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SCOPE AND CONTENTS: "The object of this,resoarch program was to develop a-

strategy and methodology for modelling existing large -scale chomical reactors

by coupling ‘bench- scale studies with plant data. A _ 1 \
By way'of example the hydrogenoiysis of n—butane on a 10% nickel on N

o

‘silice gel catalyst was carried.outlin a pilot-scale ‘fluidized bed renctOr

{8 in. in diameter'by 3 ft. bed depth).glntegfel feaction data were obtained )
'from p small fixed bed reactor, packed with the samé catalyst. A kinetic model
based on adsorption desorption ;nd reactlon of activated hy;rocarbon species,
was developed and the ten kinetic parameters in it were estimated from tho
packed‘bed data. Statisticel mothodo for the design of.experiments for barameter
-estimation ‘and for model discrimination were emgloyed L This chemical kinetic
.model was used with a number of.available two-phase mechanistic models to
'describe the fluid mechanical behaviour in fluidized beds. A catalyst activity
and an interchange factor, which pr?vides a prediction ‘'of the interchange of
gas between the bubble and the-emu151on phase in a fluidized bed were estimeted
from the plant data. %i:tistical methods were used to plan the experiments to

allow a combination of maximum discriminations among models and a test of the

N
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models over the full range of possible operating conditions. R model

discrimination criteriohfwhich takes into account the effect of exrors

. o

.in parameter estimates is deVe{?ped and hpplied to determine the best »

model for this system at two fluidized_bed heights. L ' o

4

Fluidized bed models are evaluated in tha light of this experience.

. T
Some of the problems associated with obtaining estimates of parameters in one

experimental system and applying fhem in another are delineated. General

1

guidelines are indicated for modelling large industrial-scale reactoré,

. »
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. NOMENCLATURE

proportionality'constaﬁt {equation 2.10)

" cross sectional area of reactor (cm.d) -

’

area under chromatogram for component 1

variance-covariance matrix of y the observed responses from -

all trials -
concentration of reacting companent (mola-/gm.?)‘

initial concantration of reacting component (mole:/cn.3)

" heat capacity (cal./gm. °c.)

concentraéion of éoﬁgonént i {gm. moles/cm. 3)

diffusion coefficienﬁ (cm.z/lec.)

diameter of particle (cm.)

_mean diameter of particle (cm.)

effective bubble diameter (cm.)
diameter of cloud region (cm.)
initial bubbla digmeter (cm.)

"" 7

contact time distribution

" expectation operator ' : 1

addy di!fusivity (cm.z/aec.)
fraction of c‘* that cracks to C3' and Cl*r
flowrate (cm.3/sec.)

functional model

probability density function

numbet of hydrogen nolecules retained by abosrbed butana lpeclct

prior. and posteriot density funqtions resgpectively !or e

(equation 3. 18) ' -




F bubble emulsion interchange factor (cm.afcn.3sec.)

g acceleration of gravity
G superficial mass velocity (gm./sec. cm. )
’ )
h height above distri.butor plate {cm. )
h  heat transfericoefficient (cal./sec. cn.? %c.)
1 identity matxtx
LS "
jD’ jH ‘ JLilton-Colburn j factors for masgs and heat transfer
k thermal conductivity (cal./sec.—cn,—jc.)
"k proportionality Eoiistant
x . Arrhenius rate constnnt
kB T _ frequencylgactcx for butane {(moles/sec. vol. reactor atn.‘-(‘+n'
K . rate constant for reaction on the catalyst surface
KPl pre—exponential facspr j? propane rate expression in (noles/sec
vol. reactor atm.
K bubble-to—-emulsion 1nterchange (cm. /cm.3-§ec.!
sz S re-exponential factor in propane rate expression (dimensionless)
KE ratio of rates of reaction on the surface of the catalyst to
rate of desorption for ethane (dimensionless)
kE pre-exponential factor in ethane rate expression (dimensionlesa)
sz . pre-exponent111 fagtor in ethane rate expression (noles/sec. vol.
‘ reactor atm. - )
.k pseudo-first order rate constant for cracking of butane based on
v i grogss volume of catalyst particle (moles/sec. vol.}
kG mass transfer coefficient (moles/sec. @n.z)
k/ko catalyst activity {dimensionless)
KéE' e interchange coefficient between cloud and emulsion ‘ i
..‘ ¢ - - &
kg mass transfer coefficient {(gm. moles/sec. cn.z atm.)
. - N
L characteristic length for Thiele modulus (cm.)
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P(i,n-1)
P
P(y)

P

Lo o B

=]

. mass flux (gm. moles/sec. cm.z)

partial pressure of hydrocarbon (atm.)

likelihood function
length or height of reactor bed {cm.)

bed height at minimum fluidization (cm.)

-number of models

exponent on butane, propane and ethane partial pressure
respectively ! '

denotes modal '

exponent of hydrogen partial pressure in butante, propane
and ethane rate expregsion respectively

hole density on distributor grid tem.”2)

-

'nuAber of experimental runs

number of bubbles per unit volume (1/cm.3)

total number of observations‘(n r)

partial pressure of hydrogen (atm.)

partial pressure of component 1 (atm.)

posterior probability of model i aftér.nLl_experimgntal trials
number of barametérs

probability disfribution functién for ¥

pressure (atm.) ' i b

Prandtl number'(CpLVk)

i 3
- volumetric flowrate through bubble {cm. /sec.)

’ 2
heat flux {(cal./sec. - cm.’ )

q plus diffusive flow~(cm.3/sec.)

o ) : ]
cloud gas transSer pgr volume of cloud space in Partridge and
Rowe model (cm.” /om. -~ sec.) )
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s(e)

sh.

Sc

o

rdte of disapperance of component i (gm. mo%es/sec. -4vo1qmo
of packed bod) ‘ ‘ . ‘

number of responses per experimentel trial

o Pubble radius (em.) o )

I i

universal gas law constane {atm. cm.3/gm. moles OK.)

-

Reynolds number (G d4 /u)

'

>~ Belectdvity of component i (moles of component i produced/moles
of butane reacted) : ’

cross sectional area of bubble phase (Fsz) ,
. . ‘ ~ -

weighted sum of'squares objective function

Sherwood number. for transfer from a sphere of uniform surface
compoeition K

Schmidt: number (u/pD)
time (sec.)

I‘ ) ° ? ! l - L .
reacting temperature ( K.) (
cbvariance.matrix;of the estimated parameters

" superficial gas velocity (cm./sec.)

minimum fluidization velocity {cm. /sec.) L
-buhble rise velocity {cm./sec.)

-

. T——
average superficial gas velocity (cm./sec.)

-
-~

cloud overlap volume {(cm. )
variance-covariance matrix
volumetric flow through pacﬁ?d bed reactor (cm.3/sec.)
“ L 3 . -
bubble volume {(cm.”)
matrix (équation 3.13)
' ¢ ' )
vector of observed minus predicted responses for all trials
vector of observed minus predicted responses-for u'th trial

mole fraction of component . 1

diseance along packed bed reactor {cm.) !
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x\> ' ‘conversion n .
- :
fluidized bed model interchange parameter .

X matrix of partial derivatives of the responses with respect
‘to the parameters for all trinln

Eu matrix of partial derivatives of“the responses with regpect
to the payrameters for the u'th trial
Y _ vector of observations for all trials _
xu vector of observations for the u'th trial
Y ' distance up a reactor (cm.) Q
.- / )
Y mean value of Y o,
z ‘;¥distance alonq a reactor (cm )
3(E) Roth criterion objective functiol’
278 modified Roth criterion o%jective function

.

GREEK- LETTERS ' =

a f'_ - fa/kd (equation 2.6)
] P /(P ) [ﬂlo-f)/ZJ (equation- 2.7)
C H - .
. 4 2 .
AE activation energy (cal/gm. mole)
AH;S standard heat of reaction (cal./gm. mole of butane reacted)
AP w’": partial pressure driving force for mass transfer to and from

-

" gsurface of- catalyst particle (atn ) -

AT . temperature driving fogce for heat transfer to and from surface
of catalyst particle ( C. ) :

-+

ATmax k \) widest axial temperature observed in packed bed ctor JOC.)

Ax ’ distance in control variable space

AY discrimination provided by the i'th vector of control variables
. : . [
€ vector of errors for all trials

&ﬁ

vector of errors in Yy for u'th experiment”
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voldage of dense phase at incipient fluidization >

m.f.
n ‘. effectiveness .fﬁcéor .
| n- vectp; of predicted responses; for all trials .
oo, vector of pr.edit;ted responses for the l;'th trial
58 fraction of wc:h!alyst surface covereti by adsorbed specie;
g - the interchani;é p&rameter equation ‘5.2 in the fluidiz-ed bed models
[ veactor of paramaters.
8 l best estimte of ©
i gaa‘ viscosity (gm.'/cm. - aec.)

i

vector of control va.riables for u'th experiment

density (gm /om. ) '

' »

I

T variance-covariance mat:rix for the vector of respones !or one
experimental trial ' -
T . ~ estimate of I . , ' ,
¢ Thiele modulus
, n.
SUBSCRIPTS
S \
H.C. hydrocarbon
c ’ methane -
: .
(:2 ethane , .
Cq ‘ propane .
A - A
C, . n butane ‘ / ]
H, ‘ hydrogen - o P te
. b bubble ’
e . emulsion )/“ K ) : -
i, 3 denctes particuiar response or éompo::ent
" m.f. at minimum fluidiation -
o feed

e



u the u'th exﬁerimental trial
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a ' r. adsorption
a desorption
T * reaction | "
T ﬁraﬁspdae of .a matrix
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.0 DEVELOPING 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

dentify bottlenecks in future'expansipns.and'fo solve problems in optimization

D E

d control. Rather extensive experiénce with chemical_progesé simulation (C7).

é;_demoﬁstrated‘thgb’the reacfor is often the,most important and ;he most'.
ifficult to describe. Just as the model can be employed to improve the
fficiency and to optimize fhe process; the enginee#-must imprbve his efficiency
nd optimize the use of his resources in the'p¥oéess of developing such'a model.
The reactor model must be formulated so as to Q;SWerlEhd specific -
lguestions posed for the study: Some degree of éccu;acy and precision‘
ds implied eitﬁer-formally or otherﬁise,‘ Which, of a fumber of possible
quélé, is the be;t must bé\detefmined and yhe:necessary parameters estimated.

L)

The use of experimental design techniques and the assessment of errors in bath

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

these considerations are not observed, the result will be a hopelessly inadequate

-

model or, at the other extreme;fh'model that- was too costly to develop and/or

too costly to use,

The basic-premise ﬁdoptqd.at the outset is that deterministic or
echanistic models are to be preferred, as.opposed to those based onémPiriCﬂl
egressions of plant outpué-versus-input data:. It is;only in this way that a
étter understanding of the undeflying basic pﬁenomena can be obtained. This

derstanding will be essential if engineers are ever going to formulate

eaningful design scale-up criteria.-




.y ., »
In order to predict successfully the conversion and selectivity data -

pver a wide range of operating conditions, a mathematical description is
requ1red of the f1u1d mechanics of the reactants_ﬁnd products within: the
peactor dnd the kinetlcs of the main chemical reactions. Since in many cases,
!he reactor model will be used within a lgrger simulation of the process

3

r, at least; in some optimization program, these mathematical descriptions

st not be so sophistitated that large expenditures of computer time are .

equired.
A
xn obta1n1ng these mathematical models, the followlng procedures could
D . n " . b
e adopted ‘ ; - L . )

[

(i) Evaluate the kinetic. parameters 1n the mechanistic.model for

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

phe reactants/produgts is relatively well-known. Then, a reactor fluid mechan-

l

Bcal model 1s formulated in which some of thé flow parameters may he

1l

pstimated reasonably well a priori and other unknown' parameters may be
pstimated from plant operating data. That is unknown parameters within
3 .

the model are adjustﬁd to make the model predict the measured conversion

1
pnd selectivity data.

‘(ii) Evaluat; the kinetic parameters as in (i}iand determiﬁe éhq
low parameters in the fluid mechanical modellby separét; tracer analysis
ests in the plant reactor, - aéhih‘adjusting‘the parameters to give the

asured response, B

(iii) Determine the fluid mechanics as in (ii) and use the plant

erating data to provide the kinetic parameters.

-



The actual choice depends to some extent, upon the ease with which

Fhe p}ant data.oan'be—obtsined But, in general, should be determined in tne
} , .

Iight of which mechanism tthe reaction or_the_fiuid mechanics) is rate-

Fontrolling. 'Only the parameters in the rate-determining mechanism can be

Fstlmated precisely (H16).

.~

The first approach fis adopted here, since both the fluid mechanics‘

dwihe reaction rate are important in determining the reactor performance.
o P | .

+ is important to rote the magnitude of the modelling problem when this scheme
s adopted. Considerable resources will be required to develop the necessary

xperimental and analytical techniques for the bench-scale experiments and to.

o L 4

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

nc0mp1ete knowledge of all other chemfcal reactions taking place. Furthermore,‘

certainty about the fluid mechanical behaviour in the reactor and perhaps

"

he plant data will, by its very nature, be less precise tnan that obtained
rom well controlled experiments:‘ It therefore becomes imperatire that the
xperinental program and the plant tests be well designed and the data be
;itica{l}-analyzed based on established statistical eoncepts.

T b - R
This means-that, after the various reasonable moﬂels have been formulated,

) P

arameters will Have to oe estimated and the best of the available models
'Eternined Experimental design techniques should be employed so as to obtain

e maxlmum of 1nformaﬁ{on from a minimum of experiments, berameters should be
tlmated in a region where they are controlling and models should be d1scr1m1nated

ong in a region where their resppnses are the most different.” Both these

cedures are accomplished by'either fitting or comparing the experimentally

v
'
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observeq\responseiqto.the predicted résponses of the modelé .In coiﬁaring
these two quantities it must be realized that, there are errbrg in both:

1) the measured7 iesponsé due toexperimental error

]

2) the predicted response due to 1mprec1se knowledge of parameters

estimated prev1ously and inadequacies in the model , B

il o

The visualization of these error structures and phe1r resulting effects is o
c- . . ]

almost impossible uhen,yorking with non-linear models'and/or‘éxperinbntal I
 systems with mu1t1p1e response data (more than one measured response per :

'experimental trial}

1.1 Objectives of the Present Study
. Experience a;d proficieoEy in the development of reactorfmod;ls hnsiu

" been shown to be exﬁensive to ob;ein: in the cost.of highly technical persomnel,

the experfments‘that must be performed ane in eomputer time. It therefore

becomes.imperative that the effectiveness and the efficiencyrof these procedures

must be imoroved by providing general and specific guidelines in the practice of

modelling, just as theoe guidelines have been developed for design ﬁrocedureo

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

is to develop and test a methodology for obtaln1ng mode{s for existing chemical

reactors and to indicate the relative 1mportance of the varlous steps. Tﬁe

‘t‘u:ethodology should be based on onderstanding the basic underlying mechanisms . »
of the phenomena occurring siﬁée this procedure sﬁould provide informetio-
relating to the scale-up problem in designm.

A oilot-scale fluidized bed reactor, in which the‘catalytic hydrogeiolysis

s



S \ ' -
reactioﬁ_of n-butane will be carried out, is chosen as a particular example of a

reactor with a relatively complex series-paraliél reaction scheme and complicated
fluid mechanics. This system should provide a good test of any recommended

methodology for reactor modelling. |

The particular objective is to mod;I this r;actor system employing the
methodo;ogy suggésted in Section 1.0. This will involve detérmining chemical
kinetic*parameters in an appropriate model from the-bench-scale reacfor and fluid
mechanic parameters in a reaétor médel from th; fluidized bed datap An attempt
will.be méde to obtain as much basic information as is deemed appropriate on

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

‘will rely heavily on'ei;aﬁlished statistical concepts.

~
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2.0  THEORY AND REVIEW OF REACTION AND REACTOR MODELS

The engineer or scientist develops a model to answer questions.

Al

The sgatemént and definition of the questions to be answere@@ére of ex-
tfeme importance although they are often lost and forgotten when thé

search for a model is begun. The questions ko be answered dictatei;he
-'-level of sophistication required: too low and the questions cannot be

answered, too high and the cost is too great.

~ There are two important rules that égn be st;ted‘ahout;modpl
development fhat have been learned from experience. The first is to
start simple. The second is, if possible, to separate and to mcasure in-
, dependently as many as possible of the effegts or phenomena that make up

-

the model being develoﬁed.

1}

This chapter 0f the thesis outlines the background infotmatibn a-
- vailable for Ehelmodeis to be developed for this study. The fina; formu-
‘iatiﬁn_of the models is presented in chapteré four énd‘five.' Theré the
egact models empleyed to answer-the questions, as posed in tpe first'chapt;_
er of the-thesis, are presenéed. | f

A model must be good. It éhoﬁld be simple and it must fit. The
first criterion "simple" implies ebst, the second criterion "fit" implies
accuracy. These two criteria are highly correlated and generally a more g
complex and costly model will fit better. Tﬁe cogt criterion, or rather
the maximum allowable exfenditure for a project is often specified'(rigid-

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



valilable to describe tﬁs’phenamens to bs stndied. The cfiterlon of 'fit' |
implies that the model must predict performance to some degree sf acdur—
'i‘ acy or must fit data which wers used to cbtain it to some degree bf acc-
uracy. ~
”The statistical techniques used to evaluate the goodness of fit
. are fully discussed in the tﬁird_chapter-of this thesis. However, a brief
presentation must be included in ths introduction to this chapter since
modelling\should not be dj.scussed vithout some knouledge of the techniques
used to describe fit. The standard measure of fit is the sum of squares of
the deviations: of the predictioF of thé models from the obssrved 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 valuss minus predicted
values.)jThese should not be correlated with themselses;(autocorrelatiop)
sr with snf of the control varisbles (cr&sscorrelation.i

The uss-of a model in ose_phfsical system after its p;rameter;

. 1 ‘ .

have been evaluated in asother_physicii‘systsm presents another problem
in the analysis 6f errors. Often it is not just the precision to shich
the psrameters.and thé model were initially estimated:thst is the real
criterion of rit, The transformatipn of a so&sl from one system to another
requirés that the experimenter consider how the lack of fit from the

first system will affect the precision of the predictions made in the sec-

ond system. If the ultiﬁate goal of a project.is the prediction of res- Tl .
. o

ponses in the second system, then it is how the lack of fit in the first -



£

model or the tolefances on the parameters actually get translated into
the second sys;eﬁ that is important. This will alsohbe discussed in Chaptér
. ) .

- The formulation of méchanistié models and thé dqtefminatiOn of
parameters, defined as estimated or adjustable, is an estéblished tech-
,\nique in chemical engineering. An abundance gf models incorporating
. various effects are available to the engineer. The easy access to high
_spegq computers with large storag; facilitiéswhas greatiy increased the
number 6f,mode1§ that ca; be economically used to describe an event or
proéess. rAlmost"all models describing an’ event in 2 macro senge are épp—
roximate at begt.‘ They c;nnot be said to be "tﬁé‘truth“'and even thé
most complex model incorporating a mﬁltitudq of effects and phenomena will
not stand up under very close scrutiny. fhe queStion'is:’ "Whaf effects’
to include?"' Perhaps the only qxpléﬁation is enough physically reasonabie
effects td'pfovide answegs to th%fﬁﬁésfﬁons that have been posed. Tﬁe
measures of model fit, in a statEStical séhse;-have only Been briefly preQ
sented here; but'afé fully discussed in Chapter'S.- Fxpefiehce is perhaps
the best guide in the formulatioﬁ of a modelh(meéhanistic or otherwise).

"Start Simple" is tﬂe single best guideline for model formulation.

A great deal of time and money has often been spent to describe effects
‘which do not signifiéantly contribute to the predicting pe:formancé of .
the model for the situation beinglstudied. Some star£ has to be made
with a model and With data. During this initial step, the engineer be-

comes familiar with both mme model of the system and the system itself. -
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Tﬁero ;ro v;ry many effects or phenomena which could be included in a
computation schemo. Only those needed to answer the questions that“havg
been asked should be included. If a partiéular response of the system
affecting those answers is significantly sensitive to dn cffect.ltho
effectishguld be incorporated in the model. for exanple if there 15'&9
experimentally observed pressure gradient evaluate a simple constant
ﬁressure model using both the inlet and then ;he outlet pressure, If

no significantrdifferonCe 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 number of ad-
justable parameters or unrealistic physical parameters ;hould be avoided.
N . As.stéted in the first chaptef, an actual fluidized bed reactor
is to be moﬂblled byuestimatiné a paramcter.wbich reflects the gas flow
pattérns ﬁithin thelre;ctor. In order to accomplish this, the kinetics
of the reaction must also be modelled and the kinetic parameters estimat-
ed. The ﬁroﬁedure followed is.f?estimate separately the kinetic para-
meterﬁ in a packed bed reactor where the flow of gas éan be accurately
des'c‘ribed. Background iﬁfomﬁtion and a literature survey of kinetic, pack®
ed bed and fluidized bed models are presénéed i@ sectionﬁ 2.1, 2.2 and

1 2.3 respectively{



2.1 HYDROGENOLYSIS OF N-BUTANE

The hydrogenolyéis of paraffinic hydrocarbons in gxcess_hydrogen
"over a metal catalyst produces'lower molecular weight éuraffiné. -T%e
product of completé hyérogenolysis in excess hydrogen is methane.
| Hydrogenolysis of gmall paréffinic hydrocarbons-is generally well
understood. The catalysisrliferature includes many studies of various
hydrocarbons oJer'a large number of metals on an‘hssortment‘of supports

| . -
covering a varying range of conversion. However, specific rate constants,

(e

activation energies anﬁ reaction orders for a particulﬁr hydrocazbon over

the desired catalyst and support -are usually not avéilable with any degree
ofdaccuracy., Also, manf studies only pfggent limited conversion dnd selgctivfty
data. Conclusions concerning the catalyst stability and activity vﬁ?? widly

among the various studies. . {

,The oq}y publiéhed work for n-butane over a nickel catal}st was
>~ Y
: 4

carried out by Aqderson and Baker {Al) and was done at low pressures. A

summary of the studies reported to date for n-butane, propane and ethane
—are.shpwn in Table 2.1. Very little specific information concerning the -
hyd}oééﬁblysis of-n-butane over 10.% nickel on silica gel can be bbtained ‘
from tﬂese results. .

Ta&lor, Sinfelt and Yates (T2) investigatedjthe ethane hydrogenolysis
reaétion at lir conversions. A recent study by Kikuékivand Morita (K6) with
n-pentane over 8.% nickel on silica gel reported selectivities but activation
énergies were rot eva}uatbd. Some.generalitieé can be obtained from the

published data summarized in Table .2.1. The rate of hydrogenolysis is

inversely dependent on the partial pressure of hydrogen. There is an



TABLE 2.1  HYDROGENOLYSIS OF PARAFINNIC HYDROCARBONS OVER NICKEL CATALYST

n-BUTANE

(A1) (1963)

Torr.

A N
Pm PH —
TYPE OF . - H.C. 2 | -E Ho/H.C. \
AUTHORS . | CATALYST . |ms= n= |kcal.| RATIO PRESS. | CONVERSION
Anderson et al.| Ni. F{lm 254 - 273 58 12 50 <10.%
(A1) (1963) S - Torr.
Nf. on| 1.% 287 . .8 | -1.1] 28.7
{%{}°[]§§5§1- Silfca 5.%} 218 .6 | -1.8] 38.2{3-10 |[Atm. . <1.%
: Gel 0.% 177 1.0 | -2.2| 40.6| '

Yates et al. | 10.% Ni. on 187 - 227) 1.0 | -2.0| 40 |[3.-10 !Atm <.5%

(Y1) (1964) Kieselguhr i
i ) # | :
= | Morikawa et ak| 15.% Ni. on | 172 - 184 -2.5| 43 |5-1.1 |1 Atm. | Up to
£ |- (M) {1963) Kieselguhr ‘ 100.%

Kemball e® al. | 15.% Ni. on 182 . | 0.7 | -1.2 52 21

- (K5) (1948) Kieselguhr - 40 <1

Tajbl 58.% Ni. on 182 | 0.7 | -1.2| 46.4[1.1 - 158 . 1. - 27.%

(T3) (1969) — Kiese]guhr - |

Shepard { co-ppt. 75% | 200 - 350| 1.0 | -2.0| 50 7 21.%

(S3g (1969) Ni. on Alumina
wJ -
Z | Anderson et al.| Ni. Fiim 217 - 267 31 12 50 <10.%
S (A1) (1963) _ - o Torr. .
3 \ _— : . .

Morikawa et al.| 15.% Ni. on_ | 138 = 172]- .92 -2.6 | 34 :

(M2) (1937) ' | Kieselguhr ~ .

Anderson et al.| Ni. Film 184 - 209 34 50

‘i
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appquimatc propbrtionality between the réte;of reaction And the partial
pressure of the.h;droéarbon. The 'activation cﬁergy is very high. The
specific activity of.Fhe catalyst'depénds on Fhe method -of p{fparation and
the temperature.of féduction. Nickel catalysts.are strongly.specific go{‘
the fracture of the terminal carbon-carbon bond.

The magnitude of the.activ;tion energy $cems to depend on the state
of dispersion ;f the nickél‘on the catalyst support.'.Taylor, Sinfelt and
Yates (T2) increésed the nickel $urf$ce-;r¢h from 0.7 to 13.6 m.Z/gm. by
.increasing tﬁe weigﬁt percent,nicke1 f;dm 1.% tollo.%. The activation ;hergy
for ethane hydrogenolysis increased f}dh —5?47 to -4Q£0 kcéI,/gm. mole.
Shepard (S3],'howeyer,-did not obéerve such an increase.in activation energy
although he was able to increase thefsurfacé area from 5. to SS.mzlém. This
was done by varying the reduction temperature of the Eo-precipitated nickel
and alumina catalyst from 340. to .1160.C. . -

The activity of the catalyst has been definéd as the number of
molecules or moles reacting per catalyst siteper unit ‘of t ime.. The
activity with reference to a standgrd activity is, therefore, ;he ratio
of rafe éonstants under similar r;acting conditions. The specific acti;ity

s usually taken with respect to the surface area of active metal Lataly§;’

-

exposed to the reacting species. fSéhujt and'Van Reifen (54) pefformed various
investigations of nickel on silica catalygts. .They Teport that the percentage
reduction is a function of the reducing temperature for va?ious concentrations
of nickel. At very high temperatures sintering can also occur. Shepard (S3) .
found that for most cétalysté the éctivity varied directly with the metal
surface area as measur;a by hydrogen chemisorption. He could not ‘detect °

any trend in aétivity with crystal size. Sinfelt, however, (S5) varied the
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crystal size from 29 to 88 Angstroms by varying the prd-trcatmcnt tcmpcrafuré
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 max imum catalyst

activity, with smaller érystallite size.

