete·r venting to dump 

- turn heating water on for n-butane tank 

\ 

I 
I 

i 
for 
I 

fan 

252. 

leak 

- set n-butane rotameter and adjust control valve for 4,0 P. S. 1.0.; . 

'~n 
.~ 

rotameter " . " 
.)' 

< 

remove wet test meter and connect line to large orifice drum 

connect ni~gen cylinder to hydrogen feed system 

- ~et hyd~gen rotameter and adjust control valve for 4.0 P.S.I.G. 

on rotameter 

- convert calibration to hydrogen flow 

LEAK TEST REACTOR 

- remove insulation from around 'top flange, distributor plate, and 

fe~d heat exchangers 

- cap both exit lines from reactor (valves leak slightly) 

- ensure all thermocouple wells and the catalyst drain line are 

sealed 

- open feed .bac~ pressure valve full 

pressurize to 10. P.S.I.G: with nitrogen 
r 

- if pressure drops more thap 0.2 P.S.I. in 90. min. search for 

leaks especially: 

- feed heat exchanges 

- top flange 

- distributor plate 
Q 

- thermocouple wells 

- thermocouples 
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- catalyst drain line 

- gas sample line for chromatograph 

- insulate 

remove caps from exit lines 

CATALYST CONDITIONING (morning before experimental trials) 

open reactor exit 

- purge reactor and feed system with nitrogen .. 

- purge feed system with butane 

- purge feed system with hydrogen 

- heat circulating oil to about 5BO°F. (see instructions for 

circulating oil system check) 

- heat the heat exchanger oil to about 500°F (see instructions 

for heat exchanger oil system check) 
, 

- hold catalyst at 550. ± 5. OF for 5-1/2 hrs. with sufficient) 

hydrogen flowing through reactor to maintain a pressure drop 
• 

of 10. in. of water across the bed 

- shut down all pumps and heaterI 

'V 
LEAVE CATALYST OVERNIGHT (for experimental rials next day) 

.' 

- leave the six adjustable heaters on,at 40. \ .. 
- leave reactor exit line open 

- adjust hydrogen flow to. obtain 3. in. of water pressure 'drop 

across re actor. 

, 
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, . 

• REACTOR OPERATION 

The reaction is highly exothermic and constant attention is required 

to maintain steady operation for five to ten minutes before sampling. The 
, 

key to steady oporation is to control and monitor the exit temperature 

of the circulating oil which is 20 to 400F. below the reactor temperature. 

This oil temperature can be increased by increasing the n-butane flow 

(heat of reaction) or by turning on the electrical heaters. It can be 

decreased by increasing the hydrogen flow (decreasing the reaction) or by 

cooling the circulation oil in the air cooled heat exchanger. The oil 

temperature must be monitored constantly with a digital volt meter so that 

a temperature drift can be detected 'immediately. 

The experimental flow and tempera~ure condJ::ons are set as follows: 

1. choose an exit circulating oil temperature. 

2. obtain this temperature using approximately the desired 

experimental flows. 

3. set the hydrogen and n~butane flows at the desired conditions, 

If the reactor temperature is not the desired temperature artd stable, or 

the ci r rulating oil ,temperature is not stable repeat the above steps until 

the desired operating conditions are achieved and they remain stable for 

three to five minutes. This procedure may have to be repeated five or six 

\ " 
times to obtain the required stable operating conditions. 

Because of the operating 9haracteristics of the reactor, several 

details must be rem5Fbered. Be1tw a feed ratio of 3. coking of the catalyst 

can occur. Because Qf the h~gh~eat ~f rjaction and high activation energies, 

tempetature runaway can occur. This can ~e halted by reduc~g the butane 



\ 

flow,. and by increasing the hydrogen flow whid\ will 'cool the 

255. 

I 
catalyst 

I 
I 

particles on the reactor walls. If the reaction extinguishes (catalyst 
. . . \ i 

too cold), it can only be restarted by heating the catalyst., ?sing the 
, " 
" 

circulating oil. Once the reaction is started 'the oil must again be 

cooled. 
,~ ~. 

This operation requires .about an hour. 

, 
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APPENDIX P 

PACKED BED REACTOR CALCIJLAT IONS 

III.AT9t'.J.tl'ACT ION (S 1 ) 

For severe react ion condi t iOlls the foll owing react ion cou Id re5ul t: 

4C411 10 
+ 9f1

2 
... 

,-- -_ .. 
Reaction 6f1° 2S •C Cal./gm. mole of butane 

C4 
... 

C
4 

... 

C4 
... 

4C l 

2C2 

C
3

+C
l 

41400 . 

.10322. 

13560. 

By "ess' law of constant heat sumation, the standard heat of reaction 

at 25·C is 30,305 cal./gm. mole of butane reacted. At 260~C the heat of reaction 

is 31,309 cut./gm. mole of butane reacted. 

l'AItTlCLE REYNOLDS NUMBER 

Feed flowrate • 1.5 ml./sec. (constant through reactor) 

2 
Reactor cross-section· 0.386 cm. 

Superficial velocity· 3.85 cm./sec. 

Molar flowrate • PV • 1.0 x 
RT 82.06 x 
gm./moles/sec. 

1.5 
550. 

-5 
=3.32xIO 

,. 
Average molecular weight assuming 5:1 hydrogen to butane 

molar ratio. (1. x 5.) + (58. xl.) = 10.5 gm./gm.-mole 
6. 

Superficial mass velocity· G 

32 10-5 x = 3. x 10.5 
0.386 

' . 



i n . -4. / 2 
••. 02 x 10 11m. ,ec.-cm. 

Meull purtlcle dlumeter • 0.0162 cm. 

(;u. vhcoslty " 1.1 x 10-4 pol5e (PI) 

H<'Yllold. Numbor· G J • 0.13 
_---1'.. 

~ 

AVIHA!;I' MASS FLUX FROM PARTICLES 

257. 

A •• tUne ,evere reaction condition. of 260. 'c, partial pre55ure of 

1"ltUII<' of 0.3 utm. and partlol pro. sure of hydrollen of. 0.5 atm and c.taly.t 

act ivity of 1.4. 

1015.6604 ., 
0.5- 2.348 r • 1.4 x x exp (-51000./1.99 x 533.) • 0.3 x c4 

• 8.40 x 10-6 x 0.3 x 5.09 

1. 28 X 10- 5 gm.moles/sec. 3 of reactor • - cm. 

Hr3ctor volduge • 0.449 

2 3 
~~rfacc area o~artlclcs • ~6~.~x~(~I;' __ -.-OO~._4_4_9) • 204. cm. /cm. 
Vol lIme of reactor d

p 

Ma,s flux" r 
c4 

204 

-8 2 
N • 6.27 x 10 gm.moles/sec. - cm. 

A\'I'H,\CE /IEAT FLUX FROM PARTICLES 

Using pr('viollsly calculated mass flux and heat of' reaction: 

/Ieat Flux Q ~ NllIl 

• 6.27 x 10- 8 x 31,300. 

I 96 10-3 I / 2 Q. . x ca . sec.·- cm. 
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t 

".~AND "\\ VALUES paR MASS AND IIEAT TRANSPER 

From the Jd and J h correlation~ of Satternfiold and Sherwood (S2) 

" for a Reynolds number of 0.13: 

\ 

DRIVING FORCE FOR MASS TRANSFER 

Density p • P 
RT 

x Average Molecular Weight • I x 
82.06x533. 

-4 3 • 2.40 x 10 gm./cm. 

Diffusivity D ~ 0.3 cm. 2/sec. (PI) .~ ..... , 
) 

Schmidt number Sc.~ • 0.00011 
pD 0.00024xO.3 

• 1.53 

10.5 

11,C mass transfer coefficient, k , is calculated using the Jd factor. 
J
d 

G g 

kg • P x (Sc)1/3 x (AVERAGE MOLECULAR WEIGIIT) 

c·' -4 . 
c 40. x 9.02 x 10 

i.o x (1.53)17 3 x 10.5 
, , 

2 
, 0.0030 gm. moles/sec. - cm. -atm. 

The driving force required to bring the reactants to the catalyst surface 

must he: 

liP = N • 
I( 

g 

-8 
6.27 x 10 

0.0030 

& 2.1 x 10- 5 atm. 

lnerefore, there is no mass transfer limitation on the catalyst surface. 
J 

DRIVING FORCE FOR HEAT TRANSFER 

Average heat capacity of reactio~gases at 260·C (51) 



C • 14. col.hm, 111010 
J1 

AVllrng" thonnal conduct Ivlt.y of rOBctlon 1!''''(lS at 260·C (K4) 

k· U,00206 rnl ./~oc ... cm. - C~ 

Pr~ndt1 number Pr: Cpu/k 

= 14, x 0,00011 
. 0,00206 

= 0.75 

1I('lIt ·transfer coefOcient 

k • J
I 

x G x C 
I l' 
(Pr) 1/3 .' 

O 58 1 / - cm.
7 

- C,' • . co. sec. 

Driving force to remove gonoroted hoot 

fiT • Q • 0,00196 
11 O. 58 

• 0.0034 c" 

259, 

Thl'reforl', there Is e5sentiully no tompernture difforence between the catalyst 

,'"rticlc and the gas flowing past It, 

J'ORI: III ""US ION L1mTATION 

A reaction is not limited hy pore dlffusl~n if the effectiveness fnctor, 

". is essentially unity. As the Thislc modulus, ~, approaches zero, the 

f"ct(lr approaches unity. ) 

ror spherical catalyst pellets (~~) 

0 .... , 

'-. .. 

• 
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L • radius /3 . 

• 0.0081/3 . 

• 0.0027 cm. 

The flrst order roactlon rutu based 011 the bUlk volume of th" catalyst 

,"Irtiele kv can be calculated (previous calculation at extreme conditions). 

r • 
B 

(8.40 x 10- 6) x PC' x 
'4 

2.348 
PH 

2 

for rill • 0.5 atm. 
2 

(4.27 x 10- 5) xR X T X Cc = 
4 

• 

• 3.40 per sec. 

1.87 
0--0.449) 

1.87 C 
C4 

The effective diffusion coefficient D is difficult to estimate. An order of 

ml,!!l1itIJde estimate would be 0.1 cm. 2/sec. For the lowest possible case, thot 

is involving Knudsen diffusion, the coefficient would be of the order of 0.0001 

2 em. /sec. ((52). cumene gas at 147°C. on silica alumina crocking catalyst). 

l~killR this case: 

Thiele modulas • 0.0027 ~ 
~O:OOI 

• 0.16 

For a Thiele modulus of this magnitude (81) the effectiveness factor is 

C"","tially unity. lIence, the teaction is net limited by 'Pore diffusion_ 

AX I til. III FFU5 ION TERM IN MODEL 

From Peterson (P2) for steady state incl~ding the axial component in 

II llacked bed reactor:· 

/ 



I!UA (::2.) - -u k c 
V • o 

whore C • conccntrotion of rcoctont gm. mole/cm. 3 

Z • length olong the reactor 

k • first order rote constont 
v 

EUA 2" " • eddy diffusivity cm. /sec. 

in dimensionless form 

r· kZ 

o 

261. 

For un order of magnitude esiimate of tho oddy diffusivity, Carberry (Cl) 

suggests that for Reynolds numbers loss than 1.0 the molecular diffusivit"y con 

he used. TIlereforo, using 0 psoudo 'first ordor rato constant and the minimum" 

fluw rotc of 1.8 ml./sec. • 

(j = 1.8 
0.386 

The maximum «2 is 

I.B7 x 0.3 

(4.66)2 

0.026 

• 4.66 cm./sec . 

Figure F.I shows the reactor concentration profiles for the most severe conditiun 

used "asp'redicted from the plug flow model. "The curvature of the concentration 

profiles as predicted by. the model is very small. Therefore, 

0.026 « dljl 

dZ 

. . . .. 
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'1111, moo/~~'hO 
th" COl{~octi()1I torm. 

IIXIIlI diffuslull torm is 1\01l111libio whon compored to 
'-

\ . 
SAM!'l.E CAl.CUIATlON -- - T----

The clllculqtionR will bo busod on the most oxtreme conaltlon, u~od 
J 

fur I'uromotcr ostimotlull. This Is run 385 os shown In Pillura P.I. 

Taklllg 6Z • I. em. (much lurKer thon ·usod In model) 

l Z • 10. em. 

packod bod reoctor oquation tholl for tho 

0.3 d21' '4.66 dl' • 1.87P 

d? dZ 

I'll' - 0.020 
~, 

-AZ 
1'121' ~ 0.001 --<-.-
A Z2 

for this cuso P is 0.08, therefore 
... 

reaction term • 0.08 x 1.87 • 0.15 

first derivative term a 4.66 X 0.020 • 0.09 

second derivative term tt 0.3 x 0.001 • 0.0003 

lI~nc.c, uxial diffusion is.not important. 



• 264 . 

API'ENOI X G 

V_A!!_I_!\~CI!-COVAIlIANCIJ MATR IX OF ESTIMATED PAIIAMVl'I!I!S 

.. 
Thoro uro two wup of estllllnting V (t) .. the vnrlnnce-covurlanco matrix 

"r II", "I,,;orvutlons. One Is to porform replicated oxporlments. Tho otlior Is 

I" II';" tho v lIIatrlx of Box and Draper (S6): 

G .1 

. II' 
"I"'n' II Is tho number of experiments performed und ~ Is tho vector of control 

variable,; for the u'th exporiment. This method assumes thnt the model 11 Is 

".1"'111.01". For the pyrposes of using. V(t) to estimate the vurlunco-cQvarianco 

,"al rix of tho e'ltimnted parumoters V(Q) the second method was omployed. 

If tho voctor·O which minimizes the determlnunt of v Is substltutod 

11110 the ,Iel'lnitlon of v in equation G.l, then: 

(;.2 

,:; an e,;1 imatc of V(Y.u) for any <'xporitnC'ntal td"l u. n io tho 

IIl1mbl'r of experiments performed und r is the number of responses per experiment 

LO-"',I to cst Imutc. the p parameters in~. Now defining 01)0 single vector of nil 

"ill' responses: 

rl 
- -;. 

l2 

r • G.3 nr x I 

/ 

~, 
, 

& 
~ 

/ 

/ 
/ 

/' J 



·:fj 

Then V (r) becomes 

V(l,l 
nr x nr, 

E 
IAr 

• 

E 0 

0 E 

0 0 

o o 

265. ' , 
0 0 

0 0 

E 0 
G.3 

o 

--- -~-----

u a l,2, ... n G.S 

:1I1tln is the number of experimental trials. Null matricie" Q. liTis" since tho, 

'.lJcccssivc observation'vectors arc uncorrelntod with each other. 

'Ahu let 

.' 

X 
nrxp 

X -u 
r~p 

:: for all n experimenta. 

= 

:Inti the subscript u refers to the u' th experimental trial. 

.6 

G.7 

Thl'1l the estimated variance'covariance matrix of the estimated parameters is: 

-1 
G.B 



APPENDIX H 

DERIVATION OF Of (~) 

The effect of uncertainty in model (nuisance) parameters can be 

integr~ted out before attempting to discriminate among a number of models 

employed to describe a physical phonomen(lI~,J~'rll0 uncondttonal density 

functional Of (~M) is I 

Df(~) = 

n T T-l 
exp{~~ 'E

l
{ w (X UX.~) 

U'I -u-u--u 

(2n)nr/2 

w ) 
-u ' 

n/2 

) 

6.10 

where w is the vector of observed minus predicted responses for all n 

tri~ls given mOdel M'. Equation 6.10 can also be written: 

" T -1 T -1 T -1 -1 
exp {-~ '{~!! ~ - ~!! ~(~!! ~+,l! ) 

-1 
T -1 

X A w) -- -

Proof of Equivalence of Equations 6.10 and 6.12 (R.6) 

Equation 6.10 can be rewritten: 

T T -1 
exp {-~w (XUX -I- A) w} - --, - -

Df (~M) = 
(2n)nr/21 XUXT. !!II 

~nd equation 6.12 can be rewritten:;-

[ 
T -1 T -1 T -1 -1 -1 T -1 . J } 

exp{ -~ ~!! ~ - ~!! ,~(~!! ~ -I- l! ) ~!! ~ 
of (",,/M) : 

(2n)nr/2 

} 
6.12 

( II .1) 

( II. 2) 

wherc X is the nr x p matrix of. all X for all trials and!! is nr x nr . ,.-'\) 

matrix of 'n ~ matricies along the diagonal and all other elements zero. 

1. The Matrix of th'c Quadratic Form in the Exponent 

It can be shown by direct multiplication that: 

266. 



-1 
A 

2. The Determinant~ 

Consider the partitioned 

[-' T 1 ~' ~-----=~-

(H. 3) 

matrix 

(II. 4) 

\. " 
It can be established by direct mu1 tip1 icat ion that the inverse 

of ~. if it exists. 

-1 
B = 

• is 
f 

T . T 1 
U -!!2i (XUX + ~)- XU 

T T -1 ux rXUX.. ~) 

267. 

(11.5) . 

In the caBes in which we are interested all the ·sub-matricos of 

-l 
[l exist and therefore in these cases ~ is non-singular. 

By the use of the following identity which can be verified by 

di r"ct multiplication: 

T T -1 T -1 -1-1 
~ - UX (~+~) XU = (~~ ~ +!!. ) (II. 6) 

(II.S)c"n be rewritten as: 

XTA- l -1 -1 
UXT(XUX

T -1 
-1 X ~ ) ~) 

·B = 
T -1 

(XUX
T ~) -1 -(~ ~) XU 

(11.7) 

IIpt lying Jacobi's theorem to equations (H.4) and (H.7) one obtains: 

(II .B) 

"nd by the same theorem applied again: 

I T -11 (XUX + ~t (H.9) 

It follows then, by eliminating I ~1 from (H.8) and (H.9) and 

n·arr<1.nqing, that 

(H .10) 

\ 
\ 



• 

\ 
1. Equivalence or Equationll (H.l) and (H.2) 

268. 

269. 

When equations (H.3) and (11.10) are substituted into equation (11.1), 

'" "'1I1,.tion (11.2) result •• 

" 

., 
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APPENDIX I PACKED BED REACTDR DATA AND PROGRAMS 270, 

1!tIN 

I(,() 

/' ((, 1 , 
/6~ 

1/, '. 
76 ') 
76(, 

16 i' 
/ldl 
? (1 q 
77,1 
?7? 
;.' "/3 

17 '. 
L" ?, 
nr.. 
277\ 
i79 
7Hl 
787 
7!l " 
'78(, 
7A7 
leG 
2U9 

,7 9 0 
291 
297 
2'.13 
294 
29S 
29(, 
797 
7.<,8 

, (')'} 
leu 
3Ul 
'107 
1 U'. 
:; (I ~ 

30& 
)Ie 
'3)2 

313 
"l, 1 i. 
116 
,17 
.ll8 
319 
3<1 
'J2I 
324 
1?S 

• 1 76 
• I 7;> 
.! 76 
./U'J 
.~~li' 

• 1 H & 
.1/16 
• :n3 
.... 7') 

.187 

.17A 

.16'J 
• 16 II 
.24!J 

".184 
.2?9 

, • ~ <.? 
• /. 1 !J 
• I 71' 
.204 
.205 
.70S 
'. '/05 
.20~ 

~.2U7 

.201 

.201 

.201 

.201 

.187 

.187 
• 19 e) 

.199 

.226 
'.22!:> 
.196 
.194 
.? 30 
.) 'J8 
• 199 
.24 ? 
.258 
• 2~)8 
.2'>9 
• ? 1.9 
.749 
.246 
.248 
.242 
.240 
.227 
.228 

176 .713 
171 .709 
.~ '2 '} ,: .? 1 (~ 

P H7 

.'JI<J. 

.92/. 

.')22 

.BU& 

.Utlj 

.-S'09 

.910 
• 7 I '. 
• 7 I 0 
."IS 
.919 
'. ,};>-p 
.9 't'i 
.H~2 

.904 

.829 

.tJ6!:> 
,.866 
.928 ' 
.890 
.889 
.8AA 

fLOW,' 

1.?7 
I.SH 
1.&0 
1 .4'1 
I • " r 
1.57 
1. S:~ 
1 • :1 1 
1.32 
1. !;7 
1.~7 
1 • :,·c) 
"I.!>!.> 
1 • ?~) 
1.38 
1.3B 
1.26 

-1.1'5 
1. &0 
1./~~1 

1.44 
1.43 

• [,H B I • '. 4 
.889,1.43 
.R H 7 1 • '. 2 
.B92 1.4!J 
.892 
.893 
.893 
.88S 
.884 
.B94 
.89'; 
.8&7 
.868 
.898 
.11\111 
.8S'J 
.tJ,)4 
.894 
.894 
.,}4U 
.9'1'1 
.94U 
.885 
.AR4 
• ')48 
.9'.6 ' 
.U8? 
.886 
.'.IUl 
.9u2 

1 .1.9 

1 • '. 7 
1.'47 
1. 00 
1.01 
1.44 
1 • 't3 
IdU 
1.38 
1.41 
1.42 
1.31 
1. '. & 
1.4& 
1.46 
2.2U 
2. 19 
7. 1 H 
1. 4 4, 
1.44 
7.20 
2.20 
1.~U 

1.51 
1.&3 
1. & 3 

• Q I 7 1 .6'. 
.<)71 1.60 
• ') /. (" 1. (, I 

51 

2./?(, 
2.2&() 
~.i.~6 

J.on 
j. I? I 
20331 
;>.2 e)2 

3.S5'.1 
3.6?' 
2.u'17 
;> .071 
.!.4"/1 
~. 143 
2. "0 I 
~.L04 

2.245 
3. ISO 
2.'J37 
2.048 
2.347 
2.43,3 
;> .402, 
2'. 1.71 

.2.J,t1~ 

2.57u 
2.4"" 

'z.,.40 
I. • '.!:>6 
2.3')2 
3.600 
3.652 
2.31 J• 

2.2Bq 
j.';u1 
3.442 
2.231 
1..1d3 
:~ 01 :; 2 
~.14') 

2.234 
3.547 
1..973 
2.936 
1..<)49 
:!.43'; 
1.452 
2.5ljJ. 
2.5'J6 
2.S\l4 
1..5,18 
2.613 
2.5 'IU 

, 52 

.233 

.2~~ 

.t?4~ 

.1.41 

.I.I'J 

.23') 

.240 
• I? U 
.136 
.nu 
.222 
.2~3 
.21.'} 

'In 
.231 
.21.1l 
.,;U'J 
.I.,.? 
.230 
.1.34 
• 2 3 I ' 
• 7.'d , 
.238 
./42 
.23?' 
.;>43 
.2'.(' 
.234 
.244 
.1UIl 
.J 71 
.229 
.238 

, • I')? 
./U9 
• ;'>33 .n, 
~'21 tJ 
.ll.j 

.216 
,.211 

.2&3 

.270 

.7(,'7 

.7.28 ' 

.7.21 

.241 

.240 

.24, 

.2~1 

.2,3 

.24, 
~.';7.7' .74') 
;:>.,.60.2S? 
'1. D2 .7.6" 

,l 

53 

.426 

• '. 3 () 
.', 1 B 

• 16 S 
• 1 3 U 
.3<)7 
.'.09 

, • lJ4 7 

.U25 

CONV 

67.? .l" 
('7.~3 

'/l ol & 
l)l)./~ 

f.JlJ.7 l t .,0. 

l.H.UI 
7&.74 

.1.96 -

• 1.9S 
.341 

10U.uu 
100.00 
''-'.40 
'.7.71 
92.52 
'/l 01 tl 
7/..33 
76. U 
76.7<; 
'.I'J.611 

• '. bh 
• 'I? I 
• '.44 
• '. 3:; 
'. 1:;0 
.191 

• '. <) 7 
.39 ? 
.3&8 
.372 
• ".3~) 1 
.34', 
'.37 U 
.3?3 
.3?7 
.j?8 
.37 :i 
.008 
.002 
• '. 10 
• '. 1 1 
.037 
.046' 

• '. 3? 
• J.? 0 
.144 
.4btl 
• I. 4 5 
.UIO 
.167 
.175 
.172 
.u36 
.U35 
.3UIl 
.30S 
0307 
0327 
.2.Y4 
.3 I 3 

,)'J.27 
,r,-: 64.1. 3 

64.4<) 
8S.27 
66.9'. 
88·68 
<)U.,16 
92.J 8 
!;l1l'US 
87.')U' 
117.':I? 
81. oJ'J 

100.00 
100.00 
61~13 
61.4& 

IU.o.uu 
100.00 

74,.4 j 
\,L\I. Il t1 
~.b4 
btl.')7 
70.6, 

IUO.(10 
~;;9 C} .'b 4 

99.S0 
99.64 

100.0.0 
100.00 

9'3. 'J U ; 

9).64 
'}j.?? 
92.71. 
'J6.18 
95.06 

.17A 92.91 

.144 92.4') 

.114 100.00 

" 



27l. 

• 
13'1' • 705 .931 1.67 3.166 .266 0101 100.00 
331 .232 .696 1.60 l..669 .247 .279 97.25 
332 .231 .898 1.58 2.676 .2~1 .2Q 96.1l7 
333 .215 .914 1.82 2.227 .23~ ./034 80.60 
134 .714 .916 1.80 2.223 .234 • I, ~6 81.04 . 
136 • 2~0\ .834 1. ),.~ 3.&99 • I ~ 1 O.lIOO 100.00 
137 .247 .8 /+1 I. 12 3.56(, .205 .008 100.00 
·n8 .;>1,4 .844 ' 1 • I I . 3.512 .221 .015 100.00 
139 .210 .919 1.18 2.223 .231 't .438 82.17 
140 .204 .925 1.77 2.183 .237 • '+48 81.05 
3'.1' .275 .844 1.56 3.436 ' .• CU! .lI43 lOO.OO 
3 /.2 .267 .851 l.?~ 3.D6 ,.2:>" .lI:>3 100.uO 
3'.3 .212 .918 1./8 2.2~8 .236 .1,23 83.7tl 
34/i .216 .915 1.00 2.303 .228 ./+14 85015 
34~ .278 .876 2.02 3.476 .2U .034 100.UO 
346 .27~ .878 2.02 .,. '+34 .21'1 .U43 100.(\U 
347 .212 .922 1.80 20328 .241 .397 87.87 
340 .21·1 .921 1.79 20343 .229 .4~0 87.81 
'350 .283 .898 . 2.40 3.'327 .232 .U 0 100.00 
3':>1 .278 .903 2.39 3.233 .246 .U92 100.00 
352 .210 .921 1.78 2.225 .2'+2 .431 

, 
84.84 

353 .206 .925 1.77 2.236 .235 ' .432 83.53 
154 .209 .923 1.78 2.2'63 .234 .423 .83 .• 11 
355 • 25U .88U 2.Ul 4.000 U.0UU ..1.000 lUO~UU . 
356 .250 .86U 2.UO 4.000 u.OOO U.lIOO 100.UU 

~ 
357 .256 .907 2.ao 3.996 .002 0.000 100.UO 
358 .255 .907 1.99 3.993 .UU3 u.UOO 100.0U 
359 .255 .906 1.99 3.982 .00'1 o.uoo 100.UO , 
36·J .255 .906 1.9'1 3.'11l3 .UOll o.uOU 100.00 
361 .214 .93'1 1.76 3.667 ,.147 .013 100.UO 
'362 .215 .930 1.77 3.f,79 .146 .009 100.00 
164 .• 712 ,.91<; 1.76 2.126 .720 .477 56.98 
365 .207 .919 1.77 2.091 .21B .491 55.71 
366 .209 .917 1.76 2.066 .217 .493 57.14 
367 .208 .916 1.77 2.075 .216 .4~6 56.96 
369 .206 .92.2 1.61 2.371 .245 .380 92.23 / 

370 .207 .923 1.61 2.350 .24B .365 91.57 
311 .206 .925 1.80 2.364 .241 .385 95.63 
372 .206 .923 1.80 2.324 ' .24tl .3'13 '11.'1'+ 
373 .205 .924 1.77 (.351 .2'+7 .385 92.l2 

,374 .275 .680 2.13 2.691 .247 .272 97.12 
375 .268 .864 2.12 2.607 .245 .301 95.78 
176 .265 .687 2.11 2.532 .245 .326 94.66 
377 .208 .922 1.79 2.3S.7 .253 .379 92.54 
"-7P .708 .921 1.79 2.324 .258 .387 92.45· 
380 .265 .841 1.41 2.764 .248 .247 9,8.'10' 

381 .263 .842 1.43 2.728 .255 .254 98.6~ .- 382 .208 .921 1.82 l.ltl4 .235 .44'1 80.17 

38( .207 .923 /1.82 2.203 .231 .'. 4 ~ 81.34 
'38 ' .287 .863 2.36 3.098 .241 .140 9'1.66 

386.2IH. .8b4 2.33 2 • .','11 .2:>j .160 '1'1.6" 
387 .285 .886 2.34 2.960 .259 .174 99.53 
388 .205 .922 1.78 2.214 .230 .442 83.59 
189 .502 • 925 1.78 . 2.178 .237 .449 82.42 
~90 .• 2 .871 1.n( 2.5tl8 .263 .2'15 97.2-5 

,191 .760 .864, 1.68 2.668 .252 .216 97.76 
.216 .913 1.81 2.154 . .232 .460 80.16 



, 

, 272. 
~ 

1'J3 .200 .929 1.61 2'.197 .2'34 .445 80.03 
) 9', .20U .929 " 1.80 2.170 .2£tl -.458 7<J.<J':> 
196 .27U .81<J 1.13 3.557 .Ill 9 .022 .10U.UO 
3')7 .26tl .82-1' 1 • 1 3 ?549 .IB8 .02.'S 100.OU 'j' 1')8 .204 .925 1 .81 2.045 .209 .512 ·'55.23 

• 921 
, • 1')9 .208 1.82 2.036 .22U .508 57.04 

400 .206 .923 1.82 2.014 "21~ .518 '57.25 
',0 I .205 .919 1.80 1.869 0190 .58, 17.85 
't 02 .208 .919 1.78 I-. 879 .194 .578, 18.72 
1.0, .;>08 .918 1.79 1,.847 .189 .5'92 19.52 
It a', .;>09 .917 1.79 1.873 '.)88 -1,584 22.70 
',l15 .2 'J 7 .919 1.79 1 .. 910 0181 '~576 23.16 
4 J7 .02()3 .<J31.1 1.84 2.291 '.24 <J .403 90.6<J .\ 4 1j8 .206 .927 1.82 2.345 .252 .384 92.60' 
4d<J .210 .922 I.Bl 2.3tl6 .2':>0' 0371 93.66 . 
" I () • 20'" .929 1 • 81 2.359 .249 • 381 ,92.32, 
4 I I .201 .931 1.80 2.360 .247 • 382- . 92.31 
412 .2'03 .928 1.82 2.183 .2£0 .459 ~ 74.53 
413 .;p7 .925 1.82 2.168 .222 .463 .' 74.31. 
I. 11. .;> 0 7 .925 1.83 2.158 .228 .462 7'4.76, 
415 • 151 .1.003 2.25 1.970 .199 .54'4 53.46 
',1 h .}50 1.004 2.2.4 1.921 .208 .554 '52.82 
'd 7 .21 U .921.1 1.79 2.185 .23<J .446 78.89 
'd8 .207 .922 1.78 -2.173 .231 .455 77,.14 
41Q .206 .923 1.78 2.158 .230 ;.- .461 76.77 " 
it 2 0 .! 52 1.007 2.24 2.216 ·240 .435 80.94 
',21 .152 1.007 2.24 2.218 .236 .437 80.86 

~ 422 .210 .919 1.80 2.174 .236 .452 77.)3 
423 .209 .921 1.79 2.167 .224 .462 76.09 
424 .154 1.003 2.24 2.052 .225 .• 499 67.6.1 
425 .150 I.UU6 2.23 ~.04!l .223' .':>02 66.75 
426 .20', .926 1.78 2.146 .229 .465 76.0~ 
471 .;> a 1 .928 1.78 . 2.103 .228 .481 74.15 
428 .277 .879 2.15 2.480 .2':>4 .338 90.51 
429 .282 .875 2.16 2.609 .252 .296 94.24 
43(' .208 .923 1.80 2.105 .232 .477 76.16 
',31 .203 .927 1.79 2.135 - .228 .470 74.27 
434 .209 .914 1.84 2.740 ' .262 .245 99.13 
435 .21'u .<J13 1.79 2.774 .r/4 .226 99.'£8 
,,36 .212 .911 1.86 2.706 .254 -.262 98.25 
'13 7 .2'J6 .898 1.81 2.861 .274 .197 <J<J.88 
,,38 .205 .899 1.80 2.839 .277 .202- 99.88 
',39 .,198 .907 1.82 2.80'3 .276 .215 99.75 
'I I. () .;>45 .866 1.92_ 3.553 .212 .00'7 100.00 
441 .155 .971 2.31 2.269 .251 .410 89.29 
4 t. ;> .156 .97;> 2.30 2.269_ .243 .415 90.61 
443 .156 .<J77 7.30 2.220 .246 .429 90~67 
4',/. .715 .918 2.37 2.320 .241 .399 90.74 
44? .215 .918 2.37 2.296 .236 .410 90.57 
4",6 • 2 15 .918 2.37 2.2!l4 .236 .414 '.!U.Ol 
',47 .215 .918 2.39 7.2B4 .235 .415 89.76 
4',8 '.214 .919 2.37 2.265 .239 .419 8<J.34 
',4 <J .21':> .':118 2.38 2.£66 .2j·7 .420 8<J.40 
t.5C .215 .918 2.37 2.300 ·.241 .406 89.3tl 
4')1 .154 .977. 2.29 2.201 .246 .436 87.91 
4':<) .154 .• 97;> 2.30 2.176 .2-40 .448- 87.80 

} 4~1 .151 .963 2.U6 2.168 .234' .455 8y.75 
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I 

(WI'( 

~60 

261 
,7[·;) 

l6" 
i tJ ~) 

I,:' (, <J 
N· -, 
?fH 
;> 6 ') 
771 
272 
273 
L 7', 
2'1., 
776 
~77 

279 
;> U 1 

. IB~ 
285 
21'6 
te7. 
28B 
289 
<' S'() 
i~' 1 ' 
2°? 
7.<) , 
?94 
29'; 
2':>6 

. 297 
1'<)8 
2 '.'9 
30G 

, 3 c! 1 
302 
304 
,US 

, 316 
,10 
11? 
'n 

~ 114 
,16 
''I -, 
'10 

-31'.1 

,21 
322 

• ,124 
'! 2 ~ 
376 

• ,f .. ., 
• 274 . 