—

RATE EXPRESSIONS

There are two approaches cqpmgnly used to foymuléte the matheﬁatical
expressions to describe the rate pgyreaction for the-hyarpgenoiysis,of shéft
chain paraffinic hydrocarbons. Tﬁe first, as proposed by Hougén and watsoﬂ ?
{H1) involves the descfiption of all the possible rgaction, desorption and
quorption.rate expressions. The whole'matrii of equafions is combined to
give the overall rate expression. The matrix of rate expressions for the 'ﬂﬁ§g
hydrogenolysis of n—@ptane wﬁich includes some 30 parameters‘can be found
in reference_OZk This is a very large ﬂumber of parameters t6 be estimated.
A éecbnd approach as shggested by Cimino, Boudart and Taylor (C2) assumes
an equilibrium between the-gaseo;s and adsq;bed hydrocarhon, ana that the
_ reaction of the adsorbed hydrocarbon is.the rate determining step. "It is

this analysis that is used in the presest study and leads to the general

relationship:
n
= - o2,
Ty, = Ky.c. P ( AEH.C.) Ph.cC. °H, 1
RT ’ ' /
.i\ ' .

where Ty, is the rate of disappearance of Fhe h{ii?cgrbon‘

kH C is the frequency. factor

8E, 'is th€ activation enéergy

m and n are constants !

Pu.c

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

The derivation of this rate expression for the hydrogenelysis of n-butane :
(02) is presented'here to indicate the assumptions that are made.

/) . n-Butane, upon or after adsorption loses hydrogen atoms according

to the process:

a
C4H10 = (CHp) +(1g-f) H, . 2.2

It is assumed that the ‘adsorbed hydrocarbon reacts with gaseous hydrogen

in the reaction step according to the procees:
o . ‘f) + H, + Methane, ethane and propane adsorbed species. ?Ng.s
The procoss represented by equation 2.2 is assumed to be in equilibrium

Equating the rates of adsorption and desorption:
e (10-f - . )
k Pe (1- 6) = k P 8 2.4 .
4 Hy . : ' o '
’ o v
where k*

rate constant for adsorption

= k ? exp (-AEY/RT) - o

Id . br ,.. .-
k” = rate constant for desorption
) - ak 9 exp (-aE%/RT) o | /{’ .
| AEa,AEd = activation'enefgies for adsorption and desorption'respectively ’

@ = fraction of surface covered with adsorbed butane species

C ,PH = partial pressures of n-butane and hydrogen respectively
2

Solv1ng for 8 in equat1on 2.4: ‘
e.qB ‘\ . ' i . 2.5
T8 -



where A = ka/k{\\; o : : ﬁ 2,6

) . [(10-£)/2]
B =P /Py

2.7
4 "2 .
over a restricted range of pressures: i
o=’ g , __ ‘ 2.8
where 6 < x< 1 |
.The proportionality is used in 2.8 because, although the expression:
8 = nxQBL? | ' ‘ | . S 2.9

3 . . ‘ :
for an appropriate value of x, predicts the same trends as 2.5, over a

restricted'@ressﬁre range the values of 0 will not be predicted'the same;

The proportionality factor is included td compensate for this: K

Thus b o | ’

8 =ado gr & - \ - 2.0

where a is a function of x.

.This proportionality is not ciearly stated ip either the original paper by

Taylor et al. (C2) or in a later deveiogment by Bond (BZ).l_ . -}
Assuming that the rate of hydrogéholysis of n-butane is-the slow step,

and that the adsorbed butane mélecules react with the ga;ebus hydrogen

molécules, the rate of reaction of.n-butane may be.déscribed by:

-n .
T=8 P,/ 2.11
2 Hz -
‘fixpandihg i ]
reaa pX P 1"2‘-(.10'-.':5‘)/2 ! , 2,12
‘ C4 HZ

a i}ih; 6



Therefore
~ X ., X . N :
r= Kaa P." P 2.13
Cq 'y -

rate cgonstant for reaction on the surface of the catalyst

where K

, k" exp (-AE"/RT)

T s e C . ;
AE activation energy.for reaction 1nkh’e surface

n = 1-x [(10-£)/2]
Thus equation 2.13 may be written simply substituting k for k&mr as:
n ‘[

r =K .pé P | 2.14

4 2 -

This simﬁlified rate expression, kﬁbwn as the power rate iaw, is used
in this study to describe the hydrogenolysis of n-butane. The expansion of
this rate expression.to include the entire network of possible reactions For
this specific ca;e is pr;:sented in Chapter 4 of this thesis. This section J

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

estimated %o completely describe the reaction network.
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2.2 PACKED BED REACTORS

_ The physics of packed bed reactors is well understood and has been
extensively studied. Tﬂis type'of integral rcaétor is commonly used both
in industry for ﬁhe production of chemicals and in research for'tﬁe |
estimation of kinetic parameters. It is ehe latter case, where the
flowfprofile can be accuratély described, tﬁat is of interest in this
study. The only pfobiem facing the. experimenter is that of reducing

the hags and -energy equations'describing the reactor and reaction torthe
simplest for;'anﬁ still retain the desired accuracy.

Two ﬂxteﬁ;ive review pabers, one by Froment (F1) (81 referenpeé),
and the second.by Hlavacek Lﬁ%) (146 refe?ences) provide an excellent
coverage of the topic. Thesé{fwo papers prgsent.the mass and energy.
equations for thé-one-dime;sional iase with and withouF axial mixing and
fPr the two-dimensional Podel which also includes radial teﬁperature and
concentration profiies. A discussion of the_ﬁethods of num;rical solufion
and the use of packed beds for kinetic parameter estimation.is also presented.
'Apother very good réview article is given by‘Beek (B3). » )

If the effects of axial miking are small, ana radial concentration
and temperature grédients can be neglected, a siﬁple‘one—dimensioﬁpl model
may be sufficient to &escribe the reactor. ‘Both Carberry (C1) and Satterfield
arid Sﬁerwood (S2) discuss the importance of mass and heat transfer rates in
and around the catalyst‘barficles on the controlling step in the reaction.

Satterfield and Sherwood present jq ahd“jh‘curves in order to calculate the

effect of mass and heat transfer limitations‘s Peterson (P2) gives a summary
: ‘ \ :
F
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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

v -

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

The calculation of particle diffusion and mass transfer limitations and

the importance of radial terms and axial mixlng are given in Appendix E.

2.3 FLUIDIZED BED REACTORS . ' '

Fluidizetion, as:stated by Kunii and Levenspiel (L1) is the operation
by which fine solids are trangformed into.a liquid-like sfa?e through contact
with a gas or liquid. Thie metliod of contact has some unusualﬂpropertiee,
some of which are very advantagdous end others whieh,present considerable
"bfoblems in their appfication to reaction engineering. The fluid-like
property of the soiid‘part{cles facilitates the circulation of the sotids
between reactors, the transfer of large quantities of heat with immersed
heat exphanger.tuhes and the application of.continuous automatic control.
The'solidsbed isclose to isothermal, and the heat and mass transfer rate
between gas and part{;les are high when ‘compared to other methods of
contacting. On the negatlve side, the residence time of solids is very: -
non-uniform, extens1ve"by—passieg of 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 d1ff1cult to model. = .

Hlstorlcally, the first commercial reac;or was patented by Fritz
Winkler in 1922, for the gasifica;ion of powﬁered coal. The Second World
War uerkea'the beginning of large scale_interést in these reactors for -
the production of high octane gasoline from keroseng‘and light oil. A

number of books are now available describing the phenomena of fluidization *

{
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and its use in chemical reactors (D1)(L1)(03)(Z1)(D3).

Because of .the present intense interest in fluidizgd_bed reactors,
and with the availability of modern high-speed computers, many mechanistic
models have been developed to describe the behaviour of fluids and‘solid
particles and hence the conversion and broduct distribution for a-given
chemical reactor. All thése_models and their various assumptions aﬁd
adjustable parameters are variations of the basic two-phase £ubble model.
Before this model is discussed, a more detailed description of the flow
‘of reactant feed gas within the,reaétor will be presented.

In a f;uidized bed reactor the gaseous reactants are fed into the
bottom of a bed oflfine catalyst or catalyst-impregnated particles. Under
‘good fluidization qondi;ions,'mostq;f the gas-;oves up the bed as bubbles
~which form at' the battom. As fhe bubbles proceed upwards they grow in size,
'éo esce,‘break-up and.coaiesce. The remainder of.thg feed gas flows in
the emulsion or particulate phase %o keep tﬁe particléﬁlsuspended ina
fluidized state. Since the reaction may only occur on the catalyst, the
prdﬁlem is to describe the interchaﬁge between the gas in the emulsion and
the gas which forms the bubbles. _The existence of two distinct regions,
ian emu%siop or dense phase, and a bubble or up-f;ow phase, suggests that
thé reactor-may be described by a two-phase modell- | |
‘ Considerable effort has been expended on studying single bubbles
rising in ép irifinite medium of catalyst under incipiently fluigizéd_
regioﬁs associated with thé_bubbleior up-flow phase as shown in ;;gurémg:i
le{. First, there is the bubble voi& coﬂtaining almost n; catalyst. The

gas witkin the bubble circulates; this circulating flow includes the other
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tno regions: (i) the wake.which isrfillcd with catalyst, and amounts

to about one third the‘eize of the bubble void; (ii) the bubblc'cloud,
which is a region of emulsion phase (perhaps with 31lightly greater voidage
(L§) surrounding the bubble veid, which contains thefciéeulating gas |
flowing from the bubble void and which.travels upward with the void. The
cioud regien decrcnses in size as the bubble size—increases (P3). As the
bubble m%ves up the bed the bubble diameter grows, the bubble rise velocity .
increaees dend as a consequenceé the relative amount of cloun gas decreases.
In large reactor systems where the bubbles may be qu1te large, the cloud
phase is a,very small fract1on of the bubble volume.’

Since react;on occurs only by contact of gas with the catalyst, the
transfer of reactant from the gas bubbles to the emulsion phase is important
in fluidized bed reagtoﬁs. ‘This'tfansfer has been shown to occur by the
following mechanism fon'e single bubnle (Kll (Figure 2.2): molecular
diffusion and bulk flow t}nnsfer occur between theﬁﬁubble and theAgas
surrounding the bubble follonedrby transfer by mol cniar diffusion between

the cloud and the emulsion. SOme models have assuﬁed 1nf1n1te transfer rate

between cloud and the emuls10n (D1) wh11e others have assumed infinite
transfer between the bubble and the ¢Joq§ (that is unlfqrm concentration

in cloud and bubble) (P4) All these models assume that the bubbles remain
'dlscrete entltles throughout their rise through the bed It is well known
that coalcscence, bubble break—up, wake shedding and gas by-passing frOm bubble to
bubble occur; these phenomena will con;;lbure to the exchange process and

Should bedintlnﬁed in many more sophisficated models. Van Deenfer~(V2)

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

A

The general form of the two-phase model for steady state can now be
formulated. At any height in the reactor assuming radial unifofmity of
concentrations within each phasé, the following equation is written to
describe cach of the two phases as shown in Figure 2.2:

net axial net axial net interchange net

: + + : : + = 0

diffusion ‘bulk flow betwcen phases reaction M
Many two-phase models have been proposed. They can be characterized by
three considerations:

(i) the make-up of the bubble phase

(i1) the flow pattern in the emulsion phase

(iii) the mode of interchange between the two

In all cases, the bubble is assumed to be pgrfectly mixed and to ri;e up

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

which some catalyst parfiéles may rainj and depénding upon the model can

ﬂ\include the wake or the cloud or both. A number of assumptions can be made
concerning the emulsion phase: it can be perfectly mi;gg} it can pass in
plug flow from bottom to top; or the gas within the emulsion can be asgumed
stagnant (K3). More realistically; the Kunii and Levenspiel model (K1)

" assumes that the downflow 3f sqlids, which compeﬁéates for the upflow of
solids in the wake and cloud of the bubble, cgrries ga? downward in plug 3
flow. | | ‘

The gas flow and the interchange between the bubble an& emulsion

phéses has been investigated as suggested by Kato and Wen (K3} py two

<jf
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methods. 6nc.uppr?ach involves the usc of tracer techniques while the other
“involves the adjusting of modcl parameters to fit experimentally observed
chemical conversions., :Gilliland and Mason (Gl1) first used thu‘truc;r
fechniﬁuc. [t has also been cmployed by other ichstigutors (D2, 11, Ké,
K9, M4,:W1l). The method of determining the flow paramecters by comparing
the observed and the predicted cohvcrsioﬁ was first uscd by Sheﬁ_and
' a4
Johnstone (§6). This method hasiprovcn popular with many other workers
(G2, 12, K16, K11, K12, M5, O1). Even with these two techniques, there
urﬁ some fluid mechanic properfies of fluidized bcds(éndrbubbles which
must. be described before a model can be formulated.

The folipwing section deals with .thd description of bubbles in a -
fluidized bed. This information concerning bubble size, bubble velocity,

[

gas interchange and other parameters must be underStood before the specific

e : o
two-phase bubble models can be formulated.
'2.3.1. DESCRIPTION OF BUBBLES IN FLUIDIZED BEDS
The description of the behaviour of the gas in the bubbles is LT

necessary in order to predict the performance of a reactor by a two-phqge
bubbling médel. Many bubble characteristics must be described.. A large

_numbcr'of studiés using X-rays, probeé, tracers and high speed photography

-

have been undertaken to study. single bubbles, single streams of Bubbles
and, swarms of bubbles in both wihe and very narrow beds of many different

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

L]

dimensional bed to appreciate the complexity of the flow. Fegwif any

er) model’

T

- experimenters in this field would state that their (or any ot
]
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accurately describes the truth since all the phenomena that are occurring
arc ot included. Even if such a model did exist,,it would be so complex

and so time-consuming to compute cven on the fastest computers, that it
’ Rar 8

.

would likely be of little value to the engineer who wished to model a
specific reactor. c S

The use of fluidized bed reactor models for scale-up or a priori
predictions is at best a process of ;imited accuracy. This is bnr;icularl}
true in cases where the reaction rate is very high and the fluid mcchanié
aspects of tﬁe model arc the limiting of fate~controlling step. Simuiation
of an existing reactor is a diffgrent matter. As mentigned above, current
two-phase models differ essentiazlly on howlthey'treat the bubble-to-emulsion .
-etchangﬁwprocess. Moreover, this exchange parameter is not only important
in the overall reactor description, but also the least well known Hence,
it.becomes_zonvenient and appropriate to make this interchange parameter

, . :
an adjustable one in the model anz\use the analysis of the chemical species
~as the rc?ponses to determine its best-value.- In this way, this parameter
accounts for ali the mechanisms such as coalescence and wake shedding that
contribute to the gas interchange. ' ' -

Tﬁis section pregents a sﬁmmar}:of the eiisting knowledge and a
description of bubble chéractéristics. The most complete presentation
of this‘informafiph along with refer;nces is contained in the book by - ' .
Kunii- and Leven§pie1 (L1). Only w;;k by thé maip investigators describing-
the phenomena needed to formulate the qu-phase models is presented.. The

formulation of existing reactor models and the exact bubble descriptions
. o . A .
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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

(D1, P5, M3). Small bubbles~are almost spherical while large bubbles

as shown in Figure-2.1/4re somewhat irregular spherical caps and flattened
with an indentation the bottom. This has been observed directly in

the two-dimensional beds and with the use of i—ray photography in larger
thicker beds. The angle © as shown in Figure 2.1 has been examined by
several workers (P5, R2) and in general is between 110° and 160°. Most -
- models assume a spherical bubble which may or may.nbt include the-bubble-
~wake, which contains cafa]ygt. 'Although violent distortion of the bubble
occurs as it breaks up and coalesces, tﬁe spherical bybble model is stifr

used.

BUBBLE SIZE AND GROWTH

As bubbles rise through a fluidized bed they grow. The exact mechanism
for groﬁth is not well underst;od but the growth rate is more than woqﬁa-ﬁe
acc0unted for by pressure expansion as the bubbles rise through the bed.
Bubbié\bregk-up and coale;;ence are also‘occurring.‘ At any one heigh; in
the bed, there are bubbles of-more than ;ne diameter. It has been stated
- that in commercial beds equipped with internals, the bubble size is close
to constant exgepf for a small region close to the inlet (L1). It 15
generally agreed that there is some maximum stable bubble size but-its

Hagnitude for a sﬁecific catalyg;,'reactor and flow is in great dispute

(Dl; LI). Actual observation in the specific reactor is still the most
: '
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A

e ar. . ¢
accurate method for an individual case.

There are four general methods used to obtain the appropriate
bubble-size_distribﬁtiOn or average bubble size for a specific reactor.
(i), The bubble size can be estimated by matching observeéd
t ' T

experimental ;psponses with model predictions for a given

gas interchange mechanism.

-

-~ -

(i1) ‘The bubﬁies ihside a reactor caﬁ be pﬁotographed using“
X-ray teeﬁniqqeél

Eiii) The bubbles in 'a thin two—dimenSional bed, filled with

| tﬁe catalyst to be studied, can be photographed and then’
measured. Thesé data can be used to calculate a bubble
size distribution for the Fhree—dimensioan case.

, ‘ ~. -
(iv) The bubble size distribution can be eStimated by measuring

‘bubble size inside a column with capacitance probes.
The accuracy or usefu}ness of ;ny oﬁ thesé techniques can be criticized.

The use of a constant effective bubble size which is eésentially an
estimated parameter could bebcoﬁsidered to be a éimpljijation of unnecessary |
Testriction. Buﬁbles'may grow from less than a centimeter at the distributor
to almost the column diameter at the top of tﬂe Led. However, they may also
be close to one constant size fof a reactor with internal packing or heat
exthanger tubes.

The esfimation of a bubble size distribution with height using éwo-

3

dimensional bed data can also be criticized. The ac¢curacy of the conversion

.-,"‘

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

dimensional bubbling reactor in which only the emerging bubbles at the



*

upper surface can be seen has been questioned. This method Qoes, howevér,
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 fof'the analysis of bubble sizes in
largé diameter reactors. Forl smaller reactors this method should provide N
the bést description of bubble sizes. 'Unlike‘capacitance prébe methods,.
the bubbles are nét disturbed by the measurement. The use of probes to
determine the size of bubbles within a reactor may be impossible when studying
a large industrial unitm-

The use of a general correlation for the mean bubble size with heigh

as a function of gas flow andipa}ticle size is also questionable. The

correlation of Kobayashi (K13) for a drilled distributor plate:)’¢;;’”f(

d, =1.484d h . © 2,16
B R Q}') T | ' .

]

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

heights.d_ fs the intial bubble size at the distributor plate,

BUBBLE RISE VELOCITY - - )

The absolute rise velocity of a single bubqu in 3 bed at incipieni,
fluidizatioq as'firsf suggested by i%klin (N1) for gas-Tiquid sfstem is:
Uy = 0.711 (gdb)I(Z . o K PR
Later, Davidson and;Harrison used this same expréssion fof fluidizgd
beds. Euntion 2\17 general¥y is used for bubbles o% size db in freely
bubbling beds. IStudies on single bubbles~and’streaqs of bubbles (D4, H3,

I

R2, P5, T4) show a range of (.55 to 0.85 for the'proportionaligy constant .
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Vi
but 0.711 is generally used:. Recent .work by Grace and co-workers (G3)

shows that the interaction of bubbles causes an upwards acceleration as

well as lateral movement of trailing bubbles.

t

BUBBLE SOLID ch'rEm'_ x .

Solids have been cbserved in the-bubb1e1Void by three investigators
' (T4, K14, K13) and-they report ‘a cogééntratiqp of from 0.2 to 1.0% by voiume.
Tﬁe main interest in the model}ing of reactors is the size of the wake and
the cloud region as'shown in Figure 2.1. Models can be writfen to include ~
none, bné or both with the buﬁble void assuminé the gas inéluded within this
bubble associated phase is complétely mixed.

’ _
A commonly used model to predict the magnitude of the._cloud radius

relative .to- the bubble radius for a three dimensional bubble (DS) is:

- Y /3
d; o [Upy + 2 Unms /3
& |- Ef

Ubr— 9mf.

Eng

wo;k by Murry (M3) for single bubbles probably provides a more accurate
description of the cloud thickness and is being used in some more recent
investigations. ‘ |

The bubble wake represents about a quarter bf fhe upflow phase..
X-ray sfudies by Rowe and Parfﬁ}dge (PS) list previous work including
probe stud1es and present data on bubble shape and wake angle for ‘a number
of SOlldS. Bubble-bubble 1nteract10n in freely bubbling beds causes bubble
and wake distgrtion.' The vhlid{}y of conclusiong'relatlng to multiple

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 cgusé flow reversal in the eﬁulsion phase as the soli?s are deposited.
at the top of the”bed by the bursting bubble, Tracer studies have verified
this phenomenon (L4). The g;s flow necessary to produce zero cmulsion flow,
or flow reversal has beeh givén as U/Upe 2.7 - 6.0 (L4) and U/Upe 6. - 11.

(L1). The reverse flow in the emulsion, coupled with poor distributor design

can produce gross circulation in the emulsion phase (L1). ,

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 fluidized beds. The interchange has been studied

by a number of techniques: N

] A ; s .. .
(1) Stimulus response studies using“a.pulse injection of tracer gas

and then interpretation of the cross flow or interchange from

the response. . ‘

(ii) Fitting the predicted conversion of a model to the experimentally

\
observed conversion.

Several semi-theoretical models have been proposed (D1, L1, Z1, B4,
04, C6, H8) to despribe direct gas interchange. Davidson and Harrison (DI)
considered the circulation rate of gas in and out of the bubble to be:
Lq ) = 3 Tr,’ - - 2.19

s5ecC

-~

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

to describe mass transfer from liquid bubbles to describe a diffusive

~J
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contribution for the bubble-to-emulsion interchaﬁgo.

] 1/2 , -1/4_1/4
k, = 0.975 07/% ¢ 7"y | 2.20

Note the difficulty in evaluating one uniquo.interchanﬁo coefficient in a
multicomponent system if this diffusion mechaniSm ropresents a m;jor
contribution to the interchange process, Partridge and Rowe (P4) proposed
the use of a mass transfer coefficient similar to that used to describe a
bubble of1ﬂm1SC1b1e liquid rising through another liquid Kunii and
Levenspiel (L1} developed a three phase model (bubblo c;fad emulsion)
w1oh mass traggﬂsf 4;sistances in series to‘describo_gas interchange. ‘
In their scheme, the Davidson modol_(DI) is used to_deocribe the interchange
beoweeo the bubble void and the cloud, and theﬁltho Higbie penetration model
(Li, H4) is used to describe the gas interchaoge botween the cloud and the
emulsion. None of these semi-thooretical modelo account'for intorchongo_.
due to cloud and wake shedding or bubble break-up and ooalesoenco. However,
they all do genéral}y suggest-a volumetric interchange rate per unit volume
of‘bubblé which is inversely proportional to the bubble diameter.

Kato and Wen (K3) Suggost instead,‘after reviewing the‘results of
Kobyashi's (Kg) bubole-bubblo studies, that the model: |

.cm3 interchanged ' 11

2 - | 2.21
cm3 of bubble-sec dy ,

éhoulo be used where db is the bubble diameter in centimeters. This is
con51stentawith other observations in that the interchange is 1nverse1y
proportional to the bubble diameter. Toei (TS) in working with single

bubbles suggests that the constant of proportionality is between 3. and 6.
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In modelling situations where one fluid mechanic parameter is to
bé estimated to describe an existing rcactor, this description of the
intcrchaﬁgc may be useful. The proporgionality constaﬁt in céuation 2.21
could be cétimated. Note that a diffusion cocfficient is ﬁot included;
this is because for larger bubbles and most gases,?thc-diffusional mechanism,
as calchlated by equation 2.20 is small. In addition the diffusion coefficient
may be very difficult to predict for mu;tifcomponent mixtures. Drinkhamer
(07)in nis comparis..nm of the interchange predictions of the various models
" includes the diffusion coefficient.

Orcutt and Carﬁenter in a recent paper (04) hayé proposed a 3cheme
to account for bubble coalescence. The vertical coalescence of bubbles
occurs when a trailing bdkble is accélerated and captured by the leading
bubble. The coalescenge 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 importanf part in

bubble-emulsion interchange; how important-it is has not been demonstrateqﬁ‘
}

BED EXPANSION

/

- . )
The presence of bubbles ‘causes the bed to expand above the level at

-

minimum fluidization. This can be readily calculated knowing the gas flow
and the bubble rise velocity (D1):
L-Lpe U - Upe ' _ 2.22

-

L 0.711(g&b)1/2
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. dp is the mean bubble diameter for the whole bed. This assumes that the

-emdlsion voidage remains at Emf even when bubbles are present. Expansion
may also-occur below the minimum fluidization velocity as the voidage
increases from the settled bed voidage: | |

- . 4

L

2.3.2 CURRENT FLUIDIZED BED MODELS

Many mechanistic models have been proposed to describe the performan |

the bubble rise velocity, bubble size, interchange, coalescence, flo

L=
emulsion phase and other necessary gas flow descriptions are modelled
. N

summary of many of the available models that have been employed to predict

v

the performance of actual fiuidized_bed reactors is given in Table 2.2 \

Table 2.2 proQides a convenient method of displaying some of the many -

o

different models and observing the'maﬁy schemes for describing and inter-
preting the associated phenomena. This list is by no means complete. Kunii
and Levenspiel (L1) discuss maﬁy.of-the published models in their book and

. N . -
_ there must be many models that were *developed but not published. The first

L

£four models are 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, are summarized. The exact

‘7

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

study are detailed in Chapter S.
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" TABLE 2.2a CURRENT FLUIDIZED BED MODELS

]

UPFLOW PHASE‘

. DENSE

- PHASE
- SOLIDS _ P
MODEL PHASES BUBBLE MODEL VIXING MIXING GAS FLOW AND MIXING
Orcutt, ; Bubble - | Spherical bubbles, Perfect]y mixed ‘ Up ¢, » perfectly mixed
Davidson, Emulsion™ { no solids, constant/bubble void NO - e
Pigford | size C Up,¢.» PTug flow upwards
(o)
- Partridge, |1 BUbb]e, Murray model, “|Perfectly mixed ' Um ¢ » plug flow upwards
Rowe Cloud | 2-dimensional bubble and cloud | NO T
- (P3, P4} 2 Emulsion | measurements ° .
Kuntd, 1 Bubble Davidson model,  |Bubble perfectly  Calculated, plug flow, allows
ILevensp1e1 b Cloud,wake | constant size {mixed cloud and YES flow reversa1
(K1, K2) [3 Emulsion : N wake
: Kaio,- 1 Bubble, Spheriéal bubble Perfectly mixed Mixing in comparfments.
Wen Cloud - | and cloud, - |cloud and bybble | YES no vertical flow
(K3) 2 Emulsion. | Kobayashi size -
~Latham 1 Bubble, Davidson model, Perfectly mixed _ Calculated, reverse plug
(L4) Wake no cloud bubble and wake | YES flow
2 Emulsion ‘ et _
Van- 1 Bubble, . Davidson‘Modél, No Perféct'Mixing Determined, reverse plug flow
Deemter Cloud Volume Fractions {between bubble YES
(V1) 2 Emulsion | of Phases Used and cloud
May (M6) = [1 Bubble Spherical bubbles, {Perfect Mixing 1q Up.¢ . mixing by diffusion
‘Van- 2 Emulsion | no cloud Bubble Void NO coe Ficient
Deemter§V2 o
Mireur (M7 ‘

et



TABLE 2.2b° CURRENT FLUIDIZEthED MODELS

PARAMETER TO BE DETERMINED"

‘“k

May, Van-Deemter,
Mireur

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

Number of Times Emulsion Gas
Exchanges with Bubble Gas is.Used
to Characterize Gas Transfer

Fraction of Phases

Crossflow Parameter and Diffusion
Coefficient for Emulsion Phase

- MODEL 'INTERCHANGE BETWEEN PHASES
Orcutt Bubble Circulation (Davidson)
Davidson . .470 2
Pigford }Jﬁn f. Effective Bubble Diameter
- Diffusion From Bubb]e (Baird) :
kg = 0.975 0, dp tg?
Partridge Mass Transfer Coeff hm: D Sh d Correlation for size, number aﬁd
Rowe | where Sh = 2.0 + 0.69 Sc]/3 Re €172 Ye]ocity ot Eubb]es with height -
Kunii. .Bubble to Cloud Transfer same as | Effective Bubble Diameter
Levenspiel Orcutt Cloud to Emulsion. Higbia :
E Penetration Model 3
| Keg =6.78  DUp/dy
Kato Gas Interchange per. volume of None
Wen bubb]e _
| oF 11 /0 ‘ o
Latham ’D1mensionless Interchange Effective Bubble Diameter -
' Parameter _ : :
- X = NQH/Uga )
Yan-Deemter Mass Transfer Coeff't for Bubble- | Mass Transfer Coefficients, Volume

2

Ve



J S 35.