FEED ·1.0CM 3.6CM 6.2CM 11~4CM Ll.4CM 16.~~M 

2~0. 76 2'57.29 2~2~611 2.,3.07 '2~3.<!,.7 
2~0.611 2~2.44 2~2.113 2~3.10 253.41 
2'>1.2() 2~2.d6 2~3.U9 2~3.24 7~3.70 
7'>2~0 ~~.,.11 1.".31 2~~.4j ~,.,.~~ 

2,>,2~'J7 2~5.23" i'!i.,.40 2~".50 156.09 '255.79 

252.97 \ 
253.12 
253.'48 
25~,"1J 

2., 0 • ~ 1 2 S 3 .07 2!i 7.4 b 2 ~ 2. b d 252.97 '2'53.31 2!i 3. 07 
'·7~~.76 ?~3.10 252.49 252.1l3 252.~7 253.31 2~3.12 

7'13.77 7~6.6'j ?~·b.O"· 2~·!i. 79 25!i.~.s 2~.6.01 2!iS.31 
2~3.,~>1 2~7~20 256.40 2'>6.23 2~5.94 256.52 255"'75 
2~1."" 2,,3.'9., 2~;2.972~3.3" 253.46 253.611 253.'(8 
251.44 1~3.90 2~7.95 253.31 2~3.~8 253.73 253.41 
746.41 2~1.2~ 249~VB 250.21 250.32 250.76 ~50.B6 

J.OO 247.62 246.~1·246.63 24/.19 24~.43·247.41 
u.oo 2,,7.70 246 .. 41 2/.6.73 2f.7."26 2 /.7.53 247.4~ 
0.00 248.69 247.79 2~H.14 24H,'3 248.74 24H.84 , . 
O~OO 248.74 247.82.24H.IB 24H.35 24B.77 24B.91 

246.3', '250.37 249.96 25,0.35,' 250.49 251.22 250-.83 
,;).J,b.26 251'.27 2.',9.Hl' 250.~B 250.37 251.00,250.59 

0.00 248.35 247.62 24H.i4 24H.4H Z4H.H4 24H.43 
o.ob. 749.16 247.92 24H.3B 24B~B4 249.45 24B.96 
u.oo 249.11 247.9i24H.3B 24b.B6 2_9.55 249.0B 
Q.OO 21,9.0B 21.7'.B2 ,2,.8.33 24tf\.H6,249.55 21<9.9,B .", 
0.00 249.QB 21/7.84 2~b.26 24H.'J6 249.62\ 24'J.IB 
u.OO 24B~96 241.77 248.2~ 24B.'JI 249.~9 24'J.23 
0.(,)0 2',B.79 21,7.70 21.B.14 l,4B"84 ~49."5 24~.L3 ~ 
u.OO l4B.67 247.65 24B.06L4B.57 L4'J.35 249.0& 
0.00 24B.62 247.82 24 •• 33 24B~65 2~6.74 256.43 
0.00 2'.B.62 2,.B.06·2,.~.57 tl.~.77 249.55 249.16 
0.00 24B.60 24B.09 24B.62 24a.17 249.55 249.11 
0.00 256.57 25~.67 256.99 2~6.45 257.3) 256.47 
o.no 256.72 256.77 257\13 256.52 257.37 256.50 
0.00 24B.45 247.9 /,,2'4B'.4B 24B.67 2'49.30 24B.,.79 
0.00 24&.65 248.14 248.69 248.89 ,249.50 249.06 
l'L.oo· 251.BB 251.9(1 2SL.27 252.32 '253.44 '252.'J0 
0.00 251.93 2~1.'J·B 252.37 25L.41 L53.46 252.90 , 
O.GO 255.26 247.89 248.52 248.B2 249.38 
u.00 248.60 247.70 248.31 24B.74 249.30 
u.oo ~50.93 250.64 250.96 251.32 i51.49 
0(00 2"1l.4B 2'17.B4 2~,1:I.4B <,"41:1.62 2','i.25 
0.00 248.6!i 24B~Ob 241:1.62 24B.8~ 249.40 

247.43 255.75 253.97 254.34 254.09 254.77 
~47.07 255.]1 253.4B 254.02 254.02 254.B9 
747.07 2~4.99 2~3.46, 2~3.97 254.02 2~4.B9 
247.U~ 254.B7 253.41 253.92 253.9~·254.1:12 

245.85 2~4.14 253.29 253~'J2 253.B2 254.72 
24~.91 2~4.19 2~3.46 ~54.02 ~53.'J2 254.BO 
245.61 2~3.B5 2~2.92 253.65 2~3.68 254.34 
245.36 2~3.6~ 2~2.7~ 253.4B 253.5B 254.69 
2'.':l.B6 Z!H".43 254.09 254.46 254.31 254.99 
2'.9.93 255.43 '254.09 254.46' 254.26 254.97 
246.94 252.68 ~~1.10251.86 252.90 253.07 
246.90 252.24 252~15 251.78 252.63.25~~95 
24~.19 2~2.6B 251.66 25~.39 253.4b L52.'J5 
i",7.43 252.73 251.66 ;>52.46 ·253.5B- 253.00 
25~.63 2~9.66 2~8.37~258.78 '7~9:47 259.22 

246.89 
24B.B4 
2!)O.J4 
24B.74 
24B.'J9 
253.BO 
254.41 
254.3B 
254.3B 
254.09 
254.14 
254.09 
253.90, 
254.92 
254.87 
252.15 
252.00 
252.1.9 
252.39 
2.5B.27 

/ 



, ,~' 

, ., 
275. 

330 254.~5 260.85 259.~6 25'.1.<J1l 260.19 2~9.95 259.25 
331 el , 7 • 0 7 25.3.05 251.61 252.37 253.41 2 ~ 3 .p5 2 ~~. 32 
332 2 I, 7 • 14 253.10 ~~1.-1tl ,~5~.'4':1 £~3.41 2?3.05 2?£. 37 
333 2~{).23 ·2~().'+O 251.42 2:>0.':11 £50.47 251.03 2?0.66 
'33'. 250.23 250.32 2-51 • 3 I, 250.86 250.44 250.93 250.57 . ",(, 250.98, 251.47.2?3.63 252.83 251.4.7 2~1.86 251.05 
337 250.13 2~'a.59, 752.4/, 251073 ;>50.69 ;> ~1. 05 250.25 
338 250013 2~0.62 252.34 251.61 250.69 2 1.00 250.20 
339 2 /,9. B 9 25a.20.251.10 250.64 250.25 250.86 250.54 
"3 /,0 2 /,9.72 250.06 250.88 250.42 250013 250.66 250.32 
341 250.03 250.30 252.27 251,.59 250.86' 252.17 251.32 
3 /.2 2 1,9.98,25(;.15 252.07 251.42 250.76 251.93 251.22 
3',3 24'.1.8':1 24'1. 96 2~;1.15 iso.66 250.27 250.91 250.74 
3'.4 2 /,9.79 2 /,9.93 2~1.q8 250.62 250.10 2?O.81 250.69 
3 /.5 253,44 253.95 256.69 25!:i.51l 253.99 255 •. 99 254.99 
3/,6 253.46 ~53."~ ,256.6':1 2?5.?3'· 253.90 25?7£ ~~4.94 

,3'.7 25Y·27 ~50.57 251.66 251.10 ~50.18 2!:i0.91 251.37 
348 ' 250.23 250.71 251.54 250.96 250. \3 ~50.83 251.30 
350 255.62 256.16 259.08 2')7.71 256.60 58.18..256.89 
351 255.62 256.11 2~9.03 257.69 256.6.1 258 • 1.8 ,2')6.86 
352 250.32 250.32 2') 1'.1.':1 251.03 250.74 251.17 250.98 
353 250.,18 250.30,251.25 250.81 '2,)0.62, 251.03 2')0.79 

, 3~4 2 /,9.84 2~·O.08. 250.93 250'~ 49 250.57 251.00 250.79 
3?5 267,037 2'7{).80 267.46 267 • 2 t .266 .tl'8 267.0B 266.98, 

, 35~ 265.25 268.97 265.47 2b5ol8 26:4.84 265.08 264.91 
263.77 267 ./~4 263~89 263.31 263.53 263.40 

" 

357 264.06 
359 262.46 266.10 262.1l0 262.':33 '262.,02 262.21 262.09 
359 26u.44 ~63~':Il 2'60.tl::l 260.32 2?'i.'i3 26U.l? 260.02 
360, 260.46. 263.89 260.85 260.34,259.90 260.15 260.02 
361 250.79' 251.90 252.58 

, , 
251.00 250.42 2~0.7i ·250.4-. 

362 250.74 251.83 252.58 2!:i0.91 250.37 2'50.66 2~0.37 
364 250.52 ~50.52 ,:>51.20 250.86 250.62 ,25q.98 251.20 
165 250.37 250.32 251.05 250.69 250.5.4 250.88 250.98 
366 250.20 250.25 250.86 250.52 250.37 250.81 250.81 ' 
367 250.23 250.30 250.88 250.54 250.42 250.76 250.79 
369, 250.03 250.~ 251.42 '25Q.74 2!:i0.35 250.96 250.52,' 
370 ' 24':1.93 l50.8 2 ~ 1.32 25,0.69 2~U.23 250.81 250.42 

• 371 ' 250.06 250.98 '251.51 250.Bb 250';42 251" 00 250.64 
372 '2?0';06 250.81l 251.49 250.b3 2~0.37 251.0Q 250.54 
37~ 250.06 250.93 251.49 2,50. b6 250.40 250.96 250.57 
374 2 1.9.45 250.86 251.76 250.81 250,.27 251.32 250.88 
37~ 249.33 250.74,251.59 2.50.69 250.25 251.20 250.74 
376 2 1,9.25 250.~4 251.37 250.49' 250.08 251.05 250.64 

250.54 25J..17 
, 

377 250.18 251.00 251.6 1, 250.98 250.71 
178 250.23 251.05 251.64 250.98,250.52 2-f>1.13 250.76 
380 2 1.7.02 2 /,8.a1 2 1,8.?'') 2 1,8.06 21.7'.60 2 1,8.65 247.41 
381 246.99 2 /.8.01 24B.74 24B.04 247.b2 2 1,8.b2 247!50 
392 2'.9.86 250.69 251.13 250.49·250.23 250.8~ 250'.01 

•• 383 250.03 ~50.76 251.25 25.0.69 250.37 2~0.98 ?5'0.20 
18~ 2:'2.32 £';4.46 255.7:' 254.41' 253.:'3 25:'.06 253.07 
386 ' 252~39 254~53 255.79 0.00 253.51 255.p 253.22 " 387 252 ~~1 254.53 255.82 254.46 253.58 255.09 2,52.92 . 

·3H8 2:' () 01.3 251.05 2~1.42 2,~0.tl3 2?0.4i .::SI.0~ 250.3~ , . 
389 250.13 251.00 251.42 2~0.1l6 2:,0.~2 2 ~ 1.05 250.35 
390 ;>1,9.01 250.·32 251.00 250.27 2/.9.76 250.76 249.6·2 
391 2'18.91 250.20 250.86 2'50.13,2 /,9,62 250.57 249.40 
'397 249.93 25U.91' 251.25 250.111 250.47 251.00' 250.37 

< 
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. " 

393 25U.U3· 252.44 251.3l l50.76 25.U.49 l~I.00 250.37 
:}9'4 2~0-.1? 251.05 l51.32 250.1l3 2!;U.~l l~1.05 25U,40 
396 25U.57 ?52.97 254.17 25l.73 l50.66 250.lll 250.57 
397 ,25U~5.9 252.92 254·.65 

0 

.252.71 250.66 250.83 250.~7 
398 25U.91 251.86' 252.20 251.66 250.96 251.10 2~0.1l~· 
399 25U.96 ;!51 • .<J0 252.l4 251.73 250.96 2~1.01l 25(0.91 
1.00 251.00 251.95 252.2"1 251.70 251 .• 00 2~1.~3 250.93 
401 250.66 250.74 251.no 250.88 250.66 25Q. 9 250.62 
402 750.71 251.10 251,08 250.93 250.66 250.83 250.66 
40, 250.76 250.8(, 251.17 250.98 ·250.76· 250.93 250:79· 
4 \.j/. 250.83 ~1015 250.96 250.1l1l 250.42 250.83 250.74 ' ( 

4:)5 25u.81 I;} 7 250.':13 l50.79 2~0.2:; l~0.79 2~0.79 
4u7, 249.7 9 251.34 ;;:51.66 250.1l6 250.20 250.74 250.69' 
'lUll 250.03 251.54 252.00 251.17 25U.40 2~0.91l 250.91 
4U9 2 ' ,9.93 251.51 251.90 251.13 250;32 250.81l 250'.':11 
410 '2 1,.9.98 251.59 ·251.88 '0.00 250.35 250.86. 250.96 
Id 1 

4 
2 ,,9.98 251.76 251.1l6 251.13 250.49 .250.86 251.08 

412 250.91 251.93 252.56 251.1l6 250.7~ 251 .• 00 251.05 ,.. 
413 250.76 251.81 25,2.39 251.76 250.62 250.88 250.86 
414 2 5 U .-714- 2 5'1 • III 252.44 251.76 250.54 250.lll 250.1l3 
415 251.68 252-.24 252.~1 252.22 251.44- 251.68 251.71 
Id6 251~37 252.17 252.56 252.17 251.39 251.64 251.64 
.417' 250.91,252.03 252.58 251.90 250.66 250.93 250.91 
418 250.81 251.88 252.46 251.1l6 250·.64 i50.91 250.98 
419 25.0.81 251:~0 252.49 251.1l6 250.69 250.98 250.96 
420 257.01 258.27,258.61 257.1l6 256.79 257.01 256.99 
421- 257.06 258.27 258.64 257.91 256.79 257..06 257.08· 
422 ,25U,p4 251.76 252.20 251.54 250.59 250.8.6 250.69 
1.23 250.49 251.59 251.98 251.39 250:42 250.76 250 • .57 
42", 254.12 255.16 255.31l 2~4~1l7 254.14 254.36 254.£4 
425 -25-3".99 255 .• 02 255 .. 23 254.75 ~54.09 254.31 254.19 
426 250:27 251.56 251.90 251.27 250.52 250.76 250.54 
427 25D.23 251.47 251.71 251.15 250.37 250.62 250.44 
428 25D.66 252.80 253.61 252.61 250.88 251.44 251.00 • , 

1,29 250.66 253.U5 253.92 252.88 250.96 251.05 251017 
.430 250.49 251.66 252.00 251.42 250.59 250.86 250.66 
431 ' 250.44 251.59 251.1l6 251.27 250.44 250.76 250.59 
434 252.90 253.~5 254.il, 253.1l5 252.<,12 253.36 253.34 
435 ~52.97 254.09 254.29 253.97 253.10 253'.51 253.4'1 
436 253.27 253.73 25".~ti l!>4.53 l~3.34 253.80 253.75 
437 25,U.96 252.

'
,4 253.17 252.32,251.42 251.68 251.30 

438 25U.96 l52.39 253.12 252.32 l~1.34 l~1.66 2~1.30 
1,39 251.05 2 5~. 56 253.'Ol 252~32 '2~1.51 251.81 25'1.39 
4 '.0 251.37 -25 .>'9 255.23 253.87 251.83 252'.12 251.59 
J,41 251.56.252.58 252.54 252.34 251.93 252.20 251.90 
442 251.61, 252.61l 252.61 251.41 252.03 252.29 252.00 
'. '.,3 251.66 252.80 252.63 252.51 252.07 252,.37 252.00 
'. If 4 248.82 25u.18 250.01l 250.01 2',9.40 249.84 249',,47' 

~ 4',5 2'.S.84 25U.2"> 250,'U6 249.98 249.38 24,9.79 249.52 
~ -

249.14 24<,1.47 446 248.82 25~.1~ 2~0.03 249.1l'l l4<,1.33 
447 246.1l4 l5U.20 250',03 l49.':13 i4':1.jll L4':1.1l4 L4':1.~5 
',48 2'.8.84 25u.13 250.06 l49.<,13 249.40 l49.81 24'J..52 
449 248.91, 25'-1.23 2~0.10 249.96 24':1.42 24<,1.86 24<,1.62, , 
'.50 2',8.96 251.:.32 250.20 250.01l 2,.9.52 (',9.93 249.64 
451 251.34 252.51 2.52.22 252.12 251 ~7 3 252.07- 251.73 

; 4S2 251.32 252.51 2<;2 .. 17 252.10 251.76 251.98' 251~' 
4~) ., 249.75 25(.,7 250.01 249.84 ;>4t 59 2 1,9.86-249 •. ' 



277. 

'.5 It ;>49.23 25l~.27 2".>0.03 2','1.79 24'1.~5 249.86 249.52 
4% 249 • .2~ 247.89 250,08 249.tll 24IJ.62 249.Bb 24IJ.52 
457 249.25 2~O"32 250.08 249.81 249.5IJ. 249.tlb 249.~2 .. It ~ U 24'J.2tl <,~ud7 250.1tl 24'.I.bb ~4IJ.b4 ~4'J.IJ3 '-4'1.':>7 
't ~ C) 2 I. 'J • 3 :i 2~v.44. i~O."O "4IJ.IJ3 '-'!.'.I. I.> 7 ,,4IJ.9:J c.4'1.~9 
',6 (J 2 1.9.21J 2':>u.40 220.1~ 24'J.1J4 '-4'.1.1.>4 24'J.llb 24'1.~-2 
461 2',9.21J 2~0.32 250;1-: 2"'I.1l1 24'.1.b2 249.B'I 24'1.:'2 
',h 7 75Z.n 253.63 253. % 252.85 252.54_ 252.83 '252.44 
1,6" 252.12 253.56 253.29 252.7U 252.51 252.B3 252.44 
'.6 It 26(;).15 262.16 261.',B £60.71 260.41 <'60.66 260.29 
',65 2f.:).15 252.)6 261.,.8 250.68 2f.0.41 260.63 260.29 
466 760.1') 262.16 

, 
261 • .,1 260.66 260.39 260.61 260.29 

467 26u.17 26201IJ 2.61 • '. 3 260.71 26u.41 260.66 260.29 
46H 260.15 262019 ?61.53 260.6B 260.41 260.63 

, 
260.34 

469 260015 C. 6 2 .2', 261.5, 260.6tl 260.44 260.61,260'49 
it 7 G 260.15 262016 261.53 260.6B 260 .. 41 260.61 260.29 
471 252.41 255.11 253.17 252.6B 252.54 252.75 252.44 

• 473 252.2" 253.95 253.1l0 253.10 252.5B 25<:.90 252.56 
i,7'4 252.32 253.97 25,3.82 253.10 252.63 252.90 252. !)D' 

·475 252.88 253.14 ,,254.16 253.58 252.97 253.29 253.10 
476 252.95 253.22 254.38'.253.70 253.05 253.36 2,53017 
,.77 257.95 253.2". 254.48 253 • .75 253.10 251.36 253.17 
479 252.9.0 253.2'. 255.11 254.07 253.10 25.3.48 253.24 
480 252.9U 253.36 255.11 254.12 2'53.14 253.51 253.27 • 481 252.90 253.36 255.1'. 25" • 1 '. 253.17 253~53 253031' 
1,83 252.92 253.4'. 255.09 254.21 253.17 253.53 26~.3'b 
484 252.90 253.36 255.0" 254.14 253.14 253.48 253.29 
,,85 252.85 253.39 254.IJ4 254.12 253.10 253.4tl 253.31 
486 252.71 253017 254.21 253.68 252.88 2530'14 252.95 
487 252.71 253019 254.1" 253.68 252.85 253.14 252.92 
488 252.73 253017 ?54.09 253. t>.8 252.83 253.14 252.92 

" 489 259.3'. 260.78 259.51 259.22 259.10 2~9.22 259017 
',90 259.42 2.60~7) 259.49 259.20 259~08 259.20 259.20 
i.9) 259.'.7 260.66 259.'.9 259.27 259.12. 259.27 259.22 
492 259.4" 260.66 259.49 259.32 259.12 259.27 259.20 

0 

,.93 259.4-'- 260.66 259.49 259.32 25IJ.17 259.27 259.25 ~ 

49" 259.'.7 260;63 259.4', 259.32 259.17 259.27 259.25 
495 252.78 2 5 3.5'3 254.'09 25'3.61 252.90 253.14 f53.00 
',96 252~75 2'53.41 254.04 -253.56 252.83 253.07 252.97 
',98 252.5" 253.17 253.68 253.19 252,56 252.113 252.68 

"'':'-:''-c 

.<-

-

" \ 
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III-: I C, I 
[111:01. 
1'[111( F • 
(,:; . 

, " 

OF RECORD " 

\ 278. 

IAN S. 

61!CIO END 
I'IU~C,I<A;-'\ TST 

1 ~HI 

( I NPU:r • OUTP UT ,PUNCH. ~ APE 5 = INPUT. TAPE£, =OUT PUT • T:APE7=PU~ 

.'IHI\ '",' OF C 1971 DATA ANALY~IS FOR PACKED BE~ REAC~OR 

UIMEN~ION RUN(2301.FH21230',FC4(2301;lFLOW(~jO)'TI2io,8,'.TATMI230) 
OI~ENSION A(230.41.NATENI230.4'.TKEAC(230) 
LJIi',ENSION TDIF(2301.PFEEl>1230).CA1:IBI4).NTEMPI230) 
"ltJl'NSIOI'j RFEU)1230' .TRt:.ACCI230' 'fOKECT(8'.,()IF41~30' 
GIMfNSIUN CINC412301.CINH2IZ30' ~ 
UATA CALlfl 11.483. 1.839. 1.000. 2.1311 
RFADIS.996 1 NRUNS 
I!EAOIS.999 1 CORECT 

00 blJ I = I. NRtJNS 

.. 

RFADIS.995 1 RUNIII.FH2111.FC4111.UPREAC.()P.TATMII I.TIME,TFLUWIII 
l.;i'+ Ttl b , 'J '} 5' RUN.I I 1 • F H 2 I I , • F c: 4 I r j'.;"'P R l: AC .UP • T" PI! I 1 • T.1 Mt , T F LUW I I 1 
PFFF[)(Y) = (29.92+DPR[AC>129.9Y. .~ 

HLOWI II" = TFLOWIIIITIII,E 
Id,A()15.'i98' RU~lo I IAI I ,J,I ,NATENI I.J" .J=I,4) 
,:,<1 n 16.998' RU~" I IA t'I,J 1 .NATEN ( I,J II ,J=1.41 
IFI'<UM.NE.RUNIIII STOP 
DO '+ l) J = 1 , " 

I,r t,I".J) = AI I .JI*NATENI I .JI/CALIBIJ' 
REA,!) I 5 ,990 1 ;WM'1'jTEMf I I I, I T I I~~) • .J..=J~, 81 ' 
WR+TElb.990 1 RUM~PIII'ITII.JI.~1.81 
IF l'lUI1.NE.RUN I I» STOP 
i':H+TE Ib.9971 

! CaNT I NUE 

DO 100 I=I.NRUNS 
DO 8Cl J=I.8 
IT = 'T II oJl - CORECT(JI 
Ili,J) = 4~.00 - (IO.IIO-TT)*(,20.00/0.4~7) 

, IrITII,JI.LT.50.01 T(I.J' = 0.0 
1 I~F AC I I I = 0.0 
DO A'> J=2,8 .... 

- ," IREACI n = T'lEACI I,) + TI I .J' " 
r> I v = NT E M8 I I ) , 
IRFACIII = TRFAC(II/f)IV', _ 
II<EACCI I 1 = ITREACU )':'32'''0)*15'.0/9.01 
rOIF!I) = 0.0 
r.(j R7 J=I.6 
I F.I T I I oj I. Ea. 0.0 I, GO TO 67 

----1 I I oJl = TII.J' - TREACI1l. / 

111I1i .. SITll.JlI.GT.Al3SITUlF(I)I.ANlJ.J.Nt..ll Tulfll) = T(I.')) 
, , 

.-1 (UNTlrHJE 
(DNTINUF 

~',~ITrlo.'J92) , 
~O I?O 1=I,NRUNS 

o " '" 

, 



'I'~ 

Al>.JlJST = ,(i.6U,tJ+.TREA( 1/11 <',.6U.U+TATM( II J 
~LUW = ADJUST-(FH2!I )+FL411" 
F I.i 1~2 = FH2 ( I ) I (FH2 I I I +F(4 I I I , 
I U [ll/. = F (4 ( I ) -I I F H 2 I I ) + F (4 I I I , 

, (H~(I;(J) = fEED(4*PFEED(1I ... ~ .-
Clfl<l2(1') " FEEDH2*PFEE.(JI'1 
~FfFD(11 =·(INH?(1 )/(IN(411' 
If 1.0'1( I) = TFLOW ( I ) *ADJUS T 
~FLnW = TFLOW( II - FLOW 

279. 
\ 

( I, = (A ( I ~l , * 0 • 5 + A ( I , 2 I * O. 75 + A I I , J , * 0 • 2 5 + A ( I , ~ , , * I (A LIB I I. I I B 4 'J B • I 
l~4 = CINl4(1)/(CIN(41;'+(INH2(1)) • 
r; I F 4 ~ I) = C 4 - (44 . 
'.':I~ I Tl. ( I> , 'J'J '. I RUN ( I I , FLOW, T F LOI,o; I I , , OF LOW, (4, (4 4 , D I F 4 I I I , 

IIT(I.JI.J=l,BI,TDIFIII,TREA(II' ", 
.l;JF4(11 = DIF 1dll/(44 (' 

It'; CO:;I IflUE 

W~ITE(6,'J9il ~ 
PO "fA:! l=l,NRUNS ~ 
RfA( = A(I,1)*O.50 + AIl,21*0.75 + AII,3 1*0.25 

, '-r,~ = '" 1.1l/RFAC 
~? = 'dl,JI/RFIlC 
<,1 = A(I.?l/RFAC· 
l 1 = f{.E A C + A I I , 4 I 
CUNY = 100.0*REA(/ZI 
~kITl(6.993) RUNIII,Sl,S2,S3,(ONV,~FEEDI,II,T~~A(III,TFLUwlll, 

1 'TDIFIII.TREI~(CII',()IF4IJl . , 
T OT I~L = 0.0 
l!U ? ~ 0 J = 1 , '. 
Alld) = AII,JI*CALlB(J)/NATENil,JI 

:,: TOT"'L = TOT,\L + AII,J' ' "\ . 
!':R I Tl ( 7. ') B 9') RUN I I I , I I A I I , J' " NA T EN I I , J) I , J= 1 ,4 ) ,'T aT AL , (I N(4 I I j , 

1 CINH71 I) ,TFLOWI I) , 
[)O 26C j= 1,A 
,IFIT(ld)·.FO •. O.C) GO TO 260 . 
T II.j) = (ITRtA(( 1.I+TI I ,JI·)-32.0)*I~.0/9.01 

10,' C()NT !NIj~ 
',:ldTE.(7.9911 RUNIII.lTll.J'.J=I,B' 

.'F' (ONT IN~E. 

STJP~ . . 
'e" fOIW,ATIF4.0,4IF6.1.12.1X).F6.1,2F7.4,F6.3) 

'r '.' ' ft):~ il AT( F 5 • tJ t! 2 tl x , B F 9 • 3 I 
; .: ,~: IH' ,\ T ( F" • J, 1 X , ~ f 7 .2 ) 
'l'1"' rr.~""·:.T (~-~-n) 

.;~ 'C~~AT(IX,F4.0,2X,F~.2,2F6.3,F7.2,3X,FB.3.FB.2,F6.2,F6.2,F8.2.FI0. 

; c 1 . 
'.'," ; GK~'AT (IX,F4.C.~X'2F6.2,F7.3.4X,3F.6.3.2X.BF7.2.2F8~2) 
":, '.;~'·'AT Ir6.<J,4X.2Fl'fl.4,2FIO.2.FI0.1.7FIO.2·) . 
:",' l:-,r··,\T (151 
",' 1;.:"·.flT(/} . 
.... '~;":I\T (F6.0,4X,4IF7.1.12tlX.) .FI0.2) 
':0 r' 'lvATISFIO.3) 

h4JU FND OF RECORD 
, ., 

r] • .o4 " 0,,146 0.067 0.063 0.044 I. 0.044 

r 



II 
280. 

' I 

\ 
.7430 .1425 2l8~ -0.00 84.0 33.'l!0 30.00 

7 I •• 1 B 54.7 8 i57.4 8 71 .5' 8 .'l· 

1 1(.2 n 10.3;>7 10.3'>6 10.327 10.34'> 10.353 10.3U 10.:;35 
.7510 .1:1'>? 2.1l1 -0.00 8,4.0 33.10 3U.00 

22;7 8 ~3.9 Il 153.lJ tl 6Y.1l Il 
j().~?7 

,'-

IQ.331 10.402 ' 10.333 10.350 10.359 10.328 10.340 . 
• ., S90 . .1't'.5 2.93, -0.00' 84.0 , 32.70 30.00' 

76~fl 9 ..... .., 6. fi 8 ' 166.7 8 63.8 8 
10.?4() 10.342 10. 1.)7 10.'41l 10.356 10.371 10.343 10 03S2 , 

.66CO .1555 2.81• -0.00 ,,84.0 35.80 30.00 
?I.I·It'> 35.5 B 176.816 "15.0 1 

]().310 10.475 10.512 10.435 10.446 , 10.465 10.434 10,.434 
.6('UU .1585 2.03 -0.00 84·9 35.60 3U,'00 

... ?().'116 . 29. ') 8 194.ll16 5.~ 1 
]0.313 10.426 10.517 10.43'> 10.449 10.469 10.438 10.437 

.7150 .1465 2.8? ,..0.00 84.0 34'.30 .30.00 
79.1 A 60.0 8 ' 191.6 8 47~1 8 

IG.22'o 10.326 10.403 10.332 10.345. 10.35~ 10.326 10033'> 
.7170 ~1465 2.86 '-0.00 84.0 34.10, 30.00 

79.0 8 61.3 A 186.7 8 S2.6 8 
']0.272 . 10.327 10.404 1,0.333 10.345 10.355 10~328 100340 

• 1.730 .2475 2.61 -0.00 84.0' 40010 3u.00 
77.'/1 8 43.0 2 111.132 0.0 1 e 

1:].325 10. 1.73 10.550 10.455 1Q.455 10.466 10.411l 10.422 
.1070;0 .2535 2.64 -0.00 84.0 39.70 '30.00 

75.1 A 22.8 2 113.632, 0.0 1 
10:33'> 10.496 10.565 10.473 10.467 lU.487 10.4'36 10.44U .. 

·.7280 .1'145 '2.90 -0.00 84.0 33.30 . 30.00 
15.7 8 44.3 A 100.'> 8 114.9 8 

]n.?Sc) 10.362 10.424 10.354 10.365 10.370 10.343 10035U 
.7460 .1'445 2.90 -0.001 84.0 33.30 30.00 

15.9 13 . 44.0 8 100.1 8 112.8 8 
10.25U 10.360 10.423 10.353 10.370 10.372 10.340 10.3?0 

.7360 .1:45 2.90 -'-0.00 84.0 33.30 30.00 
36. It 8 61.0 8 120.116 33.5 4 

1 (; • [ll. 3 10.251 IU.3Ul 10.226 10.236 10.2~u 10.235 10.221 
• 73'.0 .1325 2.90 -:0.00 84.0' . 33 .• 30 30.00 

75.2 8 63.6 '8 79.516 64.0 8 
-o.oou ]0.102 IU.150 10.078 10.1u7 10.113 10.093 lO.082 

.7340 .2115 2.90 -0.00 -84.0 33.30 
25., 8 63.3 8 168.0 8 12it·5 4 

-(l.nQ'J 10.1 OS 100154 10.082 10.110 10.117 10.0'>5 
.6 1.2t' .1305 2.62 -0.00 84.0 37.40 

76.<; R 67.e 8 169.6 8 102.9 " -r.o[") lr.146 I 0 • 2 11· 10.140 10.158 10.167· 10.152 10.142 
~ .6470 .200"> 2.62 -0.00 84.n' 37.6[) 30. ()(" 
6.b A ('7.6 fl 176.5 A 101.3 4 

-0.(100 10.148 10;212 10.142 10.,155 10.168 1n.,155 100146 
.545U .13'15 2.6U -0.00 84.U 48.3U ::I:..OU 

21.716 61.3 4 '100.632 7.0 1 
10.04U IU.215 1 U" 3uO 10.231 10.243 lU.~6'> lU.234 10.233 • • 5420 .1365 . 2.50 -0.00 84.0 48.60 J?OO 

71.716 41.9 8 175.316 15.0 1 , , 
Ill.037 10.211 10~2q4 lU.22" 10.236 lU.26U 10.224 lu.ho 

.7340 .1355 2.91l -0.00 84.0 43.20 40.00 
21. A A 58.5 8 131.U 8 1'51.8 4 

-o,?-oo 10.132 10.204 lO.14li 10.16U 10.171 in.l35 lc.14b 



I .. I' 
~. 281. 

.6300 .1445 2.82 -0.00 84.0 35.80' 3u. 00 • 
'16.416 6~. 7 8 "'1..11 • f) 16 14fl.O 2 

-0.000 10.165 . 1U':l16 .10 .. 150 10.17':> 10.196 10.1':>7 1 U. 1 ':>'.1 
.6280 .144,':> 2.80· -0.00 84.0 35. '.10 ~u.OO 

16.916 33.516 120.316 72.8 4 
~O.oou 10.163 10.216 lU.15u' 10.176 10.20U 10.J"h2 1001':>7 

• 62'60 • 14"!? .' 2.ll0 -0.00 !l4.U 6U.40 ':>u-.OO 
1"1.716 33.816 118.816 63.3 4 

-J.OOO ' 10.162 1l!.212 10.148 10.176 10.200 10.162 10.-l':>U 
, .6??0. .1445 2.8'0 -0.00 84.0 --:> 36 .10 3:1.00 

18.<;]/" ".R16 'I? 9.416 57.0 4 
-0.000 " 10.162 10.213 10.145 't'0.180 . ' ,10.203' 10.166 10.160 

.6220 .1435 >~. 80 -O",()O 84~0· 42.20 3:'.00 
19.016 33.516 131 .• -616 49.3 4 

-0.000 10.157 1.0.210 10.144 10.178 10.206, 10.16b 10.1':>'> 
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.871:10 .1'111 ,'3.9d -0.00 84.0 47.20 5').00 ) 

150316 30.716 94.1l16 36.2 4 
100182 10.255 10.370 lu.252 10.231 10.249 10.228 -C.OOO I 

, .871U .1'137 3.9':1 -0.00 84.0 47.70 5u,'OU I 
1&.416 31.016 51.532 29.9 4 

18.192 10.263 10.384 10.26!> 10.239 10.259 10.237 -O.COO I 

.8600 .1962 3.97 -0.00 84.0 48.00 50.CO I 
16.616 3fJ.516 5'1.3'17 25.8 4 . 

10.188 10.262 10.380 10.263 10.236 10.255 10.237 -0.000 ' 
.8609 .1887 3.9~ -0.00 84.0 48.00 50.00 I 

15.816 3C.016 50.532 60.7 2 
10.19U 10.265 10.379 10.263 10.237 10.254 10.239 

.8609 .1861 3.95 -0.00 84.0 48.20 5(..'. 
15.416 2'1.&16 49.732 !>9.8 2 

10.190 10.272 10.3711 10.263 10.243 10.254 10.244 
./l609 .11187 3.94 -0.00 84.0 47.80 , ' 

10.316 26.716 34.532 92.1 4 
10.228 10.279 10.407 10.294 10.253 10.260 10.243 -0·000' 

c' .8618 .1924 3.95 -0.00 84.0 47.70 50.0C 
;" '2 • i+ 8 57.9 8 73.816 100.0 4 

Jr'.??? 10.274 10.4('0 10.290 10.248 10.255 10.235 -C.OO0 
.8650 .1937 3.95 -0.00 84.0 47.50 ~u.00 

73.6 8 59.2 8 75.216 100 .. 3 4' 
10.221 10.274 10.402 10.289 10.245 10.252 10.234 -a.uoo 

1.1340 .1705 4.61 -0.00 84.0 38.70 ~!Jo O() 
10.3 8 170416 34.316 32.316 

IU.L&U 10.2'12 10.40'1 10.30b 10 • .:!!.! 10.2t11l 10.,nO -O.lIOli 



, 
0.146 0.061 0.067.. 0.063 

.8480 .1935 3.68 -0.00 
. 0.044, 0,044 

75.0 48.20' ,5b.oo 
~8.716 43.4 8 b~.~32 7.2 L • 

10.302'" 10.'362 lU.472 10.375 10.343 10.357 lC.337 -0.000 
" • 





(: 
11 

j, . 

289, " 

~ 

1. 023'0 .1~9B " 3.41 -0.00 7~.0 42.80 50.'00 
15. , 8 ~3.3 8 31.237 74.3 2 

10.151 10.211 10.3u3 10.208 10~204 16.213 10.ltlO -0·0::10 
1.0230 .. 159B 3.41 -0.00 75.0 42.70 5u.OO 

?2.9 8 52.6 8, ,33.432 71"1 2 
10.152 10.113 10.305 10.209 10.207 10.213 10.1110 -0.000 

1 • 02 3 0 .158t1 3.41 -0.00 75.0 42.70 5,'-'. 00 
72 • ') 8 53.2 8 ',:13.132 71.0 2 • 

10.1~2 10.213 10.3()5 lu.209 10.2u6 10.213 1001 tlO -0.000 
1.023u .1~lltt :;.41 -o.uo 7':>.0 42.bu !:>v.Ou 

23.1 8 53.0 8 34.132 66.0 2' 
10.153 10.215 10.309 10.211 10.208· 10.216 10.1t12 -0.000 

'1.0220 .s1591 3.42 -0.00 75.0 42.90 5U.OO 
22.6 8 53.1 8 33.132 64.3 2 

10.155 10.218 10.310 10.214 10.209 10.216 10.163 -O.C::IO 
1.0220 .1591 3.42 -0.00 7,5.0 ' 43.00 . 5u.oO 

22";1:1 8 ~3.6 "tl 'i4.032 66.0 2 
10.1~3 10.216 .. Id.308 10.210 10.208 10'.213 10.1tlO -0. ~JOO 

1.0200 • 15'91 3.43 -O.pO, 75.0 43.00 50.00, 
n.4 B 51.7 tl 32.tl32 61.9 2 

10.1'53 10.~13 10 • .007 10.?0') lu.~O'1 , 10.214 10.11l0, , -O·OOu 
1.1340 .1787 3.80 ,-0.00 75.0 39.00 \U.OO 

24.9 8 46.5 6 77.4,16 3,l.4 2 
10.272 10.349 10.440, ' 10.334 .10.327 10.335 10.300 - .000 

1.1340 .177, 3.80 -0.00 75.0 38.80 ~O.OO 

25.0 8 46.9 8 73.716 30.8 2 " 

10.270 10.3,46 10.437 10.331 10.326 10.335 10.300 -O·COO 
1.3730 .1325 4.43 -0,.00 75.0 33'.80 51".00 

10.516 , 22.4 8 • 15.764 4.3 1 
10.600 10.70c) , 10.774 10.057 10.651 10.657 10.6~3 -0.000 

1.3'730 .1325 4.41 ~.OO 75.0 33.70 50.00 
20.4 8 44.6 4 29.332 4. 1 '-----' 

10.600 10.700 10~ 774 10.656 10.651 10.656 10.623 -0·000 
1.3730 .1321 4.41 -0.00 75.0 33.'80 5.1.00 

20.7 8 44.504 29.432 6.0 1 
10.60U 10;'700 10.77':> 10.6~5 10.6~0 10.655 ,10.623 -0.000 

1.,730 .1321 4.41 ' -0.00 75.0 
, 

33.80 50.00 
20.4 8 .44<.7 4 29.932 4.4 1 ' 

10.601 10.701 10.772.. 10~657 10.651 10.657 10'.623 -0.000 
1.3730 .1321 4.41 -0.00 75.0 33.80 50.00 

1'9;0 8 43.8 4 29.632 4.0 1 
10.",00 '10.701 10.776 10.656' 10.651 10,,656 10.625 -0.000 

1.3730 .1316 4.41 -0.00 75.0 33.90 - 50.00 , 
18.5 8 39.3 4 27.832 3.6 1 , 

10.600 10.703 10.776 10.656 10.652 10.655 10.62,;:1 -0.000' ; 
1.3730 .1316 f:. 4.43 -0.00 75.0 '33.80 ~ 

;o~ 2'-'.4 8 43.3 4 29.93l 1.5 1 
10.600 10.700 10.776 10.656 10.651 10.655 10.623 ,-0.0,0 , 

1.108 a .1757 3.95 -0.00 75.-0 39.30 5:.00 
74.5 8 .10.1 8 60-.216-- 0.0 1 

10.282 10. 1.10, 10.432 10.327 10.327 10.332 l' 'l (l -0.000, I 

1.1100 .172,8 3.80 -0.00 .75.0 :3 , :'0'. 00 
2'7.9 8 41.2 8 40.432 11.6 2 

10.27~ 10.362 10,458 10.344 10.37.9 10.338 1 ;>5 -O.OOL' 
1.107U .172tl 3.llv -0.00 75.U 3'>.;,u ,""v. AU 

26.2 8 39.2 8 38.632 10.0 2 
10 • .<71l 10.363 10.45') 10.;344 lU. :;'H "1U.338 10.,W,,: -u·vau -

J 



1.1210 .1762 3.70 -0.00 
IH.5 B 38.4 8 31.032 48.6 ~, 

10.101 10."'1;>9 10.473 10.364 '" 1-0.345 
1.1160 .1710 3.70 rOeOO, 

15.4 n 32.4 8 50.516 36.0 2 
10.804 10.332 10.482, 10.36g 10.348 

1.1150 .1687 3.72 -0.00 
12.3 8 24.8 8 40.116 24.7 2 

10.304' 10.333 10.466, 19.371 rO~3~0 
1.3030 .2383 4~46 -0.00 

76.1 8 48.2 8 40.832 67.7 1 
1 O. 302 10.3 3 3 10.512 10 .. 38 I. 10. 350 

1.3030 .2378 4.4'6' ~O.OO 
16;6'8 2g.8"6 25.632 44.4 1 

10.302 10.338 ,10.~12 10.3.i\!> 6. 10.352 
1.3030, .23711 4.40 '.,..~ -0.00 • 

24.4 6 43.8 II 37.832' ~,;.7' 1 
10.3~ 10.338, 10.513 10.387 10.353 

1.3920 .2376 4.46 ~O.OO 
?4.6 8 43.9 8 38.832 55.6 1 

10.303 10.341 10.511 10.390 10.353 
1.3020 ,.2372 4.46 -0.00 

27.6 8 50.2 8 4A.132 66.5 1 
10.30~ 10.338 10.50'; 10.3117 10.352 

1.3020 .2358 4.40 -o.od 
29.2 8 ~1.4 8 45.432 65.9 1 

10.300 10.339 10.505 10.386 10.350 
1.1000 .175'3 3.69 -0.00 

26.5 8 45.2 8 82.516 20.8 2 
10.294 10.330 10.475 ~ 10.368 10.341 

1.0970 .1737 3~70 -0.00 
26.6 e 46.2 8 40.132 44.'3 1 

10.29, "10.331 10.472 10.368 10.340 
1.0960 .!700 3.72 -0.00 

25.1 8 42.2 8 39.132 36.4 1 ' 
10.295 10.330 10.470 10.368' 10.339 

1.2760 .lg12 4.5g, -0.'00 
21.6 4 11.3 1 60.032 0.0 1 

lO.567 10.~43 10.~93 1~.5g6 10.597 
1.2760 .1905 4~5'i -0.00 

22.7 4 10.4 1 64.032 0.0 1 
10.570 10.640 10.692 10.595 10.5g6 
• 1.2750, .lg05 4.56 -0.00 
12~0 4 4.8 1 35~732 0.0 1 " 

10.572 10~8 10.697 fO.598 10.598 
1.2750 \ ).190U .. 4.'56 -0.00 

17~0 4 6.6 1 50.932 0.0 1 
10.571 lu.638 10.692 lu.60u' 10.598 

1.2740 .1';00 4.56 -0.00 
2~.7 4 8.5 1 62.732 0.0 1 

10.572 10.63~ 10.6~2 10.601l 10.600 
1.2730 .18g1 4.56 -0.00 

19.3 4 8.4 1 57.232 0.0 1 , 
10.572 10.637 10.690 10.600 10.600 

1.1120 .1700 3.62 -0.00 
24.2 8 37.8 8 35.1132 24~5 1 

10.297 10.345 10.470 lu.365 10.342 

10.354 
75.0 

10.357 
75.0 

lU0357 
75.0 

10.362 
75.0 

10.363 
,75.0 

10.364 
75.0 

10.364 
75.0 

10.362 
75.0 

10.346 
7"5.0 

10.348 
75.0 

10.348 
75.0 

10.598 
75.0 

10.5';7 
75.0 

10.600 
75.0 

lu.600 
75.0 

HI.600· 
75.0 

lU.348 

290. 

3';.00 

10.327 
39.30 

10.330 
39.30 

lu.330 
32.70 

10.333 
, 32.90 

10.334 
32.80 

10.336 
32.80 

10.338 
32.80 

10.336 
39.70 

10.321 
39.80 

10.320 
39.90 

10.320 
34.60 

10.577 
34.70 

10.57tl 
34.60 

10.579 
34.60 

10.578 
34.60 

10.323 

IT 
·1' 
r 
! i 

~u.oo ~ , 
~ ; 

-0.000 : 
5j.00 ~ ; 

-O.OOu 
'50.00 . 
-0.000 
50.00,' 

-0.000 
50.00 

-0. tlJ)0 
'~};. Uo 

,.:.(j'£ a :)'u 
'~o.OO 

-o.oou 
50.00 

-0·000 
!>v.OO 

-0.000 
50.00 

-O.OO-U. 
50.00 

-0.000 
50.00 

-0.000 
50.00 

-0.000 
5u.ou 

i 
" 

-u.OOlJ i 
50. 00' 

-O.oco 
50.00 

-0 •. 000 
50.00 

-0.000 

~I 



• 

1.1120 .167'J I 3.64 -0.00 
19.6 8 33.0 8 29.632 23.4 1 

10.2% 100340 10.4'ob·' 100363 10033'J 
1.1120 .103~ j.64 -0.00 

72.9 8. 38.6 8 35. /032 35.5 1 • 
10.28r 10.330 10.453 1U.348 10.328 
E"JD OF FILE 

• 

, 

I 

10033~ 

39.60 

10.3~<! 

3'J.60 

10.310 

291. 

'<), !"l ., 
• , 

-U.uoo 
:>v.UU j 

-U.OOO 

• • 

.. 
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Hf' Illl.r 10 • 
RUNIS) 
SETINDF~' 
Iii OLJe t • 

• 

J 
I A,~ S. 

'~ 

LC,O. 

l 
C 
C 

c 

c 

? " 
" 

6400 END OF RECORD , 
f'MUGRAM lSI II~PUI.UUIPul.1AP~~=INf'UI.IAPE6=UUTPUTI 
MAIN PRuGRAI', 'FUr< PAt<AI',l:.Tb:,( t:ST I ,',AT IUN I,~ PACKb) ulU kl:.ACTOt< " 
SHAW UEC 1971 • 

CUMMON /~LK2/ MCYC.M~XK.MKAT.NSTl:.~.ALPHA.U~TA~~PS(7).VI7.7,.AFK(71 
CU;;,MON /~Ud/ NRUNS.RUN(25 J .AKINJDI .At<I:.AU~.41 .ATTt.NU~.41 .HIGH • .?"" 

J CAREAI25.4).FIN(2S.2).XACT(2~).AkCCI2~).T(2S.u).H~SAVE(25) 
'COMMON /BLKS/ 'SUMN.AKE(7).KM.SMIN, _ 
CuMMUN/BLKll1 CI,( ~) .A( 13') .kl:.SULT (:, I .RCC. TPRF IL (tl) .FlALl (:'1 .t1TSTUP 

RI:.ADI5.50U' KM.MCYC.MAXK.MKAT.NSTtP 
RI:.ADI ~ .~011 IEPSII). I =1.KI'~1 
READIS.SOl)(AKEII).I=I.KM) 
READIS.SOI) ALPHA.BETA 
SMIN=I.OEIO 
vlltl) = I.e 
V(I.2) = o.u 6 
VII.3)'= 0.0 
V(2,1) = 0.0 
VI2.2) = 1.0 
VI2.3) = 0.0 
vl3tl) - 0.0 
V(3,2) = 0.0 
V(3.3) = 1.0 

'READ IN REACTOR DATA 
READI 5.502 'NRUNS.NOCOl-iP .RARl:.A.tilGH' 
GC=BZ.06 
DOZOI=I.NRUNS 

. -

RI:.AD15.991 1 RUNIII.IIAREAII.jl.ATTl:.NII.J 11.J=1.41.TAkEA. 
1 FINlltlltFINII.21.F 

" 

wR I TEl 6.991 ) RUN I I I • I I AR EA I I • J I • A TT li'l ( I • J 1 I • J = 1 .4 I • T Akt A • • . 
J FINII.1l.FINII.2 1.F 

READ15.992 1 RUM.ITII.J).J=l.U' 
wRITEI6.992IAuM.ITII.JI.J=I.8 1 
IFIRUM.NE.RVNII)1 STOP 
·~IRITEI6.9941 

DO 15 J="1.8 
IF(T(I.JI.EO.O.O) GO TO IS 
TII.J) = T(I.JI + 273.13 

. 
• 

,f 

15 CONTINUE 
ARCC(II = GC*RAREA/F 
CONTINUE 
OU 30 l=l.NRUNS 
Rl:.ADI5.993 J RUM.XAC~II) 
IF(RUM.NE.RUNIIll STOP 
WRITE16.993 1 RUM.XACT(II 

3u ARCCII) = ARCCII)*XACTIIJ, 
AKINI}) = 51.0 

," AKIN(3) = 30.0 
AKlNIZ) = AKINI31 + 10.U 
AKINI41 = 16.U 
AKIN(5) = )S.6604 
AKIN(6) =' 0'.0 

,. 

" 



AKIN(7) = 0.0 
AKtN'(8) = U.U 
AKIN(9) = 2.3411 
AKINII0) = 2.151 
AKINIl}) = AKIN(4) + 10.0 

'AKIN(12) = 4.5~9B 

) 

AKIN(13) = 2.2115 
WRITE16.2011 IAKINI I) .1=1~13' 
All) "AKINIll*1.OE+3 ' 
A(Z)=AKINIZ'*1.0E+3 
A(3)=A'INI3'*1.OE+3 
A(4) = A'IN(4)*1.UE+3 
AIS) = 10~O**AKINI5') 

'Alb)=10.**AKINI6) 
A(7)=10.**AKfNI7), 
AIS) = 10~**AKINIS) 
A(9) = AKIN(9) 
A I 10) , = AK 1 NIl 0) " 
'AlII) = AKINIU)*1.01:.+3 
A(12) = 10.0**AKINI12' 
A (13) = AK 1 N I 13 ) 
(ALL SEARS:H 
00 SO l=l.I<.M 

~O AKEII) = AFKIII 
(ALL OAJE(T 
DO SO K=1.4 
DO 60 1=1.NRUNS 
Y = IAREA" .KI - (AREAlI .K'·'l*SU!<T'(A'TH,NlI .,;,"-, 
X = TII.4' 
I I = 20 + 1 

60 (ALL PLOTPTIX.V.III 
80 CALL OUTDLT 

,DO 100 K=1.4 
DO 90 1=1.NRUNS 
Y = IAI~EAII.K') 

X='H2SAVEI!) 
(AREAl I .K"'*SQRHATTEN'I I .KI' 

II = 20 + 1 
9,: CALL PLOTPTIX.V.I!) 

IN1 CALL 'OlJTF"LT 
,~TaD 

?lil FORMATIIIIX.BH AKIN -' 
5()J FORMATISI51 
~~)I FORMATIIOFB.l) 

5uLFORMATI215.2FI0.31 

,eF15.3,/9X,7F15.311' 

"91' F0RMA T I F4.0.4 I F6.1.F2.0,.lX.' .F6.1.2F 7.4 .Fb. 31, 
99? FORlI,ATIF4.0.1X.BF7.2,) 
~93 FORM~T(F4.Ut6X,FIO.4)· 
Q91, FCR'lATI!) 

,FND i •• 

SUHRU'UTINE OEfJECT 

" 

OliJECTIVt. fUNCTluN HIt< PAK c.ST ',fut< P~LKt.u Ubi 1{c.~LTUK 
, ' 

SHAW DEC 1971 

293. 

" 

C(;~W(;N IIlLK 31 NI<Ur-.S ,I<UN I 25 , , A' I NIl j 1 ,At<I:.A I 25 ,4 I ,II-T T tN "5,4 , ,ril uri, 
I CAREAI25,4),FINI25,2I,XACTI25',AI<CCI25',TI25,8I,H2SAVE1251 
COM~ON IdLK51 SU~N,AKEI7I,'M,SMIN ' 
(OI',I,~ON III L Kill (r-; I 5 ) ,i\ ( 13 I ,I<):. SUL T I 3 I ,RC< , T PRFI L 18 , ,FCALC ( 5' ,liT S TOP 
DI~FNSICN CVARrNI4,4I,CA~11114I,SDIFF(4',DIFF(41 

/ 

I 



( 

( 

"~, 

DIMEN~ION ERRO~14.251. ~HHORTI251. VVI4.~1 

DATA CALIB / 1.483. 1.839. 1.040. 2.131 / 

294. 

~ATA CVARIN I 2.4903. 2~0526. 0.50H4. 3.9360. 2.0b~6. 3~OH96. 

1 0.6753. 4,9400. 0.5084. 0.6753. 0.2087. 1.2457. 3.9360. 
? 4.9.400. _ 1.2457. 1'1.8421 / 

AI61 ~ 10.0**AKElll 
AI71 = 10.0**AKEI21 
AIBI = 10.0**AKEI31 
DO 10 J=1.4, 
[;0 10 JJ=1.4 

In VVIJ.JJI = 0.0 
HTSTOP ,.= HIGH 
<;lJM<;O='fJ'.o 
CALL SFCON-OITIM~I. 
TIMEl = TIME 
DO 50 l=l.NRUNS 
CNlll =0.0 
(N121 = 0.0 

\ (N 13 I -= 0.0 
O!(41 = FINII.11 
(N(:;I = FINII.21 
RCC = ARS:CI I I 
DO 25 J=1.8 

25 TPRFILIJI = TII'.J\ 
CALL PEACI0 ' 

- , 

, 

I 

-.. 
H2SAVEIII = FCALCi51*10Ch.0, • 
(AREAII.11 = IFCALCI21*849B.0*CALIUI1Il/ICALIB(41*ATTtNII.111 
CARFAII.21 = IFCALCI9'*H498.0*CALIUIZll/ICiLlbI4i*ATTENII.2l1 
(AREAl I .3) = IFCALCI 1 1 *S498;0*CALlb(3) 1/ICALltll41*ATTENI 1.3) I 
CAREAII.41 = IFCALCI4'*B49B.O*CALIUI411/ICALIUI41*ATTtNII.411 
DO ,8 JY'1. I, 

38 lRI!ORIJ.II = 0.0 
ERRORTlII = 0.0 
DO 40 J=1.4 
AT = SQRTIATTtNII.JII 
DO 4 ~ K = 1 .4 

• 

• 
, 

A TT = SQR T I AT TE N I I • K I I , . 
ERR = j ICA~EAII.Jl*AT-AREAII.JI*ATI*ICARtAII.KI*ATT-

I AREAII.KI*ATT)' 
IF(J.EU.K' ERRORIJ.I' = E~R 

4C VVIJ.KI = VVIJ.KI ~ ERR' 
',,) CONT II'lk 

(ALL DFTERI~V.D.~I 
sur~SQ = C 

. (ALL ~F(ON4ITI~EI 

T I vr 2 ,= T I MF 
lTIME = T!MEZ - TIMF1 
WRIT~(6.9981 SUMSU.IAKEIKI.K=1.KMI 
WRITE(6.9971 TTIME 
IFISUMSQ.GT.S~INI GO TO 90 
00:;5J=I.4 

" SOIFFlJI = 0.0 
DO eO-I=l.NRUNS 
1J070J=1.4 

/ 

1)IFFIJl = IAREAII.J) CAHEAII.JII*SUHTIATTENCI.JII 
7.) "IlIFF(Jl = SDIFFIJ) + DIFrlJI 

It 



( 

l: 
( 

. ( 
(. 

( 

( 

( 

295. 

" 
\,R IT l I 6 , 'J 'J 9 1 flU!" I I 1 , r I ,A R E" I I ,J' ,(AR l A I \ ,J j , • J = 1 .4 j • I I) IFF I J , • J = 1 ,,+ 1 

1 , I AT T :: N I I ,J 1 ,J = 1 • I, 1 ,H 2 SA V E I I J ,E RRUR T I I • I E RRUR I J .. I 1 • J = I • I, J 
Rn (orn I rllJF " , 

1J0A~J=1.I, 

8'-' SDIFFIJI = SDIFFIJI/NRUNS 
W R I T l I 6 , ') 9 5 ':J S D IFF I J' ,J = 1 ,4 J 
S~',IN=SlJr"$Q "'" 

9,1 S.u,'IN= SLJ~S(J 
RETlH<N 

'19':> FORMAT 150X,I.F5ol) 
997 FOR~ATIF7.2) 

.. , ,. 

, 
998 FORMAT111134H OBJE(TIVE FUN(T10N AND PARAMETlRS.L15.5.5X.4F12.6/1 
g99 FORMATIIX.F3.0.1X.412F5.1.1X).lX.4F5.1,lX.4F2.0,lX.F5.1.lX.5F7.01 

.fr>:D 
SUHROUTINE REA(10 , 

?AtKLD btU RLA(ToR FOR PARA~tTtR tSTIMAT~O~ 
TEr-',PERATURE DOWN THE REACTOR 
VARIABLE PRESSURE INTEGRAL REA(TOR 
'~IODIFlrD SHII'1i f'\OV 3~71 

CUMMON/HLK111 (NI5).AI131.RE5UkTI3 J .RC(.TPRFILIBI.F(ALtI51.HTSTOP 
DIMENSION (15).(115).0,(1!>1.(215).(3151.(415) 
[) III, EN", ION (N l! 5 ) ,( [) X I ~:,) • t P '" L I 5 1 • tl N I 5 1 
I)I~:ENSION rrl~IAXl?) .TRMINI51 .HEIGHTIB) 
DMA 1f\~:AX 115*1.0E-6 I 
DATA TRMIN I 5*1.0E-8 I 
DAT~ HEIGHT I O.q. 1.0. 3.6. 6.2. 11.4. 16.5. 19:0. 25. I 

PFfFD = (NI4) + (NI5) 
[)PCY = IPFEEO-l.0)/HTSTOP 
FIX = 0,'9 
15 = A(5)*R(( 
ZI = -AI1I1l.99 
Z6 = R((*AI6) 
Z? = -A(2)11.99 
II? = RrC*AIl?) 
Zll = -AI III 1.'1.99 
Z'I = -ADU1.99 
Z4 = -A(4)/l.99 
NK=l1 
OY = 0,,5 
NOCOMP = 5 
NEQ=NO(Or~p 

IHALF=O 
JHALF=O 

Y=O.O : 
. H T= HEIGH T II AN 1": II - U GilT (I ANI) 

I' 

DO 1000 IANl=I.7 ~ 

OTDHT =ITPRFILI IANl+l'-TPRFILIIANll I/HT 
[';0 I l=t.IIJFO 
(INII) = (NIl) 

'0 DYSAVE = OY 
(HE( K = Y + OY 
IFI(HECK.GT.HT) 
UllCK = Y + D'I' 

I 

OY = H\ - Y 

) 



IIFLFFT = IHT-yl*0.5 
IFIDY.GT.HFLEFT.AND.CHECK.NE.HTJ OY = HFLEFT. 

C WR'ITE16,9951 Dy.DY6AVE 
Sl'~. = 0.0 
D041=1.NFO 

4 SUM = SUM + CNIII 
D051=I,NEO 

I 

/ 
~ (NIII = ICNill/SUMI*IP~ttU-UPuY.IHlIGHTIIANIJ+Y+UY~O.~JJ 

id DO?C·I=I.NEQ . ., fJ}.i ~ 
70 (III=CNIII 'tq -

N=I 
TT = TPRFILIIANl1 + DTDHT*Y 
G(lTO".OO 

'
I 3n DO 40 l=i.NEC 

( ,( I I I I = DC I I I 

.( 

4;) • ... ·~~I I=CNI I I+Cl I 1'1/2.0 
N=2 
TT = TT +,'DTDHT*DY •. 0.5 
GOT04UO 

(
~ D060 1=I.NEO 

. (21 I I = DC I I I . 
61' '·(UI=(NClI+C2(11/2.;0 

. N='tj , 

GOT0400 
7p 0080 1=1 ,NEO 

(3CII=DCIII 
He Ctl I=CNI I I+C3(1 I 

N=4 
TT = TT + DTDHT*D.Y.O.5 
GOT0400 

" , 

( AT THIS POINT 4 RUNG KUTTA STEPS HAVE ~EEN FINlSH~O 
90 001110 l=i.NEO 

(4 I I I = DC I I I 
lUll (NIIII=CNIII+ICIIII+2.0*C211 1+2.0*C3111+C4(111/6 .• 0 

YTOTAL = HEIGHTIIANl1 + Y 

1 I () 

17J 

. 1 'll: 
1'. \... 

IFINK-l1 110.130.150 
DY=DY/7.0 
r'¥ = l' 
D0170 l=i.NFO 
(DXI I I=CNI I I I 
GOTOIO 
00140 I=I.NEO 
O:I;I=CNilil 
Y=Y+l)Y 
NK=7 
,,0(010 
DOl('~ I=I.NFO 

(') 
!... 

(N I I I = I 16. O*CN 1'1 I I -CDX I I I 1115. ° 
~RIT~16,9971 YTOTAL.~.DY.CNi 
Y = Y - [)Y 

t 8Y=DY~7.0 
NK=() 
Y=Y+D'I' 
DOl80 1=I.NEO 

'lH. ·.~PSLl I 1=IAtlSI::OXI I I-CNl1 II I 1/15.0 
NCOUrj T = O' 

• 

, , 

VI 

296. 
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( 

( 

c 

( 

( 

l 

C 

" 

,DO 1 71 1 = It NEO 
IFIEPSllll .• LT.TR~INI NCOlJ~T=NCOUNT+l 
IFIFPSLIII.LT.T~MAXI GO ~O 171 

171 
C,OT~?(19 . \~ 
cmnlNUF 
IFIA~SIY-HTI.LT.O.OOOOOll GO TO 490 

I 1') IHALF=O .' 
IFINCOUNT.EU.NlUI UY = UY*2.0 
GQT0230 \ 
flEP SI?E MUST BE HALVED 

~nq no 210 1=I.NFO 
?I (1 )e N I I I = C 1 N (J I 

Y=Y-Oy 

no 
l40 

DY = OY/2.0 
I HAL F" II;iALF +.-} 
IFI:HALF.LT.I01 GO TO 3 
\\'RITE 16.3211 
GOTO~OO 
D0240 l=l.NEO 
(INIII=CNIII 

c 

297 •. 

'"" 

, . 

... 

. 
THE CN AND CIN VALUES ARE TliE FINAL ONES AT,TH~ END OF A STAGE 
DO 245 1=1.3 

:n. ~ 

400 
43:: 

11= 5 - 1 
IFICN.IIII.GT.'O.OOOll GO TO-.·3 
C'~J( I I I = 0.0 
GO TO 1020 

DO 43U 1=I.NEO 
iFICII.l.LT.O.OI GO TO 435 
GO TO 460 . ' 
MUST "HALF STEP S.IZE 
~Y=DY/7.0 . 

BECAUSE OF NEGAT~VE COMPONENTS 
'dS 

JH~LF=.lrlALF+l 

IFIJHALF.tT.I0 1 
\':R IT f 16. '331 I 
.GOTOSOO 

GO TO 3 

DIFFERENTIAL EQUATICNS 
JHIILF=O 

-' 

CRR =,TT*Z5*EXP~ZI/TTI , 
CRPl'~ TT*Z6*EXPIZ2/TTI 
(Rr~ = TT*712*fXPIZil/TTI 
CRP;> = 1.0/11.0+AI71*EXPIZ3/TTII 
CRE =1.0/11.0+AI8~*EXPIZ4/TTIJ 
CC(4) '- -DY*CR~*CI41/ICI51**AI911 
0(131 = I-FIX*DC(4)-UY*CRP1*Cr31/ICI~I**AII0111*(Rp2 . 
DC I 21 = I -12.0-F IX I*OC(4)-OCI3)-OY*CRE2*C 1211 ICI 5 )"'*A('13 11 )*CRE 
DCIl) = -4.0*OCI41-3.0.0CI3 1-2.0*UCI21 
DCIS) = 3.C*DCI41~2.0*6cI~I+D~121 
GOTOI3n.5c.70.?OI'N \ 

:"~ ~;TCHEK = HEIGHT~IANl1 + Y 
IFIHTCHEK.EU.HTSTOPI' GO TO 1020 
oy = DYSAVE 

. d. (ONT.! NuE 
1. Ie <..C,NT I Nul 

. \ 
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( 

( FINAL fALCULATIONS PROBLEM IS SOLvED 
( FINALVALUE5 ARE CNII', 

ADO = 0.0 

( 

( 

( 

r , 
( 

l 
C 
( 

C 
( 

( 

c 
( 

C 
C 
-( 

( 

DU ?B 1 1=1 .NOCOMP 
?Al ADO = ADO,. CNIII 

0079UI=1.NOCOMP 
7q() Fet,LCI" = CN'III/ADD , 

t) v (J 

~21 

1"31 
99') 
997 

RF~r = n.25~FCALClll ,+ 0.5*FCALCI2 1 + 0.75*FCALCI31 
Ilr,~ULTI~1 = REACII~EAC+F(ALCI41) 
RESULT'121 = FCALCI21/REAC 

,RlSULTIJI = ,FCALCI31/RI:A( 
CONTINJI: 
RETURN 

FORI'ATI IX. 19HIHALF = 10 
FOR".AT I IX. 19HJHALF = 10 
FOR~ATI1X.2F15.7.IIOI 
FORMATIIX.3FI0.4.3~.5FIO.6/1 
FND 
SUtiROUTINE D,ETtRIA.D.NI 

'UIMENSION AJ1441.LI12 , .MI12 ' DEtERMINANT PART OF MCMAST~R 
o 

DESCRIPTION OF P'RAMET~RS 

RETURNI 
RETURNI 

PROGRAM, MINV 

( 

A - INPUT MATRiX. DESTROYED IN COMPUTATION AN~ RI:PLACI:O tiY 
RESUL TANT I NV,ERSE. 

N ORUEROF MATWI. A 
o RESULTAN~ DETERMINANT 
L WORK VECTOR,OFLENGTH N 
M - WORK 'VECTOR OF LENGTH N 

"FTHOD 
THE S'f'ANDARD GAUSS-JORDAN METHOD IS USED. THE DETEI<MINANT,' 
IS ALSO CALCULATED. A DETERMI~ANT OF ZI:RO INOICATtS THAT 
THE MATRIX IS SiNGULAR. 

S(ARCH FOR LARGEST ELEMENT 
( , 

r)=1.() 
NK=-N 
DO BO K=l.N 
~~t:=NK+N 

LIKI=" 
'·~(O(I=K 

rr=NK+K 
PIGA=AI!(KI 
[;0 20 J=K.N 
Il=N* 1J-1I 
l>D 20 I = K • N ~ 
IJ=IZ+I, " 

1(, IF( AtiSI:>IGAI- AbS AI'IJII J 15.20',lO 
I' 'i IGr.=AIIJI 

Llo() = I 
'''«I=J 

! ,') CONT I NUE 



( 

( 

( 

l 

f 

( 

INTERCHANGE ROWS 

J=L(I(I 
IF(J-KI 35.35.25 

DO 1<1 1=I.N 
KI=KI+N. 
HOLD=-f\ (K I I 
JI=KI-K+J 
A(KII=A(JIJ 

,0 II (JI I ';HOLD 

, 

INTERCHANGE COLUMNS 

',<, I ="l(K I 
IF(I-Kl 45.45.38 

38 JP=N*(I-ll 
DO 40 J=l.N 
JK=NK+J 
JI=JP+J 
HOLD=-A(JKI 

, II (JK I = II kJ I I 
[.OA(JII =HOL4 

" 

( DIVIDE COLUMN BY MINUS PIVOT (VALUE OF PIVOT ELEMENT IS 
C 'CONTAINED IN BIGAI 
C 

c 
c 
r 

45 IFIIJIGAI .48.'.6.'.8 

RETURN 
[.R DO 'i5 ,1=l.N 

IF(I-Kl 50.55.50 
'>0 IK=NK+I 

AI/KI=A( IKI/(-BIGAI 
')5 CONT Ir-.UE 

REDUCE MATRIX 
• 

DO 65 1=1. N 
IK=NK+I 
I J= I-N 
DC 65 J='l.N 
IJ=LJ+N 
IF()-Kl 60.65.~0 

6" IF(J-Kl 67.(,5.(,2 
(,7 rJoIJ-I+K 

h(IJI=A(IKI*A(KJI+A(IJI 
f,'J 'C ur", HH!E 

DIVIDE ROW BY PIVOT 
KJ=<-N 

YJ:t'J+N 
IF(J-Kl 7U,.75.70 

in AIt',jl=ft(KJI/rI~A 
7<, (mIT I NlJF 

299. 
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c 
( 

( 

( 

( 

c 
( 

C 
l 

C 
l 

( 

( 

c. 
( 

c 
.( 

c 
c 
( 

( 

( 

C 
C 
C 
( 

C 

C 

c 

300. 

PRODUCT OF PIVOTS 

O=O*BIGA 

RFPLACF PIVOT BY RECIPROCAL 

A«(KI=l.O/flIGA 
1111 CONT I NUE 

RETURN 
END 
~UF'ROlJT I NF SF ARCH 
UPTIMIZATION BY ROSENdROCK MtTHOD 

AJ= INDICATORS 
AFK= OPTIMIZED VALUES FOR VARIABLtS 
AKE = VARIBLES 
ALPHA =SCALE FACTOR FOR STEP SIZE' ,WHEN STtP IS SUCCESSFUL 
HETA =SCALE FACTOR FOR STlP SIZE WHeN STEP IS UNSUCCESSFUL 
l = TE~PORARY STORA~t FUR STtP Silt 
FPS =STFP SIZE 
KAT = NO OF TIMES OBJECT BEING CALLtD 
KKI =NO OF STAGES 
KM = NO OF VARIRLES 
M(Y( = NO OF S0CCESSIVE FAILURES tNCOUNTtRED IN ALL DIRECTIONS 
NSTEP =1, USE INITIAL STEP SIZE fuR EVERy NEW STAGt 
NSTlP '=2; USE STEP SIZE OF KTtI STA~t. FUt< IK+lITH SThGt 
UIIJ~(T= SUBROUTINE FOR OBJECTIVE FUNCTION SUMN 
SUMO ~ STORAGE FOR MINIMUM SUMN 
v =ORrHOGONAL UNIT VECTORS . 
v IS A UNIT MATRIX INITIALLY 
THF PROGRAMME TER~INATES AFTER MAXK STAGES 

OR .AFTER O~JECT BEING CALLED MKAT TIMES 
OR AFTER.MCYC SUCCESSiVE ~AILURtS bEINNG tNCOUNTEReU 

BEFORE TERMINATION. 

• 

.... " 

CGMMUN IBLKZI MCYC,MAXK'MKAT,NSTE~,ALPHA,UETA,EPSI7I'VI7,7I,AFKlll;~ 
CUM~ON IBLI~51 sur~N,AKEI7I,Kr~,srHN "" 
COMMON IBLK61 EI7I,AJI7 I ,UI7I,ALlj,7I,bLI7,7I,ULEN(7) 

KAT =1 
CALL ·OBJECT 
SU'-lO = SU~1N 
DO BIZ K=I,KM 
AFK(KI =AKEIK) 

AI? CO~ITINUE 

~ K 1 = 1 

" .' 

IF INSTEP ~EQ.l1 GO TO IUOO 
DO 350 1=1, KM 
~ II) = E P S II ) 

'lS~ CONilNUE 
!~';n DO Z50 1=I,KM 

AJI;) =7.0 
IF INSTEP .NE.II GO TO'Z50 
FII) =EPSII) 

!~O 011) =0.0 
III =u " 

l')7 111=111+1 



( 

( 

( 

( 

( 

( 

( 

( 

c. 
( 

l 

PRODUCT OF PIVOTS 

c 

RFPLACf PIVOT BY REtIPROCAL 

A I O(K\l,= I. DIn IGA 
11',1 (ONT \ NUE 

RETURN 
[ND 
~UF'ROlJT I Nf . ~F ARCH 
UPTIMIZATIQN BY ROSENUROCK'ME~HUD> 

fU=, INDICATOR~ 
AFK" OPJIMIZED VALUES FOR VARIABLtS 
M,E ,= VARlULES 

( 

ALPHA =SCALE FACTOR FOR StEP SIZE WHEN ~TEP 'IS S~CCESSFUL 
tlETA =SCALE FACTOR FOR .. STEP SIZE' I<H~N STEP IS UN~U<'<'ESSFUL 
l = TE~PORARY SfORA~E FuR ~TtP Silt' 

300. 

( • "FPS =qFP SIZF I 
( 

<" 
(. 

( 

( 

l 

( 

c 
C 
l 
c 

( 

( 

KAT = NO'OF ,TIME$ OBJECT BEING CALLEU 
KK I =NO OF STAGES ,/ 
KM = NO'OF VARIRLES , 
MCYC - NO OF SUCCESSIVE FAILURES EN<'UUNTEREU IN ALL DIRECT·lONS 
NST~P =1. USE INITIAL STEP SIZt FuR fVERy NEw STAGE 
NSTlP =2. UsE STEP Sill:. OF KTt! STAlIc Fuk 'I ... +IITH STAGI:. 
O'lJ~CT - SUBROUTlN~ FOR OBJECT IVE FUNCT ION ,SU~IN 
SUMO = STORAGE FOR MINIMUM SUMN 
V -ORTHOGONAL UNIT VECTORS 
V IS A UNIT MATRIX INITIALLY 
THf PROGRAMME TERMINATES AFTER MAxK STAGES 

, OR AFTER oqJECT BEING CALLEU MKAT TIMlS 
OR AFTER MCYC SuCCESSIVE ~AILURES bllNNG ENCOUNTI:.RcU 

BEFORE ~ERMINATION' • 

, ~GMMON IBLK21 MCYC.~AX~.MKAT.NSTEP.ALPHA.UETA.EPSljl.VI7.71.AFKI71 ' 
CUM~ON IBLK51 SUMN.AKEI71~KM.SMIN 
COMMON IBLK61 EI71.AJI7 J .UI71.ALI7.71.tlLI7.71.ULENI7 1 

':'A T - I, 
CALL OBJECT 
SU~IO =SU~1N 

DORI2 K=I.KM 
AFKII() =AKEIK) 

All' CONTINUE' 
~ K 1 = I 
IF INSTEP .[0.11 GO TO' 1000 
DO 350 I = I • KM 
lill =EPSII) 

'h:; CONTINUE 
]'l"[) DO 250 I=I.KM 

AJI:) =?O 
IF INSTEP. .NE.II GO TO 250 
FIll =EPSIII 

·/50 DI I I =0.0 
I I I =U 

'1'17 ~11=111+1 

, . 

), 

l 

,~ 
" . 