* ORCUTT-DAVIDSON-PIGFORD (G1)

Orcutt et all studied the‘first order decogposifion of ozone over
microspherical catalyst impregnated with firric oxide (1960, 19625. Gas
in excess of that required for minimum fluidization is assumed to pass
through the bed in solid-free buhbles of .constant size. The remainihg
fraction of gas "f" ffows through the emulsion aﬁd can be described"by‘
a contact time distribution Ee(t). For a given rate constant T, the conversion

can be calculated from equation 2.23

1-X = f + (1-£) ‘f exp (-rt) E_(t) dt | 2.23
Two bubble flow models are presented for ;hgfiimiting cases of plug flow
and completely mixed flow in the gmulsion;phaSe. Interchange between
the two phases is predicted using the Davidson circulation model (D1) and

the Baird molecular diffusion model (B4). The bubble size or effective

bubble size must be Qetermined for the reactor to be modelled.
An analytical solution for the case of plug flo; in the emulsion
can be obtainéd if the reaction is first order and only thelconversion is’
. - 1
ca;puléfed. For a complex reaction numerical integration techﬁiques must
be ééployed. Thé model, assuming:a completply mixed emulsion can be calculated-
very qufckly, even fgr a comp}ex-feaction where a product distribétion is
predicted. " This is dué, not onlf to thé assumptioﬁ of complete.éixing“in
.the'ehulsion, but also to the lack of solids (and thus reaction) in the
bubble. The calculat;on time is o:;ers of magnitudc less than that for the

7 . .
plug-flow-emulsion case where an integration technique must be used to

obtain a solution.

—

A
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PARTRIDGE-ROWE (P3, P4, Y3)

Partridgc and Rowe developed a model first used to describe the
first order reaction of a gas diiq}cd wtth‘nn'inert going to a single £
product (1966). In their model to descfibc the fluid mechanical behaviour,
all gas in excess of that required for minimum fluidization forms bubbles
which groﬁ as they risc- through the reactor. The remaining gas flows
upwards in plug flowpthrough the emulsion at the minimum fluidization
velocity. The Murray bubble model is used to déspribc the cloud. Perfect
mixing is assumed between the gas im the bubble void aﬁd 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 of this model is that the bubbic size distribution

along the axis of the reactor is calculated using observations of bubble size

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

-

effective mean bubble slze is calculated at different heights uﬁ'the two-
dimensional bed by analyzing photographs of the bed at the required flow.
This information is then coﬁ;erted to the'equivalent bubble size for the
three-dimensional case to deécrib&;the bubbles that would occur in the '

reactor under study.
. . -
Because of the plug flgow of gas through the emulsion and the reaction

[}

which occurs in the bubble, the model must be solved, as suggested by its

authors, by some integration technique. A twoiphase'mode1 with grawing

bubbles containing some catalyst would seem to be an improvement ovgr the

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 three-

dimensional system can be strongly criticized and therefore this poses a

/
serious limitation on the direct use of their model.

-

KATO-WEN “(K3)

. Kato and Wen present a model which is claimed to have no adjustaq{e
parameters (1969). They u#e this mode} to predict the experiméntal result
of.a number of experimenters. The bed f; divided into a -number of
compartments whose heighﬁ is equal to the mean size of’the bubbles at
that height. Each compartment contains a bubblé phase and an‘emulsion
" phase. The gas bubbles flow in plug flow through the‘emulsion pﬁhse which

is assumed to be completely mixed within each compartment.

The spherical bubbles are surrounded by spherical clouds of_xadius

calculated by the Davidson model (D5). The bubble growth is predicted by
. M \"
the correlation of Xobayashi (K13) which is based on, three.dimensional

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

bed height at minimum fluidization. a

L4

Kato and Wen recommend using an interchange coefficient, F,

representing the volumetric interchange of gas between bubbles and the

emulsion per unit volume of bubble per segcond as given by:

Ty N
v}

. F j/lifdg €

This coefficient is entirely empirical being based on Kobayashi's experiments.
Note that it contains no effect of the exchanging gases, particularly no
. o _

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 techniques. The

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

model. -

w

. # )
;LNII-LEVENSPIEL (K1, K2)

Kunii and Levenspiel have proposed a three—pﬁase_bﬁbble model in

T -

Mhich the clgud is a separate phase (1968) . " A constant effective bubble |
size must be determined for the rQESES? to be investigated. Thoy claim

that a constant bubble size should adequately describe deep beds or beds

with.dnternals that effectively control bubble size.:

The Davidson model: (DSj’is used to describe the cloud si%e. The
direction (upward or'déwnward) of the plug flow of gas in.the emulsion phase
is determined by the circulation of.solids entrained in the bubbi;‘wake. The
resistance to gas interchange fpom bubble to emulsion is calculated from two >
resistances in series between the three phases. The gas fransfer from thé

‘buggle to the cloud is described by the Davidson 'circulation model (D1) and
the paird diffusion model (B4). The transfer between the cloud and the
emulsion is described by the thin layer'Higbie penetration model (H4}.
| An apalytical expression arises for:calculating the‘conversion if a
fifst order reaction’i§ assumed. If the reaction is not first order or the
product distribution must b%_predicéed, the differential equations déscribiné

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

The addition of the third pﬁa%e. the cloud, greatly increases the calcuiation

Fa
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time. If the downflow of gas-in the emulsion phase is ‘included, the

h]

computation time is further increased since a two-point boundary Wﬁi:?\\b

problem must be éolved. Agaiq, for the Baird diffusicn model, the
determinatjon of an cffective diffusivity im a multicomponcnt-sy;teﬁ
of changing coﬁposit{pn may be difficult,

The exact form of'.these models employed to breaict the befformance

of the reactor to be studied is presented in Chapter 5. The models will
5 >

1

1

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

.

estimated 'using data obtained from the obscrvedggonversion and broducf

distribution.
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3.0 STATISTICAL TECHNIQUES

40,

Statistical techniques enahle one to make quantitative inferencol' about

’ T
- the truth. Statistical. analysis is often considered to be too difficult for

the problem studied or that the problem being studied is too simple to require

the analysis. It is not for window dtaasinq. ~The great power of proper '
statistical analysis lies in its ability to prevent the experimenter from
deceiving himgelf, nct in its possibilities for deceiving others.

The need for Btatiatical analysis-can.be simply axplainadrfThe

measured value ot the dependent variable at an experimental trial is not in '

qeneral the true vnlua of the quantity meaautad. An error, from qhe of a
multitude of sources and of unknown magnitude, makes up some part of the
recorded resptnse. These errors cannot te femovud conplatelf. Thus, the
expe;imthter must rely on soma form of.statisticalranalysin.to efficiently
teach his goal (if indeed this is possible) and tﬁ'honéatly'and untiasedly
report his findings. Almost all of the techniques neceasary have been
availatle for mdny years. Blame for theﬂf lack of use is both wtth the
experimenttliat and with the statistician, The experimentalist has often
been uncompromising in his mistrust of these techniques and raluctant-tp
spénd valuable'time for theit implementgtioﬁ which he considers almost to
be wasted. Indeed, hg often has gré;t !aith'fg Q§§'intuitive ability to
appreciate what the effects of all the errors will be and to react and to
plan accordinqu."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 of Jintegrals, spaces, matrices
and tables; unfortunately, this langquage is in many instances almost

incomprehensible to all but the faithful. He is often unwilling to
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compromise and contaminate his theory by makin; c;ncessions requested by the
experimenter to aoive a specific prébiem.

One solutioﬁ to the problem is to havé the experimenter become his- |
own statisticiah. A moxe efficient sélution is tg enlighten both parties.
The experimentalist is rabidi? converted when he é;n unde}stand the baéic
statistical techniques and can be shown the power and effiéiency of fhese
techniques. The statistician toﬁ, sees the benefit oftfhe relatidnship to
himgelf when sh what problems,cdn be solved.

‘The learnin§ rocess by the experiméntéi can he very infectuous.
The appearqgsg of morg and mére "readablie" qtaéisticslpapers'is very

encouraging. "The best paper to date is that of Box amd Hunter, entitled

"The Experimental Study of Physica% Mechanismé‘ (B13). This paper should

be required reading for every eiperiméntalist. It dealq_w{th thé,baéics of
data analysis, theipresentation of. parameter estimates and conclusions based
on models, as well as experimental design for Earaméter egtimation an& for-
ﬁqdeludiscriminatiop. It stresses the import;nce of the wvisual sc;ﬁtiny of
the data and.theE?nalysis'of residuals. It also points out ;ﬁ;‘imporkancer

of the intefaction,hn@ joint analysis of results by both the experimenter -
and the statistician. Both can draw important cohélusions from the data

L]

that the othéf mighi miss or be unable to interpret. This interaction will
resgltrin a far moré efficient.;nd rapid attainment ;f the.goals of aﬁy
prqjectl .

This chapter presents the staéis;ical nomenclature used.in this
thesis. I; deals with ;xpgrimental data.qith 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 parameter estimation. is.discussed and the use of confidence
rediong, 1nat;§d of point estiﬁatéa. presented. Mathods ;! expatimentaln
design for both efficient and éffective parameter eagimation and model
discrimination are summarized. - Finally, the concept of the tgtnl exper-—
imental redesiqgn is explained to show how, ' through a nensitivity analysin.
the experimenter can identify tha major sources of error that will hinder- .S
his progress.
The use of statistical techniques must be an essential part.of any
experimental study. In neglecting their use; the experimenter -reduces his

efficiency, reduces his chances of drawing precise ahd accurate conclusions

- ‘ ) ’
and increases the probability of deceiving himgelf and others.

-

3.1 -MULTIPLE RESPONSE DATA

In the search to investigatg’underlying phyq‘chl mechanisms, the

engineer will often postulate a mechanistic model. Of course, he only
tentatively assﬁmes it, he'never'accepts such a model uncgltically.
Primarily due to the speéd and availabi}itylof mqgern computers, he is now
able to inv?stigate more complex models for more complex systems. It is.
inevitable that he would.now try to invggtiéate phenomena that yield more
than one observation, result of response éer gingle expe;iment or exper;
;mental trial. The statistical techniques for the analysis of multivariate
observations, as suggested by ;hé limited number.of'texts.on the subject for
example references A2, K{?. ahd HS5, are still relatively unknown compared to
univariate analysis. The nopation'ho;;ver. is similar in form to that used

'in the univariate case and is'explained in the following paragraphs.
25}
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A mechanistic model is proposed:

Tu = MulEu.®) + ey u=1,2...n - 3.1

where y,, is the vector of ocbserved experimental responses for the u'th

. SN t
experimeqt and Nn,, and €, are the vectors of predicted responses and exper-

imental errors respectively for the u'th experiment. This assumes that
v

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

responses is given by scme functioni

Ny (EurB®) = I, (8,E)1 © i =3,2...r 3.2
rxl s

where §, is the vector of control variables for the u'th experimental trial
and § is the vector of parameters for the nodel f. The quantity in- square

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

Multiple response* dé&& produces r observations or responses per
-

experimental trial. However, for normally distributed data the error structure is

described by (r)kr+1) quantitiaes per trial (the variance-covarian¢e matrix).
2

Define one-'single vector of responses for all n trials:

i

'-117 ‘
. X2 ‘
X . : -3.3
nrxl : '
. xn-J

-~

-

.

* The terms response and dependent variable are used synonymously whether

referring to predicted, "true" or measured value.

t The term "predicted"” response has been used to mean the "expected” responéé.
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Then its variance-covariance matrix* V (y) becomes:
1 ~

S ’ —-l
£ 00 ..0
. o L o ...
y o Lo
vy =|g 0oL ... =Aa 3.4
nrxnr
: . — h
. 1o . 7. E
L~ i .
where L =V {yy) u = 3.5

r{xr

e errpr strgcture. Most/often, one assumes that the

error is normally /distributed. If this distribution ‘does indeed describe

* The covariance matrix, sometimes called the:variance-covariance matrix

‘ . ) ‘ )
or dispersion matrix is defined for a vector random variable =z as:

mx1 -

. © V(z) = (Bv(zi,z)) = E {lz -~ E(2)] [z - =] "} 3.6

4 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

)

cf the raﬁéom variable each of which may be considered the 1imiting average

value -for an indefinitely large number of trials. It is defined as: - ’

Im

E(zj) = zi\Pr(zi)dzi ‘ 3.7

—C0

where p(zi) is probability density function of z,-

]




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

the error structure, then the least squares estimate of parameters is also the
maximm likelihood estimate (likelihood function defined equation 3.17). In the
nultivariate case.‘the multivariate normai distributién 1; so far the only.
distribution that has been investigated to any great degree. The form of

the probability density f;nction 1swsim11ar to that.for the singie response

case:

1 exp {-} (y-nten™ a 7t (y-nien} 3.8

pu) - N/Zlal]-/z

-

(2y)

£

where | is defined as the expectation of y and N=nr. The expected value of
the error is zero aﬁd its variance-covariance matrix is giv;n by A. Equation

3.8 can be written in the alternate form:

. . .
Py = 2 exp (-4 T (g, Ny (6 O L F(yy-ny (Ens8NY 3.9
(H)NfZIEIllfz u=1 . .

1

m—

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

It is needed to provide an independent estimate of the lack of fit of model

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

when using the likelihood function to oﬁ:ain parameter estimates.

3.2 PARAMETER ESTIMATION

There are three basic aspects of parameter ektimaéioﬁ that the
experime;tér_must deal with: the deéign of experiments, t;e weighting of
responseé'and-finally, searching for the parameters. The_first. the design
of experiments, is thelmost importhnt. The damage caused by poorly designed
experiments is irreparable. This most inﬁoé;ant topic, which is often over-

looked, is presented in section 3.4. The second problem, the weighting of
R - L]
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]

the experimental respohses: is easier for the single response ekperimant.
For the multiple response experiments, however, the individual responses

may be of different numerical magniéudes and do not in general have £he
sameweightsbecau#g'their variances and covariances may have any permissible
values. Finally, a technique of.searchlmust be chosen. The parameters to be
gstimated should be tra;sformed to make the derjivative of the objective
function ;ith reapéct to the parameters to be of the_sume order of magnitude
foé convenience. Direct search or local linearization can be used. If more
than one parameter ia to be estimated, scme criterion of parameter grouping
for efficieAt searching must be usea (02). Also, the experimenter must
ensure thét the measured responses he is using are linearly independent (B7).

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

. onderstand the importance of and the actual procedure of weighting.

WEIGHTING

If there were né exrors, the weighting of the experimental responses
would not be necessary. éven if the structure of the errors were exacély
'kﬁown, as 'in the case of ﬁany statistics bapers with synthetic data generated
from antfue model and known error structure, the t;sk would be much simpler.
The expefimenter 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. The} are:

: ~ /
1. experimentdl error 4
2. inaccurate parameter estimat{used for the model predictions

3. incorrect models.
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The experiﬁeqter musgt estim;te the effect of the magnitude 6f each Fnd
proceedraccording}y if he does not wish to fool himself, botﬁ with the
parameters hg haé-éétimatgd-and the degree of confidence he has iq them.
The first, experimental error, is perhaps the best knownland the
iéésiest with which to éealf It can be well define& by performing properly
rah&omi;ed and replicated experiments. Randomi;atidh of replicate expériﬁents
_is essentialmsince-this'gérst type of error is the random experimental error. -
The technidue of randémization ia.well understood (D9). The néed for proper

. U
replication is not weTl appreciated. The taking of a second sample and
analyzing it is néi sufficient. At some later time, the experiménter must

-

return to the operating condition and physicaiiy reset all the control variables

to the Same'ngtings. Then, the sample will ref&ectf not only the error in
analysis, but.;lso_the inability to detect differences in operation that
cannot be Qéen eﬁén though all the instrumenis and the operétingﬁsettings
are exactly the same. These may include temperature profiles, feed
concentration differences, catalyst activity, slight chlibration changas: ’
and a multitude oélother effects. If a systematic error is detected, ‘it
must, of course, be identified and correcped.

From replicated experimental trials the variance—covariance.matirx
can be estimated:
f:=L1 ; gy -3 - |
L noun Yy TP Gt Y 3.10
where z:is Fﬁe mean for the experimental trials performed. If the;e are
;nbugh data to assume that the éqjiﬁate is equal to the true value it may
be used to weight the data ﬁﬂ;ﬁ ehploying the. maximum 1iielihood method

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

of the parameters are cbtained by maximiziRyg, the likelihood function:
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exp { -3 I, (r-n (.07 TV gon €.} 3.11

The.quadractic form in the exponent takes into account both the magnitude -
of the responses y and also the magnitude of the error in each response.
It should be noted that this equation assumes a constant variance-covariance

1 . N . :
matrix over the entire range of operating conditions. To énsure this,

several sééﬁ of random}zed replicates should bg'égrformed and the variance-
covariance maﬁrix for each calculated,(equation 3:10) ;nd compared.

The Plackett test (P95 can be used to evaluate the homogeneity of
the variance-covariance matrix. Both thg:variance and the covariance
elements are gqsteé. The te;hnique is somewhat cumbe;sune. The BarFlett
test‘(KlG) can be eﬁployed to investigate the homogeneity of the
individuai variance elements of the variance-covariance matr;x if the errofs
are normally distributed. The test is véry sensitive to departures froﬁ

-"

normality. If the variances are not homogeneous thgn the data can be
transformed to a férm_which will overcome this diéficulty. Common
transformatioqs include logarithms, gxponentials and inverses. Box and

Cox (BS)-have-developed ; gpecific method of dealing with a family of such
té&ﬁsformations for‘th; sincle response case but not for multinlé responses.
Practical appiication to multivariate“systems ig tedious.

i ‘An estimate of the ;ariange-covariance matrix is.desirable, even

in the initial stages of parameter estimatioﬁias will be seen. At this stage,
the éxperiﬁéntérnshould not expend a large effort in obtaining the ver}

best espimate however. Primarily, he will not know at what conditions‘to
perform experiﬁents. Thus replicaﬁed trials can be perquQﬁd at several
conditions dictated by the e;periméntal design. Then he will have a

reasonable estimate of the variance-éovariance.matrix and its constancy can

be evaluated over the entire response surfdbngsed to obtain the final
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parameter estimates. In the initlal stages, perhaps only a rough estimate of the
[
diagonal elements or.variances would be necesgary. It is unlikely that the

approximation:

L = kI 3.12

would be réasonable where k is Bome‘gUESsed variance and I is an rxr
identity matrix. From his knowledge of the system, the experime!ter may be
5
'able to provide a reasonable estimate of the variance of each of the
responses but perhaps not good estimatés 6f-th§.covariances among tggm.
IBox and Draper (B6) propose a method for parameter estimation when
the 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
.= z
u?s

: T
X (y,- D B8 (x - n €7 3.13

The paper also develops expressions for the Bayesian posterior density fungtion
°f  the parameters estimated.v If the model is assumed perfect then the
matrix V can be used in estimating the variance—covariance‘matrix;

- 1

=

where‘i_is the matrix,xﬁ‘ﬁich has the smallest determinant and p is the

H

v

3.14

number of parameters estimated.

SEARCHING FOR PARAMETERS

Box et al. (B7) in a recent Paper point out that incorrect parameter
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. b
estimates will be obtained if there is a linear relationship among the

mecasured responses. The most common example of dependent responses is

that which arises when the ekperimentcr makes the sum of the mole fractions

from an analysis equal to 1.0. In the casc whero modegg&piy’égooth

transformations are used their linear relationships could be expected to
o .

produce a badly conditioned estimation situation.

Three common search methods for finding an extremum ar;:z
grid search and éirected search including local linearizatioﬁ. Th;
simplest but the least efficient to use is the grid search. Valueg_
are calculated at various discréte grid points {ﬁ parameter space.

The qrid spacing is then decreased in the region of the minimum i

until the minimum is located.

H

A more efficient search method, especially where ridges are present,
was developed by Rosenbrock (R3, R4}. The parameters are initially varied
one at a time and the effect of these changes on the objective function aré*'
noted. Af;er encountering a failufg (increased'objective fuqctiQn) in all
directions, the axes thch determine. the direction of m0vément/are rotated
and the parameters are varied together.

The simplex searbh technique is perhaps the best for parameter“
estimation when a high degree of correlation éxists among the parameters.

In séarching for p-paraméters, p*l initial values of the objective function
are evaluatéd.. In the case of a two parameter search, the three pointé would
form a trigpgle in two dimepsional space. - The next paif of parameters is
cHdsEn'byﬂprojegtinq from the vertexhof'qhe poorest value of the cbjective

function through the centroid of the remaining vertices.

This search.technique allows for movement of all parameters early in
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the gear;hinq procedurg., The simplex search, like-the Rosanbfock search is-
easlly used.

The method of linearization is perhaps the most difficult of the three and
is often less t601 proof .than direct search methods.. fhe model is lincarized
about the iniﬁlal'e?timntes of the parameters using a Taylor expansion and
neglecting sebgnd Jh& 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 tatrix equation {is
written involving the observations, the model and the derivatives. Then,
-using’iinear least squares theory, the equation is solved for the best
éstimaté of the parameters. The procedure is iterative since new
derivatives may be calculated at each new polint as the parameter estimﬁtes
are updated. fﬁ%~method is not simple to use and tﬁg calculation of the
large number of derivatives can be very éxpensive for complex thodels and
large amount;'of data. Also, linearization Qf the models far ffaa the
bes£ estimates of the paramters'may cause ccnsiderable trouble.

H\—gearching‘for one parameter at a time uﬁinq df;ect search techniqﬁes

‘is very inefficient, particularly in cases where parameters are highly
correlated. Se;rching for more than four or five parameters at one time

can also be very inefficient (a}though the siﬁplex 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 se&rch on thenm. Otﬁer sets
aré 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.

12
v
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The grouping of some correlataaxgtfhmutarl such as activation,energies

LS

and reaction frequency factors is usualIY\o§3§9un. The correlation matrix ~

of the parameter estimates can be used most efficiently for determining the
grouping of parameters. It is obtained form the covarlance matrix of the

estimated parameters which is:

n . '
. T _1 _1 "
[ugl L, Lox ] ' 315
. - ‘ | 7 X
Where - . x _ afi (;_u’g_} . 3.16
B Rl v T Fo=9 :
rxp T ’

and g is the best current estimate %ﬁ the parameters 8. The iesulting p

dimensional square matrix (p parameters) is then divided row and column

\
by the square root of ﬁhe di;gonal elements. The resuléing matrix is ’
the correlation“hQézéx of the pafaméter estimates. The off-diagonal
eleﬁents represent the degrée of correlation between the parameters for the
respective row and column. The best grouping of pargmeters for efficient
éimultaneOUS séhrchipg can then he easily determined. 7

The analysis of resid;als iQ also an essential part of the parameter
estimation procedure. It is not sufficient to test on the basis of some
magnitude of -the weighted sum of squares. Théfe mus£ be ho obvious cross’
nor éuto—correlation among the residuals. That is, the residuals mﬁst be

"

randomly scattéredlabout zero. The residuals must be blotted against the
control variablés and against the cbserved experimental responses. As well;
it is also advisable to plot them against tlme, batch number‘and other such
quantities. This can be-easily ﬁone at the end of a_search.stage using standard

computer programs to produce “dot" diagrams. The analysis offphe correlation

of the residuals with the variables increases the efficlenty of the search
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by visunlly displayinq systematic lack of fit which the experimantar can
often correct by adjusting the appropriate parameters other than those being

estimated befnvs rasuming thh-néxt stage of the search.

[N

After the best parameter estimates have been obtuined. the experimenter
may want to know how precisely he has estimated the paramaters., This can
be rendily obtained by an analysis of the confidence contours or

likelihood ratiq? for his/ﬁ?rameter estimates. This is discussed in the

by
next section.

3.3 CONFIDENCE REGIONS

The best estimates of the parameteré can be found using the methods

described in section 3.2. These are point estimates. In some cases
(usﬁally very fow) t;ey are sufficlient., The experimenter can be far more
informative 1f he can also provide a measure of how good, how precise or
how‘muéh better his best * values are over any other set of Parameters.
This valuable information can be presented by defining thé-region of
"coﬁfidencé“_or the degree of "confidence™.. The region or area of ._ ?’/(
confidenee can be désc?ibed‘by likelihood or by B#yesian methéds.

Thé ;ikelihoéd analysis is‘gased on a calculation of a likélihood -
‘;gétio for éwo or more cases and these are compared. The magnitude of an

individual likeiihood is a function of the error in the measurements (or an

Iy

* 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 parameters because even in the non-linear case they are unbiased

and with minimum variance at least approximately. Unbiased estimates

have been used for the variance-covariance matrix.