'" .. :' "_ :~:"'.- :~'-->";:' ..,:'.-' .:=:i.. 



( 

) 

( 

• 

301. 

7',8 1=1 
7"9 DO 2~1 J=I,KM' 
7'·1 .\KF(J) =AKF(JI +E(!I *V(I,j) 

CALL OnJECT .. 

*~~**********i*****.*****~***.~******i*~**********.*** ***.*~*~**.******~ 
f'1<INT IIERE IF otSIRE[) NO O~ TIMf;S Ol}JECTlvt fUNCTIUN tiEING CALLt:U 
(~A T I, OBJEC T I V,E FUNC T ION I SUMN I. VAin tiLES I AKI,.l I I ) 

I.*C******~***.***~***********.********.*****.*************************~ 

• 

, " 

KAT =KAT '+1 
If' (KAT .EO. :-.IKAT ) GO T::J 1002 
IF (C,UI~N.L T .!,lJ~401 ('"OT0253 
20 ;> 5" J= 1 .KM 

?')I.·.~K[(J) :;AK['IJI -EIII '*VI!,'JI 
[II) =-HETA*EII) 

7~3 

H13 

755 

256 

'-'99 

V)Y 

IF IAJIII\LT.'1.5l'AJI!' =0.0 
GO TO 255 
DII) =0(1)' +EII) 
F I I) =ALPHA *E'I I I 
c,lJ~'O =SUMN 
DO A13 Krl,KM 4' 

AFKIK) =AKEIK) 
IF I~IJ") .GT. 1.5,) A'J.III=1.0 
UO 256 J=l.KM 

'IF IAJIJ) .GT~ 0.5) GO TO ~9Y 
C om I NUE[ 
GO TO 7SY 
I'F II.EO. KM) GO TO 399 
I = I + 1 
(,0 TO 7.59 
UO'3'.18 J=I.KM 
JF IAJIJ) • l-T.2 • GO TO· 258 

VJR CONT I NUE 
I F I j I I .l T. MCYC ) GO TO 397 
(,0 TO 1001 

( 

" ·7',7 (ONT I NIlF 
IFli(M.EOol) GO T,O 1000 
00 2 Q O 1=I.KM / 
no 290 J=I.KM 

«),. ALI I ,J) =o.u 

( ~qTHOGONAlIZAT~ON 

• 
WRITF (6,2do 1 KKI 
~RITr (6;2~1) SUMO,IAKEIll .1=l,KM' 
DO 760 I = I,K~' 
.; L = I 
[:0 76e J= 1 ,K.., 
l.>O 761 K=Kl,Kr~ 

i'LlloJl =[)IKl *VIK,Jli+ALlI.J' 
'I,.' "L (l,JI= ALIl,Jl 

'\LEfI.( II =o.() " 
~O "151 K2 1,Y-M . J 
I!LPlIl1= ALENlll +BLll"Kl*flLlhKl 

1;1 C()NTI~Uf . 
I~ LEN I 1 I = ~,9Jl T IU l.E N I 1, I , 
DO 1')2 J= Y.Kt-! . 
V(I,Jl =I:lLIl.,Jl IIILENlll .'.: 



\ 

1',/ (ONT I NUF 
flO,763 1=2.K~ 

11"1-1 
00 ;> 6 'j J = I • K M 
~,lI!~AVV=O. 0 

'DO 76" KK=I. II 
C,U!',\V =o.n 
DO ? 6? K = I .!('~ 

?!o? <;',JM~V=C,IJr~"V + ALlI;KI*V(KK.KI 
!(,t" ',IJ'IAVV =SUMAV*V(KK.JI +sur',AVV 
/(,', ill. 1'1 .J) =IILII .JI ,-sur~IIVV 

DO 266 1=7. K~1 
I,Lrr:l111 =0.0 
DO 267 K=I.KM .' 

II>! IILtNII) =IILEN( I 1 +tJLll.K) *HLll.IO 
. IILEN( II = S(lRT(flLENII 1 1 

DO 766 J=I. KM \ 
.?hlo VII.-J) =J1LII.J) I f'LFN(I) \ 

00 4u9 IJl=l.KM , 
t" fl \\'I~ I H. I 6 • 999) I V ( I J 1 • I J 2 ) • I J 2 = 1 • KM) 
~~y ~0IiMATIIX.7[17.4) 

KKI =KKl+1 
IF (KKl.EQ.~II1XK ) GO TO 1001 
r,o TO 1000 

1:,(17 "RITE l(,,'JI0 ) KAT 
Inrll Y.'RIH' (6. 100,1 KKI. KAT til I 

) viR I Tf 16. 1004) SUMO 
\WRITt (6. 10061 (AFK(I).I=I~ KM) 

WR I T E ,16. 2941 
WRITEI6.8l5) II V II.JI .J=l.KM).I=I~KM) 

I~J FORMAT 18FlO.5) 
l~? ro.~'·I\T 110} Ii) 

?HO FORMAT(113X. l?HNO OF STAGE=. 3X. 15)) 
?AI-FORMAT IlOX. 18HSUMO AN~ VARIABLES.3X. 6EI2.4/) 
'~4 FORMATI/3X. 23HORTHOGONAL UNIT VECTORS/) 
815 FORr4AT (3X.9EI2.411 ," 
'iuS FCR~',IIT,( 8Flu.5) 
91(' FuR~~AT(//3X.25HPROGRAM .HAS CIILLt:.D UtlJtCT.2X.15. 2x. 

I 751ITI~'ES ,HTHOUT CONvERGIINCE/' 
1,3 FORMAT(/3X. 13HNO OF STAGES=.15. 3X. 23HANU UBJElT bEING 

1',IS.3X. 5HTI~'ES.3X.26HNO OF SUCCESSIVE FIIILURES=.15/) 
CALLtl). 

.. '4 FOR~IIT(/3X. 7HOBJECT=. t15.5/ 1 

1""6 ICI~VIIT(/3X. 16HTHE VARIULES liRE. 
RrTURN 

6tl2.51 1 ~ 

j rrw 
64UO END OF RECURD 
70 40 7 2 

- ' • t. (", -? • ::r9 n . -1.576 
i'.G,'q) 1?2'~9 6.8140 
:."J n.'J 

19, 5 0.386 19.0 
" 0, ;> :J • 7 I b 3 1 • ~ 1 6 74 • rv 2 I .4 4 
'/~ 'i4~.jj 2~O.j4 l~1.~9 l~O.bY 2~U.l~ 
; 1\ , ~'2.61& 55.7 B 84.932. 11.7 2 
, 'i ;~'.7.iJ2 240.01 248.79 24d.06 247.60 
-, /: (,' ?1.?l6 .30.7 fl 92.~~~ 6.7 1 
-:: !Ih 7' .. 7. ~1 ? 'j " = < 1 7 ?'> • 7''} 7 'i 4 • 1.3 7'i 3 • ') 1 

149.0 .2663 
251.l0 250.74 
175.9 .264~ 

248.65 247.41 
160.6 .2872 
755.]1 253.22 

.8tl38 2.122 
0.00, 

.8411 10429 
' 0.00 

.8836 2.335 
0.00 

-



"f} ,l 
'i <J ,} 

I. ; 1 
1.7 1 
1,7 r1 

I~ ? " 
I,ll. 7' 

I.~. J 
II y:. 
it .J B 
I. && 

I. & (, 

If 8 4 

I. /l4 

".47 
Vt 7 
178 
l T b 

1e~ 

'Hi 3 
19/~ 

~9 '. 
't 1 H 
I, I 8 

-I. ;> 3 

'f'2 ?-
4'.1 
It If 2 
IdJ ., 

I. (, J 

lof'.7 
I. B 7 
'75 
3 fl,' 
"J !~, () 

~'i() 

1,71 
II ? ry 
1,47 
I, ., 8 
It h(1 

• I. P. It 

"), 1.7 

'78 
'f'1 
194 

l~ 1 A 
h?, 
t." I 

I. F.7 

71.716 30.216 77.0~2 6.7 8 
249.01 2~O.32 2~1.00 2~U.~7 249.7& 
Itl.9 8 43.5 B 60.016 109.2 2 
?~7.06 258.77 2~e.64 2~7.91 256.79 
14.6 8 40.7 8 90.3 B 93.6 4 
751.99 75~.07 755.73 254.75 7~4.09 
I~.llh 11.~16 50.132 85.3 2 
748.84 250.70 2S0.a! 249.93 249.38 
73.1 H 53.0 8 34.132 66.0 2 
l49.2e 250.37 750.18 249,86 249.64 
;' U • 7 e 4 L, .. ~" " 9 • ',32 .' b. Y 1 
?1:0·.1~ 267016 261.51.26(;.66 26vo!9 
/7.6 ·6 50.2 8. 440132 6i:05 1 
;~2.9U 253.36 ~55.04 254.14 253.14 
1~.616 11.816 101.516 51.3 4 
~5G.27 250.57 751.66 251.10 25u.18 
16.P16 31.316 51.132 61.2 2 
2~0.23 251.05 2~1.64 250.98 25u.52 
13.1~6 31.716 85.416' 7~.8 4 
250.03 250.76 2~1.25 250.69 i50.37 
25.1 ~ 31.316 80.616 79.4 4 
250.15 
74., 8 
250.81 
73.2 B 
250.'.9 
24.0 8 
'751.64 
25.0 B 
752.12 
26.6 8 
~~2.71 

251.05 251.32 250.83 250.52 
29.616 76.916 44.7 8 

251.88 252.46 251.86 250.64 
29.716 75.H16 93.7 4 

251.59 751.98 251.39 250.~2 
50.7 8 75.416 58.7 2 

752.68 252.61 252.41.252.03 
.,L.6 • 9 8 73. 71 (, . 36.8 2 

251.56 253.29 252.78 252.51 
:46.7 e 40.132' 44.3)1 

253019 25/.1 L, ?53.68 252.B~ 
2.003 
1.706 
~ .,589 
1.598 
1.561 
1.,76 
7.7?7 
3.018 
3.573 
3.167 
1.736, 
1.995 
1.562 
1.59;> 
1.149 
1.170 
2.843 
3.·192 
3.2i2 

[ND- OF 

'0 

FILE 

303. 

132.5 .2521 .8705 1.702 
250.76 249.62 0.00 
231.6 .1518 1.U073 2.235 
257.06 257.08 0.00 
239.2 .149B 1'.0063 2.234 
254.31 254.19 0.00 
184.2 .~147 .9183 2.385 
249.84/249.55 0.00 
176.2 .1497 .9643 2~051 
249.93 249.57 0.00 
10u.6 .1007 1.0467 2.659 
260.61 260.29 u.OO 
18e.~ .1771 .9720 ~.703 
;>'53.48 253.29 0.00 
200.2 .2116 .9218 1.800 
25u.91 251.37 0 • .00 ' 
160.4 .2078 .9209 1.793 
251.13 ~50.76 0.00 . 
206.2 ,.2074 .92261.81q 
250.98 250.20 0.00 
416.4 .1996 .9294 1.803 
251.L~ 250.40 0.00 
175.5 .2066 .9221 1.783 
250.91 250.98 0.00 
222.4 ~2086 .920B 1.789 
250.76·250.57 0.00 
208.8 .1561 .9719 2.303. 
252.29 252.00 0.00 
176.4 .1525 .9745 2.282 
~52.83 252.44 0.00 
157.2 .1536' .9701 2.226 
253.14 252.92 -0.00 

I 
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HPtID,r77. IAN ~. 

',I T I r\DF. 
I~ r nu( F • 
l (,(). .", 

, A4nn EN~ OF RECORD 
PROGRAM TST IINPUT.UUTPUT.PIJNCH.TAP~5.INPUT.TAPE6=UUTPUT.TAPE7.PUN 

( 

( 

( 

( 

I (H) 
~A I N PROGHM~ FOR 
SHA'II DEC 1971 

• 
CALCULATING CATALYST ACTiViTY 

) 

CO~~ON ISlK31 ~RUNS.RUN!50).AKINI131.AH~AI56.4).ATTENI50.4'.HIGH. 
I CARFAI5D.4). FIN(~0.Z).XACT(50).ARCCI50).TI50,8) 

COVMON/BlKll1 "CNIS).A(13).RESULT(]'.RCC.TPRFIl(6,.FCAlCI51.HTSTOP 
DIMENSION CVARINt4.4).CAlIBI41.SDIFFI41;OIFFI4).h2SAVE(501 
DIMENSION VVI4.4) 
DATA CALIS I 1.483. 1.~39. 1.030. 2.131 I 
DidA CVARIN I 2.4\103. 2.0~<!6. 0.50tl4. j.'i360. ~.0~t6J..> 3.0d'i6. 

1 ~.6753. 4.9400. 0.5084. 0.6753. 0.2087. 1.2457.~.9360. 
/ 4.9400. 1.2457. 8.8421 I 

( RE"~ IN RFACT~ DArA 
'-".RFAI)( 5 .50? )NRUNS.NOCOr-<P .RAREA.HIGH 

GC=82.06 \ 
D0201=I.NRUNS 
R i:. A D ( 5 .99 1 I RUN f I ) • ( (AR to A ( I • J , • A TT to N I I • J , I •. J = 1 .4 ) • T A I< to A:: 

1 FIN(ltl).FIN(I.2).F . -. 
wR I n ( 6. 991 /RUN ( ~ • ( (AR E A ( I • J , • A T T EN ( I • J ~ ) • j = 1 .4 I • T AI< to A. 

1 FIN(I.I).FINII.2).F 
READ(5.992) RUM.(T(I.J).J=I.0) 
;~I< I T E ( 6. 9q 2 ) RUM. ( T ( h J ) • J= 1 .8) 
IF (~U,~.rlE.RUN( I)) . STOP 
IIfllH:(6.994) 
DO 15 J= 1 .8 
IF(T(I.J).Eci.o.o) GO TO 15 
T!loJ) = T(loJ) + 273.13 

1') (orn I NuF' 
~R(C (I) = GC*RARFA/F-" 

n CONT INUE . 
DO 30 1=I.NRUNS 
liEAD(5.993) RUM.XACTII)· 
""'R I n (u.')93J\ RUM.XACT (I) . <' 
IF(rW:+.NE.RUN(I)) STOp 

3') (Or-.:TINUE 
J .\KHHl) 51. 

M:IN(21 = 40. 
"KIr-.:(l) = 30. 
AKIN(<<) = 16.0 
~K IN (5) =.15.660 1, 

/. 

',KIN(6) = 10.6322 ~ "~.IN(7) = 12.2229 
IIKIN(fl) = 6'.8140 
~ K I ~l ( 9 ) = Z.15 
"ON! Ir)) .. 2.176 
~KIN!lll = ;>(,.f) 

AKI'J(12) = 4.5208 
MIN(l3) = 2.2.115 

fj 

... 

" 

~,' 

1 ~ 
" II 



! 

WIll TE ( 6.20 I ) ( AK I N ( I ) • I = I. B , 

All) ~ AKINII)*I.OE+3 
A(7)=AKIN(7)*1.0F+~ 

rl'I=AKIN(~1*1.0F+3 
" I i.'l = A KIN I 4 I * 1 .0 F +.3 
A(SI .= 10.0**AKIN.(SI 
AI61=10.**AKIN(61 
AI71=10.**AKIN(7) 
AiRl = 10.0**AKIN(81 
AI')) = AKIN('9) 
All(11 = AKIN(IO) 
All11 = A~I~(11)*1.0F+~ 
AI171 = IO.O**AKINII?1 
A I 131 = AK I N ( 13) 

H T 5 TOP =. HIGH 
DEL = O.OOZ 
DO 1200 l=l.NRUNS 
TI~F.5 = XACTIII - b.O*DEL 
S~ALL - 1.OE+IO 
I ... 5TEP = 0 
DO 75 J=I.8 

, 305. 

./ 

, 

7'> TPRFILlJI = ·T(I.Jl 
·UO 1100 IANI = 1.30 

CN III = 0 • .0 
(NI?1 = 0-;0 
CNI31 = 0.0 
eNI41 = FINII.1) 
(N(,51 = FINII.2) 
T I ~'J:5 = TIMt:.S + DEL 
SLJt~sQ = 0.0 
RCC = ARCC( II*TIMES 
( I>.LL REACIO 

~,I 

H75"V[(I) ". FCIILC(SI*100.0 
(AREA11.1) = (FCALC (7'*849B.U*CALl!:l( 1) 'I (CALIB(4 '*ATTENI b.lll 
(ARE,III.21 = IFCALC(31*849B.U*CALI~1211/(CALI~(~)*ATTtN(I.iJ) 
CAR~AII.31 = (FCALC(I'*B49d.0*CALI~(3))/«(ALI~14t.~TTtN(I.jl) 

. CAREA ( I ,4 I = (FCALC·(.4 ' *849B 10*CAL I ~ (4' 'I (CAL I !:I (4'1 *AT Tt:.N ( I .4) ) 
U04DJ c l.4 
.\T = SCRTlf..'TTEN(I.JI) 
DO ','J .1::= 1 .i, 
',TT = SORTlATTENII.KI)· 
f~R = CVARI~IJ.Kl.ICAREA(I.JI*AT-AREA(I.J)*AT)*(CAREA(I.~I*ATT-

l I>.RFAII.KI*AT1"1 ' 
4J SU~~Q = SUMSO'~ ERR 

\,R I Tt. I 6.9991 RUN( II. (If..REI,( I .J' .CAr<t.A( I.J II .J=I.4 1 • (AITEr,( I .J' .J=l 
1.41. T I Mt.S .H2SAVt. I I ) .SUM::'lJ . . 

IFI15TEPiEU.21 G6 TO 115u 
IFISUMSU.GT.~MALLI ISTt:.P = ISTt.P + 1 
<;MAL L = !Su'MSO 

1 J ~\(1 CONT I Nl/[ 
lIS I) 

'1'J7 

rONTINliF 
V;RlTE 16.994) 
CUNTINUE \ 
5TO;> 
FORMAT(F7.2) 

<, 

• 



')98 
')99 

7 :11 
5lA2 
~'11 

')<)2 

993 
C) <) J. 

987 

15 
3',8 
348 
373 

;,:1 
,it 
182 
382 
388 
388 
'l'i 3 

393 
419 
419 
'<72· 
422 
477 
427 
',43 
443 
4 '") 1 
4.51 
',6 Z 
',6 ;> 
473 
473 
'.75 
475 

,486 
4tl6 
<48 
<73 
377 
~P7 
lHe 
393 
I. 1 9 
I.? ? 
'.;, 7 
l.I.3 

, " ., I 
'.6/ 
I, "/1 

, I, 7 ,,--

306. 

F'ORMATlI//34H OflJECT~VE FUNCTION AND PMAMETERS.F12.2.5X.5FI2.611 
F ORfA.J\ T ( 1 X • F 4.0 .2 X • 4 ( 2 F 6. 1 .2 X I .4 X .4 F 3. a • 3 X • F 8 ~ 3 • F 8.2. F 15.3 I, .-
FORMAT(//IX.8H AKIN = .8F15.5./9X.7F15.5//1 
FORMAT(215.2F10.31 
FOHMA T (F 4.0.4 ( F 6. 1 • F 2. U • 1 X'. , • ~ 6. 1 • to F 7 • 4 • F 6.3 I 
FORMAT (!>.......-.0.lX.8F7.'2l 
FORMAT(F4.0.6X.F10.4l 

\ 
FOR~'A T ( / I 
FORMAT(IX.~5.0.F9.5.4FI0.4.3(3X.?F6.311 
END 

6400 END OF RECORD 
6400 END OF RECORD 

5 0.386 19,0 
) 

• 

14.71& 31:816 101.41651.2 4 199.1 .2114 .9210 1.788 
250.23-250.11 251.54 25U.'Ib 250.13 25u.d3 
15.916 30.716 51~032, 62.4 2 160.0 
250.06 250.93 251.4Q 250.86 250.40 250.96 
16.516 30.716 51.932.60.5 2 159.6 
250.18 251.00 251.64 250.98 250.54 251.17 
13.316 31.516 41.732 80.5 4 167.0 
249.86 250.69 251.13 250.49 250.23 250.83 
13.516, 32.216 87'.716' 66.3 4 19'1." 
250.13 251.05 251.42 i50~83 250.47 251.05 
24.9 8 2'1.316 78.f16,...----n,.£ 420'J.1 
250.03 252~44'251.32 25~76 250.49 251.00 
24.3 8 bO.38 76.816'" 91.8 4 253.2 
250.81 251.1)0 252.49 ,251.86 '25u.&9 250.98 
25.5 8 30.316 79.316 92.2 4 227.3 
250.6'. 251.76 2'.:>2.20 2~1.54 25u.5'1 25U.86 
22.6 8 29.616 70.416 99.5 4 222.1, 
2?U.23 251.47,251<.71 251.15 25u.31 25u.62 
23.7 8 51.3 8 72.116, 57.U 2 204.1 
25t.b6 252.80 252.63 252.51 252.u7 ~52.37 
23~2 8 51.0 8 70.016 74.6 2 218.8 
251.34 252.51. 257.2?252.1Z 251.13 252.U7 
24.9 8 46.5 8 77.416 31.4 2 160.2 
252.1T 253.63 253.36 25£.~5 252.54 252.83 
27.9 8 41.2,8 40.432' 11.6 2 121.1 
2~2.24 253.'15 253.80 25~.10 252.58 252.'10 

2~1.3,u u.Ou 
.2045 .9238 1.770 
250.57 0.00 
.2077 .9216 1.789 
250.71 0.00 
.207 8 ~'92 06 1.1l 1 7 
250.01, 0.00 
.2051.9223 i.777 
250.35 ·0.00 I 

.2003 .92d7 1.8U7 
250.37 0.00 
.2057 .9233 1.779 
250.96 o.uO 
.2103 .9194'1.79Q 
250.69 U.OO 
.2011 .9279 1.779, 
250.'.4 
.1564 
252.00 
.1545 ' 
251. h 
.1534 
252.44 

1.1.1.10 
.9722 2~303 

0.00 
.9715 2.290 

0.00 
,.9736'2.270 

0.00 
• "752 2-.'242 .. 1.518 

25<:.56 
.1526 18.5 8 38.4 8, 31.032 48.6 2 136.5, 

252.86'Z53.14 254.16 253.58 252.97 253.29 253.tO 
26.5 8 45.2 8 82.516 20.8'2' 175.0 .1544 
252.71 253.17 254.21 253.6d 252.8d 253.14 252.'15 

u.UO 
.9,110 2.272 

0,.00 
.96892.232 

0.00 ' 
1.734' 
2.018 
1.995 
1.562 
1.~99 
1.592 
1.350 
,1.%9 
1 .. 377 
2.844 
2.669 
3.191 
3.755 
3.077 

) 

J '\ 
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liP II iJ • T :"100. . I AN S. 
RIIN (~ ••••• ;6000 j 
',I. T IM)F • , . ,'- ~ 

RFDUCF,. 
LGO. ,. 

,64UO ENO OF R~CORD' ~ 
fJRUGRAM 'r S T 'I I NfJU T .OU Tf' U T • PUNCH. T APt. 5" io'WUT • T APL6 =0l/TpUT .r "I-' t:. 7 =fJU,,< 

JCH) 
( EXPTL OES.IGN FOR ESTIMATION OF KINt.Tll PARAMtTt.KS IN f'MCKtu tt.U 
( SHAW JUNE 3 1971 
( 

c 

( 

( 

r 

, -
lUMMUN/6LKI/C"'(5)~AAI13).RtS(;LTI3'.RCC.RT.HT.FC"LlI51 
UIMtN~ION XI~.~~.1~ •• APKI~~11~.'~13K"I)UI~L0"OMMXI'~I.~I~~,,(j.3I 
UIMEN~IUN UtLA(13).SAV~(31.STURtllq.l~I.STO~t.21~.I~j.STU~tj(3.r~/ 
ulMENSloN ~(144).VARINUI41.IRANUIl~/ ' 
DATA AA 156.921. 54.264. 37.291., 16.496. '7.70~. 16.267. 1~.18d. 

J 7.051. 1.965. 2.48. 46.516. 12.577. 2.007 1 
DATA DfLA 1 .0002 •• OQ1\ .001 •• 001 •• 005 •• 005 •• 005 •• 005. 

J .02 •• 03 •• 006 •• 02 •• 63 1 . 
OATA SIGMA 1 1.62UOij~ .0./8373. U./LI0b. 0.7dj7j,' 0.6~q49. 0.4q~bj. 

1 U.72106. 0..4496). 0.87011 ., 

DO 20 J= 1.13 
20 DELAIJ/ = AAIJ/*qELAIJI 

HT = 19.0 
IIRFII = n."IIlf> 
CACTIV = 3.1 

"'StJM = NExPTS 

'/ 

DO 3000 M2=I.NDSIGN 
• CALC FRANDNIRAND.320.IRANDIM2

" NRAND ,;,~-l 

~SUM = NExPTS + M2 
AMAX = 0.0 
NNPICK = NPICK 
DO 2000 Ml=I~NNPICK 
~RAND= NRAND + 1 
"flhND = 4*NqAND 
rlC~ INDEPENDANT VARIARLE 

, . 

VARINUII) = 485. + INTI41.U*RANUIMRANU+II/ 
VARINDI21 = I.u ~ 0.1*11NTIlb.U.RR"'UI~~A~u+21" 
VAKINU(3) = u.O + INTlb.0*WANUIMR~NU+311 
VAR,INC,!3) ,- 0.0 
VARIND(4) = 3.0 
PRfSS = 1.05 

+0.1*IINTI31.0 i RANDIMRAND+4 111 

RT = IVARINDIII~32.01*15.0/9.01 + 273.'1-

• 



uce = CACTIV*(B2.0b*RT*AR~AI/VARINU(21 ~ 
HT = flT*I.99 
~AVlN4 = (PR~SSI/(VAkINU(31+VI\HI~u(41+1.01 

•. SAVCNI = VARINU(31*SAVCN4 
SAVCN~ = VARINU(~I*SAVCN4 l 
(NIII = SAVOII 
eN(?) :: {l.O 
(N(~) = M.n 
CN(41 = SAVCN4 
CNI~I = SAVCN5 
'CALL REAC5 

l WRITLlb.9971 RlSULT 

l 

SAVEl II = RESULT( 11 
SAVE(21 = RtSULT(21 
<;AVF131 = RESllLTI31 
DETERM = U.O 
IFISAVEI21.GT.O.OYI GO TO 2~0 
NNPICK = .NNPICK + 1 
IFINNPICK.GT.BOI NNPICK = BO 
GO TO 42B 

;> ~, () IJO 30 U M 3 = 1 • 1 3 
IFIM3.EU.5. 1 GO TO 30U 
W~·· = "1"1 
lFIM3.GE.51 N3 = N3-1 
IFIN3.GT.NPARI Gu Hi 
(N I I I = SA!JCNl 
CNUI = O.U 
CN(31 = O.U 
CNI41 = SAVCN4 
(N I 5 ) = SAVCN5 
<;AVFA = AAIM"II 

31~ 

AAIM3) = AAIM31-+ OELAIM3) 
CALL REAC5 

.. 

wR 1 T E( b .• 997) RESULT. ":'\. 
Xll.NSUM.N3 ' = IR~SULTlll-SAV~llil/IAAIM31~SAVlAI 
XI2.NSU~\.N31 = IRESULTI2 1-SAVEI2 11 /IAAIM31-SAVlAI 
XI3.NSUH.N31 = IR~SULT(31-SAVEI.3I1/(AAIM31-SAVt:AI 
11111"1"11 = SAVFA 

,,;r CaNT INUE 
'1'1 CON1·INI:JE. 

( WRITElb.999Ul 
l· DO 3?01=1t3 .> 
c· WUI TUb.99921 IXII.NSUM.KI.K=I.NPARI 
C 1"0 CONTINUE 

IJO 3~ Ll=I.NPAR 
DO "IBO ~2=1.NPAR 

'H~ XPRIMX(Ll.L71 = o.n 
DO.'+;>O Ll=1.3 
DO'420 L2=1.:> 
DO 40U L3=1.NPAR 
IJO 40U L4=1.NPAR 
Tl R~1 = O. C 
IJlJ 1)90 L5=I.NSU~\ 

I') .. Tlf~M = Tt:RM + XILl.L5'L31*XILl,L~.L41 
TFR~ = TER~'SIG"1AILl.L2' 

'+1 (I XPllli'\XIL3.L41 = XPRlr~X(L3.L41 + T~I~M 
,.(1) (ONT INUE 

308. 

. ,-



l 
( 

( 

W R I T E( 6 , 9'1'10 I, 
LJU 410 I = 1 , NP All 
WRITlI6,9'1'1Z1 IX~RIMXII,J"j=},NPAR' 

C 'I 1 0 
( 

CONTINUE 
~:fllTEI6,99901 

~ = 0 

/ 

( 

LJO 42.6 I=},NPAR 
DO 426.J=},NPAR 
K = K + r 

476 dlKI = XPRIMXIJ,II 
. ctill DETER IB,DETERM,NPAR 1 

4i&, \·lfn TE I 6,99971 /l,Z ,Ml ,VARINi.ltSAVE,DtTERI·' 
WRITE16,99851 ' 
IFlbETERM.LT;AMAX) GO TO 2000 
A"AX = QETERM 
STOREl(l~~'2' = VARINDI}' 
STORE}12 MZ' = VARINLJIZ' 
STORE}13, 21 = VARINDI3 J 
STORE}14,MZJ = VARIND(4) 
DO 430 J=},3 
DO 430 1= 1 ,NPAR 

'130 STORE2(J,J) = XIJ,/l:SUM,II 
DO 450 J=I,3 

450 ~TORE3IJ,M2) = S~VEIJI 
tvvU lONTINU~ 

I:lMAX I 11,21 = AMAX 
LJO Z050,)=},3 
LJO Z050 i'=},NPAR 

70',n X (J,NSu~~.I) = STOREZ IJ, II 
WRITEI7,999Hl M2 
LJO Z100 1=},3 
WRITEI7,999'11 IXII,NSUM~JJ;J=}.,121 

n "u CONT I NUE 
LJO? 2' U 0 I = 1 , :3 
WRITEI6,999ZJ IXII,NSUtI"KJ,K=},NPARJ 

nnn cONTIN!JF 
·noo CONTINUE 

" 

I-iRITE'16,9985 1 / 
DO 3050 J=l,NDSIGN . \ 
Flaw = S.TORE1(Z,J)*(539 •. 0/ISTORtOlI1,Jl+400.0J '*1.05 
C4 = FLOW/ISTbRE1(~,J'+}'0' 
HZ'= FLOW - <4 ' 
FlOwl = 5u.U/FLOW 
FlOW2 = 40.0/FLOW 
FLOW3 = 30.0/FlOW 

309, 

wRITEI6,9'1951 ISTORElll,jJ,I=},4),ISTORE311,JJ.I=1.3,,~MAXIJI, 
" ' 

c. 
( 

I FLO~",C4'H2.FLOWl.FLOW2.FLOW3\. .' . 
, ',,; CaNT INUf J, _ 

. ',IRITEI6,99851 
DO 3100 1=1.3 
LJO 31(j~ J=I.NSUM 
~RITEI6;9'19Z) IXII.J,K),K=l.~PANI 
v!RITfI(,,9994) " ' 

STOO 
~~7 FORMATll}X~3FlO.6) 

'-



c 
c 
c 
( 

c 

C 

\ 
) 

, 
Q9R', FORtJATIIHI J 
9<)'If) rORI'ATI/) 
99'17 FOR~ATI12Fll.,J 
Q~9~ FORtJATI214,F7.0,F6.2,2F5.1,3F7.3,Ell.3' 
9'1'}4 FOR'1ATIIIIJ 
'1~y~ fORMATIIX,4F7.2,3Fb.3,EI6.~,6Fd.41 

310. 

9'196 fOR~ATI15,3X, 34HEXPENI~ENTS HAVE "LR~AuY c~EN UU~EI 1~,jX, 30HE 
lxPtRIMENTS ARE 10 UE UESIGNEU~ i~,3X. ~9HPOS~loLE PUiN1S ~iLL bE 
2 CHOStNFOR EACrl EXPT TU u~ ~~Si~~~UI 15,3X~ ~'HPMRA~ETEHS A~t CU 
lNSIDERFf)IIIJ 

y~91 FORMAll 1214,lX;4FIO.3,5X,3FIO.1,~X,Elb.6' 

099~ FORMAT(1615) 
9'199 FORMATI4E2U.~) 

END 
SUUROUTINE REAC5 
PA~KED BEU REACTOR MODEL FUR EX~TL UESiGN, 

AND FOR THE PARAMETER EST~MATIUN STER 
CONS T ANT PREE~UR'E lJ'lfEGRAL REActOR 
MODIFIFD SHAW JU~E 1 1971 

FUR PAk ESTIMATION 

" 
COMMONJBL~r/CNI5L,AA(13),HESULTI31.RCC.RT'rlT.FL~LLJ5' 
UIMENSION A113J· , 
UIMENSION L(5),ClI5J,UCI5I,C21".Cjl~"L415' 
UIMENSION CNl(5),CUXI5)~EPSLI5',LiNI5) 
DIMENSION TRMAXI5j,TRMINI5 1' 
DATA TRMAX I 5*1.0E-61 
DATA TR~IN I 5*1.OF-8 1 

A I 1 ) 
AI21 
A13) 
A(4) 
A I 5 ) 
A (6) 

= 
= 
= 
= 
= 
= 

AAll)*10QO.O 
AA(2)*10oo.0 
AAI3 J*1000.0 
AA(4)*1000.'0 
IO.0**AA\51 
10.0**AAI61 

A 17) = IO.O**AAi71 " 
AlB) = lO.0**AAI81 
AI91 = AAI91 
AIIOI= AAIIOI . 
AIlll = AAIlll*1000.0 
A'I121 = lO.O**AAll21' 
AIl31 = AAI131 
FIX = 0.9 
CRR = RCC*AI51*EXPI7AIIJ/RTI . 
CRPI = RCC*AI61*EXP(l-,AI2 1/RTI 
CRf2 = RGC*AIl21*EXPI-All)1/RTI , 
CRP2 = I.O/I1.0+A'171*fXPI-AI3'/RTII 
CRE = 1.OIl1.O+AI81*€XPI-AI4",1iHII' 
KNEG=u 
KFIN=O 
NK=O' 
Y=O.O 
DY=0.5 
I-;OCmlP = 5 
NEQ=NOCO~P'" 
IHALF=O 
JHALF=O 
NS\~IT,=O 

.' 

, 

" 

'. 

'---.. 

• 



C 
( 

c 

¥RrT=1 
" CONTINUE 

DO? 1= L. NEO 
'> (INIII=CNIII 

1 ') (ONTINUE 
DOlO 1=).NE(l 
( I .. 1 =C N ('I I ' 
N=I 
GOT04UO 

:k CONT I NUE 
DO 40 l=l.NE(l 
( I I I 1 = DC ( I I 

loll CIII=CNIII+ClIl)J2.0 
N=? 
GOT0400' 

'>(1 (ONT"INUE 
D060 I=I.NEQ 
(21 II=DCI II 

6e CIII=CNIII+C211112.0 
N=3 
GOT0400 

7[) CONTINUE 
00110 I =f.t1EO 
C3 I I 1 = DC I I I 

Rt: (111=CNIII+C3111 
'N=4 ' 
GOT0400 

QC '(ONT I NUE 

o 

C AT THIS 'POINT' 4 RUNG KUllA STEPS HAVE ~ttN FINISHU> 
DOr~O l=l.NFO 
(4111=DCIII 

Ieu (NI I II=CNI I 1+lel I 11+2.0*C21 I 1+,.0*C'-311 1+(.41.1) 1/6.0 
IFtNK:"')l 110.130.15U 

I Iii DY=DY/2.0 
NK=l 
00120 l=l.NEO 

J?:I (DX II 1 =CN ill 1 
GOTOI0 

1'n DOI40'1=I.NFO 
14,1 ('NIII=(N'll1l 

Y=Y+DY 
I(RFT=2 

II.~ cONT INUE 
Y='I'-DY 
~~K = 7 
GOTOI0 
CONTINUE 
00160 l=l.NfO 
CNIII~116.0*eNllll-eDXIIII/1?~ 

DY=DY*2.0 
NK=O 
Y=Y+DY 
~RFT=3 

~hl. (ONTINUE 

,,' 

,. 

r 
311. 