. 8



estimate of it) and tt:)datn. Consider the case of experimental data

f

1{with error normally distributed with mean zero and known variance-.

covariance matrix.E. The likelihood function for any aét of parameters
8 is: ' \

1 n

L(o| y.£.L)zL= expl-% £ (y -n (E.onTT Yy -n (£ 00|  3.17
4 ] N

- A
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 prPduciné AXe minimum weigﬁted least squ;res.
Since only the ratio of the 1ikelihood values is of interest, éha

exponentiJl factor in the 1ikelihood is the only one that need be calculated.l
A 1ikelihgod ratio of 10 is ordinarily taken as showing ‘a real difference
while a ratio\bf 100 denotes a strong preference for one set of para@eters

T

over another. Using this techniqye and choosing sets of pafameters
diffeggnt from the best estimates of the parameters, confidence reglons c;;
be accurately def%nedr VRgferences to 1ikelihood‘méth§ds fﬁ general are
B1l0O aﬁd‘JZ. t

The Bayésian analfsis is basedfon the subjective interpretation of
probabiliﬁk‘and Bayes' Theorem. The experimenter, befo;e starting an
experiment ié able to assume an appropriate prior dié}ribuﬁion for the
parameter (s) to be estimated. After performing one or hore experimeﬁts.

he can update the probability density function of the parameters by using

Bayes' Theorem:

-

fz(g_ /l:g_rg) a . fl(g) X f3(y9_r§_v£) ’ 3.18

where‘fz is the posterior probability density function of the parameters
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8 with variance-cqvariance matrix L. y are the new experimental
responses for the control variables §. tllis the prior density function

. A

as defined previously and f3 is a likelihodd. 1In this way, subsequent

L [

) exge:pentafare used to update fha previous degree éfﬂbelief in the k\‘“\\\
distribution’or.confidenca régions of the estimﬁtgé parameters. |
These two techniques provide a way of moré completely presenting
the parameter estimates: These two techniques ;re supérior to;any
] metpod which siﬂﬁI?“?eportq a:point_estimaée or even Eo one which reports
a gsimple 1;lerva1 estimate. Qng essential part of both of theme techniques as
applied in ou; situation is a knowledgq\?r at least a-%ood'estimate of
-the variance-covariance matrix. | |
‘anesian and likeliho;d techniques can also be empfbged to
Aiscriminate among possible models and to express a measure of confidencé
in these modelé. Héwevar, as stated by Box and Hunter (B8}, "The damgge of

poor design is irreparable; no matter how ingenious-the analysia, little

information can be salvaged from poorly planned data”.

3.4 - EXPERIMENTAL DESIGN 7

Considerable study has been given to the field éf,expefimental design.
This w§rg can be c;nveniently divided into two sections: for parameter
estimation and for QOdel discrimieation. Some combined criteria have
also been proposed (H6). In this séudy there are two experimental design
problems to be solved. For practical reasons parameters had to be. {
estimated in the packed bed reactor where tﬁe model was‘knoun. Secondly,
in the fluidized bed reactor, experiments h;d‘ko be designed for model:

discrimination.
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J.4.1" PARAMETER ESTIMATION

1f experiments are not carefully planned, the operating con@itioha
may be so aitﬁﬁtbd in the control variable space that the estimates which
can be obtained for tha parhmaﬁers are not only improecise but also hlghiy &
correlated. There has been considerable investigation of thq.ggaign of
J experiments for models which are non-linéar in the parameters kBll, Cg. X117,
A3, D6, K18). These workers have attempted to reduce the‘hypervolqme ;n
p parameter space which defines some region*oﬁ\confidance for the p{iametérs.
The multiple responsa.- multiplé par;meters design is a simple extenaiore§
of the one parnmeter,-one response case. Iﬁ the latter case, the

cxperimenter attempts to choose the operating or control variables so that

the deriv&tivé:

3.19

[8 (response) ]2

. ) (parameter)j
is maximized (B1l1l). 1In this way,‘the effect of the experimental error
leading the expgriménter to an incorrect estimate of the parameter will

be minimized. Forlone-parameter and r responses the effect of the error

on each respoﬁge mdét be congidered. Even though thé derivative as written
*in equation 3.19 might be large for gne response, the expected‘experimental
error might also ba:large thus negating the effect of a large derivative.
Thus each derivative is weighted by the inverse of the variance. expected

for that response (D10). To design experiments for r re%ponses and p

parameters, the control variables are chosen so as to maximize:

nel T o~ -
. x L X 3.20
ut]l -u —

. —u {
where I and X are as defined previously. The derivatives, in the case

of most complex non-linear models, are determined numerically. The

derivatives for the conditions-presently being considered, the n+l ‘th



trial, must be determined.

-
-

‘If only one experiment is to be perfbrmed, aidirected search can.
determipe the seé’of control‘va;iabies that will maximize the determinant
defined by equation 3.20. Often it is more practical from an experimental
‘point-of Giew to desiqn and perform a block of experiments. This is only
slightly-iesé éfficient {B15) than the sgqueﬁgial approach of designingv-
one experiment, performing it, analyziﬁg thé'new parametér estimates and -

’

then..if warranted, repeating the procedure. .

- 1f one expériment is to be designeé, a directed search over the

control variablé space wili yield thq conditions for the best expeériment.

If a block of experiments is to be performed a Monte Carlo procedure

could be employed to select possible sets of operating conditions and the
best o;es selecteq. A simiiar method is described in Cochran & Cox (C9).

. o,

uhlthough 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 res;lting sets of oper#ting‘conditions should

be reaéonably close to the best sets. A number of sets of operating

conditions can be-raqdomly chosen and the best ones selected.

These methods of experimentalldesigns are based on the criterion that

¢

the total uncertainty in all the parameters is minimized. In some cases,
’ 12 ) . .

this may not suit the requirements 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
catimatgd from another experimantal system must be cohsidered when designing
the. experiments in this system. Elaboration of this point may be found

in Chapter Six and Abpendix K.

3 .4.2 MODEL DISCRIMINATION

The j;perimenter is usually faced with a number of models that may

describe the physigal system to be investigated. They may represeﬁf different

postulated reaction paths, flow patterns, reactlon orders, or any of a

nunber of possible mechanisms. When modelling a system in which a
models may apply, each with differ2nt parameters to be estimated, it is
desirable to reduce the number of models being considered. \In this way,

" the more probable mocdels, and their paramefers. can be defined with greater

precision with less computation and experimentation. This discfiminationl_
AN R .

procedure only quarantees that the best model of those proposed will be

chosen to fit the experimental data over the investigated range of

-~

independent variables. Formalizing the discrimination procedure will
hasten the choice of the best model from among those §robosed. This best
model may still be inadeﬁuaté if it is not 'a good one in the sense that

it does not predict the experimental respbnses within the experimental

error.

Zxperimental design for model discrimination is simply a formal
prbceﬁure 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 experimeptal design_fbr parametar estimation, the choice
of the operating conditions is also affected by the error in measuring
the responses and by the uncarﬁainty in the predictions ariasing from errora

in the parameter estimatea., Some criteria for experimental design for this

purpose attempt to balance separation between models and errors in prediction

L]
stemming from these sources.

-( - d‘. -

Reilly (R5) presents a summary of some of the methods with examples
of the criteria used for experimental design\izr model discrimination.

These are: The Roth criterion (R7), thé Box and-Hill (B12} criterion and

Q
the expe*ted entropy criterion (R5). These criteria increaqe 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 weightind.

. The Roth criterion, presented in his thesis (R7) is the simplest

and easiest té apply. No direct reference is made to the effect of any
errors. As it was initially written for the single rgsponse case operating

conditions 5 are chosen to maximize:

.om m .
z(f) = L P(3,n-1) [P{i,n-1) Il Inj(g_) - ni(§)|l‘ 3.21
i-l \ j-l L) ) -
irr

/ S

(/for the n'th trial to be performed. P(i,n-1l) is the posterlor Bayesian

‘

. probability of the i'th model after the previous n-1 experimental trials

have been completed and m is the number of models. A criterion similar to

4

equation 3.21 can be proposed for the multiple response case by in;luding

the product of differences between each of the responsesy

.y
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\
m m T 1

2'E) =L I ({p(i,n-1)+P(3,n-13}{(nj-n3) L T (ni-ni) I 3,22
fe1 3u1 ( N1 & ni!lj) |

Iri ' T
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 weigﬁt the expected responses of the i1 and j model for {

the chosen operating conditions §.

The deficiency of the Roth criterion is the faiiure to inclqde the
efféét of error in the predicting ability of the model. The Box-Hill
critérion includes the effect:fg the prediction error in the models. The
Box-Hill criterion. (B12, H7) is based on Shannon's (57, K19} entropy
approach to information theory. The entropy is analagous to thérmodynamic
entropy and is a measure of the randomness or uncertainity. This criterion
considérs uncer tainty iﬁ 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 expggiment with operating conditions
£ | '

i

The third criterion involves the calculation of the expedted entropy
change rather than using the upper bound as in the Box-Hill criterion.
Reilly (R5) presents a mew for calculating the integral necessary for

0 . .

~

defining the expected entropy change.

Many methods of designing experiments for model discr}mination are
available. The importance of including the effects of experimental error
and prediction error can easily be seen. Comparisons of the various methods

have genefally shown that all the methods select the same or very nearly
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the same conditions as the best for the next experiﬁent to be performed (R5}.
If more than one experiment is to Le 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 proéosed //
solution to it for the design of blocks of experiments is. fully discussed

in Chapter Six. 5%'

The mathematical techniques described in section 3.4 are very important
and must represent part of any experimental inveséigation. The investigation
of éhysical systems is usuaily agﬁ&terativ; proceddre of conjecture. desién.
experiment apd analysis. Thus, a procedure of total experimental redesign,

of which experimental design as described here is an important step, should

be followed. A formal description of the various aspects of total experimental

A

The experimental cycle of design;experiment-analyze is well known.

redesign is given in the next sectifn.

3.5 TOTAL EXPERIMENTAL REDESIGN

}he necessary techniques to avoia the irreparable damage caused by poor
design of experimental operating conditions are well ﬁnderstood. A mu)titude
of statistical techniques are available to .obtain the maximum infqrmatidn
f;om the experimental data. The experimental cycle is iterative and fhe
crror.that could limit the attainment of the final goal can eome from any

i .
of a multitude of sources. Thus, a total redesign of the total expérimental
cycle shquld be unéertaken, formally or informally, before each "experiment®
step oé;thé cycle is beqgun. This éimplf_jnvo es a seﬁsitivity analysis of
all the possible contributing sources of errork. -The total number of possible

errors are too many and their individual magnitudef are too difficult to estimate

without some form of sensitivity analysis.
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The errors will generally affect the 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 confidenée|region associated with
them. Secondly, the parameters or the model Q;edictions may be systematically
/ by

higher or lower than the true parameter values or model'predictions. There
. BT 4 '

are many errors which may cause these effects but ﬁhey can geherally be

:

grouped into five_categoriesz‘ : -
1. Improber Exper imental Conditions
2. Deficiencies in the Hodel : | . .
3. Uncertainty in Parameters Assumed to be Known
4. Experimental Apparatus

5. Analftical Techniques

The effect and magnitude of any of these can usually be.readily and simply
determined by using a sensitivity analysis. Thé analysis is performed by
observing the magnitudg of the éhagge in a parameter estimate or a model
prediction for a small change in one of the ;bbve sources of érror. BY
comparing the magnitudes of the various contributing errors the experimenter
can efficiently concentrate on reducing those Qith major .contributions and
not spend valuable time and money on those that are negligible. A§ given
here this analysis ignores inte;actioné. If they are expected a rcasénable
number of them can be-iﬁvestigated bzﬁsimilar methods. ; ' i
beficiencies in the models are closely related to expefiméntally
obgervable conditions. These may inélude tempefqture 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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to dotermine 1f ;hny would affact the reaults and conclusions of the study
iy thoy'wnro included in the model. This can u;ually be eamily dotermined
without major changes to the model. 1If, for example, a Pressure gradient is
obuerved, the concluslons from the model can be compared using first the
jnlot preasure and then the outlet pressure in the model calculatlon. If
there {s an appreciable offpct of the pressure, it must bo included in tha
model or elme thae apparatﬁa redosigned to eliminate the pressure drop. It
'‘may be vory unwise to neglect investigating the senaltivity of an effect
which tho oxperimenter ”faull“.ia unimportant for his case. , quigk. avon
n;dor of magnitude, check by sensitivity analysis will unualiy provide a
more objective and honest appraisal of the importance of a specific phenomena
or el fect.,

One of tho most common yeaﬁnolaea in exporimontal atudics is the
tailure to assess the degreo of uncertainty in paramcters that are assumed
o hn_known. Commoﬁly, parameters or phonomona are independently determined
‘in one system for use in a second system from which the main conclusions will
Liee made.  The breciaion tolyhich these values waore first determined, plus the
sennitivity oflthe concluqions to be drawn to errors in those parametors
mgst be nﬂﬂvﬂsvd; ‘If not.tim; consuming and costly experiments and aﬁalyais

which may never be "able to pro#ido the answars miqhh be performed and wasted.
Lrrors introduécd in this way ére commonly neglected in many experimental
<tudies, and may bring about the total failu?d of. the project before it is
even begun.,  Indeed, often the identification of this error is never made.

Inaccuracies in experimental techniques, or in recording phenomena
L4 . .

which are occurring, can also lecad to inaccurate or imprecise conclusions.
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The offects of calibration errors, random or systematic, are well known

an poosible sourcos of considerable orror. A simple sensitivity analysia
will progldo a gulde as to tho ordor of magnitude of thair affoct on the
atudy being performed. Also, just because a phenomena is not obsarved

does not mean {t does not occur. Improperly positioned theormocouples in a
pmcked bed reactor may not deotect the true tomperature profile and presence
of a hot spot. This could lead to estimated values of the apparent
activation energlies much larger than actually occur. Again, a simple
:uunaytyvity analysis can provide an estimate of the mericusncss of an
impr(-,ci.'luu measurcemont of the temporature profiles.

The method of analysis of the gxperimcntalrrenponscs must also be
carefully investigated. An costimate of the expected random error inherent
in the method of analysis may ‘show that the error may be of the same order of
mqqniﬁudo as the response. It may be possible that the interpretation of the
results is very sénsitive to the accuracy of the response being measured.
1f this is found to be important, a new and more accurate method of analysis
must be dosigncd;; Many experimenters have discovered late in a study that
the mothod of anaiysis, thought to be accurate, was insufficient to provide
the clear answers that were sought.

Thus a sensitivity analysis performed early in an experimental study
can save far more time and wasted experimentation than it takes to perform.

1t may indced show that the erfor structure and the errors inherent in the
Systoem pning studied will not allow conclusions of the desired accuracy and

jrecision to be obtained.



4.0 ESTIMATION OF KINETIC PARAMETERS

Both the kinetics of the reaction and the flow at reuctants through
"a roactor must be doscribed if a mochdaistic model is to be omployed to
predict the performance of a reactor. One could attempt to dofine and
to estimato tho“;oQulrod parimetors for botﬁ phenomena using the results
of the fluidized ﬁod exporiments. Thisrnppronch to the problem was not
used in this stgﬁy’sinco there would be a large exponditurec of computer
timo using the fluidized bed models. The full justification for
cstimating .the kinetic paramoters independently of the fluidized hed is
presented in Chapter 5. |

It was doclded instoad to ostimate the kinotic paramoters separately
in a system where tho flow within the reactor was accurately known and only
the kinetic model and the associated kinetic parameters were unknown.

A pnckod bed reactor was chosen to study the kinetics of the
rcaction. Tho modelling of these reactors is common practice and the
flow hnd'tcmpcrnture can be d?scribed quite accurately as shown in Appendix
. F. Tﬁus, with the flow of gas through the reactor accurately knoyn and
the temperatures throughout the reactor moasured dﬁo only unknown would
be the kinetic model and the associated parameters; In this way, the
k1;ct1cs éan be 1nv¢stxgated without the added complicat1on of unccrtninty
in the flow of the renctants which most certainly would complicnte the
analysis if performed using the fluidized bed data.

At the beginning of the overall ;tudx very little information was -

available concerning both the performance of the fluidized bed and the
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hydrogenolysls of \i-butuno, Two simultunocous studlos wore initlated to
gathor the primary Information concerning both thoso toplcs. Tho initial

stady of tho kinotlces was porformed by A. Ortickas (02),

Tho work ruportéd in this chapter covers tho totul klnetic study.
A summary of the inftial work by Orlitkas {s presontod In soctlon 4.1, The
initial Investigation of. the performance of this‘fir;t kinotlc modo! ‘in the
fluidized bod modols, as rqportod In Chapter 5, Indicatod that further
investigation of tho kinotlcs was nocessary. A chronological doscription
of the tota!l invostigation of tho kinetics would bo very disjointed. Thus,
the various aspects of the parametor ontimntlbn_urc divided into secctlons
and all studics performed aro reported in the appropriutoe scctions. Thoso
sections Include:  tho experimontal appuratus, the reactor and roactlon
models, the design of experiments, the estimation of parametors and tho |

analysis of confidence in theo model. The Justifications for the extension

to the more rigorous and complex models and annlysis are prescnted in tho

appropriate scctions,

1.1 PREVIOUS WORK
The inltial‘puckcd bed réuctor study for the purpose of formulating

@ ﬁinctic model and ostlmgtion of tho necessary parametoers .was carried out

by Mr. Algis Orlickas (02). The resultant mode! and the estimated paramctors

were incorpo;utcd into several fluidized bed models and used for the initial

study of the fluidized bed. These studies,. as prescnted in the next chqptcf,

- clearly indicated that further investigation of tpp-kinctics would be

necessary and should be cxpectcd to improve the modelling of ‘the fluidized

L4

bed.
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Catalyst was prepared and a bench scale packed bod reactor
constructed. A kinetic model was formu}utcd und incorporated into
a reactor model to describo the conversion and solectivity of the
integral rcactor. A serles of experiments was performed using n-butane
and also propane as feed. A block factorial experimental design was
performed at three lovels of temperature, flowrate dnd reactant
concentration. Standard centre po}nt replicate experiments were performed
to monitor the chnnging-catulyst activity. The required kinetic parametors
were vstimutéd and a technique developed for the grouping of parameters
ﬁnring the scarch. Models for the changing'cutalyst activity worc‘alﬁo
invcstigutcd; Individual confidence ‘regions were estimated for cach
paramcter and an error analysis of the observed mole tractions of the
reactor cfflucnt d;tu was performed.

This study represented the initial stage of work reported in this

chapter,

1.2 EXPERIMENTAL PROCEDURE

A schematic of the flow system and packed bed reactor is shown
in Figure 4.1. The rcaction was fgrried out at essentially utmpspheric
pressure by the downflow of reactants thropgh a 0.276 cm. T1.D. by 19.0 on.
long packed bed of 10.% nickel on silica gel catulyst. All lines except |
for the reactor and prcheater were 1/8 in. 0.D. copper tubing so as to
reduce dead volume. The reactor efflucnt was sampled by acans of a ga:

sample valve and analyzed by gns,chromatography (Appendix C).
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FEED SYSTEM

The Flowpatc of feed gas was measured by means of tbc‘prcssure'
"drop across u capillary and contfolled with a ncedle valve. The calibration
procedure and curves are given in Appendix A. A constant pressure of
11.90 in. of mercury as mcasured on a mercury ﬁnnomctdr was manually
maintained uijng a Fairchild-uillér model 10BP buck-pres;urc'rcguiutor.
Thus any slight change in the reactor pressure drop caused by changing
the flowrate Qould.not affect the calibrations éf the two flow meters. The
feed gas was taken from high pressure cylinders. The same éascs were used
for both packed bed and fluidized bed studigs. The hydrogen was of minimum
purity of 0.9999 and was purchased from Caﬁadian 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
af the low flow rates of gas and the nécd to change operating concentrations
quickly the dead volume in‘;he system had to be reduced to a minimum.
.All lines were 1/8 in. 0.D. cépperipnd two purge valves were added to
the feed system. Because of therlow n;butane flow and since Meriam oil
adsorbes n—bﬁtane,.thus, changing its density, an inclined mercury manometer
was, used to monitor th; n-butane flow. An auxillary hydrogen cylinder was
added to supply an qnin£erruptcd, oxygen fréc,supply of hydrogen fo the
rcactor so that the capillary flow meter calibrations could be checEFd

]

during a run.

REACTOR

The reactor and feed preheating coils werc immersed in a constant
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temperature bath., Heat was suppliéd to the bath by two 1500. watt
Chromalox immersion heoaters thch wofc.mnnunlky controlled witﬁ\a

Variac Jransfofmcr. Hitec heat transfer salt (E.I. Dupont Corp.)

with a melting point of]27S°F. was tbo fluid in the bnth.' Hitec is
a,cutectic mixturoe of potn%éium nitrqfc, sodlum nitrate Fﬁd sodium nitrite
and con be u;cd to 1100°F. ‘A tw;-ﬁlnded stirror was immersed in the
insulutcd bath to préduce a uniform éempornture througﬁout fhe.bath.

The preheater coil is approximately 3. ft. of 1/8 in; O;D.istninléss

steel tubing completely immersed in the salt bath,

The reactor was 0.276 in. I.D., 3/8 in. 0.D. stainloss steel held

cverticully and completely immgrscd in the salt bath. Tho cntulygg was
supported on a 200 mesh'stainless étocIAScrceﬁ held b} a Swugclock fitfing
at the bottom. The reacting gas was introducod at the top of the bcd and |
lowed downward.' The ;euctor was substantinlly modified and altcrcd throughout
the series of experiments., The reactor used in the initial study was 25.0

c¢m. long and contained three 1/16 in. ceramo cﬁrompi-;lumel thermocouples

which were insertca through the recactor wall from the sides and silver
soldered. They wére located at 1., 9. and 17..cm. from the top of the

reactor and were positioned on the centerline of thé reactor. For thé'
‘temperature range over which the reaction rate was to‘;e studied, the bgd

was too long. Also a more accurate measure of-the temperature prof}lc was
neceded.  The bed was shortened to 19.0 cm. and thermocouples placed,at.l.o,
3.6, 6.2, 11.4 and'lﬁ.S cm. from-the top of the bed_along the centre-line.

An additional thermocouple was placed on the inside wall of the reactor at

1.4 cm. Stainless stecel ‘Swagelock fittings were used only at the top and
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bottom of tho reactor and the foed and oxlt tubing wero connected by

“silver solding to roduce tho chanco of leaks.

FEFLUINT_GAS_ANALYSLS

The product gas from tho }nnctor wns analyzod with a gas chromutogrupﬁ
cquipped w{th a Varlan Aorogrdph plungor—typo.ghg sample Quivo. Tho anualysis
was changed u numbor of times to Increase tho accuracy and to - reduce thoe
analysis time from 19, to 5. minutes. A complote doescription of tho
culihrufTﬁh procedute and the series of analysls schomos thut were used aro

piven in Appendix C. : . r

REACTOR OIERAT[ON
Thc_cutulysf was dried at 200.°C. for ;hreo‘héurs. The roactor tubo
was vibrated with a hunJ vibrator while fllling with catalyst to the reéquired
depth (£ 0.2 em.). The feed prghéuécr Was attached and tho'reuctor‘louk
tested.  The hydrogen foed was turncd on and the roactor slowly (15. min.)
lowered into the ﬁot salt bath to avoid tho sudden vaporization of wator -
adsorbed during the filling of the reactor. The catalyst was roduced at
HSO.LF. for cight hours us}ng the auxlllary hydrogen cylinder. The salt
hath temperature was lowered to about 400.°F, and left overntght. A similar
cunditionlng_proccS; ks cufrie?ﬁout for the fluldized bed reactor uxcebt
that the tempcrature Aroppéd tblalmost Toom tcmpcrutﬁfc ovornight. This
di%forencc‘shquld Pc unlmportnnt‘since no okygcn is allowed to contact

the catalyst and the catalyst activity is determined by the upper

conditioning temperature (S4). -

[



fho food system is purgoed of oxygen which would immediately
oxid}zo the catalyst. For ﬁno duy before an oxpériméntnl tria)l both
‘the hydrogen and the n-butane are fed through tho food system and
oxhaustod to romove any oxygon from tho'lylttm.

‘Tho ﬁosirod.roncting conditions aro obtained by adjusting the
hydrogomn; and’ n-butano fiowd and the reactor temperature ans moasure by
;ho thermocouples., Care must be taken to ensure that the hydrogen-to-
n-butane feed ratio novor:drops below 3.0. At n'fntio lower than this,
carbon dcpositioq on tho cntqust may occur. This would be detected by
u rapld incroase in the reactor prossvure Jrop and the cntnlyst‘bod
- would havo to be replaced. Both the desired hydrogen and n-butane
flows and the Back-prossurc on the feed system of 11.90 in. of morcury are
set. Tho desired roactor temporature is set by adjusting tho heater
Variac control. The thormocouples in the éenctor aro monitored on a
12-point chart recorder. The thermocogple 3.6 cm. from the top of the
rcuctoi is also continﬁously monitorpdﬁon a digitni‘volt motor. Th;s is
the thcrmocéuple closest to the possible hot-spot and i{s the bost indicator
of the thermal sfgngy‘stute of the reactor.’ Sinco about 0,0?5 mv. is
cquivalent to-1.0°F{ the digital voltmetor—;tovidos an.oxcoilont indication
of tcmpcrnfure drift uné‘thus the heat input to tho salt bath can very
quickly be adjusted to obtain sfendy state. The digital voltmeter also
provides a check of tho calibration of tﬁ% strip chart rgcordor.

A sample iS taken after four minutes if no visible change is

observed in the feed flows (as indicated by the mnnomqtcréj or the back-

L

VA



pressure and tho temporature drift 15 less than 0.003 mv. per minute.
A check is made to ensure that the chromatograph filament current is
‘currcctly set. The pressure drop across both capillary flow meters is
recorded along with the roactor pressurc drop. The flowrate of the

reactor effluent is measured using a soap bubble flow meter.

1.3 KINETIC AND REACTOR MODELS

The buckground’informution and a literaturc survey of packed bed
reactors and the hydrogenolysis of smu{l paraffins is presented In
sections 2.1 and 2.2. Tho specific moles used In this study and the
justification of the assumptions made arc prcséntcd in this section.
Their evolution is traced as they were modified in the iterative procedure

of experimental redesign.

4.3.1 HYDROGENOLYSIS OF N-BUTANE

In the presence of excess hydrogen there will be no formation of

xoke or unsaturated hydrocarbons. There are six reactions that can be

written to describe the family of rcactigns that can occur. /r
CiHjg * Hy = C Hy + CH, 4.1 o
Ciig * 1, ' > 20,0 ‘. - - 4.2
CyHg . H, —-—+#+C2H6 . CHy ' 4.3
CHg + Hy— -—————=2Ci, 4.4 | o
Cliyg + 3H,~— , -acy, : .}'-//_'/ g
Cqg  + 2H2-—-~'-————_'—-"—>3Cl14' //_'//" 4.6
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" In order to deacribe the reaction rate of butane, in an 1ntoqfa1

reactor, it is nocepsary to know the hydrogen concentration at overy
’ ]

(oint.  since the hydrogonolyeis of the products, propane and othane,

(ruationn 4.3, 4.4 and 4.6) occurs simultaneounly, it will be ﬂ;counnry
1o include theno reactions in the description as woll since thb} also
consume hydrogen. Moreover, there are other interactions, sugh'aa surface
coveragon by adsorboed moleculgs, that will affeoct tho butane kinetic moduf.
Therefore, a full or partial description of the othor rcactions is nocessary
in order that the parameters cstimated from thc‘oxﬁurimcngal. integral bhed
datu_ﬁb mnnnfanul.

Reactions 4.5 and 4.6, as such, were ansuméa not to occur becausa

of the low probability of. breaking two or throe of the carbon-carbon bonds

simultancously. A schematic dlagram of these reaction paths is ghown in

»

Figure 4.2 (as suggested by Professor R. B. Anderson and Dr. J. C. Kempling

studying these same reactions on a ruthenium catalyst). For simpliclty this

diagram shows only the major compounds that are involved in the reaction

paths.  The compounds labelled C C.. C3 and C4 are the hydrocarbon species

1’ "2

* represent

in the gas phase. The compounds labelled C %, C,*, C,* 2and C4

S 2 k]
the hydre carbon specles thatJarc'gbséfbed on the surface of the catalyst.
All hydracarbon craeking ig aésﬁﬂed to occur through th broﬁkinq, one at
e o : Cn—
a time, of the carbon-c&rbon bonds of these highly active adsorbed complexes.
Rite expressions a;c developed to describe the rcaction paths shown in

Fi{uro 4.2 with solid lines. Only the adsorption of butane and the

desorption of methane paths are excluded, since in the ,rate
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FIGURE 42 OVERALL ReACTION ScHEME FOR HYDROGENOLYSIS OF M-BUTANE -
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equations yet to be developed net rates will be considered for these

compounds,

 One baﬁic changgﬂonly{wns'made to the kinetic modcl.' The rcsu}ts-
of the initial oxpcrimﬁnts indicated that the rate of ndsofption‘of cfhane
(previous believed to be small) was important. The initial experiments SRR
were not sufficient to estimate this rate. The ethane mole frnctipn : :
predicted in the reactor effluent was gignificqntly higher than ;hnt
meuéurcd when the cxperimcn%s at;a high rate of reaction and low hydrogen
content were analyzed. Further investigation of the gas concentrations
predicted by the fluidized béd reactor models indicated that these
conditions of low hydrogen concentration and cxtensi;e reaction gere'
vcry‘cdmmon-in the emulsion phase. The readsorption of ethane mustibe

. ] : ‘ N

incorporated into the kinetic model and the rate parameters accurately

estimated. The rate cquations developed here are cssentially those of

Orlickas (02) but with the rcadsorption of ethane included.

ASSUMPTIONS ‘ T

The following assumptions were necessary since no method was
available for observing the particular phenomena:

(1) Steady—state-pfevails oh the catalfﬁtrsurfacc, thag is, Rw)
rate of change of the actfve species on the catalyst surface is zero. ' o
This assumption requires that an cdual number of active species of a
particular type disappear through reaction and desorption as are formeﬂ:f
’

through reaction and adsorviign.
| (ii) The frﬁgzipﬁ’# fepresenting the amount df C4‘ species that ‘ ?

reacts to form CS* plus Cl*_species is 0.9 and is constant with temperature
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_and catalyst activity. From Figure 4.2 it may be noted that if F is

not specified, an infinite number of.sets of solutions could be obtained
to. describe the reaction scheme. F could not be predicted from experimental

-9
analysis of_tﬁc effluent gas. It was estimated by Orlickas by extrapolating the

sclectivities of propane, ethane and methane to ‘zero cpﬁvefsion of';;butanc.'

If all the carbon-carbon bonds of the adsorbed n-butane species were broken

with cqu;l ease, F would be 0.667 . However; both the.éiﬁerimengal observations

and all the literature data indicate that a nickci catalyst is more selective,

to ‘the fractdre of the‘terminal carbon-carbon bond. It must be pointed

out that any value of F between 0.7 and 0.9 would probably produce an equa]]y
valid, from a sxmulatlon po1nt of view, set of kinetic parameters cstlmates

F was chosen as 9.9 since no measurement technique was available to provide

better estimates. Moreovef,“it must befemphasized that the primary purpose
. . ' .

of 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 act1v1ty/ Catalyst activity is assumed to be

dlrcctlylrelated to the number of actiyve sites on the catalyst surface. : r/
. . N .
All sites are assumed to have the same catalytic properties. A more

-.'1

detailed description of the proposed model for catalyst activity changes

1s given by Orlickas (02). The éatalyst activity is assumed to have a

linear eﬁject on all rate processes involved in the reaction, and, therefore,

{
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a factor for ﬁctivity is included in all rate expressions. This factor

is the ratio of the rates or frequency fnctors at the operating cond1t1ons Lo
undcr.study to those .at a standard operating condition. The catalyst
activity for an experimental .trial is determined from a standdfd
cxperimcnf pérformed'jugt before and jué} af;ef thpf trial. The activity -
is reflected by both but more‘strongly by the activity of fﬁe experimént
'fo;lowing thg triéi. The catalyst nqtivity.(k/ko) for the ﬂ'th e;perimqnt
wis defined for this stu&y.as: . -

/K= TR PRIV et

n+l
where the ‘subscripts n-1 and n+l refer to the prev1ous -and following
experiments respectively at a standard operating condltlon. The method

of calculating the catalyst'activity from the experiments at a standard

. . {
condition is.included in section 4.5 where the method of parameter

estimation is presented. Again it must be emphasized thag the'primary
purpose of the kinetic model was to simulate rather than to uncover .
fundamental mechanisms. - o )

{iv) Flrst order adsorptlon desorpt1on andreactlon klnetlcﬁ
with respect to the hydrocarbons were assymed. ~Literature data indicated
‘these orders of reaction were close to first order. This assumption greatly
. . . \I .

reduced the number of parameters to be estimated.

| l v
RATE EXPRESSIONS N

Figure 4.2 can be broken down into sections according to components

»- -
-

. .
and the equations describing adsorption, desorption and reaction formulated.

.
¥



- 19:

\\\,f-_ﬁ‘ -
n BU'FANE .
rC4 -
€4 > C" f
. / | ,lF ﬁl(l-'p)' S
ThL net rate of dlsappearance of butane is described by the analy51s li

f;rst proposed by C1m1no "Boudart and Taylbr (CZ)

k . . . N ) ‘ .
= - kg .. exp(-AEB/RT) pe "ipy T - 48
o ' Ca 2
where Te = rate of reaction (moles/sec gm. cataly )
| . i
AEB = .\ activation energy for butane Tcact1on (cal./gnm. mole)
ké = frequcncy factor for butane reaction (moles/sec Bl
B ‘ - catalyst atm. (m+n) s; ’ ' "
_PC; sz = partiaifpressures of bgtane and hxdrdgen, respectivelyes .:
- (atm.) - . T }
- ' ‘ \-‘-__
m,i = constants

[

The term k/ko represents the catalyst actkvity as previously defined.
- ‘ V *
PROPANE _ I v

R
c

{ ‘ . . R .
r
I‘ ‘
P ’ 4-5 .

s -

Scparate rate expressions are required to describe the adsorption and .
: ) -
desorption of propane. The rate of adsorption can be-described by:

i

6 ‘ \\_\ .
) .
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a .k - a . ‘ a m \
r. = - k . exp(-AE. “/RT)P P 4.9
C3 ko f C3 . ! C3‘ -C3 H2 ST
v ' a - y - . : N
where rC3 . { = Tsate of adsorption of‘propanc (moles/set.gm.
~ / v
- .. catalyst '
\ kC a =  frequency factor (moles/sec.ﬁm.cai.atm.-(m +.n) .
3 - ’ . »
a . . ' L
AEC3 = act1yat10ﬁ_Fnefgy for adsorption (cal./gm.mole)
s PC3 = partial pressure of propane (atm.) . -
m',n' = constants

r
'

Let K, represent the Tatio of the rate of reaction on the surfice to the

rate of desorption .

. r T

A o P o v -
rcs ke mp(-ﬁﬁc3 /RT) 0 et , 4.10
: KP2 z p . 5647:' < _ .
' 3 rl kc = exp(-AE. /RT). . 9'3* oo 7
) : 3 3 3 - :
r d L. l . L .
where » T and T. = rates of reaction and desorptiong (moles/sec.
- .3 3 : .
gm.~ catalyst)
'kc r Y kc d . ffeﬁuency factors (moles/sec.gm. catalyst)
3 3 ' : N ,
AEC r;hEc 4 . activation energies for reaction and desorption
3 3 ' ‘ ,
(cal./gm. mole)
63'- s = fraction of active surface sites covered by CS*
. _ o
species
Equation 4.10 can be condensed to:
b
- | KPZ = kPZ exp(-AEpz/RT) ' 4.11 ,
where k )

T d
P2 = fk. . - .
. %3 Cy _ .
¥



‘ : T d
‘ -AE = ~-AE, + AE
P2 CS\: ‘ ‘C..5 ‘ -
From a mass balance 6n C3* asSuming pseudosteaay state on the sﬁiface:
a d r_ 4 d '
F.r. +1 =r + T =r + K .. T 4.12
Cp €3 & G G P2
Thercfore:
- F T +r. 2 -
r, 9= G G
C: . : L& 4.13
* (.1. +'KP2) * .

The net rate of desorption of propane is defined as: \

r. = T d - T a o 4.14

3 3 3
Coﬁbining equation‘4.13 with equation 4.14 .
a -
B T KT
4 3 .- ‘
T~ = . — . 4.15
3 (1. + K,5)

Therefore'thg rate of production of propane may be répresented'by:_-

L ’

v ‘m n
F . rc4 —,;_ _ Kpy - eXp(-AEpl_/RT)PC3 sz .
re = o ‘ ' . 4.16
3 ‘ , )
N L.+ kPZ. . exp(-AEpz/RT)
) . a ) .
where KPl = KPZ . kc3
- T d a
-AE . = -4E + AE - AE
Pl C$ C3 C3

ETHANE

81.
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J/
The rate expressions‘including fhe'adsorptiqﬁ and desorption are
essentially the same as those for propane. The rate of adsorption
—can be described by:. —
a k ‘ "o l‘l
R T N Y /RTyp, ™ P o 417 :
2 0 2 h 2 2 2 © N
r‘\ . . ) i . ’
a Ty - .
where T .= “rate of adsorption of ethane {(moles/sec.gm.
2 . . ' :
o catalyst) , f '
‘ i e (! "
kc 3 = frequency factor (moles/sec.gm. catalyst atm. (m"+n ))
2 L . ' ~
a s . . .
AEcz = actlvatlon*qnergybfqr adsorption (cal'./gm. mole).
Po . =- paftial pressdfe of ethanef(atm.)
2 . "3 N . _ ,
m'", n' = constants

Let K; represent the ratio of the rate of reaction on the surface to

the rate of desorption: , ' ' '

! T T T
T k exp(~8E. "(RT) . 8o*
K. = 2 | % ": 2 4.18
E re d ke d exb(-AEé d/R’I‘) . 8%
v 2 T, 2 7 2
where ’ T r,rC d _ ~rates of reaction and desorption (moles/sec.gm.catalyst
2 2 : ' '
kc r,kc d frequenéy factors (moles/sec.gm. catalyst)
2° 2 :
AEC fAEC d . actifatiop energies for reaction and desorption
2 27
o i ‘ (cal./gm. mole)
-92* - fraction of active surface sifés covered by
I Cz*‘spe;ies
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fquation 4.18 can be condensed to - ‘ '
k\\\ Kg = kg exp (-8B /RT} - o 4.19
where ke = xk Tk d ' ) ' '
E c, "*c, S ;
2 d
-AE = -AE + AE[
AEg e, c,

From a mass balance on Cz* assuming pseudosteady state on the surface:

' d T d y
2F) 1. +r. e, e, e, T e 9 (1ek) 4.20
_ ¢, " ey e, TTc, " Tc, T T, Ke |
Thercfore: T
d T a .
T = 2(1"F)r. +r +T ; . .
C, €4 G G © 4.21
. 1+K.E A ‘ ' )
- The net rate of desorption of ethane is‘defined as: ‘ !
' d a ' ‘ '
.r. =7r - T o 4.22
. 'CZ . ¢, cz

Combining equation 4.21 with equation 4.22

4.2%

: ' r .ﬁfff p m', ‘n"
21-F)r, + .-k KEZ . exp(-AE,/RT)P. Py
; _ 4 3 2 2
C - : v .
A 2 _ . 1 + kE exp(-AEE/RT)
) a
where Kg2 KE kcz |
T d . a )
-AE = -AE + AE = AE )
£2_ c, c, -~ %%,

« METHANE AND HYDROGEN
;By overall mass balance on equations 4.1 to 4.6 and assuming
pseudosteady state, the rate ¢quations for the production of methane . :
~ and disaﬁp;arance of hydrogen are: -

o



~

b = 4 v =3 -2 r 424
c e, C ¢, |

- 4.25 !

SUMMARY -
. The rate equations given by 4.8, 4.16, 4.23, 4.24 and 4.55 are needed

to describe the hydrogenolysis of n-butane. Assumed values were used, for
five of the kinetic parameters:

L] " ) . ~
m, m', m", éEPl’ AEE2 . i

. 1
- The values of m, m' and m" were assumed equal to one. This appeared to

be a reasonable assumption in light of the reported literature in which
© B

the rates of reaction appeared essentially first order with respect to

" the hydrocarbon partial pressures. The values of AE_. and AE.., differ

P1 E2-
only from AEg, and AE; by the respective energy of activation for the

rate of adsorption for propéne and ethane. Limited literature studies

1nd1cated that it is very d1ff1cu1t to estimate this rate 1ndependently
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:

“E, = 0E,, - 10,000 - S 4.26

AEEZ = AEE- -+ 10,000 _ .4.27

and values of AEP2 and AEE were estimated using these relationships.

>

The kinetic parameters which.must be estimated from experiments are: .

Kgs Kaz' pa» 2Epys MYy Kgy, KE"AEE’ n"
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The kinetic parameters and equations will be combined with the fluid

} .
mechanical, the material and the energy balance equations for both
reactors. - The kinetic parameters will be estimated from packed bed “1
experigents 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 - e C

The “kinetic parameters defined in sectiep 4.3.1 were estimated by
searching for the values whi'ch minimized the su%’of squares of the difference
between observed values and values predicted from a packed bed reactor

model. < The predicted values are obfained by sot;ing the appropriate

differential equations describing the reactor and\reactions. This section

1
-~

describes both the specific packed bed reactor model and the hssumptions

made to formulate it.

-

The reactor model used first was the Stagaard simple int?g;al packedj
bed modél: 'ﬁgmoggneous, isothermﬁl, isobaric and iﬁcluding‘only bulk axiai
flow. On the basis of sensitivity analysis'it wés modified to include axial
temﬁgrature and pressure profiles béforé being used for the final'estiﬁﬁtion
~ of the kinetic paréméters. The model assumptiéns and th;ir'justifications |

are presented below.

SPECIFIC ASSUMPTIONS FOR MODEL

(i) , The packed bed is assumed ‘statistically homogeneous with_éli‘
changes in the bed occurring continuously and smoothly. The bed diameter

“and the mean particle size are 0.70 cm. and 162u respectively. Hlavacek (H2)



-

reports that a heterogentous packed bed can be trcated as a confinuum if the,
. ) _

tube diameter is greater‘than 10 particle diameters and the depth greater
" than 6.

(i1} - The gas is assumed to flow in plug flow. Beek (B3) reports .

1
1

that if the particles are small the velocity profile is flat at least

. : .
* over the central portlon of the cross-section. The exact solution to this

'probl‘em is still unresolved. o ' . ‘ | o
. " (iii) Concentration gradients in the radial direction are assumed
npgligislg. Tbe pahked bed encourages radial miiing and fﬁq diffusién path
isigmall becaﬁse of the small tﬁbe radius (0.35 cm:). - o
(iv) - Axial diffusion can EejnéglecFed\when compared to bulk flow.

" The detailed calculations supporting this assumption are given in Appendix F. ‘

(v) There is no interparticle ot intraparticle mass transfer

L

F
: > - - 4‘( -

limitations and the heat transfer rate is sufficient to keep the particles

g at the same temperature as ghe gas. Calculations supporting these assumptions

.are given in Appendix F. .

‘\ (vi) The pressure drop across the reactor is linéar as expected

fin 'a laminarly flowing system. The maximm observed pressure drop for the
‘data used for parameter estimation was 0.17 atmospheres. Table 4.1 shigys

. the effect of pressure on the model predictions of conversion and selectivity L

of ethane and propane for a constant pressure model. Both predictioms are

for the same conditjions exéept for the .reactor total pressure. At higher

) ¢ . hd ¢ . .
temperatures and more n-butane in the feed, the differences 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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~
t |
. -~
0 o o
[ ATM. H /P ml./sec. C. _LONV. S, Sg
2“4
1.067 4.0 1.7 253. | 80.9 'U.254 | 0.398
1.134 4.0 1.7 253. | 74.5 0.242 | 0.438
/‘_”—’\A\ ' :
TABLE'4.1 EFFECT OF PRESSURE ON MODEL PREDICTIONS
\
e
\

-t
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\

(vii) There is no blank reaction.’ Experimental—tests with the
empty reactor at conditions far more severe than those used for parameter
estimation showed no reaction, |

(viii) Tﬁe géses in the reactor are assumed to obey the ideal gas
law. | |

(ix) The'axigl temperature profile through the reactor can be
approximated by linear interpolation between the observed thermocouple
measurements and the radial temperature gradients are small. The
témperature'érofile for the most severe experiment used in the paraﬁeter
estimation is shown in Figure 4.3. The first.thermocouple measured the

feed gas temgg;ature above the catalyst bed. - The sharpest temperature.

" gradient is between there and the thermocouple 1.0 cm. into the bed. This

is due to the fact that only the salt bath was used to preheat the feed.
The thermocouple 3.6 cm. into the bed is the best indication of the

magnitude oﬁbgny Hot spot. The magnitude and position of a hot spot

will vary depénding on the reaction conditions. Excluding the first 1.0

i}

cm.;of the bed, the maximum femperature range for the bed was 4.8 oc bat
for most of the 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 en¥rancé,so as to measure the critical region. The
maximum observed temperature gr ient between 1.0 cm. and 3.6 cm. is 1.0°C.
per cm. along the axis of the reactor. The radial temperature gradient was
not measured.' The well stirred heat transfer medium around the reactor

would providé cooling. Based on the maximm observed axial temperature

.

[
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gradient of 1.0°C. per cm. and the reactor radius of 0.35 cm. a rough

estimate of the axial tempcraturé gradient between 1.0 and 3.6 cm. along

the reactor might be 0.35°C.

MODEL -

Y

From a mass balance on a differential height of a packed bed

reacter:
. e
dc -T
—_ X : 4,28
dx u -
where c = concentration of reactant (gm. moles/cm.s)
-r, = rate of disappearance of reactant (gm.moles/sec.cm.s)
u = superficial velocity (cm/sec.)
x = length along reactor (cm.)
~ since u = !_‘and C = P 4.29
A RT . ’
dP = (R.T.A) (-rv) 4.30
dx v
where P = partial pressure of reactant (atm.)
T =  temperature (°K.)
R = gas constant (atm. cm.slgm. mole °K.) .
' . 2
A = reactor cross sectional area (cm. )
o0 3
V. = volumetric flow (cm. /sec.)
N

METHOD OF SQLUTION

v

The equations describing the rates of disappearance of the five
22

components (4.8, 4.16, 4.23,  4.24, 4.25) were combined with €quation 4.30

giving five coupled non-linear differential equations: These were
— . '
K 2
\\
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simultaneously integrated using a fourth order Runge-Kutta numerical
integration technique. The step size‘was allowed to vary in ordcr.to
monitor and to correct for the integrAtion error and to increase £ﬁE
step if justified. The maximum allowable error was 10 ~° atmospheres.

For calculational purposes thé reactor was'considered as six
rcactors in series. Each section was bounded by a thermocouple and the
linear teﬁ%crature profile, as shown in Figure-4.3, defined the temperature
at any point 'in that section. A uniform linear pressure profile representing
the total reactor pressure drop described the total pressyre‘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 DESIGN OF EXPERIMENTS

-

The statistical techniques for the design of expeériments is only _
one, although a very important -one, of the considerations in the total design
ar redesign of experiments for parameter estimation. Thig 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 experiments have been completed and
only the crudest estimates of the parameters obéained. 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 éérly design and begin the right experiments for parameter

-

estimation and/or model discrimination.
The preliminary "packed bed exﬁeriments were performed according to

a block factorial design (02). There was a large amount of uncertainty



about the reaction rates and catalyst activity as well as the dependabifity
;P the initial'apparatu#. Orlickas performed his set of’ experimengs over o

two levels of flow and feed concentration and three lovels 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 4
data were obtained over a continuous ninotYQSik hour operation. The

1

operating conditions ;rq shown in Table 4.2. The preliminary kinetic
modellthat waslfirst entertained was of the polynomial fypeland SO0 8n
orthogonal experimental design was chosen as a convenient initial

experipental design to be performeﬁ. 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 range,some of the operating
conditions proved to be too severe. This is a very common océhrrehce.during
initial experimentation when a wide range of operating conditions are being
explored. However, these experiménts provided suffitieht data for the
formulation of a kinetic modelland initial estimates of the'required
parameters. o 'H

Further experiments were necessary to obtain a more precisé and
accurate description of the kinetics of the reaction. These new experiments
were necessary” for a number of reasons:

(i) The temperature profile was hot adequately defdned since

only three thermocouples were used in the experimental reactor. The

original model assumed the reactor was isothermal since relatively small
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‘ H
‘/. o -
-
OPERATING CONDITIONS ~-
FOR TWELVE TRIALS 'FOR MID POINT
TEMPERATURE (°C.) 246 258 282 258
RATIO (H,"/C,°) 4.0 9.0 6.5
FLOW (ml./sec.) 1.0 1.8 1.4

1 -

TABLE 4.2 DESIGN OF EXPERIMENTAL TRIALS FOR INITIAL‘PARAMETEJ/ESTIMAbeN

~
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J
temperature differences were recorded.
‘](11) The original reactor model was isobaric. .
(iii) Experimental conditicns close tc those predicted to be
occurring in the emulsionlphnse of the fiuidized bed models must be

investigated. Experiments with much lower hydrogen concentration and

4 . 7
more exEénsive 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.

.

(ivT‘the original method of chromatogr7§hic analysis, as given
Lin Appendix C, was not Qufficiently accurate' f

or experimental trials at

L
high conversian.

-

(v} Uncertainty existed as to the exact cataiys€“¢bidaqe in the
initial trials. Tﬁis value and the correspondi#g value for the fluidized _
b?d'are critical if the kinetics are determined in the pné reactor and
then used in the other.

Because of these inadequaciés the previous experiments could not be

[

uséd to develop a revised kinetic model.

The criteria used for the desxgn of the experiments as given by

equation 3.14 was
n«l T -1
max E x L x
\

over the ‘wdntrol.variables of temperature, feed ratio and flowrate. ‘Strictly

4.31

SPeakiﬁg for the design of experiments with a multivariate response I must-
) : “)
be known. In this case, not knowing I an estimate was used. To obtain
1

S N
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.this matrix five groups of three replicatéd_qiperimehts were performed
with the modified apparatus and exit gas analysis technique. The

experimental operating conditions were chosen to cover the expe;teg
ranges of temperature, flow and concentrations to be selected by the
cxpcrimental design technique. In most cases the exaét settings of

¥
these varlables could only be determined once the -reactor was operating

since conditions of 50. % to 98.% conversion and at low hydrogen concentrations
were beyond. the range of the data used to develop the initial model.
Although an estimate of experimental covariance requires operating
replicdte experiments, that is, under conditions of identical settings. of
the control variables,some variation did occur within each set of Ehree
experiments. To compensate for this, minor adjustments were made to the

I

observed responses. An average value of the control variables was

calculated. for each set of three replicates., Predicted model responses -

AN
were calculated for each ofthe three actual control variable settings

and for the average coﬂtrol variable settingsi The differences_ﬁeiween
the calculated résponses for thé‘avérake control variable settings and

those for the three hctual experimental trials wefé determined. Theﬁe

differences weré subtracted from the value of the measured experi@ental 1
responsés for each of tﬁe three experiments: The control va;iables for

"“each experimenf as well as the calculated average control variables are

-

shown in Table 4.3a. It can dﬁﬁo 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 shdwn in Table 4.3b. It is not distorted by

known and detectable différences in the control variables and provides an
~ mdin
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OPERATING CONDITIONS RAW RESPONSE ADJUSTED
gt o ml, . .
RUN | P Cy P HZ sec. C. CONV. S2 53 CONV, 52 S3
L— - _ .
224 [.1275 |.9426 |2.01 { 270.43 {.9956 | .2401}{.1936|.9974 | .2402| .1880
225 1.1315 |.9382 12.01 | 270.38 |.9959 | .2439|.1882.9960 | .2434} .1884 | .. **
226 1.1293 }.9409 2,01 | 270.75 |.9960 { .2542[r1759].9943 | .2547| .1789 { ~*
AVG.(.1299 1.9403 j2.01 | 270.52 : : I
1229 [.1138 [.9582 12.24 | 260.57 |.5798 | .2325|.4838].5695 | .2320| .4863
231 [.1119 |.9615 [2.28 | 260.57 |.S5799 | .2213}.4769).5807 | .2213| .4772
232 [.1090 |.9637 [2.29 | 260.44 |.5635 | .2212].48521.5750 | .2216] .4820
AVG.].1109 {.9620 [2.26 | 260.53
233 ].2168 |.8360 [1.53 | 255.56 [.7720 | .2215].3764[.7611 | .2198] .3825
234 1.2153 [.837% {1.53 | 255.57 |.7615 | .2330|.3822|.7546 | .2320| .3860
1235 1.2158 }.8457 |1.57 | 255.56 }.7380 | .2332(.3856|.7574 | .2360| .37S8
AVG.|.2160 |.8397 |1.54 | 255.56 1 - -
246 [.1274 }.9101 {1.04 | 260.26 |.9218 | .2500].3204}.9179 | .2494| .3240
247 {.1257 |.9117 {1.04 | 260.25 |.9253 | .2485}.3237|.9244 | .2485| .3244
248 |.1264 |.9110 [1.04 | 260.11 |.9194 | .2478|.32041.9216 | .2479| .318l
AVG.|.1265 [.9107 |1.04 | 260.21
255 |.2134 |.8426 [1.60 | 260.59 |.9612 | .2323(.2294|.9604 | .2317| .2319
256 }1.2112 |.8448 [1.61 | 260.62 {.9510 | .2318|.2351}.9550 | .2333( .2282
257 {.2122.}.8438 |1.60 | 260.61 |.9500 | .2337|.2358|.9511 | .2341| .2340
AVG.|.2123 |.8437 11.60 | 260.61

TABLE 4.3a DATA FOR ESTIMATION OF VARIANCE-COVARIANCE MATRIX FOR

PACKED BED EXPEEIMENTAL DESIGN



\
B/
»
CONVERSION s, | Sq .
0.15225 : | -0.13544 - -0.05618
-0.13544 ) : 0.33687 -0.06184
-0.05618 ~ -0.06184 | 0.19344

TABLE 4.3b ESTIMATED VARIANCE-COVARIANCE MATRIX OF CONVERSION AND

SELECTIVITIES OF ETHANE AND PROPANE FOR EXPERIMENTAL DESIGN
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estimate of the error in replicated eXperimentﬁl“trials éerformed at the
exact samé settings of the control variables. ,

Preliminary experimental design select{on indicated that better
designs could be obtained, as measured by equation 4.31, if oﬁly n-butane
rather than a proposed feed of n-butdne and methane was used. Also, a
reactorklen;th of 25.0cm. as used for initial kinetic investigations wa#
too long. A length of less than‘lﬁ.q cm. was not ac;eptable since the
chosen designs would placa\all temperatures at the upper limit of
chperatures which cou%g be achieved in the fluidized bed. At this
time the éperating conditions to be selected for the final fluidizéd.Sed
studies were now known. As a compromise a reactor length of 19.0 cm. was

chosen.