IFIKFINI165.165.280 
16', If' IY-HT I 1.70.250.250 
Ill; OOIBO 1=I.NEC) 
Ill" U'5L I I 1=IAIiSIClJXI I I-CNI I I 111115.0 

DO 171 1=I.NEa 
IflEPSLl1 I.LT.TRMINI NCOUNT=~CUUNT+l 
IFIFPSLIII,.LT.TRII,AXI GO TO 171 
~!(OlJN T = [) 
(,OT0209 

171 CONT I NIlE ' ,~ 
1~IN(OUNT-NEO)175.176.176 

11'.1 N(OUNT=O 
IHALF=O 
GOT0230 

In NCOUNT=O 
GOH1;>2[) 

l09 CONTINUE 
C STEP SIZE MUST liE HALVED 

DO no 1=I.NEO 
?Iu CNIII=CINII I 

Y=Y-DY 
OY=DY/2.0 
IHALF=IHALF+l 
\FIIHALF-IOI31~.320.320 

'?O NSWIT=l 
WRITE16.3211 
GOT0500 

'l10 CONT INUE 
GOTOIU 

no OY=OY*2.0 
IHALF=O 
0,0240 l=l.NEO 
CINIII=CNIII 

?40 
( 

CONTINUE' 

( 

'c 

TH~ CN ANlJ CIN VALUES 
IFICNI41.GT.0.OOOll 
CNl41 = 0.0 
iFI(Nl3I.GT.O.OOOll 
CNI~1 =,' 0.0 
IFICNI21.GT.0.OOOll 
CN!.21 = O.U 
GOT0280 

CONTINUE 

. . ' 
AK~ THt FINAL O~ES 

GO TO 10 
GO TOIO 

(,0 TO 10 

AT TH~ l:.NIJ uF A 

( ,THIS lS T~E L~ST'CALC. )T STUPS THE INT AT EXACTL~ HT 
IFIKFINI 260.260.280 

" 

KFIN=J 
Y=Y~DY 

KRET=4 
CONTINUE 
OY=HT-Y 
DO 270 l=l.NEO 
C NJ II = C I Nil) 
GOTOIO 

I, (lL CONT I NUf' 

312. 
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1)()ldO l=ltNEQ 
111l( 1IIItlO,430,430 

.Ii' (ONT INUE 

.• 11 

'1'11 

1 .. ,) • 

,NE(,= 1 
«()~T I NUF 
IIIKNEGI 460,460,440 
IJY=I!Y/;>.lJ 
JIIII\r=,JHAlF+1 
IIIJHAU-IU I 330o:-\40,340 
N~'I,IT=I f 

Ii I~ I TF ( 6 , 3 ''1\ 1 
C,()T()~LlO 

'" (ONTINUF 
"'~II' r,: 0 
(.DTOIl! 

«lNT INUE 
.IHIILf~O 

313. 

t , , I . 
~ , 

) • 
L 
I 
I 
I , 
~ . 
I , 
I 
~ 
) '. 
L 
• 
• • 
~ 

• 
l)IHU<lNTIAL EQUATIONS ( 
1)(IIt! = -()Y*CRA*C(4)/(C(~,l**A(<)11 '/' 
1)( 111 = (-f IX*D( (41-DY*Cf<Pl*( (31/ (C (51**A (~011'1*(f<P2 

) , . 
l 

DC'I ? I = (.:. ( 2. O-F I X 1* O( ( 4 I -O( ( 3 I -OY * (RE 2 *( ( 2 I I ( ( ( 5 I * * A ( 13 I I I *c f< E 
IlllII = -4.U*0(41-3.0*0(3 1-2.U*U(2 1 

• 
'- • 

l 
D(I~I = 3.0*0(41+2.0*0(3 140(21 ,< : ' 
GUTO(3U,~U,7U,~U),N 

• 
,'i' ' (UNTINUE 

FINAL CALCULATIONS • PROBLEM IS SOLVED ~ 
I INIIL VALUES fiRE (N( I' 
ADD = 0.0 
DU 2!l1 1=I,NO(OMP 

,tl\ i\LJu = AUU + CN ( II 
I>02901=I,NO(OMP 

" "" I CAL « JI = C N ( I II ADD, 
~lAC = 0.25*F(AlC(I) + 0.5*FCALC(?1 + 0.75*rCALC(3I, 
IHSUlT (II{ = RFACIlREfI(+F(AL(4 11 

"lSULT(21 = FCAL(21/REA( ( 
"Fc,lILT("3) = F(ALC(31/f<EAC ' 

'l 'CONT,INUE 
'I<,l TUI<N 

','1 IUR~IAT ( IX, 19HIHALF co 10 ,RETUI<N' 
"I ,fOR"IIT ( IX, 19HJHALF = lp RE:rURNI 
"'" f,()R~'AT (IX,FIO.3,6FIO;,5,FIO.31 

F N.n 
h4Ull END OF 

II 17 15 12 
"1012.14 

-".vl> 1~3t:!6~37E-OI 
".J I I> 14 <'7656[-02 
~.n!.~SAOA486E-01 

-'. "{,6649"6 l1E-02 
1.1Y"92b1511E-01 
,'.~~()U03b239E-~2 

j .!)1{j4DU~OI[-UI 

-'.4UU4~022~u[-Ul 

RECORD 
• 

16 Jll 21 23 
-1.11114b271946E-02 
9.15~d45~942E-U2 

-7.92800335921'-04 
-4.4~55685~4bE-0~ 

1.01835634161'-01 
8.852~485809E-U3 
k.2bI630V~42E-Ol. 

-3.U4~YbJl~51E-Ul 

• 
" , 
, 

" 
, 'it 

S ~ 
! 
S .. 
L' 

• 
I , 

I; 
• , . 

25 27 29~. 30 32 31, 3b 31:*" 
-3.682b4475~ ~-02 '-2.0Y84753Y62L~0~ 

5.0'50116888 E-02 2.17538533841:.-01.1" 
2.9158113222 [-03', 4.181235~065L-04l1 

-4.0841062211E-U2 1.36234~6011L-OU 
-3.26598870~3E-ol 1.1461480287l-0~· 
'-3.223d693425E-U2 -5.5734761J471:.~O~i 
1~2196037083E-Ol 1.214153337bL-U~ 

-l.'nbYllO'J~4L,-U£ -:h ~U5,)81:114~l-OL; 
, i 

1·: 
tt,; 



_ 'I. /? 0 2 I I, 3557 [- U Z' 
_b.OI91l94110l-U2 
~.h4717A77~8E-03 
H.(1944433870E-U~ 

-',.II,I,76370711E-03 
I. lJ..'J'j!/J UF19 0L -O? 
j.!j44~413jhE-U2 

b.4IU/~UH136E-U? 
-1.9jj6105UH~E-UI 

-4.y!&()1167 7UE-07 
-1.Y?'.A21240HE-or 

, ~.4?h?49741RE-01 
1.:"UH6426150t-04 

-4.4602776867E-03 
4.~648934507E-U2 

, j.&YY9127370f-03 
1.ltl'OtlI2731E-C2 

-1.4111679677E-Ol 
-B.?1l19479'14E-U:1 
-4.q~~73U72125-GI 
':".lI2495974U[-~2 

9.1~H5165263f-03 

-3.&2H90&513~tLu2 . 
1.iOllljb3UJ6t-ul 
2.~YY9314R20E-02 

1.?77()241609f-Ol 
-3.4tl7!Ob,3507E-UI 
-1.43B990~092E-OZ ' 
-1.8623591476E-Ol 
').l006b&~17\l[-,O:'l \ 
1.UOtl4'iHl'34E-U~ 
-H.~H56~64745L-03 

6.4360522191f-02 
8.1477899477E-03 
? .S·I06676/'f80E-t'2 

,-1.6650tl4d277E-01 
-2.1038963419E-OZ 

4.7~3H219307E-04 
-l.143~3~0~13l-0~ 

7.767S055293E-03 
-1.7423331231E-04 
-7~7614630510E-02 
1.953l266~'t5t-02 

l.H 11b.~4H02~t-u~ 
l.1356141~1£t-01 

-1.145073665~E-UI 
6.2~49166294E-U4 

-1.9915996225E-03 
~'b~649852E-02 

-9.2 7118H170E-O' 
-1.72 ~6166E-02 

1.2835833139E-Ol 
4.2523~251H7E-03 
5.2~931~32~6l-0~ 

-3.9949566368E-Ol 
2.1~337794H9E-0~ 

-1.9211315:J54E-02' 
~.2317ti14Iti2E-u~ 

-8.244593%57,E-04, 
-4.564UtlI67H2l-0£ 
~.tl~~llj~o03E-0~ 

9.3021755949E-ag 
1.315421586/.E-Ql 

-2.988~274049E-OI 

5.1986411567E-04 
-3.3803803190E-03 
3.~~6611~80uE-0~ 

-1.202U490~~2E-~ 
-2.4111618~6E-02 
1~42500429tl5E-01 

3.6590932207E:03 
6.2371348479E-02 

-3.7272310074E-OI 
3.5997110593E-05 

o. O. 
U. o. 
O. 0 ~ 
1.&~91UI342~E-OZ -1.1~6~2tl123hE-ol 

-~.72~5943300E-U3 -2.2364119430E-U~ 
1.2192885945E-03 6~1080758567E-02 

I.RB4~325338E-02 6.6933328024E-02 
-1.2838056436E-,01 4.9781008n,5E-02 
-4.:"326572314[-02 1.7820309395E-U3 
-j.GUI236792(i[-01 -7.3641513862E-u3 

1.<J:"9'!4J:H1l30[-U2 2.~132~412u2E-u£ 
. :'.?Otl9720185,E-03 -4.0688481184E-04 
-1.l'19234HOlE-02 -4.1593209U97E-Ul 
l. r 823927?94E-I)1 6.2671408130E-U~ 
1. 1,11 ?84A4S9E-02 1 ~ 3'620325927E-02 
1.'!'!43l6nI9E-ul 1.33031156662[-01 

-'~4b93'!95703E-~ -7.2026834560E-Ol, 
-I, .(.&45:"&0217E-02' 4.1086313526E-:;04 
-~.l,2'4613483E-OI (-1.3~'/o9'(j9tl9E-lJ~ 
'.(,tl~3b7074JE-02 8.42B4255354E-UL 

( 

-1.1520846054l-03 
-3.1611001~64l-0' 

6.2143180299E-03 
6.4120BOOH92[-04 

-7.1411507481E-03 
-3.37b9542U27l-01 
-b.u2b310H306l-0~ 

4.~056H7047't-0' 
-2.2U277844b6t-02 
~~.334&564009E-u3 
-1.Ob36H66?OOE-02 

1.1!<>7B892644E-U,2 
3.4401643640t-U4 

-5.1626764191[-02 
-3.2553933141E-01 
-1.~785947524E-02 
'l.b066407507t-UI 
-2.6461607477E-03 
-B.1179929279E-05 
-3.6397023332l-0~ 

~.065:'7?Od3ll-0L 

, 3.0325536U33E-03 
-3.94174~7505E-0' 
-3.£~OloY~~U'!~-Ul 

-3.3866B06608E-02 
1.1953014065E-Ol 

-3.09895606B7E-02 
-1.9166315541E~03 
-1.3811196553E-02 
1.~IU~b?19£bl:.-O" 
4.4247£945751:.-04 

-5.6680320500l-D2 
-2.9111834003E-Ol 
,~1.3405549143E-C2 

1.4873853221E-Ol 
-4.3974779711E-03 
~1.3242641364E-04 

O. 
O. 
O. 
u.~2u9266161l-u3 

-2.46BI39411~OE-Ol 
-1.9952752497E-ol 
-1.933733830BE-02 
-,1.8045317984E-Q2 
-6.0638584309E-03 
-1~18913505b8E-02 

1.8421b832 7 ~l-.o2 
1.4921576503E-03 

-2.463u57~676E-02 

-3.4476647521E-01 
-4.9372638440E-02 
6.661900B567~~02 
-).611651562~E-02 

-1.5101846425E-03 
-3.31ti03~71~9E-c2 

4.Z114031023E-02 

, I 

314. 

-2.5353747864<.-(j4. 
-~.5~714~bHOOL-Oj , 

2.0518662U23t-02 
7.436H97'ic:.13L-0? • 
1.376'il0567 JL-OI ' 
1.451146161.7L-C:' 

-'i. 'I .. 145:' ~ d ~ t) C - 0.1. 
b.9 7 5b04'i 7l tl" -0 ~ 

-1.53U~~75~~~L-L£ 

-2.70670?U~~~L-04 
-4.762jtl045~2[,-03 

4.9047697651L-82 
I. 332 .. 2 4 5 54 1 L -0 ~.', 
1.35157?2647E-ol 
~.9~38263464t.-04 

-7.347o~l7767~-0~ 
I.U~bb?0654tl<.-Cj 

- 7 • 't; 2 5 64 5l 9 9 J ~ - 0 I,' 
~3.2002968730l-06 

-2.1040~1851~L-0< 
2.1~64~~,,:;.,~,,-lJl 

4.36/'!0Iltii~'t.-0~ 
1.37154097'>Yc.-Ql 
1.'lbb'??Uo~",t.-0.: ' 

, - 5 • 8 Ill, 2 1 0 5 3 7 8l- 0 3 
1.2801986 /'43E-02 

-4.0&664£~~'>1t.-O~ 

-2.782145469it-04' 
-6.36~tlU37742t.-03, 
l,.10~00uI3~/L-Ol
j.<JU4,,,bb 7') Ic.-O:>·' 

,1.222464593'>L-Ol 
1.565~255b66E-03' 

-1.3b94144ge5t.-03 
1.8410281690E-03 

-4.b25425434~~-03 

-1.2012104235t-0? 
O. 
O. 
O. 
9. ';13511 pl33Lu-u, 

-5.9~44j8"41't.-O 
-5.1969809790t.-0, 
~.3511109644E-03 

-7~255291577dl-O; 
-1.4067449476t-0~: 

-7.b4~~655bO"'t.-O~' 
7 .·303bl4844jL-~' 
1.372tl530?41t.-C':' 
1.4274~?9065~-OI 

3.3BB'>ti752~lt-0> 
-5.34btl335305t-03 I 

7.483006BI35l-03 
-1.52~251796bt-OL 
-1.397371253~t-04 

-1.7?IO~dil11t.-J~, 

1.987387020?~-01 

.' '" 



~.H46416~6~9E-03 

_2.~H?67794e1E-02 

~.~4H4~1~6H4E-02 
1.~U~2tltl04~OE-(';l 

d.HI4~44130~E-02 

-/.11211210627E-OI 
- ~ • -n () B tl 1 0'4 7 '> E - 0;> 
li. 

O. 
~. 

l.r()1~34tl?BIE-(';2 

-~.uG31171720E-03 
-~.24381~890IE-03 

(l. 

o. 
o. 

-2.&169794122E-OI 
~.r36074691?E-02 
1.49~66~4760E-02 

-~.!)1167191~6E-02 

1. '1 U2334UOE-(J 1 
4.3964896424E-02 
2.46~ltl498~7E-OI 

-4.9620125244E-Ol 
-1.49~8649797E-Ol, 

-~.9397112B64E-Ol 
3.1422444346E-u2 
4.701249964~E-03 

-2.233IU?ll3lE-02 
9.31'3862470IE-02 
1.&1359l1261E-02 
1.~~59283640E-02 

-2.624782282?E-Ol 
-4.6920217342E-02 

. END OF FILE 

-5.526tl82568~E-04 
-3.7387208694£-02 

1.128:1497570£-01 
7.1443350091t-O~ 
1.059ju604tl6E-01 

-3.3066432669E-Ol 
2.63426~6456E-04 

O. 
O. 
O. 
4. 025'1l91E-03 

-2 891021897~E-03 
.5585653991E-02 

, O. 
O. 
O. 
2.2834515650E-02 

.2714308606E-02 
-1.7986645711E~03 
-5.5315022269E-U~ 
4.0?39~60837c-02 
1.8164063855E-02 
1.9174570324E-Ol 

-1.0945107226E-Ol 
2.3876158919E-03 

~1.159(,;135020E-oi 
7.7810369383£-02 

-4.6601418456E-04 
-3.496403d031E-O~ 

1.1700719303E-Ol 
6.~tl3~271u55E-03 

9.8468303448E-02 
-3.3921248788E-Ol 

2.0446376213E-04 

2.0369923832E-03 
-4.5213798943£-02 , 
-3.2199325243E-Ol 
-2.61191621b3E-Oi 

1.32271.60072E-Ol 
-1.9441001546t-02 
-9.120558~991E~04 

O. 
O. 
O. 
9.5tl61606560E-04 
4.1 ~-l7568 79E:-02' 

-5.5402363178E-02 
O. 
O. 

, O. 
-2.5649911753E-02 

4.8875878243E-02 
4.7665876865£-03 

-1.6756491100E-02 
-3.4b?lb2b£bbE-Oi 
-6.5857727379E-02 

7.6422008528[-02' 
-8.8117196484t-02 
-6.8781161957E-03 
-3.0649292305E-02 

3.7893429740[-02 
1.7181004154E-03 

-4.6860811454£-02 
-3.1949409075E-Ol 
-2.409£~OjdbiE-0~ 

1.3567062095E-Ol 
o 

-1.6102978811E-02 
-7.54516·r1298E-04 

1"'1 . 

315. 

2.6368810568~-04 • 
1.3436710831lt.-Ol 
7.42605334~Ut.-03 

-4.03Ujd791l~'~-Q~: • 
1l.0:>511'+417b4t.-03 

-2.5086021821 L-'O" 
-1.270006352~L-04 

O. 
O. 
O. 

-1.656425~d?Ot.-0£ 

-4.66255762461:-03 

l 

-7.820b427576E-0': I 

O. 
. !. O. 

O CO' 
• I , 

-2.027743231~t-02 

1.432H280900t-Ol· 

i:~~~~~~~~~=~=g~'· 
£.1:>u~~£1411'L~O~ , 

-1.63238527791:-02 
3.59305~37:>?L-O" 

-1.0513624931~-Cl 
- I 

-1~?16533961L-03 
-1.~7663678~~I:-OL 

1.85418651?tlL-Ul 
2.0955770868l-0'+ 
1.333795~07)~-01· 

5.98236091dOI:-O; 
-j.4b65954230L-0~ 

6.6785483877~-03 

-2.002159256~I:-OL 

-9.2879955047~-O~ 

( 
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APPENDIX J FLUIDIZED BED REACTOR DATA AND PROGRAMS 316. 
~ 

'), Jr,] OFG.F. S C F "'" N RAT.! 0 <1FD Sl S2 53 CONV. 
~ 

4B2.9U 6.U5 4 6.488 77.0 2.7':>9 .2., 1 .233 51.25 
? I,U<;.18 6.J7 4 6.48U 77.0 - 2.913 .214 .21 'J 52.55 , - 4tl3.93 6.lJ6 4 6.48U '/7.0 2.Bl,4 .2':>5 .215, 52.57 
I, 1,'jH .64 9 • ..)1+ 4 8.85\! 77.0 3.036 .162 .213 I 53.42 
'. 4<)8.,(, 9.01 4 8.8<;8 77.0 2.928 .217 .213 53.58 , 
(, 1,8',.99 6.07 4, 6. 1,88 77.0 2.859 .248 .2'15 52.50 ., 1,8" .. 23 6.06 4 6.',88 77.0 2.B51!' .246 .217 52.76 
9 46B.U5 6.06 4 3.949 77.0 J 3 • 0n .20B .164 50.00 

lu 482 ;9B \ 6.05 4 6.4BtI r, • U 2.UI0 .263 .221 52.92 
I 1 483.- 16 6.05 4 6.4U8 - '17 .0 2.B34 .259 .216 53.07 
12 499.25 9.08 4 4.036 77 .0 3.513 .1,14 .OB7 59.04 • 
II, 4B3.91 6.06 . 4 6.4B8 77.0 2.869 .241 .217 53.81 
1 S I,A1.1? ,(,.Os 4 (,.4AR 77.0 ;>.816 .268 .216 53.23 
II, 498.?5 6.1'; 4 6.488 77.0 3.193 .179 .149 62.05 
17 499.34 6.U7 

~ 
4 8.5A8 77.0 3.037 .222 .173 62.55 

18 ',99.78 6.U7 4 8.588 77.-0 2.966 .245 .182 60.77 
19 484.31 6.U6 4 6.,488 77.0 2.813 .269 .216 55.03 
':0 484.7B 6.07 4 ,6.48tl 77.0 2.B57_ .247 .217 54.35 
?l 468.08 9.13 4 8.946 77.0 1.8'51 .252 .51,9 ,30.54 
?2 468.65 I 9.14 4 8.946 77.0 1.821 .296 .529 31.22 
7'l 4B3.99 6.06 4 6.488 77.0 2.810 .273 .214 53.66 
-:Jt. 4A"I. ?l 6.n~ 4 (,.4A8 77.0 2.812 .277 .211 53.86 
2 " 499.85 6.22 4 3.911 77.0 3.526 .• 1-15 .082 65.30 
n, 483.44 6.06 4 6.480 77 .0 2.837 .267 .210 53.40, 
2'8 482.7U 6.05 4 6.488 77.0. 2.811 .26,4 .220 53.49 
79 468.53 9.11 4 3.962 77.0 2.703 .249 .266 42.97 

,-W 468.;)6 9.11 4 3.962· 77.0 2.534 .279' .303 42.45 
,1 4B4.01 6.06 " 4 6.48B 77. a ' 2.86'6 .264 .202 54.48 

" 467.38 6.17 ,4 8~70U 77.0 2.099 .279 .447, 39.56 
'4 467.88 6.17 4 8.700 77 .0 2.176 .216 .481 37.21 
"'i 483.35 4.14- 4 6.39U ,77.0 2.827 .287 .199 47.18 
16 483. ~8 4.14 4 6.39U 77.0. 2.943" .229 .200 47.26 
37 483.61 5.96 3 ,7.340 77.0 2.099 ~450 (J.OOO 26.53 
-18 483.83 5.97 3 7.340 77.0 2.331 .335 0.000 22.94 ,9 4B4.27 5.97 3 7.340 77.0 2. 064 ,.468 0.000 2,.61 
,," 48'3.87 6.12 2 6.019 77.0 2.000 0.000 0.000 3.86 
1<] 482.81 ('.12 2 ('.019 77.0 2.000 0.000 0.1)00- 4.0') 
I, ? 49',.58 6.19 2 6.019 77.0 2.000 0.000 0.000 6.53 1.,"- <;()4.05 (,.;;>5 2 6.019 77.0 2.000 0.000 0.000 10.06 • 44 484.20 6.U6 4 6.488 77.0 2.887 .240 • 211 53.19 
4 " 484.25 6.06 4 6.488 77.0 2.770 '.282 .222 53.86 

'1s 500.07 6.16 4 6.48B 77.0 3.503 .080 .112 65.6.2 
484.66 5.94 4 5.170 77.0 2.830 .273 .208 51.89 

;) ~I 485.56 5.95 4 5.180 77.0 2.817 .265 .217 52.05 
, 1 4R5.30 5.94 4 S.210 77.0 2.8;>9 .269, .211 52.45 
"-, ? 4R"i.98 5.9? 4 5.180 77.0 2~846 .266' .. 207 52.51 

,s 1 ,01.79 6.0<; 4 5.290 77.0 3.079 .211 .16p 60.87 
'4 502.34 6.05 4 5.160 77.0 3.0B7 .215 .161 61.73 
s ") 515.26 6.13 4 5.300 17.0 3 .. 287 .183 .116- 67.77 
'oS 515.07 6.13 4 5.300 77.0 3.299 .177 - .116 66.10 
"7 ')29.6U p.22 4 5.301), 77.0 3.472 .144 .080_ 73.72 
'. p S?CJ.68 "ill' 5.'"0 n.o 

3.5Ql .137 .075' 74.23 
:-,-(; S?'I.hO 6.?? 4 ?300 77.0 ~. 5001 .140 .01'3 75.3R 
r, 1 4RS.1h 5.9<; 4 5.~OO 77.0 2.864 .251 .211 50.14 
~ " 484.20 5.9 4 ~.lOo 77.0 2.,8'13 .257 .197 55.36 , 

*The mi mum fluidization is ca. 0.6 scm. Il'owrate at 
, . 
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. 
(I I, I~ R I, • A q '>.,)4 I. "'.~OO 77.0 ;>.87;> .258 .204 55.<)3 
I) '") I.A~.72 h.?h 4' 11.000 77.0 ' 2. 1.(0') .292 .117 4'1.04 
('h 1<1'4.'>8 h.2" " 11.000 7.7.0 2.1.07 .296 .314' 48.75 ' 
1>7 Ilfl?79', 6.u2 4 2.bBD 77.0 3.509 .107 .09;/ 51 .81 
I. II . I~ R If .6 U (0.04 4 ,20(07n 77.0 3.599 .OB,) .077 59.2<; 
(I <} ',87. ld 6.U2 I. 2.bBO 77 .0 3.577 .092 .(JOD 57.88 
7" ',Il?76 6.02 '. 2.b8(J 77.0 '3.?51 .097 • OB5 57.69' 
-, 1 I, A 1. 1 8 6.0-::1 I, 2.7-00 77.0 3.586 .089 .(079 60.05 
7';' '. R II • ,1 '>.'14 4 5.30n 77.0 2.88'l .254 .201 5'+ • II C"), 

-" 1.6}-.,,(,8 <;'. ,R "I 4 "'.2,0 77.0 ? • , Il" .?86 .14H 1.',.09 
7 I, "A0.67 "1 R r; . " '. .,. '100 77.0 ?400 .2BA ."142 . 6. If. q 7 
7<; 451.96 f"). 7 r"; 4 '). 1 ')0 77.0 1. B84 .217 .547 31 .76 
U, '.54.91 5.75 4 5.10Q, 77.0 • 1.H23 .237 .?6B 30.60 
17 1.<;7.8B 5.77 4 5.300 77.0 1.936 .2')2 .')20 33.7<;, 
III 440.,.2 5.66 4 5.090 77. a 1. ':>" 0 .1!lb .b86 l7.1l0 
79 440.81. 5.h7 4 <;.30[1 77.0 1.<;71 .lfl? .6ile 1,).P.0 
AO I,Ah.7CJ 11.09 4 5. 1.00 77.0 2.704 .275 • II 4 C} 45.66 
A1 4BO.77 11 .O? 4 5.400 77.0 2.467 .28~ .321 42.92 
B2 4A4.45 5.94 4 5.300 77 .0 2. B/. 7 .264 .208' 53.1" 
81 542.12 I. .',0 4 5,.160 77.0 3.608 .1 11 .057 82.15 

" 
fl4 ~4 3,30 6.:n 4 5.300 77 .0 3.604 .1 1,5 .055 B3.1l5 
A C, 4A5.26 5.94 4 ').170 77'.0 2.914 .253 .19~ 54.41 
8(, 4 B4,'9 3 5.CJ4 4 5.30'0 77.0, 2.867 .262 .203 52.71 

101 498.88 9.nB '. 4.578 47.6 2.961 .255 .1'76 40.03 , ]02 496.77 9.30 4 4.099 47.6 3.00'2 .270 .153 32 .63 
]0"1 498.46 9.31 c4 4.099 47.6 3.383 .116 .128 40.59 
1 (II, 497.70 9.31 4 4.099 47.6 30137 .234 0132 41.43 
10'", , 459.23 5.G, 4 ;.000 47.6 1.708 .217 .61'1 17,.86 
1"6 457.74 5.92 4 4.000 47','6 1.616 .~16 .650 16.81 
]07 457.01 5.92 4 '4.000 47.6 1.599' .225 .650 16.57 
luB 497.97 11.46 4 4.305 _ 47.6 3.023 .252 0157 39.80 
109 499.75 11.48 4 4.305 47.6 3.102 .236 .142 3'1.34 
lIn 499.76 11. I,R 4 4.105 47.6 3.095 .235 .145 41.93 
1 1 1 49,.6<; 6. 'i 1 4 4.099 47.6 3.165 .214 .1"15, 51.16 
] ] 2 494.06 6.<;7. 4 4.099 47.6 3,.173 .7.21 .128 ' 51.h1 
] ] "I 496.11 10.68 4 4.000 47.6 3.111 .234 • 1 I, 1 41.81 
I 14 495.25 10.67 4 4.000 47.6 3~107' .230 .144 41.73 
] 1 r; 498.90' 6.p 4 5.595)' 47.6 2.822,,-.288 .201 51.86 
] 16 491..76 6.17 4 5.595 1.7.6 2.814 .277 .211 50.04 
1 I 7 495.6u 10.28 4 4.000 47.6 3.124 .. 238 .'134 42.61 
1 1 H 49b.38 10.29 4 4.000 4 -; .6' 3.072 '.241 .149 40.23 
1 1 ') 1,<)2.24 6.GO 4 4.297 47.6 3.0<;7 ,.240 .1"'4 49.25 
170 1,92.26 6.CJO 4 4.7.97 4'7.6 '3.04<;' .238 .160 48.67 
17] 4A8.<;3 11.<;1 4 '.S''> 47.6 2.779 .273 .27~ 37.3,9 
1 ?? 48,9.40 ~1.52 '4 3.8,5 47.6 2.804 .271 .218 37.77 
In 487.10 5.'91 4 4.196 47.6 3.006 .242 .170 49.24 
] ? i. 488.28 5.92 4 4.196 47.6 3.008 .247 '.166 49.78 
12"> 457.8'1 5.Q7 4 4.000 47.6 1.695 .712 , .6'77 18.02 
1 ? 6 457:,1 5=CJ2 4 4.000 1.7.6 1.673 .212- .63/• 17.35 
• 
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HPHlJ.TIO. 
RUN(S) , 
SET INDF. 
R[I)UCE. 

IAN S. 

L(,O. 

C 
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e 
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( 
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C, 
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( 

( 

( 

( 

6400 END RECORD 
PROGRAM TST (INPUT.UUTPUT.PUNCH.TAPl5=INPUT.TAPE6=QUTPUT.TAPE7=PUN 

ICH) 
CALCULATION OF MOLE FRACTIONS FROM CHROMATO~RAPH ANALYSIS 
A (I) ANO XII) ARE THE AREA AND ATTENUATION FOR THE CO~ltll NElJ 

A' (2 ) 
H2-CH4-C 2H6 P'EAK 

AND X (2) ARE FOR THE C3HB PEAK. 
A(3) AND X(3) ARE FOR THE C4HI0 PEAK. , A(4) AND X(4) ARE FOR THE HYlJRO~EN'PEAK 
A (5) AND X (5) ARE FOR THE 'ME THANE PEAK 

DIMENSION TITLE(20). A(5). X(5). CONVRT(5). AA(5). TEMP(7) 
DIMENSION E.MF(7). TDIF(7). TCEROR'(7). FEED(5).RAl(2.501 
DATA CONVRT 1 (+.464. 0.1532. '.IQ322 •• 07B95 •• 0692 1 
DATA TCEROR~ 0.054. 0.03B. 0.025. 0.004. 0.041. 0.024. 0.0731 
HEIGHT = 77.0 
NCOUNT = 0 
READ(5.BOO) TITLE 
WRITE(6.901) TITLE 

10 READ(5.,s01) SAMPLE. (A(Il.X(JI.I"I.5) 
IF(SAMPLE.LT.O.O) 'GO TO 300 ~ 
IF(SAMPLE.NE.O.O) GO TO 15 
,WRITE(6.902) 
GO TO 10 

I? AA(I) = A(4)*X(4)*CONVRT(11 
~A(2) = A(51*X(5)*CONVRT(2) 
~A(3) = (A(I)*X(1)-(AA(I)/CONVRT(I I +AA(2 1/CONVRT(21)I*CONVRT(3) 
AA(4) = A(2)*X(21*CONVRT(41 
AA(5) = A(31*X(31*CONVRT(5) 
VOLUME = 0.0 
DO 40 1= 1.5 

40 VOLUME = VOLUME + AA(I) 
DO 60 1=1.5 

60 AA(I) = AA(I)*lOO.O/VOLUME 

EMF 1-7 ARE THE MILLIVOLTS OF THE THERMOCOUPLES AT 
I BOTTOM OF THE REACTOR 
2 6 INCHES~UP'THE REACTOR 
,31FT UP THE REACTOR 
42FT UP THE REACTOR 
53FT ~ THE REACTOR 
6 THE FEED GAS 
7 THE CIRCULATING OIL 

R£AD(5.B02) EMF, 
DO 100 J=I.7 
EMF(J) = EMF(J)· - TCEROR(JI 

.. 

100 TEMP(J).·= 480.00,- (10.,110-EMF(,JI)*(2{).00/0.457 1 
TAVG = (TEMP(II*3.+TEMP(21*6.+TEJ:;IP(31*9.+THIP(41*18.1/36. 
DO 120 J=I.7 , ' 

120' TlJIF(JI = TEMP(JI -.TAVG 

( CARBON IS THE NUMBER OF CARBONS IN THE PARAFI~ FEED 
( FLOWH2 15 THE ~tDROG~N ROTAMETER ~ETTING AT 4.0 PSIG 

l 

i' 



( 

200 

FLOWHC IS THE PARAFIN ROTAMETER RtADING AT 4.0 PSIG 
NCOUNT = NCOUNT + 1 
READI5.80Z 1 CARBON. FLOWHC. FLOWHZ 
HZ = FLOWH2*113.4/100.I'*IITAVG+46U.1/53u.1 
HYDCAR = FLOWHC*13.495/100.J*IITAVG+460.1/530.1 
H2FFED = 0.0' 
HCFEED = 0.'0 
CONV = 0.0 
IFIAI41.EQ • .o.01 
N = CARBON + 0.1 
N = N-l 

\ 
GO TO 230 

• 
GO TO IZOO.210.ZZ0) N 
HYDCAR ~ HYDCAR*SQRTCZ.06/1.049 1 
HCFEED = AA(3) + AACZI*0.5 
HZFEED = AACl) + AACZI*Z.O + AAC3 1*3.0 
CONV = 100.*CHCFEED-AAC311/HCFEED 
Xl = Z.O 
X2 = 0.0 
X3 = 0.0 
FEILD(l) = 0.0 
FEEDC21 = HYDCAR/CHYDCAR+H21 
FEED(3) = 0.0 
FEED(4) = 0.0 
FEED(5) = 1.0 - FEED(2) , 
RATIl.NCOUNTI = HZ/HYDCAR 
GO TO Z30 

210 HYDCAR = HYDCAR*SQRTCZ.06/1.56 1 . , , 
HCFEED = AA(4) + AAI3 J*IZ./3. 1 + ~12J/3. 
H2FEED = AAli)+AAI2)*Z.+AAI3h3.+AA(41*4. - HCFEED*4 • 

. CONV = 100.*IHCFEED-:-AAI4 11 /HCFEED 
REACT = AAIZ)/3.0 + AA(3)*2.0/3.0 
Xl = AAIZ)/REACT 
X2 = AA(3)/REACT 
X3 a 0.0 
FEED(l) = 0.0 
FEEO(2) = 0.0 

, . 

FEED(3) = HYDCAR/CHYDCAR+HZI 
FEED(4) = 0.0 
FEEDI51 = 1.0 - FEEDC31 
RATll.NCOUNT) = H2/HYDCAR 
GO TO 230 ' .. 

220 HCFEED = AA(5)+AAI4)*0.75+AAI3J*0.~+AAI2J*0.Z5 

319. 

H2FEED = AAIl)+AAIZ)*Z.0+AAC3J*3.0+AAC4)*4.0+AAI5J*5.0~HCFEED*5. 
(ONV = 100.*IHCFEED-AAC5 JJ /HCF£ED . 
REAcr = AA(2)*.2~+AAI3)*.5+AAI4)*.75 
Xl = AAIZ)/REACT 
X2 = A~REACT 
X3 = AA(4)/REACT 
FEEDIl') = 0.0 
FEEO(2) = 0.0 
FEED(3) = 0.0 
FEED(4) = HYOCAR/CHYDCAR+H2 J 
FEED(5) = 1.0 - FEED(4) 
RAT I 1 ,NCOUNT )' = H2/HYDCAR 
GO TO 230 

230 CONTINUE 
FLOW = HZ + .HYDCAR 



c 

, 

RATIO = H2FEED/HCFEED 
RATI2.NCOUNTI = RATIO 

NSAMPL = SAMPLE + 0.1 

320. 