To use equation 4.31 the determinant must be evaluated over the

! v

full range of control variables as indicated in Table 4.4. The'teﬁperature

range was defined by the upper possible limit of operation in the fluidized

bed. A flow much beloQ 1.0 m1./sec. would come close to the limit of soﬁe
of thé médel restraints 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
coﬂing and a rat;o greater than 6.0 prodﬁced little.qpaction. The reaction
conditions generally chosen by the design were at high temperature, high ' o
flow and low ratio. ) |

The maximization of the determinant in equation 4.31 could be

achieved by a direct grid search but because of the high computer time

expenditures involved, a Monte Carlo technique was employed (c9, Bl6, J3).

L -
L~k
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- \ .
VARIABLE . RANGE , INTERVAL
Jov ‘\J
Temperature (°F.) : 485. - B25. ; 1.0
Flow (ml./sec.) 1.0 - 2.7 e 0.1
Ratio (P°, /P°.) 3.0 - 6.0 0.1
Hy' " C, 0.

* TABLE 4.4 RANGE OF INDEPENDENT VARIABLES FOR THE DESIGN QF

EXPERIMENTS FOR PARAMETER ESTIMATION.
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k set of twelve "best" experiments to obtain the parameter
estimates was determined. The initial X matrix was determined for the

experimental trials reported in Table 4.2. The derivatives of each
4
response with respect to the paraméters were determined for each of the

proposed trials chosen by the Monte Carlo search. The derivatives for

each of these proposed trials were' added, one at a time, to the X matrix

and then the determinant of_E? I" X calculated. The operating conditions

resulting in the maximum value of the deéterminant were selected as the

-

next set of operating conditions to be added to the design and its

derivatives added to the X matrix.
L - |Al4 |(

This procedure was repeated twefvgntines. The chosen operating conditions
. R . _
are shown in Table 4.5. I

Unlike single response dgiak the data for a mﬁlgipie résponse-kinetic
study with a sqrjeéufeaction can provide information about all the parameters
even at 100% éonversion of the primary reactani.' Visual analysis of the
expeéted Tesponses suggested that this should be a reasonable design since .
many of the operating conditions selected ueg; in the range where ethane
readsorption would be ogcurring'to an aépreciablé\degrpe. Even though
these conditions would result iﬁ no n-butané and very little.propané in
the reactor effluent the model woula have to treat their reactions correctly
since the} affect not o;ly wﬁen,and how ethane-is generated in the reactor
but also the rate of consumpti&n of hydrogen. .If during the experiment,

the chosen operating conditions did not produce the expected responses

approximately the operating conditions uere’adjusted'élightly to achieve
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[ ™ - “ . l
. | .- * EXPECTED RESPONSES
°) ml./sec. | RATIO | CONV. s, S,
1 488, 1.1 - 3.6 0.999 ‘| .300 [ .023 ~
489. 1.5 3.2 1.000 256 | .001
le  -496. 2.0 3.2 | 1.000 120 | .000
d  500. 2.4 3.3 .1.080 185 | .000
e 516. 2.0 3.8 | 1.000 .061 | .000
£ 488, 2.1 3.2 - | 0.851 268 | .348
g 485. 1.4 3.3 0.949 .308 | .220
ho 494, 2.3 3.1 1.000 .269 | .003 _
i 490, | 1.¢ 3.4 0.989. | -.314 | .100 ' .
i 520. 1.0 6.0 1.000 134 | .o001 <
kK 486. 1.1 3.2 1.000 | .114 | .000
1 490. 1.7 3.1 1.000 197 | .o00

TARLE 4.5 OPERATING CONDITIONS CHOSEN BY EXPERIMENTAL DESIGN

FOR PARAMETER ESTIMATION

<§'
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them. Since the initial parameter estimates were wrong, the predictions

were wrong. The experiments were chosen to give the pred{sted responses.

-

4.5 EXPERIMENTAL RESULTS AND PARAMETER ESTIMATION

The experiments designed for parameter estimation as described in
section 4.4 were performed. In addition, experiﬁents at thé??ame flow
énd feed composition but different temperatures were performed. These
cxpeniment§ were chosen when it was observed that some of the designed
experiments exhibited a very severe temperature profile.

In addition, five sets of five replicated experiments were later &,
performed in an attempt to obtain An estimate of the_experimehtal error
variancg—covariance matrix. The total data for the packed be& stu&ies
are presented in Appendix I. Both ;he raw data ‘and the analyied results ,

are listed.

Experiments 441 to 488 were performed to obtain an estimate of the

exper&mental variance-covariance matrix. Four sets Bf five replicated

experiments were performed. The five replicaées were performed one after
3 -

- the other. ﬁater analysis of these data showed that the experiments had not

been randomized Qfoperly. Randomization of experimenté was required since | //

the catalyst activity changed slightly with opération conditons. Thus, if

the catalyst activity were not knownAexactly for each experimental trial

theﬁre51dual after the kinetic parameters had been estimated would be larger

than if the catalyst activity were known exactly. Since the “variance-

covariance" experimental trials were performed sérially there would be

little or not change in the catalyst activity sincehthe operating conditions

[+
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4
had not changed. Thus the, estimated variance-covariance matrix ‘only

reflected the experimental error associated with replicated experiments '
» .

at the same operating conditions. It could not be used as an independent

estimate of ;he expcripental erfg;\assééfiqéd with réplicated_experincnts.

performed at slightly different catalystlactivities. Since sufficient

cxperimenfal trials had been designed and.perfbfmed for pnrameter\estimatznni4

the alternate method of Box and Draper (B6) as given by'equafion 3.9 was ced: °

for parameter e§timhtion. The consequences of not having an indcpcnden£

estimate of the variance-covariance m;\rii resulting from experimental error‘wilt
l P

be discussed in section 4.6 ' '

Thé results of the vériance-covariance experiments were analyzed
to ensure that all‘éouerf the hydrocarbbn.}espdﬁses from the'chronatograph
were linearly independent. Box et al.(B7) have indicéted the problems
which may arise when parameters are estimated from measured experimental
requnﬁes which are not independent. Their recommended procedures relating
to the eigen‘vélues—gigen vectors of the responses werqfenployed and all four.
responses were found to be independent. The chromatograph was used as an
absolute instrum?nt and fhé résponsés were not normalized. instead; a
sample of the same constant volume, pressure and teﬁperature was analfzed
éach time. Only four of the five components (excluding hydrogeﬁ) u;re né;sur.d .
in the analysis. | | o '. s

The formal procedure for choosing :.; transfomatiog of the responses
s0 as to obtain a constant error variance-covariance matrix over the

entire response surface is presented by Box an@ Cox (BS). ‘The three
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forms of thQ response investigated for this study were:
‘ k. (uhromutournphlc arca) x {(attonuation)

a Lhromatonraphic atoa

3. (chromatographic arol) x /:??;;;:Fﬂﬁ?
Roth the second and third forms of the oxperimental responses proved
acveptable on the basis of a Bartlett test on the variance olcnc;t- {(x16) .
e third form was botter than the second. It was ressoned that the
magn{tudoxof the vnrinnco;covnrinnco watrix for the .responses was related
to both the area of tho r;sponso poak and to a l;ssor degree to the
amount uf on§h'£omponont in the slnplf bptng analyzed. This was the
torm of the roSpuhso.uaod in paranoter estimation.

Th; oxporimont¢ used for ﬁurlnotor ostimation ‘are shown i{n Table
40, The tomporuturo profilos are listed in Appandix I along uith the
pavameter estimation program showing the oxact form of the 1nput data. |
nata.S?S to 390 are from the oxperinental dosign. Some of the Jata points
ubtained using the designed oparating conditions were omitted because thoy
wore ho\und the runao of tho nodol and/or oxhibitod uxcossivo telporlturo |
prntilos 0T reactor runaway. It is not uncommon whon uslng experimental
Jesign tochﬁtquo‘ early in a study that some of the chosen oxpcfinlnts
cunn;t bo u!od for paramoter o«tiuation. ninco oxtreme condltlons are often
chosen, It {sx often quite difficult to know whlch cxporiuentnl conditions
“may be too severe. Exporiments 421 and 425 were porformed at the end of
"the designed run at two different temperatures. Polnti 447 .to 484 are from those

designed to obtain an ostimate of the exporimental variance-covariance matrix




TABLE 4.6 EXPERTMENTS USED FOR PARAMETER ESTIMATION

RUN Pe Py 0 ml./sec. : s, S5 CONV
4 2

375 .268 . 884 2.12 2.607 .245  .301 95.78
380 .265 .84 1.43 2.764 248 _ .247 98.90
308 .287 .884 2.33 2.991 .253 168 99.68
390 .252 .871 1.70 2.588  .263  .295 97.25
2 152 .007 2.24 2.218 .236  .437 80.86
425 150 . 006 2.23 . 2.048  .223  .502 66.75
447 L2158 .918 2.39 2.284  .235  _415 89.76
458 150 .964 2.06 2.148  .245  _454 89.13
466 .101 .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%  B1.34
394 .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 T 2.269  .243  _41S 90.61
163 .153 .974 2.28 2.289  .262  .396 94 .69
487 .154 .970 2,23 2.362 .264 370 96.31

105.
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over the range of Opcrqtiﬁg conditions investigated. The remaining .
points represent a few of the experiments for monitoring ‘the catalyst
~activity throughout the study. Replicate experimcnfs were pcrform;d
~at cach opcrating éondition. The sgcond of the two replicatcs was always
chosen for parameter estimq}iqn. The reactor and the reaction conditions
ucfc more stable and a larger chromatogram could belobtaincd from observfng
the firsttanalysjs and setting the appropfiate attenuations. A compromise
wug made here with respect to séagistical considerations since only one of
the replicates wuld be included hecause of computer time limitations.
The parameters to be estimated are:

Al n, K

= r (1]
AE n K AEE, n

‘B’ p1> Kpa» 8Epys nT Kpoy K, .

These parameters are estimated for a given value of kB and catalyst activity.
: ; :

After the best estimates are determined, the catalyst activity which pre-

multipfies the frcqafncy'factors for butane, propane and ethane is degermined

. A

by equation 4.7. \ With the updated estimates of the catalyst activity the

above paramcters are estimated once more. This procedure is repeated until

-

there is no further change in the parameter estimates. The frequency factor,

for butanc is not included in this iterative cycle of péramet(r-estimation
hecause any change in the rate sf reaction of butanc'is reflected in the (
catalyst activity and therefofe a simultaneousmgearch is not possible. If

kB were estimaffed each step, its estimated value and tha{ of the catalyst
‘activitics would alwrys change since there is an infinite set of these.

paramcters that would satisfy the observed experimental results. It 1s

the product of the two that is of interest. For this case, the process
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of parameter estimation is an iterative procedure of first estimating
a4 sct of kinetic parameters and then indcpendcntly estimating thc‘catalyst
uctivity\ﬁt the experimental trials used té estimate the kinekic”parameterSl
Some of the kinetic paraméters were transformed when used in the
search routine.- The transformation; were:
AE scarched = (AE actual) X 0.001 4
. k searched = 10g10 (k actqal)

n actual

n searched

. : / : L
This was only done to obtain numbers of a convenient mapnitude to work -

with in the scafch foQtine. ' L

It would be uneconomical to search for ten parameters simultaneodsly
using a model of this complexity and the Rosenbrock.sgarch technique. More
recent work at‘this university (W2) indicates that a simultaneous ten
parameter search using the simplex searchrtechnique on a similar problem

may be Wore efficient. In this case, however, the parameters were searched
.

for in groups of two or three at a time usin_ the Rosenbrock methoed.

: . Loz
Parameters that were expected to be highly correlated were searched for
[} . . . .. .

simultaneously. The grouping of parameters generally used and the order

4

in which they were searched were:

-

b % K ,
t{‘ -
2. n',_n"
"
3. KE’ KEZ' n

4

After cvery other search cycle the activation energies were investigated.

Althdugh there is a strong correlation between the activation energies and -

' 1
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\ the corresponding‘frequency factors, the activation energies gré very
difficult to determine accurately. The use of the kinetic modei vag)
for prediction and the temperatures in both the fluidized and the packed
bed reactors were within the same range. Thus, the increment of search
for the actlvatl;n energies was chosen tg be 2.0 kcal./mole °Rr. 5 no
flner grxd was 1nvestigated.': |

}‘ sting the origipaljparameter estimates from t§g initial.gtudy, eight
search tycles'as dqscribed aboye were performed. At that point it was

>dlscovered that the experimental variance-covariance matrix being used for LT
weighting did not properly reflect the uncertainty in the catalyst. The
“method of Box and Draper (BS) was then emﬂloyed.;p seek optimal parameter
estimates. Three more search cycles were completed with very 1itt1e change

in the estimated parameters. On the third cycle, n and n' were the only '

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
pafameter estimates at this third stagé {final éstimates) as well as the three
preceedtng stages are shown in Tatlé 4.7. Purther searching . (500 evaluations
of objettive function) failed to reduce |Ivlior change the parameter estimates.
‘ Within each search cycle the parameters were searched for within their
respgctiﬁe groups for fifteen ts forty evaluations of the objectvie funqtion.qp?

At the end of each of. these searches. the cross ctrrélation of the residuats )

was investiéated. A correlation with the exit hydrogen mole fraction : “
indicated that the exponents n, n' and n'_were‘hot estimated cérrectly.

A correlation with temperature indicgted that the activatioﬁ energies were

-

not estimated correctly. In this ray the number of evaluations of the
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TABLE 4.7 XINETIC PARAMETER ESTIMATES

'

, ‘ T -1 over FINAL

Program| Thesis Search Initial (y-n} T "(y-n) Ist 2nd 3rd relaxed ESTIMATES
Al AEB X0.001 56.900 51. 51. 51.
A2 AEPI A3 + 10. 54.334 40. 40, 40.
A3 AEP2 X0.001 37.579 30. 30. . 30.
A4 AEE X0.001 16.853 16. 16. 16.
AS kB FIXED 17.703 15,6604 15,6604
A6 Kp1 log,, 16.133 10.6604 10.6283 [10.6324 [10.6322 10.6322
A7 Ko, log10 14.973 12,1613 12,2223 (12,2223 112,2229 12,2229
A8 KE log10 6.978 6.848 6.8153] 6.8140 | 6.8140 ‘ 6.8140
A9 n n -1.59 -2.004 -2,0505(-2.1074{ 2,1550 | -2.348 -2.1550
AlD n' n' - =2.47 -2.059 -2,06521-2.0707 F2.0753 -2.151 -2.0753
All AEE2 A4 + 10, 26, 26, . 26.
Al12 2 log10 4,453 4.5239 | 4.5208 | 4.5208 4,5208
Al3 n"” | n" - -2,153 -2,1881 ] 2,1881}-2.2115 -2,2115

fvi 3.90 - --1.94 1-1.79 1,74 4.00 ,

PROGRAM - Parameter names used in computér program

THESIS - Parameter names used in thesis = -

SEARCH - Form of the parameter used for search

" INIT - Parameter estimates from Orlickas (02)

(z:ﬂ}:;fl(x;g) - Parameter estimates using this weighting

ist, 2nd¥\ard - Parameter estimates from search cycles using Box and Draper weighting

Over Relaxed - n and n' were changed and the lack of fit measured -

‘601
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objective function, and thus computation time could Se minimized by

changing some of the parameter estimates before the next search. These. l

correlations could be detected by constructing dot diagrams. These
/)residuals were all completely random by the end of tﬂe first search cy;le )

using the Box and Draper weighting hdthod because of the good parameter

values from the previocus analygis.

This conclude& the study for the estimation of the kinetic paraneters.

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 conclusions that can be made concefning

recommended techniques for parameter estimation and eiﬁerimental design only

became apparent once the total study, including the final fluidized bed

study, was completed. These will be fully discussed in the general summaryfb

at the end of°the thesis since the} apply generally to the simulation

methodology being deve}ﬁped in this thesis.

4.6 MODEL AND PARAMETER CONFIDENCE R / :
¥hen modelling a physical system, two consiﬁe?ations arise:
(i) An evaluation of the uncertainty in the parameters given that

the model predicts the physical'éhéhomenon, and )

(ii) An evaluation of the uncertainty of the mathematical model.

These will be discussed in turn. ‘ . X \
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!

EVALUATING TRE_UNCERTAINTY IN THE PARAMETERS t

It is important not only to supply the best point estimates of

the parameters in a given model but also to indicate the yélativ;‘
uncertainty in the parameters. By using either Bayesian or likelihood
methods, as described'in.sectioh-3.3, individual or joint confidence .
intervals can be determined for the para;eters.

In light of.the total objecfives of this study which reldte to
modelling of the fluidized bed reactor and consequently the discri%ination'
among the fluidized bed models, it was concluded that the degree of
confiden%e in the es?&mated kinetic parameters from the packed bed
study should not be éyeluated bf the ciassical methods. Indeed the
general approach to the design of expériments for parameter estimation .

3 .
o .
‘employed in this and many other similar studies is not correctly dealt

with by Some parameter_estimation'tpchniques. One generally accepted
method in the design of pécked bed e*periments is to minimize the uncertainty'
in the estimates of the kinetic parameters. These parameters are then
usually assumed to be perfectly known when incorporated into the model
of the reactor of primary in;erest. Note, however, that the overall objective
ﬁere is the modelling of the fldidized bed reactor and not the packed bed
reactor which was(;sed to obtain the kinetic parameters. Hence, it is
important to ensure ‘that all the uncertainty in any element inéorporated
into the fluidized bed model isfexpressed in terms of possjble.prediction
error in that medel. Tﬁat is to say, the only importance connected with

- ! G

the degree of confidence in the kihetic parameter estimates is how this

affects the predicting abilities of the various fluidized bed models.
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EVALUATING THE UNCERTAINTY IN THE MODEL - ’
Assuming that the model describing the gas flow in the packed bed
reactor is accurate (these considerations are Presented in section 4.3.1

and Appendix F) the total lack of fit from these experiments is the quantity

of interest. This may arise from inaccuracies in the kinetic model and

»

' A
o
from the experimental error. Both of these lead to errors in the parameter

astimates and are thereby traﬁsmitted to the fluidized bed model. It is

of course essential that the experimental conditions of temperatura ;nd'
concehtration-inveatigated in the packed hed reactor are the sam@ as thogs A -
occurring in the fluidized sed. Thg esgimate of the variance-covariance

matrix assuming the model to be correct is given by:

H, I n—_l_a | 'u;::l (xu - g(;u.g))‘%“- Q(Eu.g_)) T

4.32

where n is the total number of expariﬁental trials used foiﬂparameter

estimatign, p is the number of parameters estingted. x ishthe numbar of
responses per experiment and the subscript u refers £o a specific experimental
trial. It should-be sthtgd tﬁat the divisor éf (n-p/r) is arguable. The |
number of degrees of freedom for such a multiple respﬁnse prablem is - .
not clearly ﬁetinedQ For the multiplh response case in uhich{only r means
are estimated the divisor is most ;ertaiqu n-%. It can be ;mplied that the
divisor should be (n-r/r) ;1nce‘thare are r respons;s and r means estimated.
If-this is the case, then with p pgzamatefs astimated and r responses, the
divisor would be n-p/r. |

The estimate i: uhiéh is a_;easure of the uncertainty in the responses

(chromatogram area) x Jattenuation for the packed bed studies is given

L]

ol . »

LS
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TABLE 4.8 MATRIX ¥ FOR PACKED BED REACTOR RESPONSES

2 €2 Cs G €4

C, 25.82 2.084 16.92 -38.31
C, 2.084 93,07 -64.76 0.2322
) 16.92  -64.76 299.1, -81.97
Cy -38,31 0.2322  -81.97. 159.4

s

L

113.
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_in Table 4.8. By combining the matrix I with ,the derivatives of
0 .

the responses of the packed bed reactor model with respect to the estimated

-

. L o Jp -1
v = I [x gl X J
. u*l -u ¢ |

. #
parameters: - .

4.33

the covariance matrix of the estimated parameters can be expiessed (Appendix G) - ™

This is the total uncertalnty due to the kinetic model, the estimated

’ parameteré and the catalyst activity. It is necessary to reflect this
;entlre uncertainty. The requFant ten-by-ten matrix for equation 4 33

was evaluated and is presented in Table 4.9. The transmisaion of these
‘error estimates to the fluidizeé bed models can belgxamined by 1nvestigat1n§

[ . -
the derivatives of the responses of both the packed bed model and the
. \ _ e
fluidized bed model with respect to the kinetic parameters. The estimated

4

variance-covariance matrix of the predicted responses in the fluidized bed

-

arising from uncertainty in the kinetic parameters as estimated from the

packed bed experiments is:

X, & AOX X . 4.34

where

Xew  ~ 8)

pxr
where njtgu.§) ig ‘the value of the j‘'th response predicted by the

4.35

fluidized bed model for control variables £ and X and A are as defined
. previously fbr ghe packed bed model. It can be seen that the variance-
covariance matrix of the predicted resﬁonses in the fluidized bed model will
be small if the eiements of A and 3“ are snall{or the elements of X are large

There are 66 degrees of freedom for the set of parameters estimated.

The nineteen experimeﬂts had four independent responses each and ten

Y



Al POA3 Ad A6 A7 A8 A9 Al0 Al2 Al3
2.18E-3| 1.82E-2| -2.96E-2] 7.69E-3| 7.72E-3| -1.20E-2| 5,98E-3|-1.40E-3| -1.34E-2 | -2.35E-3
1.82E-2| 4.56E+0| -6.47E+0| 1.89E+0| 1,88E+0| -2.71E+0| 5.55E~2| 1.39E-2| -2.47E+0 ] -8.,40E-1

-2.96E-2 |-6.47E+0| 9,95E+0|-2.67E+0]-2.67E+0| 4.17E+0|-8.80E-2|-3.32E-2] 3.82E+0| 1.12E+0
7.69E-3| 1.89E+0| -2.67E+0} 7.87E-1( 7.76E-1} -1.12E+0{ 2.43E-2 |-3.59E-3 | -1.02E+0| -3.56E-1
7.72E-3| 1,88E+0| -2,67E+0| 7.76E-1| 7,80E-1| -1.12E+0| 2.27E-2| 1.07E-2] -1.03E+0} -3.41E-1

-1.20E-2{-2.71E+0| -4,17E+0|-1.12E+0{-1.12E+0| 1.75E+0|-3.34E-2|-1.35E-2 1,59E+0| 5.24E-1
5.98E-3| 5,55E-2! -8,80E-2| 2.43E-2| 2,27E-2| -3.34E-2| 1.77E-2|-5.49E-3 | -3.70E-2| -1.04E-2

-1.40E-3| 1.39E-2| -3.32E-2{-3.59E-3| 1,07E-2| -1,35E-2|-5.49E-3( 1.86E-2| -2.03E-2| 9.13E-3

~1.34E-2 (-2.47E+0| 3.82E+0(-1.02E+0{-1.Q3E+0| 1.59E+0]|-3.70E-2(-2.03E-2 1.55E+0| 3.42E-1°

-2.35E-3{-8.40E-1 1.22E+0 |-3.56E-1 -32215-1 _5.24%51 -1,04E-21 9.13E-3| 3.42E-1 3.46E-1

TABLE 4.9 TRANSMISSION OF LACK

-

OF FIT FROM KINETIC EXPERIMENTS TO ESTIMATED PARAMETERS

St



116, |

N

' ﬁpar;meteré werg estimhted. The estimation of the catalyst activity for
each trial‘was détermined independently uaié& a preceeding and following data
point. Theée data were not used for the estimation of the kinetic
bafameters. |

-The model fit can be judged by comp&ring the\}esidualg (oﬁserved minus.
preéicted responsesg) to an gstim;te of the experimental iariance-cOVagiancé
matrix. Norindependent estimate of the experimental variance-covariance maérix
was avallable since the "vari;nce-covariance' experin;hts had not been
properly randomized.to reflect the changing catalyst activity over the
;otal experimeA\al period. These experiments only reflected the error du;-.‘i
to experimental observ§tion., However, the purpose of the packed bed studyl
was to obtain a set of paramefér estimates for a specific model, the

fluidized bed model. Thus the effect of the total lack of fit for the

packed bed modelling rather than how this lack of fit compares to the

data employed to estimate the parameters is the quantity of importance.

4 \
Equation 4.34 can be used to transmit the lack of fit from the packed

-~

bed reactor, L , to the fluidized be&\hndqls.

4.7 DISCUSSION OF PACKED BED STUDIES

L m———

The oveéail goal of this study was the di;c;inination among models
£hat described an éctqal fluidized bed reactor and‘to_investigate and -
evsiuate the necessary procedures'tp attain thaf géal. In order to produce
a model of the reactor, the kinetics, as well as 'the flow of the re{ctanta‘
must be described. The required kinetic parameters were estimated
independeptly of the fluidized bed\reactbr data since the estimation of éha
kinetic parameters using the fluidized‘ models would have required

excessive computer time. Also the flow of reactants through the packed bed

reactor could be described accuratgly.withoﬁt the estimation of flow parameters.

: ' 3
» [
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It is very.iqportant to."st;rt-simple'. Both the kinetics of the
reaction and the flow within the fluidized"beq reactor must be de;cribed.
There i8 no advantage gained by developing a very sophisticated kinetic
model if the limiting factor for describing the fluidized bed is the |
descﬁiption of the reactanﬁ.flow. Thg overall goal of the.éroject mugt
alﬁays be képt in pérapectiye; The sequehfial investigation of both the
kineticS;;nd the flow description of reactants within the fluidized bed
is an.effective technique to achieve the final goal eéficiently. Thus,
it is important to ;start siméle“. ‘The'least accurate.compohent'of the
fluidized bed model'can belimproved only once all the components ;f the
model have been ass;mbled ang that least accurate component identified.

In the search for the best parameter estimates, the correlation
matrix of the estimated kinetic parameters can be enpld?ed to identify the
most efficient grouping of parameters. The cérrelation matrix can be

constructed from:u

n ~ -1
T %=1
P X, L'X 4.36
uzl

This p x p matrix is divided row and column by the square root of_the

diagonal elements. The matrix L as defined by equation 4.32 can be

calculated at any time théoughout thg parameter estimation process. It

15 realized of course that_£his_gstimate of Eiis predicated on the

éssump;ion that the model is perfect. The final value of the ;orrelation
matrix of the esti;ated kinetic parameters for this.study is présentqd

in Table 4.10. Visual analysis 1n&icaye& the high degree of correlation
among paramétérs'AB, Ad, AG,-A? and A8. This indicates tﬁ;t some combination

of these parameters should be grouped together for simultaneous searches

for the parameters.
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The cofrelation among the propane-and ethane parameter estimates
is not desirable. Usually a correlation value of 0.20 is conaidered ~h

acceptable. This correlation is due to two factors: the form of the

Y

kinetic model and the uncertainty of thé-estimates of the catalyst activity

»

. for the experimental conditions. One method of correcting this situation

might be a more sophisticated model for the catalyst actiwity and further

'experiyental'studies to determine it.
A study of the form of the prdposed kinefic‘model indic&ieslthat “ -

these parameters would be expected to be high1§ correlated. The facé that '

- the mechanism is bas;cally serlal suggestsia m?thod of uncoupling thig

/interaction. _Any uncert#inty in theJdescription bflthe reaction rate for

n-butane is transmitted through the system. Thus the possibility of

independently estimafing the rates of adsqrptioﬁ by using propane or e;hane

feeds to the reactor could be\gonéi@ered. In such a study the rate of

adsorption and the rate of desorption-to-reaction would have to be estimated.

. .

I3

Then, tﬁé ratio of these two rates, ﬁnaffected bx:the larger paraffins,
'could be détermined; Then fixing this ratio in the total scheme for the
hydrogggolysis 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 broqrhn
-must He made in light of the nécéssity to provide a better descriptiéﬂ
' of the,kinetics for the final fluidlzed Bed studies. However a; this
stage the validity of the estimates of the kinetic parameters is
acceptable. The estiﬁated hctivation’energies are consistent with those
Published from studies on pure n-bﬁtane, propanéQand ethane. Also the

k4

-



[ a [ a3 fae fae (a7 ] oas a0 a0 | miz | s
a{ oo [ a8 f-20 | a9 | o f-20 | Lee f-.22 | <23 | - o9
A3 | .18 ]1.00 |-.96 | .99 |-.99 | -.96 | .20 |-.05 | - 83 | - 67
M| -.200[-.96 [1.00 |-.96 [-.96 | -.99 [-.21 [.lo8 | 97 | 66
Ao | 19| .99 |-i96 {1.00 | .99 | -.96 | .21 |-.03 | -92 | - g8
AT .19 (.99 [-96 | .99 {1.00 | -.96 | .19 { lo9 | .93 | - g6
as | -.20 |-.96 |-.99 |-296 [-.96 | 1.00 {-.20 |-i07 [ 97 | 67
a |96 |20 t-2r | 2n | 19 | -.20 [r.o0 {-i30 | -.22 | -o13
Alo"| -.22 |-.05 |-.08 {-.03 | .09 | -.07 [-.30 [1.00 | -.12 ] .11
arzto-.23 fo03 |97 .92 |-.93 | .97 |-.22 |-.12 | 1.00 | .47
Als | -.00 |-.67 | .66 [-.68 |-.66 | .67 {-.13 | .11 { .47 | 1.00
TABLE 4,10 FINAL CORRELATION MATRIX FOR ESTIMATED KINETIC PARAMETERS
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FROM PACKED BED STUDY
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exponents of hydrogen in the reaction rate expressions are negative
and of the right)order of magnitude. Finally the reaction rate constants

estimated are all positivé. . s . .

pe]
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5.0 INITIAL MODELLING OF FLUIDIZED BED REACTOR

- 4

This chapter reports the work and conclqsions from the initial phase
_of modelling for the fluidized bed reactor. . The final work is presented in
Chapter 6. These two cﬁapters nre‘separntcd since there were significant

conclusions.drawn fréﬁ this initial phase. 1In a&hition; thqre'was a
“substantial change in the formulation of the fluidized bed models, the
methods of treating the data and the basic kinetic model. Further expe-

imental work was necessary to improve the kinetic model before the final

analysis of the fluidized bed could be completed.

A pilot-plant scale fluidized bcd reactor was cﬁosen for this study:

for a number of reasons. ' The éxpcrienée gained from chemical plant simulation
" at Meb ster University in the Departmeﬁt of Chemical Engineering (C7, S8) has'

indicated that the models for chemi;al reactors were often the limiting |
factors inkachiqyihg the objcctiqéf of any given study. That is to say, the
knowledge of the reactor and abilif} to model it with sufficient aécuracy
often liTéxed the number and quality df'the aﬁswers‘that could be p?ovided
for the questions posed for the simulation df the total plant. Tﬁis has
been the prime ‘motivation for'the‘pre5£nt study: .to investigate procedures
which would éllow the use of plant and other data to provide a meaningful
model for a large scale reactor.

ﬁndoubtcdly, many of ;he prablems inherent in noisy plant data, whicp
complicate“the analysis and modelling of la;ge—séale industrial reactors,
would be cncountered in dcscrising.the performance -of a pilot-plant unit.

A fluidized bed reactor was chosen since the flow withinm it, which must be
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v

described for a mechanistic model, was‘vory 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

é/éimulation of chemical plants indicates that the
‘models, once devqiope are often required for extfapolation.out;ide the
range of variables *for which they were developed. In this case, mechanistic
models, as opposed to purely empirical modeis obtained from an empirical

regression analysis, ‘are 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 25
devalopgd.‘ |

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 Ehe fluidized bed.
The description of the flow behaviour required paramefers which were nft
known accurately a priori; these were estimated using the conversion and
selectivity daté from thelbilot-scale reactor. The justification for not
attémpting_both these estimates from the fluidized bed data alone can be
seen by observing Figure‘S.l. This plot was constructed using the relatively
simple model pfoposed by Orcutt et al (01) in which the emulsion is assumed
to be perfei}}y‘mixed. It is possible with this model to_ghgose a particular
first order rate constant k and then find a flqid mechanical parameter, X,

which will yield almost any convetsion. 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 bchafioﬁr. '
Another important point emerges from this plot. Note the cxtremﬁly
low sensitivity of the interchanée value at low values of k and low measured -
. . 3
conversions. Indeed, in séne situations any value within two orders of
nménitude would predict a reasonable conversion! On the other hand if
the interchange parameter in the model is very large under all operating
conditions of intefcst, then éilarge érror can be tolerated in its estimated
value without significantly effecting the predicted conversion. In this
case, the ac;uracy of the mpdei is detergined entirely by the error in
cstimafing the reaction rate parameters: At the same time, it is jmportant
to note that if an interchange parameter is to be determined from a fluidized
bed reactor, then the chemical reaction rate constant must be fairly large
to ensure that the error in its estimated value will not produce a large.
error in the estimated value of the interchange factor. Moreover, any fluid.
mechanical model will only bé put to a severe test in those regions where
fluid mechanisms determine the conversion, that is-at high reaction f;tes. ‘“““%““
Many investigators have not recognizgd these points in the past,
—~ ‘
Thus, fdr 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 simﬁle example presented here to predict only conversion
was developed gmp@oying a packed bed reactor. In this system, the flow

behaviour of reactants can be fairly accurately deseribed and the kinetic

rate parameters can be determined from the chemical analysis of the products.
. :
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This chapter includes the description of the fluidized bed reactor
which was designed and constructed for this study. The two phase reactor
model which is the basis of all the models used in this étudy is described.

:

The bubble parameters which are common to all-the models are summarized.
Ghé basic differences among the specific reactor models are indicated. . The
désigns for the ipitial experiments and the_results obtained arc presented.
"The two simplest reactor models were investigated using these data. Both
provided reasonable predicfions of the reactor data once the appropriate
paramcters were estimated. From these studies a number of conclusions

were drawn., These summarize the information obtained from this initial
investigatioﬁ and delineate the weaknesses in the models. “These short-
Acomings had to be overcome before any di§crimination studies could be

- 4

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 pharactefistics and
limitations are described below. It was made large and complex so that it
wﬁuld respond, as much as possible, in the same way as a large industrial
unit. When‘operafing, it was observed to exhibit ﬁany of the same ope;ating

characteristics oEferved in much larger fluidized beds.

The diameter of the reactor was to be as large as possible. Previous

Y

studies” reported in the literature with four inch or smaller diameter reactors

were strongly criticized for the possibility of significant wall effects and

. , " .
slugging. A diameter of eight inches rcpresents a compromise since a reactor

any larger would be too costly to operate. During operation at the higher

n
L4
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flowrates studied, one large hydrogen cylinder (ca. 220 s.c.f.m.) was
. {
consumed each hgg;.

The hydrogenolysis of n-butane was choseq as the reaction. It is
sufficiently complex coqtainipg both series and parallel reactions and
provides multiple response data. This reaction occurs significantly
around 480°F., is stroné}y exothermic and was known to exhiBit very high
activﬂtion energies.

A schematic diagram of the reactor system is shown in.Fiéure 5.2. A
photogrqph of the system, befo;e it was insulated, is shown in Figure 5.3.

-

The description of the apparatus is presented in three sections: feed-,
\ L4
preparation, reactor and heating systems. The component equipment is

identified by the numbers on Figure 5.2. ' ™

5.1.1 FEED PREPARATION

The feed gases are supplied from higp pressure-cylinders(:)_ Certified
nitrogen is used for'purging ;he‘sygtem of oxygen and if necessary for
emergency shut-down. The n-butane feed is C.P. grade (Better than 99.5%
purity, Matheson of Canada Ltd.). Warm water was sprayed onto the cylinder
to provide the heat of‘vaporization and maintaih a suitably high pressure
in thé n-butane.cyiinaer. Three h&drogen cylinders (Canadian Liquid Air
99.99% purity) are connected to a common manifold and supply a minimum of
three hour§ op;ration. A single reserve cylinder, connected in parallel
with the other three supplies hydrogen when the main cylinders are being

replaced. Chec valves(:)are installed on all feed lines to prevent back

flow of gases. The hydrogen and n-butane flow controls are mounted on the

¥
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A

FIGURE 5.3 FLUIDIZED BED REACTOR
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main control board. Rotnmeters are used to measure the gas flows (hydrogcn
}15hcr Porter FP-1/2-21-G-10/80; n- butanc Brooks BR- 1/2 25G10; nltrogcn
Fisher Porter Ratiosight 1-AR5-593). The nitrogen rotameter is used only

for flow indication® Both the hydrogen and the n-butane rotaheters contain
two specilally designed floats so as to cover the flow ranges f?ﬁuired. The
calibration curves are givem in Appendix A. - |

The feed gas is first heated with 100. p.s.i.g. steam in a brass

shell-and-tube heat exchanger(:)(American Standard 200-8 BCF, single pass, - .

1. 2 sq ft.}). A backpressure of 40 p.s.i.g. is maintained. on the rotameters
‘to prcvent the floats from bouncing at low flows. \The valve(:)(Research Controls
Ltd., 1/2 in. stainless stecl,ﬁair actuated, trim E) is pneumatic and is
controlled by 5 ﬁoneywell controller (ﬂbnefwell model PPS72 1035, 0 fo 15
p.s.i.g.). The feed gas is heated to the reacfbr temperature in two carbon
steel heat exchangers(:)by circulating oil (American Standard 201-6 EP, single

pass, 2. sq. ft.). z

5.1.2 REACTOR

The reactor is constructed of 16 gauge type 316 stainless steel and
mild steel plate. The bottom cone(:)is 8. in. at the top and is welded into
a 12. in. square flange of 1/4 in, plate.’ The cone i§ packed with 3/4 in.
stainless steel packing rings to disperse the gas flow across the column
cross-section. The distributqr-plateis a 12. in. square by 1)2 in.
thick mild steel pla?e.drillpd with 230 holes of 0.055 in.'diamefer on
a central 8.0 in. diameter circle, A éheet 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. I.D. and only 1/16 in.
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i L
off round at the worst point. The reacting section is 6.0 ft. high' and is
topped with a diseri'gaging seqtion ® 2 ft. long by 18. in. in diameter.
The bottom of the realct'o:_' was welded through a 12. in. square by 1/2 in.
thick flange from which,‘t._he total reactor system is fixed into the support
frame of 2. in. pipe and Kee clamps as shown in'Figure 5..3. The &ome OI.l
top of the disengaging section was made of 12. gauge mild steel because of .
cost considerations. >--‘".?Ih'£_& exit gés flows through a cyclone @ (Nright
Austin, 1 1-1/4 TIS 8). Entrained catalyst is returned to the bottom of
the bed in a 3/4 in. stainless steel dip leg @ A l. in. line leads to a

pressure release valve_@ set at 5 p.s.i.g. A double pipe heat exchanger

cocled with water is located between the reactor and the release valve to

protect the valve seat. A 6. in. flanged port @ is used for charging
catalyst and visual observaii.ion of bubbles when using nitrogen';gas.l Pressure
taps @ and @ are used to monitor the bed pressure drop on a manometer |
(Miriam 30 in. S._G. 1.04). The temperature in the reactor is measured by
chromel-alumel thermocouples @ at ﬁhe feed ‘and the distributor plate as

- \well as at 6. ing., 1. ft., 2. ft., 3. ft., and 4: ft. up the reactor. The
thermocouples were 12. in. long and could be moved intc;\'elﬁ_réactor through
teflon ferrules in Swagelok -fitt_:ings. The calibration data for the |
thermocouples are given in Appendix B. "I"he' éatalyst can be removed from
the reactor through a drain plug‘@ The gas samples are tal;en 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 powgred by an explosion proof

or. At the maximum reactor flow the hydrogen content of the mixture of -

air an®\hydrogen is 140 times less than the lower explosive limit assuming
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pe rtect mixing.
» 3
5.1.3  HEATING-COOLING SYSTEM N
IR e R . g
Two circulating oll systems are cmployed tu control temperatures; one \\\

Ny

system vontrols the reactor uand ;ho othc? hcnts.thv fced gas. The circulating
{luid is Sun 21 Heat Transfor 01l (Sun 011 Company) and can safely be used.
in u closed system with a4 cooled expansion head to 600.°F. Some thermal
breshdown occurs but the rosidue doos not foul the pipes. The pumps used
in hoth systems QED and (ED roplaced initial pumps in which the seals could
not withstand S80°F., for any period of ;1mo. The pumps were supplied by
Sihi Pumps Ltd. (model ZLLE 4017/18SQ, 5.  USGPM at 15. ft. for 1/2 HP

and 1200 RPM with cooled stuffing box for 600. to 700.°F). A triac control

o

circuit (6G3) was used to adjust the power to some of the heaters,
The firs. oil circulation system supplied heat to the heat cxchungcr;\\\t
nCD"”d heated the outgidc of the bottom cong(:). Tﬁé pump vibrations were \
danped by two armored flexible couplings €0) and €. The 10 gal. oil hcuting
tank was constructed from 14 gauge mild steel and contained three 1500ﬂwu§}
imnersion heaters supplied by Canadian Chromalox and controlled b;‘threc triac
clrcults,

The second oii‘circulntion systom was used to control the recactor
temperature. ‘Aguin the pump vibrations wc?c damped. by two armored flexible
cuupiings (29 and CED-. Heat was suppfacd by three 1500 watt immersion heaters
controlled by triac oi}cuits and two 2000 watt immersion hcaters with on-off
control.  All these heating clements were contained in the second 10 gal.

o1l _heating tank (g). The oiiﬂcould bé coolcd‘in a heat exchange:'cgg

(American Stundn;g 200-8, single pass, stainless steel, 1.2 sq. ft.).
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The cooling fluid was 100 p.s.i.g.-qir and was ventad through a simple

two pipeAmuffler to reduce noise, The circﬁlating 0il was fed to a

manifold of 1. in. pipe @on the side of the reactor which can be seen

in ﬁigurc 5.3. Three lines of 1/2 in. type 316 stainless steel tubi;g

were 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
manifold and retugned to the oil heating tank @.3 Both oil tanks

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 o0il between the cold expansion tank and the hot oil tanks.

5.1.4 OPERATING CHARACTERISTICS

A dqtailed\set of operating instructions for start—uﬁ, catalyst
conditioning and operation are given. in Appendix E. This section 6f_the
thesis describes the operating characteristics and responses of the reactor
for the hydrogenolysis of nTbutane over the 10.% nickel on silica gel
catalyst.

The reactor is.manualfy controlled Ey adjusting the flow control
valves on the hydrogen or n-butaneaand adjusting the coolant tempefature
on the reactor walls via the oil heaters and the air heat exchanger. The
feed gaé temperature is also controlled by adju§{1ng the heat inp:; to
this circulating system.

Because the reacfion is.eiothergic and the activatiqn energies ar;
very high, it is very difficult to set the operating conditions (temﬁérature;

flow and ratio) ‘at predetermined valves. ﬁhe main control is exercised

through the circulating coolant oil to remove the heat of reaction for a

n
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given set of operating conditions and must be carefully monitored.-

A digital volt meter on which 0.025 mv. is appfoximately 1F.° was
~ |
employed. Any consistent temperature change can immediately be detected

by sampling on this sensitive instrument every second. Under general
operating conditions the oil is about 40.°F. cooler than the bed of

reaction catalyst, For very extreme conditions, the temperature diffofeﬁce
T

may approach B0.°F. If the reactor temperature begins to increase above

the desired temperature when the feed mixture is correct, more cooling i's

-

required. Since the response of the oil system to the air cooling is quite
‘slow, the hydrogen flow 1s increased and/or the n-butane flow is decreased while
a new coolant temperature is established. It is important howévor, to ensure

that the reaction temperature does not fall more than a few degrees below

the desired temperature since the cooling may be so severe that the reaction
rate (and hence the heat generation rate)} may be insufficient to satisfy the

. e - .. .
heat transfer rate. The reaction is then quenched and the coolant and the

Fl

reactor temperature must be increased to initiate the reaction and-the whole

i

procedure started again.

5.1.5 REACTOR TEMPERATURE PROFILES

v

One of the best known advantages of a fluidized bed reactor is

-

temperature uniformity due to the motion pf the catalyst particles with

T -
14

the ensuing h{gh,heat transfer rate at any heat transfer surfa?q in the
bed. }nsuffié;ent mixing for good heat transfer and axial mixing occurred
for flowrates below about five times minimum fluidizgtion velocity. This
wWas Ev}dénced by large temperature gradients ﬁear the distributor plate

and temperature excursions of as much as 15 to 20°F. at some of the
'
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thermocouples. At flowrates in excess of ten times minimum fluidization
velocity these temperature gradients did not occur.
A tcmper#ture traverse across the reactor at 6 in. above the
distributor plate was carried out at faiw?y extreme reaction conditions
. (500°F,,‘r$tiq = 6.5, flowrn;; = ten times minimum fluidization). “This
(}raverse indicated a maximum temperature variation of 1.5°C. over the
}Central 7-1/2 in. core of the 8 in. diameter reactor. A similar temperaﬂure
variation was observed in the axiQi\firection from the distributor plate to

the top of the bed as long as the feed gas was heated to near reaction

temperature.

3

5.2 FLUIDIZED BED REACTOR MODELS q,/J

Despite the abuhdance of differéh: reported fluidized reactor models
there is only one basic model: the two phasé.model in which bubbles are
assumed to rise through a fluidflike bed of solids. "Although this is a
mechanistic model, it is doubtful that the autﬁo:s of the various models

would claim that they describe anything more than an approximation of the

t}uth. 4 “/

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

(1i} the flow of solids and gas in the emulsion phase
(iii) the interchange between the bubble and emulsion gas and the

ra
a priori prediction of its magnitude.

There are a large number of combinations of assumptions that can be -

made relating to the fluid mechanical phenomena but it is not the purpose .
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of this study to add to.this ‘alrcady large number of so-called unique two-

phase models. Rather, the object of the study was to simulate a é;;:;k{S

fluidized bed rcﬁctor and to discriminate among the models chosen to
describe it. Although some péople‘have suggested that fluidizedrbéd reaétors
can be modelled with sufficient accuracy,a priori predictions are generally
not very good.

This study. involves: .

1. enmploying some form of the tﬁo-phase odei and

2." estimating some model paramefer(s) for each specific case.
These two basic statemgnté summarize the approach taken throughodt this |
study. The first statement implies that this study will make use of some

of the large volume of work already done on fluidized bed reactors. This

would be the logical firsfnapproach‘followed by any engineer ‘in modelling
‘process equipment. There is little to be gained in developing a new model
unless the oldyhave been proven to be inadequate and/or new insights or

i ‘
descriptions of the 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

et

separate study, the questions to be resolved are:
AY

(i) which of the two-phase models best predicts the product
/// distribution in the reaﬁtor’effluent, and
(ii) which parameter(s) in these two-phase models should be.
: ~.

estimated using plant operating data. . -

To consider the second question, it is best to estimate as few paxﬁmeters

»
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as possible. Also the parameter(s) to be estimated shoyld be those

about which there is most uncertainty and which are the most difficult

to vstimate independenfly and accurately. For a larg% scale reactor
op-rating within a plant the number of tests that can be performed on

it may be very few. Indeed, the only data that may be possible to obtain
may be that obtained under normal operating conditions. —

For the purpose of this studf thé basic differences in éhe fluidized
bed studiesia?c grbuped into three main categories. They are shown in
Table 5.1. The fir;t category of the basic assumptions inéludés: the
makeup of the bubble phase, the flow‘pa;tern in the emulsion and the use
of a constant size or growing bubble. These are the genefal minor variations
in.thé basic two-phase ‘models that'havb been suggested by various modellers,
The question of interchange is placed in the thﬁrd category. The second
category of unknown parameters that can be éstimatéd independently with
reasonable accuracy includes: initiai bubble size, bubble growth, maximum °
bubble size, bubble rise velocity, bubble shape, cloud thickness, wake
fractibn, emulsion voidage and bed expansion. Of these parameterg-perhaps
the most imbortant and the mqst difficult to describe accurately,is the
bubble size and growth. Some migﬁt argue ;;at fhis should be the estimated
pafamcter and the interchange should be included in the second category
based on one o;‘more of the four basic interchange mechanisms which include
bubble circulatibn, diffusion, coalescence - breakup and wake and cloud
shedding. However, considerable infbrma%ion is available on the variation

of bubble size with height. These observations have been made in pon-

rTeacling systems using capacitance probes, X-rays and visual observations
v

~
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~

TABLE 5.1 CLASSIFICATION OF ASSUMPTIONS AND PARAMETERS IN
T TWO-PHASE HODELS .

I BASIC ASSUHRTIONS AND METHODS OF SOLUTION

II  UNKNOWN PARAMETERS THAT CAR BE ESTIAATED
. INDEPENDENTLY

II1 MORE UNCERTAIN PARAMETERS
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-

of bursting bubbles at the top of the bed. Since‘ghe ﬁescription of fhe
interchange phcnomena occurring between the bubbic‘gnd the émulsion is the
least well known and hence uncertain, the*;verall interchange was chosén
;5 the single physical parameter: to ‘be estimated in each model from the
chemical concenf}ntign data for the expefime;tnl system.

The models of Orcutt et al, K#&o and Wen ﬁnd Partridge and Rowe
arce investigated. Ini}ially the Kunii and fé;;nspiel model was also
included; ﬁﬁfozgunately,‘this model rcquiied a prohibitively high amount
of computer time aad'So had tq_be abandonned. The basic assumptions
concerning the ﬁakeup'of thd bubblé pﬂase, the flow patterns in the emulsion,
the use of a constant size or a growing bubble and the method of solution
used in this study (the type I assumptions of Table 5.1) are the same as
those proposed by the authors of the individual models. The same relation-
ships wérc used in all the fluidized bed models to describe the type II
model parameters. A geparate interchange parameter based on the Kato and -
Wen analysis was estimated for each model. The calculation of the parameters
common to all the models 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.

-y

5.2.1 CALCULATION OF PARAMETERS COMMON TO ALL MODELS

To ensure consistency among the basic models used to desc?ibe
the recactor, certain parameters-were)the same for all the models. Thc'l:
estimation or measurement of these parameters is indicated in the following:
(a) INITIAL BUBBLE SIZE

Y .

\\> The initial bubble size from a perforated plate can be calculate
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- if the hole spacing n, cm™2 is known.
L m. 0.4  -0.2
d, = 6(U-U_.) g
n I
o-

(b) BUBBLE SIZE AND GRONTH

5.1

The correlation as suggested by Kato and Wen (equatib; 2.16) is
used to predict the bubble diameter at any height in the reactor. The
= 1.4 (p d hed . '
dy (o, d5) q; ) o 2.16
- “mf '

effective particle density was determined using mercury'and the avérage
particle diameter was determined from sievé analysis (Appendix D). The .

mean bubble size was the average over the total height of the bed. 1t must
. \ .

be noted that the correlation is a strong function of Particle diameter."

‘When used for non-spherical particles some cautign should be used.

(c) MAXIMUM BUBBLE SIZE

‘The accurate prediction of the maximum bubble size ié very difficult.
A plexiglas plate was élamped'over the viewiné port at the top of the react;r
and the bed fluidized with nitrogen. Observ;tion of the bursting bubbles
indicated that the eruptions were of the order of about half the reactor
diameter of 20. cm._ From these experimepts, it was ﬁostulated that the
reactor was not sluggiﬂg for the range of flows investigated. The observed
cruptions were not at thé 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 interface at the
top of the bed. Subsequent closer oéservation 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. cm. was estimated.



140.

This is to say that it appeared to be larger than 9. cm. and less than
11. cm.
/

There is considerable evidence from X-ray studies and two-

dimensional bed photographs that some expﬁnsion of the bubble occuYs

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:

U, = 0.711 (g 2.17
(¢) - BUBBLE SHAPE g
.The bubble wids assuied to and of diameter determined

’

by eduation 2.1¢. The bubble is surrounded by a spherical cloud of

thickness determined by equation 2.18.

-1

sy

{(f) CLOUD THICKNESS

For the models whiﬁﬁfincluded the cloud with the bubble phase, the

cloud thickness was calculated from the Davidscon model:

{1 173
e o Ypr %2 (hmf/cmf) -
Ty Ubr - (Umf/;mf)
{g) WAKE FRACTION

2.18

For the models which included the wake fraction with the cloud

0.25 of the bubble volume was assumed to be occupied by the wake.

(h)__EMULSION VOIDAGE !

It is essentidl 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 voidage. “The voidage in the packed bed reactor which was packed
and settled using a vibrator was 0.449, whereas that of the ehulsion of the
fluidized bed at incipient fluidization was'determined to be 0.557. Tﬁe
voidage throughout the emulsion phase of the bubbling bed was assumed to
be the voidage at incipient fluidization. Thus, the kinetic rate equations

‘must be adjusted by:

(1.0 - 0.557)/(1.0 - 0.449)

x

The method for the determination of the voidages by mercury density and

f .
expansion to incipient fluidjzation is presented in Appendix D.