C WRITE16.9001 NSAMPL. IAAII 1.I=1.51. ITDIFIII.I=1.51. TDIF(7I. 
C 1 TAVG. RAT 10. FLOW. CONV. xi. X2. X3 ' 
C WRITE17.9651 NSAMPL,TAVG.FLOW,FEEU.X1.X2.X3.CONV.HEIGHT 

GO TO 10 

c 
300 WRITEI6.998) 

800 FORMATII0A6/10A61 
801 FORMATI F5.0~ 5IF10.1.F5.011 
802 FORMATI8FI0.31 
900 FORMATI15, F10.2. F8.2. F7.2. F7.2. F8.2.4X, 51F5.11, F7.1~ F10.2, 

1 F7.2,' F7.2. F7.2, 3X. F6.2. 2F6.31 
9ul FORMATI/I1X.10A6/1X.10A6111X.6HSAMPLE.13X.21HPROUUCT MOLt FRACTIUN 

1. 12X. 25HLOCAL TEMP - AVtNA~E TEMP. 6X. 7HRtACTUN. ~X, 4HFtEu. ' 
2 4X, 4HEXIT. 3X, 4HCONV. 7X.lIHSEl:ECTlVITYI 
3 IX. 6HNUMBER. 5X. 2~H2, 5X. 3HCH4. 4X,4HC2H6. 3X. 4HC3H8. 3X. 
4 5HC4H10. 6X. 3HBTM.2X. 3H61N. 2X. 3H1FT. 2X, 3H2FT, 2X. 3H3FT, 
5 3X. 3HOIL. 4X. 7HTEMPIFI. 2X, 5HRATIO, 4X. 3HCFM. 12X, 4HCIH4, 
6 2X. 4HC2H6. 2X. 4HC3H8/1 

902 FORMATI/I ' 
965 FORMATI13,F7.2.F6.2.F5.2,4F7.4,F6.3,2F5.3.F7.2.F5.11 
998 FORMATtlHl' 
999 FORMATI1X,2FI0.~1 

END 
6400 END RECORD 

FLUIDIZED BED REACTOR RUNS OF DEC 5 - 6 169 AND JAN 10 170 
SELECTIVITY FEB 16 1970 

1. 90.5 20.' 23.8 10. 221.8 5. 12.4 2. 726.5 
10.155 10.26~ 10.205 10.194 10.15 9.£40 9.38 
4. 13. 22. 
2. 94.6 20. 46.1 5. 54.1. 20. . '143.4 1 • 315.3 
10.260 10.244 10.23 10;255 10.19 9~6 9.31, 
4. 13. 22. 
3. , 91.5 20. 43.9 5. . 104.9 10. 137.6 1. 298.7 
10.16" " 10.24 10.222 10.22 10.194 9.81 9.3 
4. . 13. 22 • 

4. 30.2 50. 34.2 5, 79.8 10. 155.3 1. 251. 
10.265 10.598 10.587 10.573 10.573 9.763 9.735 
4. 14.5 33.5 
5 •. 77.1 20. 8B. 2. 81.8 10. 156. 1. 624'. :3 
10.326 10.584 10.57 10.563 10.565 9.39 9.918, 
4. 14.5, 33.5 

" n 

6. ,88.B 20. 42.6 5. 102.2 10. 129.-5 1. 291.8 
10.284 10.25 10.227 10.242 10.208 9.51 9.4 
I, • 13. 22. 
7. ' "95.9 20. 46.3 5. 109.2 10. 142.1 1. 314.9 
10.23, 10.237 10.226' 10.221 10.19 9.65 9.32 

,4. 13., 22., 

9. , '12 ':1.1 20. 46.3 5. 160.11' 10. 112. 1. 449.2 
9.?18 9.88 9.885 'J.8." 'J.81!> 'J.55 8.38 , ' 

4. 20. 20.6 

., 
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10. 97.7 20. 48.4 5. 111. 10. 150. 1. 316.tI 
10.01, 10.211 10.215 lQ..215 10.153 9.73 9.33 
4. 13. 22. 
11 • 97.3 2U. 46.9 5. 109.4 10. 147.5 1. 316.tI 
9.97 10.21t1 10.23 10.22 10.158 9.79 9.27 
4. 13. 22. 

12. 61.5 50. 13.6 10. 62.2 20. 92.4 1. 569.2 
10.32 10.573 10.601 10.593 10."583 9.67 8.22 
4. 28.5 30. 

14'. 100. ' 20. 48.2 5. 109. 10. 149.4 1. 329.1 
10.118 10.223 10.24 10.223 10.18 9.9 9.35 
4. 13. , 22. 
15. 99. 20. 47.7 5. ,110.7 10. 151.2 1. 320.5 
10.1 10.218 10.223 10.2 10.,13 9.83 9.28 
I, • 13. 22. \ 

16. 119.5 20. }7.7 5. 176.3 5. 138.1 1. 415.7 
10.527 10.552 10.558 10.555 10.505 9.73 9.34 
4. 13. 22. 

17. 103.6 20. 95.7 2. 75.6 10., 151.6 1. 346.5 
10.579 10.568 10~72 10 .. 57 10.458 9.622 9.97 
4. 10. 22.~ 

18. 96.7 20. 94.1 2. 16.3 10. 156.1 1. 316.7 
10.578 10.585 10.588 10.577 10.52 9.57 9.97 
4. 10. 22.4 

19. 102.5 20. 49.1 5. 107. 10. 150.1 1. 332.8 
10.234 10.234 ·10.228 10.224 10.204 9.182 9.21' 
4. 13. 22. . 
20. 100.2 20. 48.5 }5. 101.2 10. 146.6 1. 329.3 -10.243 10.235 10.236 10.24 10.165 10.144 9.25 
4. 13. 22. 

21. 7"5.'3 lb. 135.3 2. 128. riO. 187.1 1. 235.2 
'1.845 9.855 9.815 ' 9.85 9.85' 9.57 9.44 
4. 15. 35. • 
22. 156.5 5. 136.4 2. 129.7 10. 181.4 I" 242·.1 
9.87 9.872' 9.868 9.81 9.815 9'.56 9.51, 
4. 15. 35. 

23. 100. 20. 41.9 5. 110.1 10. 141.9 1. 323.1 
10.232 10.23 10.234 10.208 10.172 10.173 9.22 
4. 13. 22. 
24. 101.5 20. 47.8 5. HO.6 10. 150.2 1. 328. 
10.188 10.18 10.247· 10.19 10.165 .~O .17 9.22 
4. 13. 22. 

, 
25. 76.5 50. 8.0 20. 119. 10. 85.5 1. 356.7 
,In.SH 10.564 10.6 10.582 10.466 ' 10.26 9.24 
4. ) 20. '20.4 

27. 100. 20. 46.6 5. 110.6 10. 148.8 1; 324.9 
10.2 10.213 10.242 10019 10.184 ·10.15 9.21 
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• 
I, • 

\99.4 
13. 22. 

28. 20." 49.0 5. 110.4 10. "150.5 1. 322.5 
10.195 10.177 10.2 10019 10. n3 10.156 9.19 
4. 13. 22. 

29. 107.3 20. 33.9 10. 96.4 20. 129.9 1. 354.7 
9.846 9.865 9.875 9.867 9.862 9.56 8.31 , 
4. 30. 31. 
30. 95.7 20. 70.9 5. 90.6 20. 134. 1. 306. 
9.842 9.84 9.868 9.858" 9.648 9.775 8.5 
I, • 30. 31. ) 

31 • 103.7 20. 11.6 20. 109.5 10. 145.7 1. 339.3 
10.237 10.21 10~ 208 10.228 10.16 9.64 9.15 
I, • 13. 22. 

33. 107.1 10. 155.3 2. 60.5 20. 171.8 1. 375.4 
9.872 9.89 9.875 9.802 9.805 9.63 9.33 
4. 10.4 23.6 
34. 94.9 10~ .146.4 2. 11 7.3 10. 180.7 1. 333;8 
9.8') 9.86 9.852 9.85 9.82 9.77 9.49 
I, • 10.4 23.6 

"" 
35.' 87.6 20. - 38.2 5. 122.3 10. 146.6 1. 279. 
10.160 10.227 10.198 10.210' 10.085 10.138 9.30 

4.0 " 9.0 15.0 
36. 8801 20. 38.2 5." 121.7 10. 145.2 1. 289.9 
10.150 10.233 10.1aO 10.211 10·970 10.210 9.270 

4.0 9.0" 15.0 

·",7. 97.2 10. 72.7 20. 173 .1 1. 284. 
10.173 10.220 10.206 10.218 100180 10.260 10:010 

3.0 10.0 22.0 
38. 77 .9 10. 69.1 20. , ,:179.7 1. 247. 
10.198 10.221 10.215 10.219 100190 ·1 10.290 10.078 

3.0 10.0 ( 22. a • 
39. 40.1 20. 65.7., 20. e 158.9, 1. 240.6 
10.212 -10.240 10.230 10.223 iO.190 10.262 9.830 

~ 3.0 10.0 22.0 

40. 94.1 20. I 90.1 2. 87.4 
10.228 10.223 10.225 10.210 10.210 10.080 10.078 
2. 10. 22. 
4 I • 98.5 20. 181.0 1. 95. 
10.204 10.195 10.195 10.190 100182 10.318 10.355 
? • 10 •. 22. , 

-I 
42. 94.5 20. 183.2 1. 146.9 

" 10.475 10.465 10.461 10.460 10.450 10.438 10.605 
2. 10. 22. 

it 3. 96.7 20. 180.4 1. 229.6 
10.682 100'680 10.678 10.678 10.648 10.762 10.688 
? • 10. 22. ~ 

, , 



323. 

44. 96.5 20. 45. 5. 107. 10. 148.8 '1. 31701 
10.187 10.240 10.200 10~239 10.148 10.050 9.30 
I, • 13. 22. ' 
45. 95.9 20. 47.8 5. 105.4 10. 145.6 1. 307.9 

10.209 10.226 10.200 10.242 10.135 10.280 9.39 
I, • 13. 22. 

~. ' 

1.6. 60.5 50. 81.5 2. 186.6 5. 111.2 1. ' 261.8 
10.590 10.,590 10.561 10.600 10.465" 10.461 8.630 
4. 13. ,22. 
-l.U 

> • 
,END OF FILE 

\ 

r 



'HPHD.TlO. 
RUN I S I 
SET INDF. 
REDUCE. 
LGO. ~, 

( 

6400 END OF RECORD 

324. 

IAN S. 

. ' 
PROGRAM iST (INPUT.OUJPUT.PUNCH.TAPES=INPUT.IAPE6=OUTPUT.TAPE7=p0N 

ICHI Q' 
c 
c 
( 

( 

C 
( 

( 

C 

FLUID BED DATA ANALYSiS RUNS 48 -8~ N2 USED TO CA~IB. CHROM. 
CALCuLATIO~ OF MOLE FRACTIONS FROM CHROMATOGRAPH ANALYSIS 
AliI AND NATTEN(l) ARE,THE INTEbRATION AN~ THE ATTENUATION FOR THE 

C2H6 PE,AK . 
A(2) AND NATTEN(2) FOR C3H8 PEAK 
~(31 AND NATTEN(3) FO~ ~H4 PE~K 
AI41' AND NAHEN(4) FOR C4HI0 pEAK 

DIMENSION' TITLE(20j~'A(41.(NATTE~(4). X(S). CALI~(4J. TEMP(SJ, 
,1' EMF(S). TDIF(SI.TCERORC7), FEED(S) 

DIMENSION RAT(3.S01 . 
DATA CALIBI 1.483. 1.839.,1.000. 2.131 I 
DATA TCERORI 0.OS4. 0.038, 0.02S. 0.Ou4. 0.041. 0.024. 0.0731 

i 
c , 

HEIGHT = 77.0 
READIS.8001 TITLE 
~RIT~(6.9011 TiTLE, 

" 

NCOUNT = 0 
10 REAOIS.801 1 NSAMPL.CALIBR.IAIII .NATTEN(IJ.l=1.4)' 

IFINSAMPL.LT.O) GO TO 300 ' 
IFINSAMPL.NE.ol GO TO IS 
WRITE 16.902 I 
GO TO ,10 

15 SUM = 0.0 
XMULT = 77.066/CALIBR 
DO 30 J=1.4 fi 
ATTEN = NATTEN(JI 

, 

XIJJ ='IAIJJ*ATTEN*XMULTlCALI~IJJJ*100.0*(CALI~141/8498.1 
30 SUM = SUM + X(JI .. " . 

XISI = 100.0 - SUM 
( 

( EMF 1-7 ARE THE MILLIVOLTS OF THE THERMOCOUPLES AT 
( 1 BOTTOM OF TrlE REACTOR 
( 2 6 INCHES uP THE REACTOR 
( '31FT UP THE REACTOR 
( 42FT UP THE REACTOR 
( S 3 FT uP THE REACTOR 

READIS.803) EMF 
IFIEMFIll.EQ.Q.OI GO TO 12S 
DO 100 J=l.S 
EMFIJI = EMFIJI - TCERORIJI -'. ' 

100 TE~JI = 480.00 - (l0.'1l0-EMF(J lh I20.00/0.4S7 1 
TAVG = ITEMPIll*3.+TEMP(2 1*&.+TEMP(31*9.+TEMP(41*18.1/3&. 
DO 120 J=l.S 

120 TDJFIJ) = TEMP(JI - TAVG 
GO TO 180 

125 CONTINUE' 
DO 130 J=l ... 

U ,EMFIJI =,EMFIJI - TCERORIJI 
130 TEMPIJI = 480.00 - (10.110-EMF(JII*(20.00/0.4S7 1 

TAVG = (TEMPI2)*9. + TEMPI3 J*9. + TEMPI4 1 *18. 1/3b • 

. , \, 

" 



• 

.. 

c 
( 

l 

l 
<. 

c 

c 
c 
c 
( 

\. 

325 . 
• 

DO 140 J z 2.S 
140 TDIFIJI • TEMPIJ) - TAVu 
InC) CONT INUE 

NCARBN IS THE NUMBER Of CARBONS IN THE PARAFIN fEED 
'FLO~H2 I~ THE H2 ft~D RAT~ IN SCfM 
FLOWHC Is TrlE PARAflN'fELD RAT~ IN SCFM 
R~ADI~.8U2' NCARUN.FLOWHC.FLO~2 
IFINCARBN.NE.41 STOP 
HEA( = XIll*O.S + XI2 1*0.7S'+ XI31*0.2S 

'(QNV = 100.*REAC/IR£AC+X(4)1 
AAA = CX(3) + XCl)*2. + XC21~3. + X(4)*4.)/4. 
XI = X C3I/REAC 
X2 ~ X(1I1REAC 
x3 .. X(lIlREAC 

.. 
THis -SECT rON ,ADDED OUE TO I:.~ROR IN M~ASURIN\J RAT 10 FROM -,' 
(HROMA~OuRAPH fOR RUNS A8 TO 8b _ 

FEED RATIOS OBTAINEDI:IY COMPARINC" TO SIMILAR -' fROM RUNS 1 ~ ~6 

READCS.804) RAllO 

SE TT INC"S 
c· 

A04FORMATCfl0.3) 

'J 00 

eJe; 
e '-' 1 
HD2 
An, 
9;) 1 

N(OUNT .. NCOUNT + 1 
RATII.N(OUNT) • RATIO 
RATI2.NCQUNTI .. fLOWHZ/fLOWHC 
C4 .. X(4) + 0.Z~*X(3)'+.0.S*XCl' + 0.7S*XCZ) 
RATI3.NCOUNTI c C100.0-C41/(4 
FEED4 ~ loo.6/CRATIO+l.~1 
FEEDH= 100.0 - ,fEE04 
REAC = fEE04*<ONVIl00.0·· 
X(4) = fEE04 - REAC 
XIII = REAC*'X2 
XI21 = REAC*X3 
X (3 I " REAC*X 1 
XISI " 100.0 - CXI11+Xt2)+XC3)+XI4 11 
FLOW = IftOWHC+fLOWH2)*C460.+TAVu)/SlO. 
~EEOll) " 0.0 ' 
FEEOl21 = 0.0 c 
FEED(3) = 0.0 
fEEDI.1 • FEE04/CfEE04+fEEDHI 
fEED.151 • 1.0 - fEEDC41 ' 

. , 

WRlTE16.9001 NSAMPl. XI5.).XC3I.Xll l .XCZI.XC4'. CTDlfCII.I=l.SI. 
r TAVu. RATIO. flOW. CONV. Xl.XZ.X3 

wRITEI7.96SI NSAMPl.TAVu.flOW.fEED.Xl~XZ.X3.CONV.HEluHT 
GO T.o 10 
wRITEI6.99BI 

FORMATIlOAb/lOAbl , 
FORMATI1S.flO.l.4IflO.I.1S)1 
FORMATCIS.SX.2fIO.3) 
FORMATCAflO.~1 . . 
FORMATCI/lX.lOA6/lX.lOA61IlX.bHSAMPlE.13X.ZlHPROOUCT MOLE fRACTION 

I. ax. 2SHlOCAl TEMP - AVERAc"E-~~MP.IOX.7HREACTUR. 2x. 4HfEEO. 
2 4X. 4HEXIT •. 3~. 4HCONV. 7x.llHS~LECTIVITYI 
3 IX. bHNUMB·I:.R. ~X~ 2HH2. ~X .. JHCH4. 4X.4Ht2Hb. JX. 4HCJHtlt 3X. 
4 5HC4.HlO. 6X. 3H13TM.2X. 3H61N. 2X.·3HlfT. 2X. J+l2fT. ZX. 3H3FT. 
~ lOX. 7HTEMPlf l • lX. SHRATIO. 4X. 3HCF~. 12x. 4HCIH4. 



" 

326. 

6 2X, 4HC2H6, 2X, 4HC3H8/l ". 
902 FORMATe/l ' 
9UO FORMATI15, FI0.2, F8.2, F7.2, F7.2, F8.2,4X, 5IF5.1l,10X,F7.2. 

1 F7.2"F7.2, F7.2, '3X, F6.2,2F6.3l 
96~ FURMATI13,F7.2,F6.2,F5.2.4F7.4,F6.3,2F5.3,F7.2.F5.1l 
998 FORMATIIHll ' 
~Q9 FORMATIIX.3FI0.4l 

END 
6400 END OF RECORD 

, 

48 81.42 17.9 
10.285 10.228 

4 0.55,3 2.78 
~ .17 

50 81.42 17.4 
10.302> 10.245 

4 0.553 2.78 
S.IA 

51 81.42 17.7 
10.300 10.245 

I, 0.553 2.78 
5.21 

52 81.42 17.6 
10.318 10.260 

4 ,0.553 2.78, 
~.18 

53 81.42 15.9 
10.673 10.620 

I, 0.553 2.78 
5.29 

54 81.42 16.8 
Hi.700 10~633 

I, 0.553 2.78 
~ 

5.16 

55 75.6 25'.2 
10.988, 10.926 

I, 0.553 2.:78 
5.3 

56 75.6 26.4 
10.975 10.,911 

4 0.55-3 2.78 
5.) 

57 82.5 24~0, 
0 

11.302 11.246 
4 ' 0.553 2.78 

'>.3 
58 79.15 23.4 

11 • as 11.315 11.280 
4 0.553 2.78 

'>.3 
59 79.15 25.9 

ll.05 11.320 11.270 
4 0.553 2.78 

~ 

4 33.8 
10.212 

4 35.4 
10. 2 ~6 

4. 34.4 
10.225 

4 34.0 
10.240 

4 31.1 
10.605 

4 62.3 
10.610 

~ 39.4 
10.910 

2 42.9 
_ 10.915 

2 33.2 
1l.i48 

2 33.4 
11.275 

" 

2 125. 
10.206 

2 124.7 
10.'230 

2 125.5 
10.200 

2 127.0 
10.230 

2 78.2 
10.595 

1 16-2.4 
10.610 ' 

l' 38.1. 
10.9qO 

1 83.0 
10-.875 

, , 
, 

, 197.7 
11.:!08 

1 100.11 
11.235 

1 109.0 
11.235, 

. " 

, 

, 

4 8703 

4 86.9 

4 85.7 

4 86.0 

8 69.6 

" " 
4 139.0 

( 

16 47.0 

8 110. 

8 85.5 

8 85.2 

8 86.'7 



• 

327. 

/ 

5.1 

&1 81.42 5.8 2 12.J "-
~ 22.3 4 16.5 

10.105 10.310 10.255 10.2!>5 10.210 

" 0.553 ,2.78 
,.3 

63 81.3 18.2 4 34.6 ' 2 137.9 4 81.9 
10.08 10.290 10.220 10.230 10.220 

" 0.553 2.7S 
5.10 

64 S 1. 3 17.2 4 33.8 2 129.3 4 75.6 
10. 13 1,0.300 10.240 10.240 10.235 

4 0.553 2.7S 
5.1 

I' 
65 79.7 10.2 4 27-.5 2 5S.1 

4'r·
4 

10. 16 10.255 10.213 10.210 ' 10.210 10 030 
4 0.293 3.22 

11.0 
66 79.7 18.1 2 50.7 ,1'99.4 2 92.5 

10"19 10.2S0 10.235 10.225 10.230 

" 0.293 3.22 
11.0 

~ 

67 79.6 6.2 4 13.3 2 68.7 S 3S.8 
9.8 10.290 10.215 10.215 10.150 6.65 

4 0.957 2.43 
2.68 

68 79~6 10.7 4 48.3 1 153. S 62.3 
9.9 10.330, 10-.250 10.250 10.12 

\ 
4 0.957 2.43 

2.67 0 . . 
69' 79.6 6.2 " 2 13.3 1. 81.2' 4 35.2 

9.83 ' 10.290 10.20 10.20 10.11 7.48 
4 0.957 2.43 

2.68 
70 79.6 10.0 1 10.9 1 61.S' 4 54.4 

9.90 10.280 10.205 10.205 • 10.11 

~ 4 , 0.957 2.4'3 ' • 
?68 

71 79.6 22.5 j:;. 49"5 ' 1 153. S'121. 
9.9 10.285 10.220 10.215 10.12 6.64' 

4 0.957 2.43 
2.7;; .... 

r t 
72 80.7 ~.O . 4 33.51( 2 130.6 4 80.6 

10.10 ~ 1 .295 10.222 10.23 10.21 9.41 
4 0.553 2.7S 

).3 

73 / 80.15 31.5 2 47., 2 8S.5 4 100.6 
'1.77 9.905 9.850 9.1140 9.83 9.25 

4 0.553 2.78 
'>.23 

74 80.15 32.0 2 47.1 2 90.0 4 97.S 
c;. 8 1 9.942 9.89 9.8H 9.87 

4 0.553 ,2..78 





" 

329. 
HPHD,T"311. 
RUNISl 

IAN S. 

SFT I NDF. 
R[DUCE. 
LOADIINPUTI 
L(,O. 

C 

C. 
C 

C 

.. 

) 

6400 END OF.~ECORD 
PROGRAM TST IINPUT,OUTPUT,PUNCH'TAPE5.1NPUT.TAPE6=OUTPUT.TAPE1~PUN 

lCHl , . '~ 
. MAIN SEARCH PROG. ~R CATALYST ACTiViTY 'ANU INTlR HAN E 
~W JUNE 1912 ' 

COMMON/BLKI/VARINDI7,IOOI,VARDEPI4.IOOI,CALDEPI4,100',NRUNIIOOl, 
1 NRUNS,KCOUNT. H2E~'UL(l001,I(EIGHTl1001,l2141 

COMMON' IBL~ I FEED I 5 I , T ,FLOW ,CACT ,HO ,KEMUL ,OUT'I 51 ,SI, S2 ,S3 ,CONV, 
1 X,IPRINT,EMULH2 , 

COMMON/BLK31 AI131 
COMMON IBLK41 SUMMIIOOI 
COMMON IBLK51 SUMN,AKEI1~,KM,SMIN 
COMMON IBLK81 MCYC,MAXK,MKAT,NS1EP,ALPHA.OETA,[PSt11,VI1,11,AFKI11 
DIMENSION XXIIOOI,XPHIII001,DIFI41,TITLEI121.AVGUIFI41 

R~ADI5,8041 TITLE 
WRITE16,9831 TITLE 

} 
READ15,5001 KM,MCYC.MAXK,MKAT,NSTLP 
R [A 0 IS, 50 II I E PSI I ) • I = I • KM I 
READIS.501)IAKEII).1=1.KM) 
READIS.5011 ALPHA.BETA 
SMIN=I.OE30 
vli'.l1 ='1.0 
Vll,21 = 0.0 
V'2'li = O.q 
V12.2 = 1.0 
READ ,801) NRUNS 
DO 5 1=1,NRUN5 •• 
READ15,802 1 NRUNII),IVARINDIJ,II,J=1,1),IVARDEPIJ,I),J=I,4 I , 

I . HEIGHTIII . 
VARDEPI4,11 = 1.0 - VARUEPI4,1)*0;01 

5 ~RITEI6,988INRUNII 1,IVARINDIJ,I),J=I,11,IVARU[PIJ,II,J=I,4 1 , 
1 HEIGHTIII,NRUNIII .l,. 
AliI = 51000. ' . 
A (31 = 30000. 
A 14,) = 16000. 
AI51 = 15.6604' 
A(6) = 10.6292 
A(1) = 12'.2399 
A(8) = 6.8140 
A(9) = -2.348 
ADO) = -2.ISl 
AI121 = 4.5208 
AI131 = -2.2115 

, 

Al21 = AI3 1 + 10000. 
Alll1 = AI41 + 10000. 
WRITEI6,Q961 IAIII,I=I,13), 
AI51 = 10.0**AI51 
Albl = 10.0**AI61 
Al11 = 10.0**AI11 
AlB) = IO.O**AI81 
Al121 = IO.O*~A(12) 

'. 



c 

WR I TE ( 6,993 ' 
CALl: SEARCH 

405 WRITE(6,992) 
SSUMM = 0.0 
lJO 408 J=I,4 

4.08 AVGDI F (J) = 0.0. 
DO 410 1=I,NRUNS· 

41C SSlJMM = SSUMM + SUMM(I) 
DO 45Q 1=I,NRUNS 

\ 

SUMM( J I = SU'~M( I 1*100.0/SSUMM 
DO 440 J=I,4 
lJIF(JI = VARDEP(J,11 - CALlJEP(J,11 

440 AI/GDIF(J) = AVGDIF(J)_+ DIF(JI*DIF(J) 

• 

r 

l WRITt(7,9<)8 1 K,NRUN(II,(VAKINll(J,l),j'=I,<!),H~tMUL(I)'-LJIF 

c 

450 wIn Tt (6,9<)7) NRUN( I), (VAkItW(J,1 1 ,J=I,7 I, (LJIF (J) ,J=I,4), 
1 HElGHT(!),NRUN(I),AKE(ll,SU'~M(I) I 

DIV 2 NRUNS 
DO 455 J=I,4· 

455 AVGDIF(J) = AVGDIP(J)/DIV 
WRITt(6,990) (AVGDIF(J),J=I,4) 
EACH = SSUMM/NRUNS 
W'R I TE (6,999) SSUMM ,EACH 

C DO 600 1=1 rNRUNS 
~ 600.wRITE(7,777) K,NRUN(I),«VARDEP(JiII,CALDEP(J,I»,J=l,4) 
c 

C 
STOP 

500 FORMAT(5151 
501 FORMAT(10F8.1) 

777 FORMATlI2,13,3X,2F7.3,3X,2Fb.3.3X,2Fb.3,3X,2F6.1) , 
801 FORMAT(215,7FI0.3) ~ 
802 'FORMAT(13,F7.2,F6.2,F5.2, F7.~,F6.3,2F5.3,F7.2,F5.1) 
804 FORMAT(12A6) 
983 ,FORMAT(IHl,2Xtl2A61l ~ 
988 FORMAT·(14.F7.2,Fb.2,F5.2,4F7.4,F6.3,2F5.3,F7.4,F5rl,14 1 
990 FORMAT(/YI2X, 8HVARIANCE, 4F20.10 1 ' ' 

, 992 FORMAT(~~I, 35X, 31HOtiSERVED MINUS PRtulCTtlJ VALUESII) 
993 FOR~IAT(1111 I 
<)96 FOQMAT(2X, 15HTHE A vECTOR IS,~4F7'0, bF9.4, F7.0, 2F<).4) 

330, 

997 FOR/I,.AT(14,F7.2,Fb.2,F5.2,4F7.4;Fb.3,2F5.3,F7.4,F5.1,14,~X,F7.4, 
IF6.U ' 

998 FORMATJI2',13,F8.2,'F7.2,F6.3,4F9.4) 
999 FURMAT(~1112X,21HTHE TOTAL RESllluAL Is,F17.5/2X, ~9HTHE AV~RAGE PE 

IR EXPERIMENT IS, FIO.5111) 
END' 
SU~ROUTINE OBJECT 
COMMON IBLK 1 IVAR I ND (7.1 00 I ,V"fDEP (4 tloo) ,CALDEP (4 tloo) ,NRUN ( 100) , 

'I NRUNS,KCOUNT,' H2EMULlI00) ,HEIGHlllqO) ,Z2('4 1 
COMMON IULK21 FEED(5),T.FLOW,CACT,HO,KtMUL,OUT(5),Sl,S2,,3,CONV, 

IX,IPRINT,EMULH2 
COMMON It3LK41 SUMM(100) ,-
(UMMUN It3LK51 SUMNfAKE(7),KM,SMIN 
DIMENSION (VARIN(3,3), NUSE(3), (VRIN3(3,3 1 
DATA CVRIN3 I +5.15875E+00, +1.15851E+00, -1.11377E+Ol, 

I . ;1.15851E+00. +9.48350E+00, -i.89154E+ol, 



( 
( 

( 

( 

( 

( 

( 

( 

( 

331, 

2 -1.11377E+Ol. -1.89154E+Ol. 6:24919E+021 
D~T~ CVR1N3 1 +1.6309E+Ol. -8.69845 00, +5.3325E+02, 

1 -6.8964E+UO. +1.737~t+Ol, -4.2757E+02, , , " 

2 +5.3325E+U2. -4.2757t+0~, +~.3489E+041 
D~TA CV~RjN 1 1339.2,'4290.9, -206.6, 4290.9, 3164~.Y, -~883.7, 

1 -206.b, -5683.7. 6229.8 1 ' 
DATA NlJSE /" 1, 3. 4 1 
(ACT = AKElll 
X = AKEl21 
RATIO = 1.0 
SU'~N = 0.0 --
DO IOU 1=I.NRUNS 
HO = HEIGHTIII 
T = VAR I ND (l , I I 
FLOW = VARINDI2.il 
FEED~~" VARINDl3,II 
FEEDI21" VARINDI4.11 
FEEDI3-1 = VARINDI5:11 
FEEDl41 '= VARINDI6.11 
FEEDl51 = VARINDl7,II 
CALL KATWENIOI 

_ <;ALL KATWEN III ' 
-H2EMULIII = EMULH2 
CALDEPll.11 = SI 

. C AL DE PI 2 • I I = S2 
CALDEP 13 t! I = S3 ., 
CALDEPl4,II = 1.0'- CONV*O.OI 
SUI~MI 11= 0.0 
DO 40 Jl=I.3 
J = NUSEIJll 
DO 40 JJl=I.3 
JJ = NUSEIJJll 
ERR = CVRIN3IJl.JJl1*IVARDEPIJ.II-CALDEPIJ.III*IVARPEPIJJ.11-CALDE 

IPUJt1II' 
-ERR = "CVARINIJl.JJll*IVARDEPIJ,II-CALDEPIJ.I~)*IVARDEP(JJ.1I-CALUE 
IPIJJ.III 
1~IJl.EO.JJll Z21Jl1 = ERR 

40 SUMMIII/=-SUMMIII + ERR 
SUMN = SUMN,+ SUMMIII 
00 = 1.0E+03*EXPI-0.5.*5UMMI III 
00 = 1.0E+13*EXPI-0.5*SUMMIIII 
RATIO = RATIO*OQ 
wI{ ITt I 6.9961 NRUN I I I • I VAR I"'.) I J , I 1 • J'; 1 .7 I • I (ALDEP I J; I I • J= 1 .4 I • 

1 HE I GH T I I I • NRl!N I I 1 • X. SUMM I I I ," l2 I J I , J = 1 .4 I , TT 
100 CONTINUE 

WRITEl6,9991 X.CACT.SUMN.RATIO 
RETURN 

998 fORMATI14,F1.2.F6~2.F5.2,4F7.4.F6.3,2F5.3,F7.4.F5.L,14.F6.3. 
14F9.2.F2.0.F5.21 ' 

999 FORMATIIX.2F13.7.2E20.6/1 
END 

6400 END OF RECORD-
6400 END OF RECORD 

KATwENll1 FOR INTER AND CACT *" ORC KIN. PAR. ERRORS FOR WEIGHTING 
2 4 6 12 

0.01 -0.005 
;."'12 0.25 

" 



-'~ 
., 

I '" " 332. ;, 
• I .7 0.8 , 

~( '-
81, 51,3 .30 6.31 0.00 0.0000 0.0000 .1587 .8413 3.604 .115 .05!> 83.85 77 .0 

1 l,U:1. 3 6.06 0.00 0.0000 0.0000 olB!> .1l605 l.6',4 .25!> ;d5 52.57 77.0 
'J 1,90.36 9. 03, 0.00 0.0000 O~OOOO 01014 .6.966 2.926 .2 t7 • ~13 53.56 77.0 

ItiJ I, • 2 3 6.06 0.06 0.0000 O~OOOO 01335 .6665 2.658 .2,,6 .n 7 52.76 77.0 
9 1,68.05 6.06 0.00 0.0000 o.ooqo .2021 .797'9 3.092 .206 .164 50.00 77.0 , .. 

I I I, i1 3 • 1 6 6.05 0.00 0.0000 0.0000 01335 .• 6665 2.834 .<!59 .216 53.07 77.0 
I? :. ",; 9 • 2 5 9.08 ().Oo. 0.0000 0.0000 .1966 .6014 3.513 .114 .087 59.04 77.0 
1 ~) I, tl3 • 12 6.05 ;;(J.OO o~oooo 0.0000 .1335 .8665 2.816 .268 .21b 53.23' 77.0 
It! "t)t).78 6. 0·7 0.00 0.0000 0.0000 .1043 .89~>1 2.966 ~245 • ltl2 60.77 77.0 
.! L' I,H4.7tl 6~07 0.00 o.oooa 0.0000 .1335 .8665 2.\157 .247 .n7 54.35 77. a 
., '1 1,68.65 ,9.14 0.00 0.0000 0.0000 .1005 .8995 1.621 .296 .529 31.22 77.0 .. 
'" it B 3 • 2 1 6.05 0.00 0.0000 u.oooo 01335 .86b? 2.812 .217 • <! 11 53.86 7.7 • 0 ' . 

o~oooo " 1') It()l).85 6.22 0.00 0.0000 .2036 .7964 3.526 .115 .082 65.30~7.0 
;' II l,n2.70 6.05 0.00 0.0000 cr. OOVO 01335 .6665 2.611 .264 .no 53~49 77'.0 
31" ',68.06 9011 0.('0 0.0000 0.0000 .2015 .7985 2.534 .279 .303 42.45 77.0 
'j 1 I,H4.01 6.06 U.OO 0.0000 0.0000 .1335 .86b5 i.866 .264 .202 54.41l 77.0 
:1', 1,61 • tl8 6017 0.00 0.0000 0.0000 ol031 .6969 20126 .216 .• 4tH :n.£1 77.0 
") ." ti 4 • L ~ 6.0b 0.00 11·0000 u.OOOO .1335 .1l665 2.770 .2b2 .2<'2 ~d.llb 77.0 
" (J 500.07 6.16 0.00 0.0000 0.0000 .1335 .8665 3.503 .080 .11'2 65.62 77. a 
') ? 485.90 5.95 0.00 0.0000 0.0000 .1618 .8382 2'.846 ~266 .<!07 52.51 77.0 
~) l, ',02.f4 6.05 0.00 0.0000 0.0000, .1623 .8377 3. 0117 .215 .161· 61.73 77.0 
" G 515 • 0'/ 6.1,3 0.00 o.oooa. o. 0'000 ~1587 .8413 3.299 .177 .116 66.10 77.0 
r; t) ,,29.60 ,6.22 0.00 o. O'boo 0·0000 .15!l7 .84D 3.501 .140 .073 75 dll 77. a 
61, 41l',.89 5. 'I" 0.00 0.0000 0.0000 .1587 .8413 2.87z .25!l .204 55.93,17.0 

1,84.50 6.26 0.00 0.0000 0.0000 .0!l33 .':Ilb7 2.40 'f .296 .334 48075i/;).0 
, 6b 

I U 1,84.33 5.94 0.00 .0.0000 0.0000 01587 .8 1113 '2.889 .254 .201 54.45 77.0. 
/4 1'.69.62 5.85 0.00. 0.0000 0.0000 .1~87 .8413 2.400 .288 .34l 44.97 77.0 
n 1,'07.88 5.77 0.00 0.0000 0.0000 .15!l7 .8413 1.936 .252 .520 33.75 77.0 
79 'oil a .86 5.67 0.00 0.0000 0.0000 .1587 .8413 1'.571 .182 .686 15.80 77.0 
B I IdlO.77 11. 02 0.1)0 0.0000 0.0000 .1563 .8438 2.467 .205 .321 42.92 77.0 
B? '. n 'I • It 5 ~.94 :l.oo 0.0000 0.0000 .1567 .8413 2.847 .264 .208 53.14 77.0 
e (, 1,84. Cj 3 5.94 0.00 0.0000 0.0000 .1587 .8413 2.867 .262 .203 52.71 77 .0 

" 
END OF FILE 

... 

) . 

) 

, 



HPHD,TlO. 
RUN(SI 
SrTINDF. 
HfDUCE. 
L(,Q. 

\ 
333. 

IAN S. 

( 

( 

( 

C 
l 

,C 
C 

C 

c 
C 
C 
C 
C 
( 

C 

c 
c 
c 

6400 END OF RECORD 
PROGRAM TST (INPUT,UUTPUT~PUNCH'TAPE5=iNPUT,TAPE6=buTPUT'TAPE7~PUN 

1 CH I 
FLUIDIZED BED DATA ANALYSiS RUNS 101 - 126 
A(11 AND NATTENll) ARE THE INTEGRATION AND THE ATTENUATIUN'FORT~E 

C2H6 PEA~ 
Aill AND NATT~NI21 FOR 
A(31 AND NATTEN(3) FOR 
AI41 AND NATTENI41 FOR 

C3Htl PEAK 
CH4 PEAK 
C4HI0 PEAK 

".f " 

DIMENSION T1TLE(20I, AI4 1 , 'NATTEN(4), ~151, CALlBI4 1, TEMP(4 I , 
1 EMFI41, TDIFI5l,TCERORI4l, FEEDI5 1 

DIMENSION RATIZ,261 
DATA CALIBI 1.483, 1.839, 1.020,'2.131 I 
DATA TCERORI 0.054, 0.038, 0.025, 0.041 I 
WRITt::16,990) 
HE+GHT " 47.6 
REA~I~,800) TITLE 
WRITEI6,9011 TITLE 

DO 250 NCOUNT =1,26 
10 READIS,8011 NSAMPL,FLOWH2,FLUWHC,IAIII,NATTENII),I=l,41 

IFINSAMPL.LT.O) GO'TO 300 
15 SUM = 0.0 . ' 

DO 30 J=I,4 
ATTEN.= NATTEN(JI 
XIJI = tA(JI*ATTEN/CALlBIJII*100.0*(CALlBI41/84.98.1 

30 SUM = SUM + XIJI 
,XIS) = 100.0 - SUM '. 
EMF 1-4 ARE·THE MILLIVOLTS UF tHE -THERMOCUUPLES AT 

1 BOTTOM OF THE REACTOR 
2 6 INCHES uP THE REACTOR 
31FT UP THE REACTOR 
42FT uP THE REACTOR 

EMF READ AS DATA ON 0 - 100 SCA~E ON RECORDER AND THEN CONVERTED 
RE~DI5,8031 NN,(EMFIJI,J=1,41 i 
DO 60 J=I,4 

60-EMF(JI = 10.281 - 150.0-EMF)jll*10.397/20.0 1 
DO 100 J=l.l. 
EMFIJI·= EMFIJ) - TCtR6RIJ) 

100 TEMPIJI = 480.00 - 110~110-EMFIJII*120.0010.4571 
TAVG = ITEMPIll*3.+TEMPIZI*6.+TEMPI31*12.1/21. 
DO 120 J=1.4 >, 

'120 TD+FIJI = TEMPIJI -TAVG 
" 

FLOWH2 IS THE H2 FEED R~TE IN SCFM 
FLOWHC IS THE PARAFiN fEED RATE IN SCFM 
REAC = XIll*O.5 + XIZI*0.75 + XI31~0.25 
CONV = 1l0.*REAC/IREAC+XI411 
AAA = IXI31 + XIll*2. + XI2 1*3. + XI~I*4.1/4.' 
Xl = Xt3I/REAC . 
X2 = Xlll/REAC 
X3 =,XI21/REAC 

i' 



" 

( 

" 

~ATIl.NCOUNT) • ~LOWHl/FLOWHC 
C4 = X,C4) + O.25*X(3) + O.)*x<cll + 0.75*Xll) 
RATI2.NCOUNT) c 1100.0-C41/C4 
RATIO,: RAT 1 1.NCOIJN'T) (;" 
fEED4 = 100.0/IRATll.NCOUNTI + 1.01 
FEEDH.= l,OD~O - FEED4 
REAC = FEED4*CONV/I00.0 
X(4) = FEED4 - REAC 
XCI) - REAC*X2 
X(2)'= REAC*X3 
X(3) e REAC*X1 
XCS) = 100.0 - IXIll+XI21+X(3i+xC411 
FLOW = IFLOWHC+FLOWH2)~C460.+TAVGI/530. 
FE-Eoe 1) = 0.0 
FEED(2) = 0.0 
FEED( 3) = 0.0 
'I=t£D(4) = FEED4/(FEED4+FEEDHI 
FEED(5) = V.O - FEED(4) 

• 

334. 

c- WRITEC6.900 1 NSAMPL. XI51.XI31.XCll.XC21.XI~I. ITOIF(II.I=I.~I. 
( 1 TAVG. RATIO. FLOW. CONV. Xl.X2.X3 
C 

2?0 
3;)0 

WRITEC7.965) NSAMPL.TAVG.FLU~.FEEU.Xl.X2.X3.CONV.t(EIGHT 
90NTINUE 
wRITE 16.998) 

C 
BU,O FORMATCI0A6/10A&) , 
801 FORMATI13.3X.F5.3.2X~F5.3.2x.4IF5.1.1X.12.2X)) 
802 FORMATI15f5X.2FI0.3) 
803 FORMATI13.7~.4F10.1) 
9Ci FORMATIIIIX.10A6/1X.10A6111X.6HSAMPLE.13X.21HPRODUCT MOLE FRACTION 

1. 8X. 2,5HLOC~L TEMP - AVEJ<AuE H,MP.lOX. 7HHI:.ACTOR. lX. 4HFEEu. ' 
2 4X. 4HEXIT. 3X.'· 4HCONV. 7x.llI:lSELECTIVITYI 
3 IX. 6HNUMBER. 5X. 2HH2. 5X. 3HCH4. 4X,4HC2H6, 3X~ 4HC3HB, 3X, 
4 5HC4H10. 6X, 3HBTM,2x. 3H61N,"2X, 3HIFT, 2X. 3H2FT. 2X, 3H3FT, 
? lOX, 7F1.TEMPIFI. 2X, 5HRATlO, 4X, 3HCFM, 12x. 4HCIH4, 
6 2X, 4HC2H6, 2X, '4iK3H8/1 

902 FORMAT 1 I) , 

90e FORMATI15. FI0.2. F8.2. F7.2. F7.2, F8.2.4X. 5IF5;11.10x.F7.2, 
1 F7.2. ,F7.2. F7.2, 3X. F6,.2,2F6.3 1 

Yb? fURMATCI3.F7.2'f6.2,F5~2'4F7.4,F6.3,2F5.3,F7.2,F5.1! 
998 FORMATlIHII '-. - '. .' 
999 FORMATI1X.2FI0.41 -

END 
6400 END OF RECORD 

F.II.R. DATA JULY 1972 ' 

1 [1 1 4.120 0.900 9.2 
101 66. 65.5 
1(\2 4.140 1.010 2.9 
102 61.6 63.6 
103 4.140 1.010 13.9 
103 65. 64.5 
104 4.140 1.010 1'4.1 
ll) 4 61.5 64.8 
10'> 2.736 0.684 4.3-
lu,> 20',3 ' 20.2, 
lOb 2.736 0.684 5.5 

08 31.5 
64.1 

08 ' 16.3 
1 61.9 

041 19.1 
64. 

08 19.7 
• - 63.2 

08 15.2 
18.3 

Od 41.0 
I 

02 73.4 08 19.4 32 
59. 

01 22.2 08 31.9 08 
57.'5 

U4 139.6 08 63.1 16 
6-1. 

04 130.0 08 ' 61.2 16 
'-- 60. 

08 46.5 04 65.4 16 
/ 

15. 
04 56.5 04 45.2 32 



I, 

~ 335. 

106 ' 19.5 18.2 16.5 12.5 
107 2.736 0.684 10.2 04 36.6 04 49.9 04 82.1 16 
107 19.2 17.4 15.5 12. " 

l'OB 5.145 1.195 15.0 08 11.6 08 123.6 08 64.6 16 
lOB 64.5 66. 62.4 62. 
10'.1 ~.145 ,,1..195 8.9 08 D.3 04 '80.5. 08 41'-6 16 
109 65.2 67. 65.3 64.5 
11;) 5.1 /.5 1. 195 15'.2 08 23.3 04 137.6 08 '128.8 Oil 
110 65.3 67.8 64.9 63.6 
I 1 1 2.910 0.710, 15.6. 08 12.2 08 79.2 16 49.9 16 
1 1 1 62.5 59.4 57.5 49.5 
112 2.910 0.710 17.4 08 25.0 04 171.7 06 106.0 08' 
112 6,3.1l 59.8 57.8 46. 
113 ' ' •• 736 1.184 15.4 08 23.0 04 141.0 OE 65.9 16 

). 113 61.9 63.4 61. 58.5 
114 4.736 1.184 15.6 08 48.6 02 144.9' 08 136.1 08 , 
114 '60.6 61.7 60. 59. '.J 
'115 2.876 0.514 16.5 08 28.5 04 "l11.2 08 38.2 16 
115 . 68. 65.4 63.7 55.5 
116 ?876 0.514 31.2 04 58.8 02 109.0 08 80.8 06 ' ' 

116 64.7 64. 60.9 . 52. 
117 4.560 1.140 15.4 08, 21.5 04 139.3 08 125.5 08 
117 6V.2 62.4 60. ' .56. 
I 1 0 4.560 1.140 1U.0 04 15.3 02 67.7 04 88.6 04 
118 62.7 62.9 61.2 58. 
119 3.11? 0.725 17.3 08 27.5 04 151.4 08 106.6 08 
119 59.5 58. 56.1 48. 
120 30115 0.725 16.8 08 56.0 02 148.0 08 107,.1 08 
120 59.3 ~58 ... 4.._ 56. ,48. 
121 5.100 1.330 15.6 08 31.9 04 109.3 0& 68.8' 16 
121 54. ' 54. 52. 50.5 
122 5.100 1.330 1'5.8 08 31-.5 04 112.4 08 69.0 16 
122 54. 55.'5 53. 51.5 
123 2.673 0.637 ' 15.7 08 27.3 04 134.0 08 96.0 08 

.1 123 54.5 52. 50. 35. 
12 I. 2.673 0.637 17.9 08 29.9 04 150.0 08 105.1 08 
124 56. 53. 

. 
51.5 39.5 

125 2.736 0.664 11.7 04 \ 42.8 04 64.2 04 90.0 16 
125 19.7 18.5 16.6 13.0 

, 

:26 2.736 0.684 22.4 02 41.5 04 121.5 02 90.3 16 
,26 19. 17.8 16. 12.8 

END OF FILE 
G' 

" 

:'1) 

',' 

" 
" 

( 



SUBROUTINE KATWEN(KAT~UU", 

C KATO AND WEN MOUlL FOR FLUIDIZED bED H~ACTOR 
l CHr.M. 'ENG. SCI .. PG. 139'1 • V(;L. ~4,1~6~. 
l ~UOIFIEU srlAw MAHlHlY7~ • 

If KATUUU IS U NO bUDbL~'H~AllIUN 
IF.KATHUB IS 1 ~URBL[ ~~ACTION 

336. 

ClH~MUN /tlLK2/ FlEU(~I'T,FLO;,/,CACT"10,KLI-"UL,OUT(~I,S1,S~'S3,CONV' 
I ~ XFAC,IPRINT,EMULH2 . 
(nM~ON/RL~~/ A(l~1 ' . 
UIMENSION VC(20I'VE(201,~Fui2UI,wfu~(~u"k~Ul(LOI,H~Pll(LO" 

11< ':'l2l ( ;> V I ,~"Ilv l ( L U , , "KU v '- I ~ U' 'n ~P ~ I LUi '" ~ P u I LV I '\..rll I ~ U ' ,'-II ( ..: U ' 
c , 

Llll~1AX = lO.U 
AR[A=32'" 
rpso = n."~7 
EPB' = O. '.49 
H~',F = HO*1.U43 
U,'1F = U.77 
UU1UL = UMF 
HN = 2 U. , 
TEMP,,= (T-32.01*(~.0/~.OI + 27301 
U = FLOW*1.46042 
RHOS = 0.957 
f)P = n.n!'; 

( PI~ELIMINAHY CALCULATIO"'S 
NPANIC ='0 
NITER=l 
GRAV=9S0. 
RT=S2.06*T5MP 
RTT=l.99*TEMP 
VF=AREA*U 
RKBE=CACT*A(51*EXP(-A(11/RTTI 
RKPIE=CACT*A161*EXP(-A(21/RTT' 
RKP2=1.0+A(7J*EXP(-A(3 1/RTTI " 

,RKE=1.O+A(SI*EXP(-A(4'/RTTI 
RKIlf=RT*RKBE 
RKP1E=RT*RKP1E 
RKE2E = RT*CACT*A(121*EXPj-A(11J/RTTI 
UDIFF=U~UMF 

DOM=(1.4*RHOS*DP*ul/UMF 
DO ~ O.326l*(ubIFF*HN'**O.4 
HDUMAX = (DUMAX-DOI*UMF/(1.4*RHUS*UP*U' 
UUMEAN = DBMAX - 1.0 

2 G2=0.711*(GHAV*DB,·"EAN'**O.50 
UUSAVE = ueMEAN 
HT = HMF*(1.U+(U-U~FI/G21 

-, 

I 
l' 

DIWE ,\N = «DB~'AX~UO I *Ll. 5* HI)B~ AX + UBrl,AX * ( HT -HDtH·1AX I I /tIT 
IF(ABS('D~SAI/F-DI~MEANI.GT.O.O<).Rlll' (,0 TO 2 

c 

E'YS = EPSO ~ 
VUIDC = (1.O-EPSI/(1.0-EPui 
G3=2.0+DOM 
('4=2.u-DOM 
IFIKATtlULl.lvoll ,,5 = Itl~O*At<tr,*(r1T-Nu"/I3.l41b*'1TI 
IF(KATBUU.EU.0' G5 = (6.0~AREA*lrlT-HUII/(3.1416*rlT' 
G6=IHd.(l.O-E~SOII/HT 

.. 
[,7= I HO. ( 1. O-EP SO I I / I 2.0* HT. (H T -HO! I 

CALCULATE MECHANICAL CHAHA(T~I<ISTllS UP THt ~lAC1UH 

HTC=O.O 
C,~=Uc1F /EPS ' 



( 

NSTAGE=O 
DO '}O 1=1.20 
UHT = (2. O*oO*G3** C1-1 I I/( G4** I I • 
IF(oHT.GE.U~MAXI oHT = UUMAX 
HTC=HTC+oHT 
oBUB = DHT 
IF(HTC~LT.HTI GO TO 70 
UHT = HT '- (HT(-UHT) I 

NSTAGE=I 
71) BUBN = (G5/(DllUt3*DllUB'I*(IJHT/UBUdl 

, , 
UBR=O.711*(GRAV*D8Ulll**O.50 
G8 = tBUllN*3.1416*OBUt3*UUUt3*UBUUl/b.O 
GIO=UBR-G9 
IF(KATBUB.EU.II, VC( I' = Gtl*( (3.0*u':iIlGIO+O.250' 

. IF(KATBUll.~U.OI VC(I' = (btl*~.U*u':iI/GIO 
VB=(b~*(UllR+2.0*G':III/(UUk-U91 
VE(I I = AR5A*oHT - VB 
FO = XFAC*(ll.O/DBUBI 
FON=(FO*(UBR-G911/(UP.R+2.U*G9

' RKBC(Lr=RK2~*VOIUC 
RKPIC(II=RKPIE*VOIoC 
RKE7C(1 I = RKE2E*VOIDC 
WFB(II=FON*Vll 
WFB2( I I=WFH( I I*WFt3( I I 
WKBVE ( I I =RKB<: ( I I *VE ( I ' 
WKAVC ( I 1= RKBC ( I I *VC ( I , 

, 

WKP E ( ,I ~ ( RKP 1 C ( I 1* VE ( I I I / RKP 2 
WKPA( I"~RKPIC (I I*VC( I I I/RKP2 , 

• 

WRITE(6,997' I.DHT.HTC.EPS,BUBN.VC(II.Vo.VE(I',FuN 
It(NSTAGE.bt.ll GO 10 1.0, 
IF(I.NE.20' GO TO 90 
WRITE(6.9':1tll 
~TOP 

Of' CONT I NUE-

110 
ITERATIONS ON MASS BALANCES OF EACH STAGE 
DO ?80K=I.NSTAGE 
IF(K.GT.I' GO TO 140' 
Fl = VF*F.fED(}I 
F2 = VF*FEED(21 
F3 = VF*FE~D(31 
F4 = VF*FF'fD(41 
F5 = VF*FFFD('>1 
PIl~ = FEED(51 
PE5 = FEED(51 
GOTOl50 
F4=VF*PU4 
F5=VF*PA5 
F!=VF*PAI 
F2~VF*PA2 

F,=VF*PF\, 
1 '>:J I F ( NIT FR. C; T • I I P R '> = CHI« K I 

~!NN= ! 
NPNK =0 
PE5=PE5 
GOT0270 

lQn poIFF=PE5-PCALC 

337. 

)' 



I 

I . 
I 

IFINPNK-11195.211.214 
195 IFIPDIFF.LE.O.OI GO TO 2~0 

~INN = 1 
NPNK=l 
GUT82l;> 

71() NNN=l 
NPNK;' 2 
<'OT0215 

71 J IFIPDlfF.LF..O.OI. GO TO 213, 
n? PE,)R=PE5 

PDIFR=PDIFF 
PES = PE5 - 0.06 
lFIPl5.GT.0.UI GO TO l70 
NPAHIC. ~ NPANIC + 1 
Pf.5 = 0.0001 
IFINPANiC.LT.I01 GO TO 270 
\'I~IT"- I 6.9961 
CONV = 0.0 
S 1 = 0.0 
S7 =0.0 
53 = 0.0 
EMULH2 = 0=0 
DO 205 J~l.~· 

7·)') OUTIJI = 0.0'. 

114 

?l~ 

?JA 

,Yo .... 

RFTIIR"J 
PDIFL=I'DIFF 
PE5L=PE5 
GOT0260 

-.• 
lFIPlJIFF.GT •. ~.OI GO TO 216 
PE5L= PE2 
'PDIFL=POIFF 
PE5=PE5+0.01 
(,OT0270 
PDIFR=POIFF 
PE5R=PF5 
GOT-'0260 
PDIFF=PE5-PCALC 
IFIAIl5IPDIFF·''-LE.1.0E-8 1 GO TO 280 
Pl5L=PE5R 
f'f)IFL=POIFR 
PF5R=Pf5 

. PDIFR=PDIFF 
,., (5 ,A-!'€-5 L.* P V I F R-P E" R IfP lJ I "·Lll I Pt) I F.< -PU I f L , 
N~N=2 

\ 

no 
CALCULATE KINETICS ANt) ((:~iPuSITIUii CtiANLJE IN EACrl 5TAI.>E· 
PII=Pil.5*"AI91 ' 
PI2=PE5*"AI91 
PI'I=PP,<;*IAll01 
PI4=Pf5"*AIIOI 
PI5 = PH5**AI13\ 
P 16· = P(5**AI131 
il=WFHi<I-WFtl2(KI~IWFdl~'+~~~Vll<'*PIL' 
l2=ll+WKbVCIKI*PII+VF 

··PP4=FI.177 
7'1=wFR(KI+~KRVFIKI*PI2 
P[4=IWFRIKI*PB41/Z3 . 
lK!=O.9*RKACIKI*PR4*PI1. 

", 

338. 

) 



HII'. =1 K I IU. I), 
/~I=U.~·HK~(IKIOlll401'll 

Id'."lLllu.') 
!~4=Wrl'IKI+~~I)FIKI·PI4 
IK~=IVfIKI01K?I/II~KP?0IK41 

1'1 = I' 'It 'tiFlI I 0( 1 • I K" + I V( I ~ 1 • L K I 1 11< t.Y l 
/'J=~iFI\I~, 1 -wFl121 K 1 I IlK'. 1 
1/, = •. 1" i' ". I K I * I' I 1 + V F 
1'11'=/'./1/5+761 
1'1 '1= I WFIIi K' 01('13 1 ILKI,+IK'; 
I~ III = I H K P I ( I r. 1 0 I'll 3 0 J.I I '\-110. I , III K P l 
HL \=I~KPI(IKIOP~30PI4-1~l'/HKPL 
/lANI = IV[IKI*lloI*Hll,+Ht:\II/RKl 
/IAN? = IV(IKI*II.I*i~II, .. rW31'/HKt 
!IAN3 = V(IKIORK[2(IKI*PI~/RKE 
W~[I = VfIK'*RKE?(IKI*Plb/HKl 
llAN4 = WFIlIKI + WKEF , 

339. 

, 
; 

, ' 

I' ,,/ = I \~I U I K , * II AN I III AN4 + L I AlU +t L I I I "I U I K , -" I- UL I ~ I ILl "Nit + L I hN j + V ~ 1 
PI.' = IWFUIKIOPU2+lIAI~llllIAN4 ,-
IW! = -II. I *Rt.l4+Hil3-HK[l( I K I *Ptll*P I ~ IIkKl 
I~E! = -II.I.H[4+HE!-RKl2CIK'*PE20Plbl/~Kl 
IW 1=-14. O*RII4+). U*Rfl3+2 .u*H[\2 1 
RLI=-14.0*Hl4+3.0*Rl3+2.0*Hl21 
1'111 = I f I-V [I < 1 .HE I-VC I K 1 *1<111 I IVI
PLI=IWFHIK'·PGI-VLIKI*REI'/WFUIKI 
i{I,';=1.0*Rl\4+2.U*RU3+RU2 
RL';=3.0*HE4+2.0*RE3+HEl 
ZKB=IVEIKI.RE51/WFIIIKI 
I'CALC IS"PE5 
PCALC=IF5-WFUIKI*IKB-VCIKI*R1I5-VF*IKB'/VF 
(II I I: 1 = Z K H + P r: 5 
Pil'>,=CH I < I 
If INNN-1119U.l90.220 
(ONT 1 rWE 
CHlCK (ONVtRGEN([ ON tlYlJh.UGtN PARTIAL PRl5SUHI:.5 IN tlUtlbLt PHA5t 
IFINITfR.EU.ll GO TO 340 
Q~AX=AIISICH911)-CHI1)' 
DC 'l I'll =7. NC, T {.(,E 
D[JIF=AASICItI II )-(HII)' 

l'~"Q If ('[llJIF.GT·.~)f~f~X)~ ·UMAX = DOIF 
IFID~AX.LE.I.Ol-&) GO TO 360 

.' hJ LJl:j~:.JI=I.NSTAGt. 

-I'>" Ullll)=CHIII 

QL. 

N I TrR=Nl HR+I' 
IFINIIFH.LT.6) GO TO llu 
wR 1 Tl 16."9'91 
"Tor 

(Julll) = PlIl 
(lUTU) = PIl2 
OUT I,) = Pll, 
0U1(4) = PH4' 

, , 
~ " l!.4- ~ . 

• , 'J~r , 

OUT(5) = PH5 
IFIFFFOI4).FO.O.O) GO TO,390 
F = FEF[)I") 
Dil c 'FrED(4) - PA4 



( 

( 

','J = OUTI31/00 
';7 = OLJTI?I/OD 
(,U TO I. I () 

"h I~ IFt.lUI 3 1 .lU.O.ul UU Tv "OU 
, = FfFOI1' 
Illl = F,r0131 - Pfl3 
~~ = o.n 
',7 = all T I ? I I DO 

,(,0 T () .. I (J 

'>liI' f' = F r E [) ( 2 I 
UD = mOl21 - PII2 
~'; = J.l' 

.,r,;> = (I.n 

'oll' ((lNv = loa.n"DD/F 
51 = OUTIII/DD 
P-'lllH? = PI: 'i 
RULJR~ 

'I'll" FUH~Af('2x. "OHEr~UlSION CUNC (;F H2 Ktt:.PS llulNll NEt>ATlVt. 1 
·,',1 ~Ukf'l,ilT( IX.Jj.Fb.~.f7.L.~ 1 .... ~b.L ... t.'J.£1 

340. 

, 
','iI\ ~uR~IATI7X. "6HNOT ENOUGH DIMtNS'lONS FOI{ 
1')'1 fGR~IAT(llbX.42HtlEl) Diu r{UT CUNVtHGt IN 

THE NUMtltR OF STAulS) 
MAXIMUM ITtI{AT.luN~1 

rND / 

SUlJRUUTINE KWMIX .' ~ ), 
KATu ANO wEN wiTH lMULSIOP {CiCTlY ~lIXlLJ' 

tHtM. ENG. SCI •• PG. 13~1 • V 2".19b'}; . 
MODIFIED SliAW MARCH 1972 
IF '(ATf'Un IS 'l NO AUPflLf REACTTON 
IF KATIlUb IS 1 tlUeBlE REACTION 

r 

CC~HI,Ut. ItllK2! FEEDI~I.T,"LUW.CA(T.rIU;Kt.;~lil.UUTI~I •. ~I.S2'.S3.CUi<V. 
I XFAC~IPRINT.EMULH2 
tU~MON/lllK31 A(131 
CUMf'/UN/6LK71 PEI~1 . 

. DIMFNSION VC(201.VEI201.WFBI201.WFB21201.RksCI201.RKPICI20 1 • .' 
I R Kf.? C 1'20 1 • ',1 K Fh' E 1 20 1 • \<I K e v C 1 20 ) • YI,K PEl 20 I ... K P tl I 20 I ; CHI I 20 ) • C 11 I 20 I 

DIMENSIUN POI51.BtlI51.PBI'~I.UPE(5)· , 

LOOP = 0 
X;'AVf:. " XFAC 
'{fAC = XFAC*1.9 
CALL ORCMIX 
XFAC = XSAVE 

"I"'<"IX = 1 0.0 
~P"h=1.?4. 

!:PSO = 0.~57 
epn = 0.4'49 
H~'F = HO*I.043 
Ufo'F = 0.77 
11F1·IlIL = lJI~F 

""1 = 20. 
TFMP = IT-32.01*15.0/9.01 + 273.1 
\.1 = CO'L ow * 1 • ',6042 
"'t-'OS = 0.957 
1)1' = U.015 
~RlLIMINAl{y CALCULATIONS 
NPANIC = 0 

-
/ 

I .. 
I 



NlTrR=l 
(,RAV=980. 
In = 82.06 * T t: MP 
HTT=I.99*TFMP 
Vr=AHEA*U 
IIKUL=(A(T*AI~)*t:XPI-AI1)/HIT) 

IIKPll=CACT*A(6)*EXPI-AI2)/HTT) 
IIKP?=I.O+A(7)*EXP(-AI3)/RTTI 
II(f=I.I)+AIB)*EXP(-AI4 1/RTT) 
q~RF=RT*RKRF 

ru PIE = R T * H K PIE 
liKEn = RT"J:ACT*A(12)*EXPI-A(II)/i<TT) 
UD IFF = U-U~1F 
lJU;·I= I 1.4*i{HOS*lJP*u.) /U,+ 
DO = O.3261*IUDIFF*HN'**0.4 
IIOB'fAX = I DA~1AX-DO) *UI~F / I 1.4*RHUS*OP*u) 
Ob:-\EAN = DI:W,AX - 1.0 ' 

! G?=n.711*IGRAV*DRMFAN)**0.~O 
r~SAVF = [)'lr-'FAN 

'HT = HMF* I 1.0+lu-ur·\F) /G2) 
ObME AN = I I DI:lMAX -DO) *0. ~ *HDHI',AX + utlMAX * I H T -Hutll·1AX I ) /11 T 
IFIAtlSIDfISAVE-uRMEAN).GT.O.OOOI' GO TO 2 
fPs = EP~O 
VOIDC =&l.U-EPS)/lI.O-LPtl) 
C,l=2.0+COM 
(,'.=;".O-DOM 
G~ = 16.0*AREA*IH~-HO))/13.1416*HTI 
(,6=IHO*1 I.O-EPSO) )/HT 
G 7 = I H Cl * I I • 0 - E P SO) ) I ( 2 • 0 * II T * I H T - HO) I 

'. lAL(UL(.Tt ~1tlHANIU\L UIAHklTtH1STllS uP HIt:. IIt:.AlTOH 
HTC=O.O 

( 

, ( 

( 

( 

G9=U~~F /Ei'S 
NSTf,GF=l'l 

-VEr-',llL = 0.0 
XFLOW = 0.0 
CO 90 I = I,;> 0 'J. 
UHT = 12. u*DQ*G~** I I -Ill /I (,4** I I 

" ).\ 

lUNSTIINT UUI:lBLl SIZE UP lHL REAlTOR 
CHT = [)Rt~EAN 

IFDHT.GF.DPMAX) DHT = DRMAX 
HTC=HTC+DHT 
,F,U8 = DHT ( 
lFI11Tl.LT.HT) GO TO 70 
UilT = H.T - IHTC-DHT I 
r.qt.GE~ I 
SIIVDHT = DHT 

7:1·'il!I\~1 = I G5/1 DI:lUIl*OtlUn I 1*IUHT/UtlUll) 

lIrH'=O. 711* IGRAV*D9UR)**u.50 
r.H = I "1l8N*1.11,16*DRUIHD'lUI1*DRUP) /6.0 
(,I.'=UbR-G'J 
veil) = IG8*3.0*G<J)/G10 

NU SOL I DS IN' RueBLl 
VCII)=O.(l 

.. 

, 

( 

341. 

"-



C 

\ 

\ 

(VIIO I (, n M I UIW +? .0 "(,9 I I I 1~,~ -C,9 ; 
vi I I I = AHEA"OrlT - VII 
FU 0 XFACMIII.O/OUUIII • 
IUN° I Fa* IUlIH-u'J II I (utjIHl.~.it,') I 
IlKI\CIII=I~KHl*VOIO( . 
I~KP1CI I I=RKPIL"VOllJC 
IlK[?CII I· = RKF7f~VOIDC 
' .. :FP I I I =FO~"V'1 
XFLOW = XFLOW + WFIIII' 
v!FII?1 I I =WFH III *WFII I I I 
\\ K 1\ V r I I I = R K I! C ( I l" V E I I ' . 
\,KllVC I I ) =1~Kt'.C I I I "VC I I' 
WKPF I I I = I RKPIC 111 "VE I I I I IHKP2 
WKPGIII=IHKPICIII*VCIII)1RKPl 

, 

v'I~ITLI{'.'J97' 1.IJHT.rlT( .. U'>~"tjUl.)N.VLIII.Vl.).Vtlll.~uN 

ql) 

1 1 I) 

lIS 

14:) 

VF'Illl = Vft'tll + VFlII 
IFlNSTAGE.Gf.ll GO TO 
·1~ll.~E.2GI GO Tq 90 
,;I~IH 1{,.<J98 I 
SOP 
(ONTINUF 

II U 

1 TFYAT Ir:ON ~'ASS AALANC{S. OF 
(ONT INlJ . . 

,,~rf,F" ",v\. 9NSTf,C,F I/S.WOHT 
00 115 I =~ 
Il,ll I I = AREAE~*UE~~UL"FI;:[\)I II 
ua 3UU K=I.NSTAGE 
IFIK.GT.11 GO TO 140 

FI = VF*FffDIII 
FZ = VF"FfEDI21 
F3 = VF*FFE.D(3) 
Fl, = VF"FFfDIl.) 
, . .., = VF*FfED I ~ I 

PllIS'1 = FEEDI51 
GOT0150 , 
F~ = VF*Ptll')l 
F4 = VF*P13141 
F< = VF*Pf'\I<l 
F? = VF"Pf'\121 
FI = VF"PfH~1 
1 F I I, I T E R • (, T • 1 I 
NNN=l , 
r-;PNK=O 
P f.., = PAl 5 I 
(,OT0270 

PP (5 I = CHIIKI 

lQn PDIFF=PE5-PCALC 
IF(~PNV-Jllo~.?II.?14 

I"~ IFIPOIFF.L[.(J.OI GO TO 210 
rlNN = 1 
NPNI(=I 
(,OT0212 

/18 ~~NN=l 

NPNK=2 
(,OT:171 <; 

711 IFIPDIFF.LE.~.0l GO Tv 213 
;'17 P'"~R=PF'" 

EACH STAGE 

-.. 

, 
• 

342. 



( 

,/(,0 

?7r 

PDIFI~aPDlfF 

PEo; c PE5 - 0.05 
IFIP[5.GT.0.UI GO TO 210 
NI'ANIC = NPANIC + 1 
PFe; " 0.0001 
IFINPANIC.LT.lOI 00,1"0210 
WRITF 1(,.996) 
CONY = 0.0 
51 : 0.0 
~7 = '0.0 
~-1 = 0.0 
fMULH2 " 0.0 
flO 70<; J= 1 .' 
OlJTIJ) = 0.0 
RFTlJI~N \ 
P()IFL=PDIFF 
PESL=PE5 
GOT0260 

/J 
, .. 

IFIPuIFF.GT.O.O) GO TO 216 
Pf5L=PES 
PDIFL=PDIFF 
PFS=PES+O.Ol 
GOT0210 
PDIFR=PDIFF 
PfSR=PfS 
('OT0260 
PDIFF=PES-PCALC ,~ 

• 

'IFIA~SIPD~FF).LE.l.OE-1) GO TO 280 
PFe;L=PFSR 
PD+FL=PDIFR 
PFe;R=PFS 
PDIFR=PDIFF ' ' 
PL'S= I PE5L*PD~-PE5R*PL>IFL) / IPL>IFR-PDIFL' 
NNN=2 

)/.r 

CALCULATE KINETICS AND CUMPOSITION CHANGE IN EACH STAuE 
P[3(5) = PEl) 
Pll = PP,IS)**AI9) 
PI3 = PRIS)**AIIOI 
PIS = PIH5) .... AI1:;1 , 
PB(4) = IF4+WF8IK)*PEI4))/IWF[3IK)+Vf+WKHVCIK'*PI1) 
lKl = O.9*RK8CIK)"PUI4)*PIl 
R[34 =ZKl/0.9 . 

343. 

PU(3) = 1~3+WFHIK)"PEI3)+VCIK)*ZK1/KKP2)/IWFUIK'+VF+WKPUIK·I*P13) 
RU3 = IRKPl~IK)*PHI3)*PI3~lKl)!RKPL ' ' 
ZIA~, = VCIK)*RKF2CtK'''PI5/RKE . 
Pfll;» = IF2+\~FUIK)'*P.EI2'+VCIK'*11.l*RU4+RH31/RKE,l/. 

1 IWFRIXI+VF+1IAN3) 
PIl? = -I l.1"RBl.+RU3-RKE2CIK'*PllIZ)"PISI/RKE 
Kil 1 =- 14. 0*RI:l4+3. O*RB3+2. O*RU2' 
Ptll l) = IH-vCP;)*RHl+WFt.lI,,-'''PLI llIIlVF+\>OFtH"-') 
Rl1o;=3.0"RR 1t+?0*Rfl3+P.R? \ ," 
PllIS) =' IF5-VCIK).RB5+WFllI"-IIIPUS-)IIlV~+"'Ft.lIKI) 
(HII() = PR(5) 
P[flL[ = PRI':» 
IFINNN-l)190.190.2?0 

JHc (UNT I NUf 
DU ? B? I = 1 • ') 



,'Hi IlilI I I ; UBI I 1 + WFtH I I "f'lll I I 
,nn (ONT J N,IF J 

CHfCK, CONVEflGE~CE ON I:MlJLS ION HVulWGI::N PfH:SSUHl 
FU1WlN ~ n;o,/ 
(JO ,I? I; 1 • '; -, 

,I.' Fl o vii N ; FLQ\oII,N + !JIll I 1 
DO ,1, I; I· •• , 

III 1'01; I ; lHlI: l/rLowlN 
l/,u c VI:~IUl/f'LO'lilN 
,,'I~ITI Ib.')()~1 'PI1.PE.r>o.TAU 
LOOP ;-LOOP • 1 
Ill) 'j70 I; I.~ 

I;'f' ('1'['111; PFII) 
,'q\ PI? "PFI51**/1(9) 
,) 1'14 ;}PtlS 1 *"AI1UI 

Plb, ; PEI5 1"*AI131 
SAVE? ; PE(5) 
PLI·.I ; PO(41/(l.0+RKllC(II"PI2*TAUI 
R4; RKAC(II*PI2*PE(41 
Ttfl'l ; I.f' + RKP IC (1 1*P ~*TAU/RKP2 
I'll31 ; IPOI31+0.9*R4*TAU/RKP2)*(l.0/TERMI 
Rl ; -(O.,).R4-RK~lC(ll"PI4*PE(311/RKP2 
TtRI'; 1.0 + RKI:2(ll*Plb"TAU/RKt 
I'Ll I ; (PUI2)+(l.1*R4+R31*TAU/RKt)*ll.0/TlRMI 
R? ; ~Ll.l*R4+R3-RKE2C(II*P16*PE(21)/RKl ' 
I'll I ; PO(l) + (4.b*R4+3.0*R3+2.0*R2 1*TAU 
I'll il ; PO(S) -(3.0*R4+2.0*R3+R21*TAU 
Ir~~RSIP[(5)-SAV~51.GT.0.00051 GO TO 330 
1I'ILOOP.LT.18) GO TO 360 
~'RITlI6,9931 T.FLOW.FEED 
5101' 

1/,,' IrIAIJSIOPtl51-PI:I511.LT.O.0001'1 (,0 TO 31lU 
GO TUllO 

.r ' 
"II,., fl ; tJF,\ILJL/U 

F? ; IU-UE~IJLI/U 

1:0 '38'; I = 1 • '; 
IH'J OUTII) ; FI*Pt::lI'1 + F£*Pu(ll 

IF(FtLL)("I.EQ.O.OI GO ,0·390 
F = FEED(l.1 
JD = FEED(41 - OUT 141 
c" = OUT(3 1/DD 
S 2 = OU TI 2 )1 DD 
(,0 T~ 'dO 

l'lf: IF I FEE,\>I 3'I.EO.0.UI . ('0 TO 400 
r =FEEDI31 
OD = FlEOl31 - OUTA31 
<;3 = D.O 
S7 =.. OlJT(2)/DD 
Gn TO ',1" 

I" l: \ F = F [F 0 I 2 I , 
lJO = FEtDI21 - OUT(2) 
<;"=0.0. 
S? = u.O 

'd" lGNV = 10().u*DD/F 
<, 1 = OU T ( I I I C'D 

, \ 

344. 



l 

P\ULH2 = PE(51 
RFTlJRN 

345. 

~~~ FURMATI Z9fi T80 MANY LOOPS YOU ULEW IT,lFI0.41 
') !) I) 

'} l) {J 

I} () I 
-'j 'J B 

HiI< ~~A T ( 1 X , 3 ( ~ F 8 • 6 ,IX I ,F!). 1 l 
fUIWilTI2X, 4UlilMULSION CUNC UF H2 Ktl:Y~ I.JUINll NLll/ITIVt.1 , 
~ UR .\:/" r I 1 X , I 3 ,r 6. 2 , r 1 • 2 , r I. <; ,t 6012 ,<; t ':I • L J 

fUI,I·;ilTIZX, 46HNUT lNOUGH ulfl,LNSIUI';S ~UI' H,t. l'U,',otK uf SThl.JLSI 
Fvl~\\I'T(//6Y.,42HUED DIIJ NUT CUNVt.RI.Je: IN '~\AXI~\UM ITLHATI~ 
F Nil .' 

l 

SUHRQUTINE ORCMIX 

CU:·\f·\UN / LK21 FEEUI5l,T,FLUW,(ACT'rlU,KtMUL,UUTI~I,~l,SL,S3,r.ONV, 
PLRF LC T r M I XEIJ MCJUEL . 

l ' xFACt!PRINT,l::fI.UUt2 
COMMON/"LK3/AI131 . 
(()I.wn~!/~LK71 PFI!)l' \ ) , 
lJ = FLOW*I.46042 
TLMP = IT-32.1*1~./9.1 

,GRAV = 980.0 
IJdMAX = IU.lJ 
lH·\F = 0.77 
UFfI.UL = UMF 
liN =.,20.0 
RHOS = D.9!)? 
UP = 0.015 
HMF = HO*1.U43 

+ 273.1 

UO = O.3261*IIIU-UEMULl*HNl**0.4l 
(,} = 1.0 
UX = U/GI 
HDHMAX = IDl:lMAX-DOl*UMF/ll.4*RrlOS*UP*UI 
DlWEAN = DlW,AX - 0.9 ~ 

f 

2 HT = HMF*ll.0 + IU-UEMULl/IO~711*SURTIgBO.0*UUMI::ANllJ 
Dfl$AVE = Df~'MF AN 
DUMEAN = I(Dl:lMAX-DUl*o.!)*HUUM~X + UUMAX*IHT-HDUMAxll/HT 
,lFlfdISIDllSAVE-DIIMEANl.GT.O.0001) GO TO 2 
"O?o;--'X F AC * 11 .0 I DrWE AN " 

//'-<= a*HT/I:).71'1*sQRTIGRAv*UBMEAN,l J 
NH2 = ('I 

IJS'.1= 1 
~',SW = 1, 
ToL=O.OOOOlJ1 
RTT=1.99*TEMP 
FAC = 11.0-lJ.!)57l/11.0-0.449l 
kKU=CACT*FAC*AI~l*EXPI-Alll/kTTI 
RKPl=C~CT*FAC*AI61*FXP(-AI2)/RTTI 
RKP2=1\17l*EX~I-AI3IfRTT) 
.lnEZ·= CACT*FI\C*A(12)*EXPI-AIlll/RTTI 
RKF=AIHl*EXPI-AI<;l/RTT) 

. . 

EXPx = EXPIXl . 

• 

GAfl = IU*ll.U-11.U-Uc:~\UL/UI/L4PXI 1/I!JL.Ob*Tl'·,P*111~r) 

I'? = FEEDIS), . 

\ 

J'~I\CTION ~INFTICS FOR EMULSIUN WHtHt. THt UNLY RtACTIUN oCC~RS' 



Y7 = P5**A('J) 
~42 = (FEEO(4)*GAM)/(~AM + RKU*Y21 
IW = RKU*P42*V2 
ZI=(I.9*IW 
l~ = RKP1*(P'i**A(JO)1 
1':11 c (Zl+fl:.[()(31*GAM*(1.0+RKP2 1 1/(l3+\.:IIIM*(1.0+HKP;o1I 
RP?=(11-Z1*P32)/(1.O+RKP21 
1 '. = R K F ;> * ( pc, * * A ( 1 'I I I " lit 

) 

P?2 • (1.I*RH-RP2+(1.0+HKEI*t.>AM*FlED(211/(Z4+(1.0+RKEI*GAMI 
HL~ = (1.I*HU-RP2-Z4*I'221/(1.O+HKtl 
I' II = ( ' •• 0 * IH3 - :I • 0 * R P 2 - 2 • 0 * tU: 2 ' /t.> fIi.\ L • 

P~2 • (FI:.EO(5)*GIIM - 3.0*RII +·2.0*RP2 + RE21/GAM 

346. 

~.lIlRU~ SO TIIAT \.:IUtSStLJ.112 wILL lh Thl:. :,/IMl II!:> Tlil (AL(UU,TLLJ ti2 

lOJ 

Ivd 

'\.) j 

I III 

71') 

PDIF=I'')-PC,2 ) 
IF(N5W.[Q.21 GO TO 703 
IF(PDIF.Lf.n.nl GO TO 700 

M!"l\o.J = /'7 
PRT=P5 
P? =' PO; - u.IO 
(JIFI~=PDIF 

1~(P?Gl.U.ul '~O TO eou 
I'~ = 0.0001 
IF(NII2.FO.OI GO TO 701 
P,)2 ~ 0.0001 
IPRINT = -9<19 
GO TO 70'. 
Nfl2 = 1 
G(')T:)800 
If (M!:>W.tUol' WIHTt(b.':I':Ib' IPHINT.P?P?2.PLJIr ) 
PLT=P5 
DIFL=PfllF 
NS"'=2 
GO TO 750 
IF(AUS(PU1FI.LT.TOLI \.:10 TO 704. . 
IF~AUS(MU1FI.LT.AUS(UIFRI.UR.A~S(Pulf,.LT.kUS(LJIFLII 
\~RITt(bl.l.9':1'91 IPRINT.P?i>~2."LT.PtH.I'LJIF .• UIFL.UlfR 
IF(fHS([)IFRI.LT.AUS(OIi-LII GO TO 730 
IF(PLT.GT.P51 GO TO 715 
PRT = PC; 
DIFR = POIF" 
GO TO 7">0 
PRT = PLT 
OlrR = DIFL 
PLT = P"> 
DIFt. = POIF 
GO T:) 750 

71~ IF(PRT.LT.P51 GO TO 735 
PLT = P"> 
<"lIFt = POIF· , 
G(.) T8 7">0 

IV) PL T = P[,T 
Dirt. = OIFR 
PRT = P') 
DIFR = PDIF 

I~:l P? = PLT - DIFL*(PRT-PLTI/(OIFH-UIFLI 
GOT:)A()(1 

\.:10 TU 710 



/(,11 Pili = PI2 + IFEEDIll-P12I1Expx 
PII? = pn + IFEE1H21-P221/lXPX 
Pin = r:i2 + IFFEDDI-P32'I/EXPX 
PI,II, - PI,Z + ,IF[EDI'd-PI,ll/t:Xf'X 
PI'.') = P,)? + IFEFOI<,I-P')?l/fXPX 
rl 0 lHY~l.i'lJ 

F? ~ IlJ-Uf~lJl)/U, " 
nUTI:) - Fl*P12+f'RI*F? 
OlJTUI = Fl*P22+PU2*F2 
uUlnl - Fl*P32+PiB*Fl 
OUT(41 = Fl'P42+PB4*F2 
OlJTI~1 = Fl*PS2+PII5*F2 

Hi\)_ IfII'LlllII,I.I:O.U.OI 'GO TO 390 
r ="FF,FOI41 
00 = FFFD(4) - OUTI41 
So = 'OUT I 31!DD 
S2 = OUTI2 1 /DD 
GO TO 41U ' 

'J":) IF(FlED( 3.l.tO.0'01 GO TO 400' 
F = FFrD( "'"I 
DD = FEFD(31 - OUT(31 
S1=O.O· 
S2 =' OUT(21/DD 

GO'TO 410 C 
I,LO F "= FFFD( 2 I 

[10 = FEED(2 - OUTI21 
53 = u.n 
S? = 0.0 

4]n (ONv , lOO.O'DD/F 
SI = OUT(ll/DD 

( , 

"Ft-'lJLH:? "= P52 
Pfl]1 = P12 
Pl(21 = P22 
P[I,I ="P32 
PE (4 I = P42 
PE ( S I = P52 

RETuRN . 

347. 

" 

~96 FU-MAT(lX. 40HNEGATIVE ON FlkST STEP UF SEARCH FUR P52. ~X.13.3Fl~ 
•• 4 ) 

999 fURMAT( IX. 45H THE O~CUTT SEARCH MAY uLUW UP FUR IPklNT = .14. 
17Ell.41 

FND 

:,UI1RUU TI Nt: ORCPLG '. 
uklUTT F.b.R.MUUlL PLUG ~LU~ IN THl 

MINIMUM STEP SIZE OF 0;4 CM SHAW 

lMUL S lUi'! 
20/4/7 2. 

t U""~'10N IHLK2/ FEED ( 5 I • T • F Lv .... C AC T • riU • J<.EMUL .UU T ( 5 I. S 1 • S2 • S 3 • CON..!' • 
1 . XFAC.IPRINT.Et~ULH2 

CO~t-'ON/nLK31 AI111 
(J I :~F N S I ON eN ( 10 I • C (l U,I • ell 1 (J I • DC I 1 U I • C 2 I 10 I • C 3 ( 1 U I • C 4 I 1 U I • eN 1 ( 10 I • 

I CDXIIOI.CINIIUI.R(SI 



" 

J 

" 
, ,) .. 

IW,I ~ HO*1.lJ43 .' 
.u = FLOW*1.4b042 ,I 

lJMF = 0.77 
• IJI t~1 JL = UMF 

r.Rflv = 9110.0 
I'!WAX =.10.0 
liN = 20.0 
!HlOS = 0.957 
uP = 0.015 
UO = O.3Zbl*11 IU-UEMIJLI*HNJ**0.41 
(11 = 1.0 
UX = U/GI 
HDI\MAX '= I CLIMAX-DO I *UMF 111. 4*f{HUS"lW*U I 
[)fWrflN = ()'I"flX - ,0.9 

1, 

i lIT = rlMt:*ll.O + IU-UI:.MUL'/lo.711 ... ~\,/!nl'JtlU.U*UllMt.hNJII 
lJIISAV[ = UIII~EAN 

U-6~I:AN = I IDBMAX-UOI*u.?*HUUMAX + UBMAX*IHT-HUUMAXlllliT 
IF 'flIlSWIlSAVE-UHMEANI.GT.O..oOOlJ 'GO TO '2 
o = XFflC*II.O/DI\MEAN 
Y = O*11T/I0.711*SORTIGRAV*DBMEANII 
TlMP = (T-3;>.I*(5./9. 1 + 273.1 
NEO=lO 
NK=O 
Y=O.O 
NSTPP = 0 
UY = 0.3 
IHALF=O 
JHALF=O 
RTT = 1 .• 99*TFMP 
FAC = 11.O-'O.55-71!1l.0-O.-4491 
RKII = FAC*CA(T*AI51*tXP(-A~11/f{TTI 
RKF=A(OI*EXP(-AI4 1/RTT" 
RKl2 =' FAC*CACT*A(121*EXPI-AIIII/RTTI 
"Kf'1 = FAC*i:ACT*Albl*EXI'I-A(2 1/RTn 
RKP7=AI71*FXPI-AI31/RTTI 
71 = 87.06*TE~P/UEMUL 
73=X/HT , ./ 
l2 = Z3*IU-UEMULI/UEMUL 
DO 4 :J=1.5 
JJ = J + 5 
CN(JI = FEEDIJI 

t. CN(JJI = CNIJI 
YRFt=1 
005 I=I.NED \ 
(IN(ll=CNI II 

1\, Y.(HI:CK = Y + DY 
IHNK.EU.0.ANU.YC,llCK.l>l.11T' vY = ,IT - Y 
Del?" 'I =I.NED 

;,' ("(+I=CNIli' 
~=I 

r.OT0400 , 
~G DO 40 1=I.NEO 

ClIII=DCIIl 
I," ClIl=CNIII+ClllI/2.0 

N=? 
GOT0400 
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, , 

',(I ~Ob() 1 = I. NEO 
, '( ? ( 1 ) "IX ( 1 ' 

If':( 1 )=CN( J )+(?( 1 1/2.0 
N=~ 

(,OTOI.OO 
'7() DaRn 1 ='1 .NEO 

CH 1 ) = DC ( 1 ) 
C(,I·)=CN( I )+C3( I) 

JHAt:F =0 
(,OTn'. no 

I 

,AT T~IS POINT 4 RUNG KUTTA STEPS liAVE BEEN OUNE 
'ill I)OIJI) l=l.NEQ 

(411)=D(II) 
(NI (I )=CN( I '+(Cl (I )+Z<;0*C2( I 1+2.0*C3( I f+(4( I Il/b.O 
IF (ti':-I) IIOtl30tl!i0 ' . 

1 'I: 

1 1 " r!y~r)Y /?,.o 

, ~~ ~'~ I) 1= 1'. NEO 
CI)X(I)=(NI(I) 
GOTOIO 
1)0140 I=I.NEO 
(N ( 1 L= (N I ( 1 ) 
Y=Y+OY 
NK=? 
(;nT ell 0 

\ 
(,\ . 

l~n DalbO I=I.NEO 
lb.) (N(I)=(16.I)*CN1(11-(DX(I))/I~.O 

171 

, '-- ti 

," 1 \' 

Y = Y - DY 
DY=DY*2.0 
NK=O 
Y=Y+DY 
NCOUNT=O 
DO 171 1=I.NEO 
FPSL = (AIlSIU)x(Il-CNIII'))11l5.0 
IFlfPSL.LE.l.OE-OBI NCUUNT = NCOUNT~I 
IF(EPSL.LE.l.OE-061 GO TO 171 
GO TO 208 
GOT0209 
(ONT I NUE 
IFINCOUNT.GE.NEQI GO TO 220 
IHALF=O 
GOT0230 
STEP SIZE MUST AE hALVED 
1~IDY.GT.O.31 GO TO 20~ 

DY = 0.3 
1 HAL F = 0 
GO TO 230 
!)n~](l 1=I.NF0. 
(/liIII=GIN(I) 
Y=Y-DY 
DY=DY/2.0 ( 
IHALF=IHALr+1 
HIIHALF.Li=6) GOTOIO 
WRIT[16.999) T.FLOW.FEED 
STOP 
DY=[1Y*;>.o 

, 

<> 
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IHALF=O 
l TH~SL vALUES OF CIN ANU (N AHE THt FINAL VHLUtS MT THL 
( fND OF A STA~F 

( 

nu U0240 l=l.NEQ 
1'.0 (INI I I=CNI I I 

IFIY.EQ.~tTI GO TO 280 
GOTOIU 
UIFF~RENTIAL EQUATIONS 

4 nn no 410 l=].NFQ 
43,) IFICIII.LT=O.bl (Ill = 0.0 
'.611 IFICI:,I.GT.U.O) GO TO 465 

C(5) = 0.0001 
NSTOP = NSTOP + 1 
WRITt16.9971 Y.T.FLOW.FEEU 
IFINSTOP.LT.20) GO. TO 465 
STOP 

465 R(4) = RKB*C(4)*ICI5)**AI911 
R(3) = -10.9*R(4) - RKP1*CI3 J*ICI5 J**AIIO)II/11.0+RKP2 1 
R(2) = -11.1*R(4)+RI31-HKE2*tI21*ltI5J**AI13JII/Il.u+RKtl 
Rll) = -14.0*R(4)+3.0*RI3 1+2.0.kI2 11 
R(5) = 3.0*R(4) + 2.0*R(31 + R(21 
Z4=-DY*ll 
75=-DY*1? 
WW6=Z3*DY 
DO 47U J= 1.5 
JJ = J + 5 
WI = CIJ) - CIJJ) 
UCIJI = l4*RIJ) + l5*Wl 

470 DCIJJ) = WWb*Wl 
GOTOJ30.50.70.90).N 

C FINAL CALCULATIONS --- PROBLEM IS SOLVED 
? 8 0 DO 6 1 U I = 1 • 5 
61,) OUTII) = (UEMUL*CNIII + (U-UE1>\ULI*CNII+5 1 l/U 

IFIFfEDI4J.tO.0.OI GO TO 62U . 
F = FEEDI4I 
UD = FEEU(4) - OUT(4) 
S3 = OUT(3)/D~ \ 
S2 = OUT(2)/D'-
GO TO 64'0 

620 IFIFEED(3)=EO.O.O) GO TO 630 - I 
F = FEED(3) ~' 

UD = FEEDI31 - OUT(3) 
S3 = U.O 
S2 = OUT(2)/DD 
GO TO' 640 

6,n F = FEEDI?) 
D D = FEE D I 2) - OU T,( 2 ) 
S3 = 0.0 
S2 = 0.0 

64U tUNV = lU0.U*DD/F 
S 1 = OUT I 1.1 IDD 

,E"',ULH2,= C(5) 
RETURN 

007 FOR~ATI1X.RF1?5) 

') 98 FUHt'.A T ( 2 X. 2 2HS TOP FOR JHAU 

• 
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1 '>F7:4/l 
'J'J'J t-ul<MAI I .LX, "LHSTOP FOH iHALI' CUUNTt.I{,7t'1.,.t\1 

END 

\ 
SU~ROUTiNE PARROW 
PARTI<iOGE AND ROWE. FLUIOIZ~O BEO MOUEL 

351. 

CUMMON /BLK2/ F~EOI51;T,t-LO~~CACT'IIU,Kt.MUL'UUTI?I,~1,S~.~3,(UNV' 
1 XFA(,IPI{1~'l,t:.~'ULH2 ~ 

COMMON/ALK3/ AI131 
DIM F N 5 ION (N I I:> ) ,C I I 0 ' ,( lila I , D ( ( 1'0' • (2 ( I 0 I , C 3 ( 1 (I I ,( 4 I 1 0 I • eN 1 ( 1 0 I • 

1 (DXIIOi.(INII~),.FUIOI ' 
GR/l.v=9AO.0 
PRfsS = 1.0 
OBtI,AX = 10.0 
DELTP = 0.04 
HN = 20.0 
RHOS'= 0.957 
DP = 0.015 
U~F = 0.77 
lJl =lJClF 
lJO=UMF· 

, AREA=324. 
u2 = FLOW*I.46042 
lJ=U2 
UUIFF=u2-UM6 
G=UDIFFlIHN 
00 = 0.3261*G**0.4 
GI=l.U+O.~*DELTP/PRESS 
UX=u2/Gl J 
HMF = HO*1.043 , 
,HUB~AX = IDBMAi-DO)*UM(/ll.4*RHOS*UP*UI 
DBMEAN = DAMAX - 0~9 

2 HT = HMF*II.O + UUIFF/IO.711*SURTI980.0*UBMt:.ANI'/ 
DBSAVE = DAMEAN 
DBMEAN = IIDBMAX-DO)*0.5*HDBMAX + UBMAX*IHT-HOBMAXI)/HT 
IFIAASIDBSAVE-DAMEAN1.GT.U.OOOII GO TO 2 
E.PSO " 0.55'1 
EPH " 0.449 
VOID(=ll.O~EPSO)/II.O-EPBI 
TEMP = IT-32.0)*15.0/'1.01 + 273.1 
.RT=I.99*TE~P f 
RRRB = VOIU(*CACT*tl2.u6-Tt:.MP*AI?/*t.XPI-AI1'/KT/ 
RRRPI = VOIU(*(A(T*82.06*Tt:.MP*AI61*~XPI-AI21/RTI 
RRRE2 = VOID(*(A(T*S2.06*TEMP*AI12/*EXPI-AI11//kTI 

,RKP2 = AI71*EXPI-AI3 1/RT' i 
RKE = AIS1*EXPI-AI41/KTI i 

" RKRI = RRRB J 
RKPII ",RRI{PI 
RKE21 = RRRE2 
DO 4 J=I,5 : 
(N(J) = FfEDIJ) " 

4 CNI'J+5) = FEEDIJ) 
KFIN=O 
NEeJ=IU 



NU=O 
NK=O 
Y=O.O 
DY=O. ~ 
JHIILF=O 
JHALF=O 
NSwIT=O 
KRET=l 
GOT0600 

q 005" I = 1 .• NED 
" CINIII=CNIII 

10 0020 (=l.NEU 
.'~ CI(I~CNIII 

40 

N=l' 
GOT0400 

30 l)O 40'1=1;N50 
C 11 ( I = DC I I I 
Clfl=CNIII C1111/2.0 

, N=2 
GOT0400 

')0 DObO 1=).N50 
C 2 II I = DC I II 

bu ;3,1 (I=CNI (1+32111/2.0 
N=3 , ., , 

, GOT0400 
70 D080 (=l.NEO 

(3 I I I = DC I I I 
CIII=CNIII+C3111 
N=4 ' 
GOT0400 

~0 DOl00 l=l.NEU 
C4111=DCIII 

, ~ 

." " 

I ,; II C N 1 I ( I = CN I I ,+ I C 1 I I 1+2. O*Cl I I • + 2 .0* C 3 I I , +C 4 I I I , 16.0 
JHALF=O 
IFINK-ll 1l0;130.I50' 

lin DY=DY/2.0 ' 
NK=l 
00120 l=l'.NEQ 

1;0 CDXIII=CN1III 
GOTOI0 

13CJ 
~140 

00140 l=l.I'>EO 
CNIII=CN1111, 

c 
c 
r , 

Y=Y+DY " 
KRET=? ' f 

LEAVE OUT NNXT STATE~ENT FOR PA~TRIDGE ROWE MODEL 
Dtl AND UX H5L'D' CONS T ANT OVER ONt: I NTE-GRAT ION S TlP SiZE 

GO Hi' 600 
14~ Y=Y-DY 

NK=2, 
GOTOI0 

lSn DalbO l=l.NEO 

• 

1(,0 CNI 11= I 16."*CNI I II-COXI 111/15.0 
DY=DY*2.0 
NK=O 
Y=Y+DY , 
KRET:3 
GOT0600 
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II," (ONT I N\lr 
II l KF I N I lb'i olh'i. 2111-) 

I I, " II' l Y -II Til 7 I) • ,,") U • ;> 'J () 

I I" NCOW>iT-O 
1J1l 171 l-l.NI,U 
I fJ:.L • (AII~((()Xl II-CNI l II) j 1l~.U 

IIILi'!,L.Ll.I.UL-lJtll ,KUUNI - NlUui'<I+1 
1 ~ II p~, L • U • I .0 t- C 6 1 GO T U I 11 
',OTO?Oc) 

III (ONTINlif 
IIIIII.F=O 
l~lNCOlINI.[U.Nlul UY· UY.Z.O 
r.uTorlO 

,,'I [)Ulill 1.I.NErJ 

.'1" (NlIl=r1Nll' 
Y=v-[)Y 
\JY=[)Y/?O 
IIIII[ F-IHALF+I 
I ~ l i II II L F • LT • ",) GO TO 10 
IYI, II t l b.9'11l1 
~I Tor __ ------' 

, • II DOI'd) I: I • NFfl 
.' '" ' (I N l I I = ( N l I I , 

• 

Till '.L VALUES Of ('I N ANU CN ARt TilL t- I WIL VALULS ,\f TIlL 
S T A(.F I Nfl OF II 

C;OTOIO' . 
1 ~ l KF I N I 
0' I N~I 
Y=Y-Uy· 

KIHT-=" 
(.0 T 06 (I () 

760.26U.280 , 

.'1,', \JY=IIT-Y 
Y=Y+UY 
PO 770 1=I,NfO 

.'/. (NlII=CINll' 
(,OTOIO 
lHECK FOR NtG~{IV~ CUMfJOSITlui'< 

Jfull KNLG = u 
U0410 I :'I.NFQ 

" < () 1 F l ( l I I • LT. 0. 0 I K NEG = I 
IFlKNfG.EU.OI GO 10 460 
[w:[Wf?O 
Jt<IILF :JHALF+I 

IHJHALF.LT.'>1 GO 10 330 
wRIT!. l6.9,}91 
S TOI-' , 

., HlNK - II lu,:;71.37:; 
'it W:=[) 

(.OTOI () 
, 1 ~ ~H: = () 

[J017~ I =1 .Nfl), 
'I:, CNCII=CINCII 

(,OTOIO 
UIt-FlHlNTIAL LUUATIONS 

""', l<l'))' = RKIICJI(l<JI"lCll{Jltt",,(911 
I,(tli = -lU.'J.Rl'JI"'I("~ll"l..(b'I"(llIU)"""lIO"'/ll.U+I",fJ" 
I, (./ l,:i ,- l I • 1 "R ! 9 1 + R l 8 I -Il K l;' C ttl l I I " l l l 10 I .. " '.e 1 3 I ) I Ill. 0 + H K E, I 
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" Illbl\= -(4.().RIV)+3.0.HIH'+;.0.HI'" 
11111" a 3.uorn'))+l.0*Hlb'+HIII 
II I I, ~ ;' H I"il I 0 C I 4 ) * I C I ., I .. fI I V ' , 

" I j I • - lip • 'J * 1<1 4 1 -I, r.. jJ 11 * L I j .. I L I ~ , •• II (1 u' " I I I • U + 1<" P ~ , 

II I ; 1 = - I '1 • I • H 1 I, ) +H I 3 , -I,,; I:. 2 I • C 1 ~ 'I • I ( I ~ 1 •• ,\ I I j , 1 1 I I I • U • I,,'. l 1 
HII I = -14.0.HI41+3.001<131+Z.O*III/I' 
HI~I = 3.0.HI41+2.()*HI31+HI21 

OT=rW/ul 
1)(l=[W/IJ( 

1,' = flC/AI 
UlJ I,BU J= I, ~ 
JJ = J+~ 
II = ICIJJI-CIJII.O[1IK 
U(IJI • UT*I-RIJI+ZI*Z21 

_,jill [)(UJI = -IWIIRIJJI+ZII 
(,(IT () 1 ,() , ~ (1 , 7 (J , 90 I ,N 
INIIHM[UIATE CALCULflTION5 

/, 11,j-I.(I+(().O-Y/>nl·LJlLTPI/PHL5S 
liX-U/IGl 
vG = I 1.4*I<IIUS*"P*Y*UX 1 IU,',."[)U 

I~ IOIl.GT.UII:-1AXI LJll = DllM"!< 
ALPlifI = U.71)*SURTIGRflV*OIlI*LPSU/UMF 
A L I'll A = ?;> • ;> 6 * SQR T I LJH 1 • E P 50 IUI,1f-

(.II = AREfI*IUX-:U:-1FI 
(;C=c,ll*1 I.O+FPSO/IALPllfI-I.(J1 1 
A ( = I G ll* E P SO I 1 I UO 0 I ALP .'fI- I • (; 1 1 

"I =fIIH' A-AC 
UC=GC IflC 
(01«- = I. 1711 ALPHA + U. 1 , I 

IlKl'C = C 01«.1' RRB 
I<KPJC=(ORC*I<RRPI 
HKElC = RRRE2 0 COl<C 
O[ = (JJ.O/D[1I*IALPHA~1.OI/IALrHA+0~J71 

354. 
,/ , 

ClRLK=FO.lflLPIiA-lIlIU.17+ .. \LPHfl I •••• FO=ll./llll SEE KATO ANLJ "LNI 
OIlLK= XFAC*OE 
UIlLK=U.73.3 
GUJO('J,14~t164t/b~ltKHLT 

.' K (l DOh 10 I • J t .., 

1,1" OUTIII' IUO*CNIII+IU-UOI*CNII+'>II/U 
IFIFtLOI41.LO.().UI GO TO b2U 
F • FfF[)141 
UU = FEEOl41 - OUTI41 
S3 • OUTI31/LJI) 
C,? • O\JTI?I/DD 
GO TO 640 

',/~I IFIFrEDI31'.FCl.O.01 GO TO 63C 
, • ,r'I'111 
llll' FEELl'31 - OUTI31 
S3 • 0.0 
S7 • OUTI;>l/OLJ 
GO TO 640 

'<II F = FEEDI?I 
OLJ • f!:!:LI(21 - QU,T(21 

S3 • 0.0 
C,? ~ 0.0 

(",~l (ONV • JOU.(IODD/F 

• 



'J'd) 

'J '1/1 

~ol ·OUTI11/()O 
IMlJLH? • CNI'») 
IH Illim 
I ()I~~I"T I I X,F ;-0,.10) 

v 

I UIH-H\l I IX, 1,;>HSlLli ~_I',I. lUI llJU 
I (lin-I" T I I X, l,nHCUM,"~:O~_1 T I ON~, U.lY 
I rill 

( 
" t 

" " 

\ 

. '. 

MII"Y I II~l" J ... 
l,U IIH, "I'Lull, I VL 

• 

!\IU!J··.' 
_-It- ~)fufJl 
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APPENDIX It 

SUGGESTED EXP!RIMENTAL D!8IGN TECHNIQUE FOR ESTIMATING PARAMETERS IN ONE 

REACTOR 'nU\.T ARE TO BE'USED IN ANOTHER REACTOR HODEL 

The ob3ect of this study w •• to model a 'fluidized bed reactor. The 

kinetic parameter. were e.timated in the packed bed reactor and then were 

used i~ the fluidized bed model •. The interchange parameter and the catalyst 

. T -1 
activity were estimated by minlmizin9 ~ ~ ~ the vei9hted difference between 

the model predi~tions and the observed experimental r~sults. The' precision 

of the fluidized bed model predictions, not the kinetic parametere, vas 

tho major importance. The preciSion of the estimated parameters was only of 

importance inasmuch as it affected the precision of the reactor lDO;del predictions. 

Available experimental deai9n techniques that aelect oporatil\9 conditions 

so aa to obtain the most precise esttmAtes of the kinetic parameters are not 

appropriate for applications such as the type presented in thia study. The 

standard deai9n techniques minimize the confidence ~e9ion for the parameters 

which means maximizin9 I!T~-l!1 where! i. the matrix of derivatives of ' 

tho tesponse~ with respect to the parametere in the expe~imental ayst_ ~ 
used to estimate these parameters. The matrix ~ repre.ent. the variance- ~ 
covariance matrix of the experimental reapon .... 

For this study, the operatill9 conditions in tho packed bed-reactor, 

where the ki?etic parameters were estimated, shoul~ be aelected so aa to) 

I 
minimize the uncertainty in the fluidized bed model piedictions ieaultin9 

from these ·parameter •• 

In the fluidized bed. define for a ail\91e experiment UI 

~ . Xu« - !C.l 

rxl 
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where Xu b the VeGtor of ob.erved r .. pon ... , !Iv b the predicted n.po~ 

and I' 1. the nwNler of re.pon.e. pel' trial in the fluidhed bed. The i'th 

predicted re.pon.e i. given by 

8*) 
It. :z 

where f 1J .ome functional relat.ion.hlp,~1a· the vector of cont.rol vulab1a. 

for the u'th trial and ~ i. the vector of kinetic par~eter. e.ti .. t~ from 

tho packed bed .tudy. The pareaeter. ~ and 0* are the cataly.t a~tivity 
o 

and the interchange re.pactiv.1y and are e.ti .. tad fro. the fluidized bad 

oxperiment.. Now lineari.ing. 

where 

!!u 
rxl 

X -u 
rxp 

and ~ i8 soma vector of'the kinetic parameters and 9 1i their best 

p is tho number of' these par_ten. 

Then. V(v ) 
-:u -- V(~) 

It.) 

1t.4 

.~,~ 
1t.5 

where V(~) is the vari~nce of the kinetic par~ters and V(!Iv) i. the, 
-

variance of the model prediction ot 'the fluidized bad l\I04e1 at the be.t 

ostimate of ail the required par..aters in the .adel. But from equation 

G.B written in terma of the entire date set for the packed bad data • 
.f 

V(~) . . : 1 (X if' A -1 X) -1 
~ -- - - . 

.. . 
where r' is the nUlllber of responses pel' trial in the pack~ bed expert..ents • 

. ' , 
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[15u [n~l~J ('l a-l 
!l-l J -1 ~ J 

-1 
1'h.rorore. V(w I : -1 

-u :J K K.7 

exp I-t T -1 ) w K w 
'\'hue • of (w I - -u- -U K.U . 

-u rn IKI 1/3 (olll) 

'I'horoforo, when d"illninll .xp.riment. in the packod bed rOJlctor to oat1mJlto 

tho kinetic parMoter., th.y could be dedllned .0 •• to minimi.e the 

(Jllnllralhed varhnce of~. Tht. -can be accompU.hed udn'1 tho dodlln crltorlun 

to bo d •• cribed. 

SUGGESTED EXPERIMENTAL DESIGN TJ!:CHNIQUF. FOR PACKJ!:D BED REACTOR STUDY 

'\'hi. do.illn technique can bo .mployed,onco initi.l exporiment. havo 

boon podomed in the PJlcked bed' reector dnca th ... trialo will, provide 

Plltrunlltar e.timate. and a value of f tho vJlriJlnc.-cOvJlrhnco mJltrix. It h 

alao nocouuary to evaluate tho matrix x onc. the initiJll pJlromlltor oatimato. 
-U 

lira availJlblo. If the fluidized bed modol i. ,non-lineJlr. !u ,hould bo 

evaluJlted Jlt the.pecific ranll. of control vJlri,abl •• to b. u.od in the tluidizod 

bod rllactor. Control vJlriJlblea for the packed b.d roactor aro thon uoloctod DO 

an to minimize the goneralized variance Of thu prediction. of tho tluidizod bod 

modal at the uot at control'variabl •• ~. 

Uoing tho oxact .ame .at at po •• ible control variablo. thJlt w.re u.ed 

selact tho .. IIhewn in Tabl., 4.5 accordinll to the cirt'.rion of minimizing 

T -1 "', -1 ! ~ ! a .econd .et were cho •• n 00 a. to minimize K in .quation K.7. slightly 

~irrorant value. war ••• lc.t.d a. the be.t, even though the exact oam~ .et 

of pos.ibla control VJlrrabl •• were u •• d in both ca.... '\'ha twa •• t. at 

"Control., variable. are .hewn b.lti,;. 

( ..... 

, , 

-, 

-



\!T ~-1!1- CRITBRION (TABL& ".5) 
" " 

or ml./llo. RATIO 

488 1.1 3.6 
409 - , 

1.5 - 3.:l 
496 :l.0 3.:l 
500 :l.4 3.l 
516 ~.O 3.8 
408 :l.1 l.:Z 

[!u [ n~, (!T~-l !) -1] -1 

0, ml./ .. o. 

493 ~.4 

489 1.5 
488 ~.4 

488 1.~ 

487 l.~ 

488 ~.l . 

'. 

~] 

\ \ 

~59. 

\ 

-11 CRITEIUO 

RATIO 

3.~ 

3.~ 

3.3 
3.4 
3.9 
3.~ 

nlO socond and tho lixth let of operating conditions are the lame" for both 

N 

mothod.. Howover, tho now propolod mothod .olactod lowar temperature.. Thi8 

enn bo explained by the fact that the p~ediotion errore of the fluidized 

bed model ere more .eriou. at lowlrtemparaturaa where tho model i. le •• 

sensitive to the interohange paramltor and more aonaitive to the kinetic 

pnramotors. Thuil, for the oxpu iment. to be designod tho aimple od todon .', 

of !T~-l! which minimizes the uncortainty in the kinotic parameter. may 

not bo tho bOlt dea1qn critodon for c ....... luch aa doacdbod hare. 
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