N
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 separaté column of silica gel and was
: LY
-y

found to be 4.3%. The expansion.due to bubbles can be determined from:

L-Llge U-U _ 2.22

- mf
L~ T0.711 tg‘ﬁ;)llz

This expression follows directly frop assumptions relating to the volumetric

flowrate in the emulsion and the bubble rise velocity.

BUBBLE-TO-EMULSION fNTEﬁCHANGE S -
' Thé interéhange or volumetric flow from the bubble to the emulsion

‘was estimated for each individual model using the exit reactor concentrations.

This.interchange was described by: ' |

K = cm3 interchanged - 8% x 11 5.2

cm> of bubble - sec. : ' db

-
A

where db is the bubble diameter in centimeters and 6* 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 parametei.

SUMMARY

The description of the bed and bubble cﬁaracteristics presented
here are incdrporated along with the kinétic equations describing the
reaction r%tés into the fluidized bed models used in this study. These
models with their various basic assuﬁbtions now can be compared using the
same set of descriptions for their common parameters. The mathematical
development of the flow equations for these models and the methods of

solution are outlined in the following three sections of the thesis:

5.2.2 HbDELS OF ORCUTT ET AL. (01)

The two models of Oréutt,Davidson and Pigford as originally presented
are summarized in,secéi;n 2.3.2 and %p Table_?.?. 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 the other was that it was in
plug flow. Th; basic assumptions of both these models acco;ding to
classification I of Table 5.1 are: spherical bubbles of constant size
containing no solids and all gas in excess of that required to‘providg the

~ minimum.fluidization velocity‘in the}j:g}sioﬁ phase flows through the

reactor as bubbles in plug flow.

PERFECT MIXING IN THE EMULSION (ORCMIX) o (

The modél used in this study was named ORCMIX. A mass Baiipce °\\\w;
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for any component in the bubble gives:

Q(P, - P) = U V. dp 53

brb b

Integrating equation 5.3 over the bed height H gives the part1al pressure
of any component at the exit in the bubble as:

P = Py * (P, = P) exp (-X) 5.4
where X = QH/U, vy : 5.5
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

(N
subscripts e, band O 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

(Po-Pe) vaubr (1-exp(-X)) + (Po—Pe)Umf = rvHRT(l~NV) 5.6

b

where N = number of bubbles per unit volume i

u o = mininum fluidization velocity (em. /sec.)

r
v

1]

rate of dlsappearance (moles/sec. cm.3)

Using the notat1on of Orcutt and substituting
' B= 1 - U/,
= Uba (1 -8 exp (-X))
RTH
cquation 5.6 for the emulsion becomes:

P -P) = r - R
0 e v \J

The five rate expressions 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

(‘:‘>
f«
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in the cmulsion phase. Once a partial pressure of hydrogen is assumed
all of the six equations can be calculated directly. The calculated
hydrogen pressure is compared to the estiﬁated or guessed value. After
two hydrogen concentrations have been guessed and a sorfesponding calculated
value obtained, a Regula Fﬁlsi convergenceitechnique can be used to cbtain
the correct value of the hydrogen partial pre;sure.

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 ay :
(U - Umf) AAPb = (NA Ay (Pe - Pb) - 5.8
.where U - Umf = vaubr ,

and U is the superficial velocity for the total feed. Taking limits as

by+0 and as before defining:

X = QH/U, Vy 5.5
dPy X (P - P) 5.9
dy H

_In the emulsion phase at any height:
(U-U ) dP, + U . dP_ = RTr, . | 5.10

—— .. dy dy
where again ry'is the rate of disappearance.
Substiiuting equation 5.9 into 5.10
.- - ! - ! 'l

& ] (i) (P, - Pg) (u "mf) - RTr, 5.11
dy _ H Umf Umf

For cach 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 any height up the reactor. Since both the emulsion and \
hubble flow hré upward from tHe distributor, the problem is an initial
vilue one. A fourth order Runge Kutta integration routihe is usgd.
The error of integration is calculated and the step size specif#;d 50 o
that the error on the partial pressure between each integration step
is controlled between 1076 and 1078, |

The models of Orcutt et al. are two of the simplest available. The
assumptions of no solids in the bubbles and of no growth of the bubbles
gny limit the accuracy of the model predictions. However, the calculation
time for the perfectly mixed model is about twenty times fastér than any

of the other models because of these two assumptions,

5.2.3 MODELS OF KATO AND WEN (X3)

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
:cffect of including the wake perfectly mixed with the bubble and also the
effect of modelling the emulﬁion flow of gas as ; perfectly mixed tank.

The basic assumptions of the original model according to classification I

of Table 5.1 are: spherical bubblés with spherical clouds, growing bubbles,

no flow of feed into the emulsion, solution of the mass balance differential

equations by assumed zonés (integration steps) equal in height to the bubble

diaméters and perfect mixing within each emulsion zone but no‘fxial transfer
between these zones. The partitioning'of the bed into_zopgéﬁfgr the-

purpose of solving the reactor equations is a most qniﬁueifeature of the

original Kato and Wen model.
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BASIC KATO AND WEN MODEL (KATWEN(O) -

The model used in this study was named KATWEN(O). A maéy balance

on the bubble phase for component i in any zone up thc’béa-éivos:
L ’
N o ) - p
(li)n-l Kvb (Ihi }ei) * RTVC Ty + (Su
of :
where 5 = cross sectional area of the bubble phase

brpbi)n 5.12

U, = superficial velocity of the bubble phase
K+ interchange (em.3/em.3 - -sac.)

(1

BRATE

} i Subr (ij)n_] from the‘stage below (kngyn)

V,, © volume of the bubble phase in the zone

JV‘F = volume of the cloud phase in the zone

A mas: balance on the emulsiop phase for component { within each zone with
no axial flow gives:
. ._l).,: Fa
KV b (Pbl el) RTV o' i

The five vquations for the rates of reaction are substituted into equations

+0-0 5.13

5.12 and 5.13. These equations are then solved f;r Pbi and then pei' Given
the. flow from the zone below, the partial pressures of hydrogen must be
guessed for both the bubble and the emulsion phase. Then the partial
pressures can be calculated. The solution for each zone converges very

quickly,

KATO AND WEN WITH WAKE IN BUBBLE (KATWEN(1))

The model used in this study is named KATWEN(1). The only difference
from the model KATWEN(0) 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

of the bubble. This involves the changing of two cards from the KATWEN(Q)
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program.

Cett

KATO AND WEN WITH ENTIRE EMULSION PERFECTLY MIXED (KWMIX)

The modcl used in this study is named KWMIX. The equation for the
bubble phase for this model is equation 5.12 without the wake included with
the bubble. The equation for the emulsion phase is different since the other
two models are developed using the net interchaﬂge of a component betw;en the
bubble and the emulsion. The mass balance ﬁquation for the mixed volume

with reaction for comﬁoncnt 1 is;

k
(A-SIU_P.° + L (KVpPys) 5 = (A-S)U .+ § (KV

P . +RTr vV 5.14
j=1 -1 ¢

by Pei*RTTy

where (A-5) is the cross sectional area for the emulsion, Ve is the total
emulsion volume‘hﬁd Pi° is” the partial pressure of component i in the feed
to the reactor. The second term on the left hand side is the sum of tho
total flow of component i from each of the k zones in the bubble phase.

A salution of this model is obtained by first assuming the emulsion .
partiul pressures as calculated using the ORCﬁIX mogél which exécufes very
‘rapidly, Knowing the approximate emulsion partial pressures, the composition
of the bubble phése can be calculated up the reactor. No:i given the total
input to the emulsion from the bubbles and fromlthe feed, the emulsion
partial preséures 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 1074 bet;een
subsequent itcrations, Only three or four cycles are required and the

solution converges rapidly since the ORCMIX model provides very good starting

values.
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5.2.4 MODEL OF PARTRIDGE AND RONE (P3, P4)'.(PARROW)

The modq{ used in)this study is named PARROW. The basic assumptions
tor this model in aécordance with classification I of Table 5.1 are:
sphcricul'bubbics with spherical clouds, growing bubbles, gas in the
emulsion flows upwards in plug flow at the minimum fluidization velocity
and all the remaining feed gas f!oﬁs through the reactor in plug flow as .\
bubbles. The bubble mechanics are described as indicated in Section 5.2.1.

The mechanics of calcylatifig the bubble properties in the original
Partridge and Rowe model are significantly different from those employed
here. They made use of data from a#}wo-dimensional bed to determine &
bubble size dlstfibufion. The validity of this technique and the subséqu;ht

conversion to the thfee -dimensional.case is questionable. RN

\
)

For this stuﬁy, the equations for the Partridge and Rowe model
are the same as those for the'ORCRLG model except that the bubble size
thnges up the reactor and the bubble phase includes a reaction term. The .
resulting ten coupled differential equations form an initial value problem

since the flow of bofh phases is upwards from the distributor.

5.3 INITIAL EXPERIMENTS AND MODEL FITTING

The results and the analysis of the initial two sets of experiments
are presented in this section. The model of Orcutt et al. with perfect
mixing in the emulsion phase (ORCMIX) was used for most of this initial
analysis since it was by far the least expeﬁSive in computational time.
Limited studies using thé Kato and Wen model XATWEN(Q) indicated that the
residual fit for this model on the basis of a weighed least square estimate

was about half that for the ORCMIX model.
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Shortcomings of the apparltus‘uere found during pfelininury tests
of the reactor, the hentini systems and the feed gas system. Th; rlnjc
of operating conditions over which reaction would occur and the reactor
could be controlled were. investigated. A'rensonable conversion of
n—ﬂutane occurred above 470°F. At temperatures above S30°F. the seals
on the circulating oil pu#Ls failee‘aftor about 20 hours. An air cooled heat
exchanger was added to the o0il circulating system; without 1t'1n the reactor co-:
not be controlled and temperature runaway occurred. Below a flowrate 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 reﬁove the heat of
reaction through contact with the reactor walls. |

The csmbination of condipions for the experimental design is shown in
Table 5.2. Experiments were performed at two levels each of temperature, /w/{
ratio and flow. A centre point or standard condition experiment was
performed at the tempé;ature, ratio and flow conditions of: 485°F, 5-3 and
10 U/Umf-nespectively. Two samples were taken at each operating condition
and a pair of center point experiments were performed between each of the
sixteen experiments indicated in Table 5.2. The results of these and all .
the other exper1ments performed along with the data and the data amalysis
computer programs are presented in Appendxx J. For'thesé initigl_experinents
the feed ratios were determined from the chromatographic analysis rather than
from the rotameter readings due to an initial error in the calibratiom of

the n-butane rotameter. For subsequent experiments the material balamce
(

as determined from the rotameters and the chromatographic analysis agreed

within four percent. ' ~ :

-
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TEMPERATURE (°F) o 470, 500.
RATIO  (H,/C,H, o) 3.3 7.3
FLOW (U/Um%) ' 10. . 15,

| - ‘

TABLE 5.2 /NOMINAL OPERATING CONDITIONS FOR INITIAL FLUIDIZED BED EXPI%.RIMENTS 1-34
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Two subsequent sets of experimonts, were porformed with the same '
depth of catalyst bed: ' ' k\\_\\\
i) Experiments 35 to 46 wore designed to détermiﬁe.if the catalyst activity;
which remained constant over the first set of preriments would be the same
when the catalyst was conditioned in the same way four mbnths later. The
observed conversion and selectivities at the same center point operating
cénditiong werg identical to those obtained previously. Several experimental
frials were peyformed using first propane and then etﬁane'in;tead of n-butane
in the feod. The failufe of a pump seal did not allow all the planned
experiments to be complet-dd. ¢ ‘
ii) Experiments 48 to 86 were designed to investigate‘n-wider range of ',
control variables (temperature, flow rate and feed ratio). Two of the

= 10

three control variables were set at the mid-point values (485”?2, u/Umf
and PEZ/PE4 = 5.3)‘and the third one taried. In this way, temperatures
of 440, 455, 515, 530 and 550, ratios gf 2.5 %gg 11.0 and a flow of 22

times thc.miﬁimum fluidization velociﬁy‘wererinvestigated. The experiments

at high temperature were—performed to test the fluidized bed models at very

high reaction rates.

COMPARISON 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
plots of the ingegral selectivities against the resultant conversion of
n-butane. The selectivity of methane increases to its maximum value of
four and the ethane and propane selectivities decrease toward their minima of

-zero as the conversion of butane increaseé¥ to 100%. The scatter in these
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plots is due mainli to the wide.rangerf temperature and ‘feed ratios
used in obtaininé the dgtg; t@; 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
temberature and ratio (by almost a facgpr of two).

Ié i$ to be noted that for the fluidized bed data, the selectivity
of methane is usually/greater and the selectivities of ethane an& p;0pane
are usually smaller fhan the corresponding selectivities observed in the
packed bed. The ;electivities apprbach each other at low conversions
whe;c presumably differences in cowpoﬁition between the two phase in the
fluidized bed become small (interchangg rate high relativF to the
r;action rate) and hence the two reactors exhibit essentially the same
behaviour. At low hydiogen-to-ﬁutane molér feed ratios, the hydrogen
inhibits the reaction much less and higher rates ;hd conversions are
observed. This is a region where interchange significantly influences
the conversion attained.

For overall conversions greater than 40% in'tﬁe fluidized bed,
the selectivities observed for the fluidized bed runs correspond to
selectivities in the packed bed at essentially total conversion of
butane, Horéover, at high reaction rates the se{ectiiities are most
probably determined by the local extent of feactioq. This suggests
that the conversion of butan; in the emulsion phasé, 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 kinetics if they are to be applied to a fluidized bed

reactor must be accurate in the region of high coanversions of the primary
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reactant (in this case, butane}.

The sélectivites of methane, ethane and propane are independenf
of the rate of butane reaction. The selectivities are hoyever strongly
dependent on the local extent of reaction in the sense tﬁ#t extent of
reaction determines the local gas:phase composition and hence the surface
composition’ of absorbed ;becies on the catalyst. The rate of. butane
rcactiﬁh is strongly correlated with gas interchange.rate as shown in
Figure 5.1, éelectivities " will, of-;ourse, also be determined the
gas interchange rate because this phenomenon affects gas compbsizzon in
the emulsion phase. Our experience stggests, how;ver, at when the

ratio of rate of reaction to rate of gas interchange is high, the selectivity

will be determined primarily by the local extent of-reaqtion.

PREDICTION OF FLUIDIZED BED SELECTIVITIES AND CONVERSION

To dgterminé how closely the reactor could Ee 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) model-was used.
ihis model was chosen for its simplicity and shor; égmputing time requirements.
The interchange parémetef which in the Orcutt model is given by

(@ + keSp) L |

Yor¥b
accounts for the gas interchange between bubble and emulsion phases. Here

5.15

it was not estimated from equation 5.15- A value was estimated for each
operating condition such that the sum of squares of the difference between
the predicted and observed conversion and selectivities was a minimum leaving

two degrees of freedom per trial. ° The sum of the relative errors between
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the predicted and the observed véiues of the conversion and the selectivities
of propane and cthane 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 ﬁacked Bed studies
was assumed to describe the activity of the catalyst in the fluidized bed.
Hence, the interchange parameter was the only adjustable parameter in |
the reactor model. The variation of (this Eeactor interchange parameter
sthed no direct correlation with flow but some with temperature. Its’
mogt probably vaILe 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
significaﬁce can be attachéd to some of these values fbr #he reaéons
suggested in Section 5.4,

The calculated selectivities are shown along with the envelopes
covering the experimental d;ta in Figure 5.5. The_propané selectivities
are predictedfairly well. Above about 25% butane c&nversion,_however, the

~

cthane 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 obser;ed.

This result is not surprising since the kinetic model was known

to break down at low hydrogen-to-butane ratios and high conversions.

<
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The selectivities observed for a wide range of conversions in the fluidized
bed are in the exact range 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 emulgiﬁn phase. This means that any kinetic model must

be quite accurate in its predictigns at high conversions.

ONE KINETIC PARAMETER ADJUSTED

The predictions of the selectivities yere 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{kfd and : -

(ii) the inability of the kinetic model fé predict the ezilne
behaviour at these high conversions is the érime 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‘thé lack of 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 paxgﬁet:;;\were determinqg on the basis that

¥

readsorption was negligible, This flr ter was found in the following

way: the interchange parameters which were determined in the first fit

of experimental and predicted data were used here; this new kinetic
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N . .
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 runs. - ‘ "

The new predictions of selectivities are shown on Fiéure 5.6. .The
trends are now predicted extremely well, Both the methane and propane
selectivities improve because of the interaction hmong;hydrocarbon,
components and with hydrogen concentration. The accuracy of the predictioﬁs
is more easily visualized on Fiéure 5.7 where the observed responses are
plotted against the predicted ones. There is however, a significant

corrclation of the selectivity residuals with conversion.

TEST OF FLUID MECHANIC MODEL

Most of the initial modelling of the fluidized bed was carried out
using the Orcutt perfectly mixed model, ORCMIX. The computing time J
requirements were low and a complete invVestigation using.all s5ix models
was not warranted since Séxwas-demonstrated in the packed bed experiments
.and the fluidized‘bed‘e;perimentsﬁthat 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 the Kato and Ken
{(KATWEN(0)) model. The origiﬂa},kiﬂetic pérameterf 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
thc.correlatibn of residuals is removed by the Kato‘and Wen model. The Sum

of squares of residuals for the Kato and Wen model is half that for the

Orcutt perfectly mixed model.



159.

SEECTIVITIES (MDLES PRODICT/RITANE PFACTED)

0 1 1 1 A ]

0 20 40 60 ) 100
COIMERSION 0F BUTAMNE ()

FIGURE 5.6 Preprctep FLuipizep Bep SeLecTiviTIES

wiTH CORRECTED XIMETICS :
(ZONE INDICATING FLUIDIZED BED DATA BSSXI) .

-t




160.

o CONVERSION
o ProPane
v ETHANE
8L
® o
o
| o
b} oe
- o
EJ 0
5 I o
A e /0
o o
-2"' v ‘gv o
vo ‘VV v
" v/
v
0 al 1 1 1 ] ! 1 1 1
0 2 A b 8 1.0
OBSERVED '

FIGURE 5.7 Accuracy oF PreDICTIONS OF FLuIDIZED Pep Mata FoR
Orcutt PerreCTLY MIXED MoDEL AND ADUUSTED KINETICS



PREDICTED CONVERSION

100

80

60

40

20

ORCMIX KATWEN(C)

100 :
Q0 Q
o] .
o © 80
2 O ‘;’;
oOo %
650 L Q
) 085
o O
(o]
oo a0 Ly
% Q
o]
o Q
o]
20 |
3 1 I 1 0 1 1 1 1
100

20 40 60 80 100 20 40 60 80
EXPERIMENTAL CONVERSION

FIGURE 5.8 PREDICTED AND EXPERIMENTAL CONYERSION FOR ORCUTT PERFECTLY MISEC

AND KATO AND WEN MODELS USING UNADJUSTED KINETICS

191



162.

%4 SUMMARY OF\INITIAL FLUIDIZED BED STUDY

An cvuluation of the Initial phase of the study can only be mado
by tirst considering tho gouls of the study. They aro to first produce
wimulation modcli of‘un existing fluldized bed and then to discriminato
amony the avalleble models and to choose the best one. In developing the
vimulation models, the kinetics of the reaction are determined independently
of the fluidized bed. 'Then, using these kinetics, the fluidized bed is
mdelled by cstimating a parameter which describos the flow within the
reactor.,
A satisfactory model for a fluidized bed chemical redctor for
inclusion within u process simulation has been achieved through use of:
(a) a simple model to doscribe the fluid mechanical behaviour
within the reactor,
(b} kinctic constants evaluated from experiments performed on a
bench-scale integral fixed-bed reactor (01), and
{¢} conversion and seloctivify data obtained from rcacfor
experiments.
is model predicts conversion aqd sclectivities of all components with
fuir accuracy over a wide range of fecd flowrates, hydrogen-to-bdtane feed |
ratios and temperatures. A ;;ngle parameter which could be rclach to the
fluid mechanical bcﬁnviqur could be estimated from the rcactor cxperiments,
Morcover, the chemical kinetic modp} could be ﬁbdificd through use of the
iame cexperiments to partially account for inadequacies in the original

hinetic model based on the fixed bed experiments. The structure of this

mechanistic model provided an insight into the actual modification required,.
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No ultcmpt'wus mnde to discard any of the fluidized bed models
at thi stuge, «ince u number of refinements and modi fications noedod
to be made to ull the models. The discarding of some of the models would
not reduce the computution timo necessary to affect the modifications.
the changes that had to be made before discrimination was attempted wero:
(i The kinctic model must include the rendsorptién of othano
onto the catalyst and must be tested at very high conversions.
(1i) A hctt;r mode]l is‘noeded to describe the gas interchange
hetween the cmulsioﬂ and bubblerphusos.
(iii} The effect of the uncertainty in the kinotic parameters on
o
the predicting ubility of tho fluidized bed models must be

investigated,

The importance of multiple response data including sclectivities

as well as conversion becomes very evident. It must be emphasized that
selectivity information, unlike only convorsién information (as used éntircly
in most previous studies reported in the literature) gives more information
about the conditions of the local arcas where reaction actually occurs.

That s, ffom conversion data alone, local rates of rpaction or cohversioh
cannot be inferred without an almost perfect knowledge of gas interchange
between bubble and emulsion. This is because, in a fluidized bed model,

the rate of reaction and the intcrchange parameter are strongly correlated

so that a single conversion may bé obtained from a.widc vnricty of rates

and interchange parameters. This also means that unless one has a high

level of confidence in the chemical reaction model and the kinetic paramcters

- -

at the iecal conversion or extent of reaction, corrclation between an estimated
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interchange value and the actual physical intorchange valuo would be
fortul tous.

In the situation where the rate of roaction is k‘;go compared to
the rate of interchange betweon tho bubble and the emulsion, the emulsion’
will be almost deploted of roactants. It thus beéomos necessarysto
investigate the kinetics over all conversions and particularly at the high
conversions that will oceur throughout’ the omulsion phase of the fluidized
bed. Thus in the study of fluidized bed roactors, the study of gas inter-

change and bubble mechanics may not- be sufficient. For a fast reaction it

i{s also necessary and oqually important that the reaction rate be investigated
under conditions thut will exist in the cloud,‘wnko and omulsion. If this
is not done, any physical interpretation of intorcﬁunge paramoters would be
unrcasonable,

The performances of the various th—phnso models are evaluated and
compared in Chapter 6. Once the kinetic and interchange models are 1m§rovcd,_

model discrimination can be attempted. ,



‘165,

6.0 FINAL FLUIDIZED BED STUDIES

In Chaptor 5, the predictlnq‘ablllty of the fluidized bed models was
avaluated ualng the initial set of parametars for tho reaction kinotlcu. Tho
tenults indicatod that further experimental work was nocolsa}y to modify
tho kinetic model and to eatimafo tho required parameters at higher conversions.
Thiu rofinemont of the kinotic model and the dosign of the roqu}rod
nxg;rimnnta is described in Chapter 4. The discrimination studies among
1hb fluldized bed modqu Qith the impréved kinatic modol are réported in

this Chapter.

6.1 MODEL EVALUATION WITH IMPROVED.KINETICS AND INTERCHANGE

The nix fluiqlzad ged models ware evaluated using tho oxisting

vxpoerimontal data. Two paramaters were estimated in cach model (the
interchango parameter 8% in equation 5.2 and the catalyst activity in
equations 4.8, 4.16 and 4.23) by maximizing the likelihood function for

these two parameters, that 1a:

1

’ k K .- n
L%, =) = p(y/Mm, 8*,=) 1 T -1 _
K 2 - exp {-¥ L (y-n) I )} 6.1
o ) (ZN)N/2|£|n/2 el b Al Y, 0,
To do this the objective function: ,
T T o -l
L (y,~n) L x,-n,) 6.2
uzl . .

was winimized with respect to 8% and k/k,. The Rosenbrock algorithm (R4)

was used to search for the parameters. I 1s the variance-covariance matrix

.

for the fluidized bod experiments.

v

EXPERIMENTAL VARIANCE COVARIANCE MATRIX

An cstimate of the experimental error was needed for the three .

independent experimental responses. They were: the selectivity of methane,
< . ’
the selectivity of propane and the quantity unity minus conversion. During
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the first set of 1-86 axporlgnntﬁ, there wore 29 independent trials at

1
.

thoe mid;potnt or ccﬁtcr?point oporating conditiona. Since these tfinla
wore Also randomized, they were used to provide an estimate of the
oxperimental varlnnce]covarinnce matrix. These e#}uriménts had been
_inctuded in the initial trials to @dnitor the catulyst(EEtivity or any
other pﬁenomcna that would have affected the experimental reaponses
other than .the three control variables. The varianéo-covnrlance
matrix evaluated from these mid-point cxperiments is shown in Table 6.1.
No transformation of the variables was necessary for th; flulidized bed

cxperiments,

With 29 experiments there are a-large number of degrees ofiyfreedom

for L. Thus % should be a good estimate of L and could be used for

weighting in parameter estimation.

PARAMETER ESTIMATION | -

The 32 expefiments used for parameter estimation are listed in
Appendix J; These data represent the second of the 'two analyses which were
obtained .ot each experimental condiﬁion. The second was chosen bec&use the
reactor opcrapion had stabilized fof a longer period and the
attenuations on the chromatoéraph could be properly chosen for éach
response.  The trials in this series employing propane or ethane feeds
were not includedibecguse the kinetics were not tested for these feeds
and the reaction rate was low at the operating condi;ions investigated. -

A5 presented in section 5.0 and shown in Figqure 5.1, experimental
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4.3709 x 10

y st s3 }-CONV.
O 1.4115 x 1070 -2.1312 x 107¢ £1.1692 x 107%
53 22,1312 x 1074 6.8623 x 107>, 4.3709 x 107>
1.CONV-1.1692 x 109 J 1.4982 x 10°°

TABLE 6.1 VARIANCE-COVARIANCE MATRIX DUE TO EXPERIMENTAL ERROR FOR THE

FLUIDIZED BED
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trials at low roaction rates may not be reliable for estimating tho interchange
that' is oceurring. |

The results of estimating both the catalyst activity and the interchange
parameter for each model using the 32 trials are shéwn in Table 6.2. The time
reported is the time in seconds required for the evaluntién of each model at
l;w cutulyst.activii; and one interchange parameter for all of the 32 trials.
Note thét there is a wide range of execution times for thé various ﬁodels
employed.  The large computer time for the Parfridge and Rowe and the Orcutt
plug flow models arises because of the integration and orror evaluating
routines and hence makes them less desirable as models for.optimizati;n
_ “tudies. Indeed, the cost of computer time for these models with.tﬁc complex
kinetics included was considered too great to include them in any further'purt \\\\\
of this study.

With the exccption of the Kato and Wen model KATWEN (1) which includes
the wake with the bubble, the parameters estimated for the basic six models
~are quite similar. The gstimatcd values of the catalyst acgivity range from‘
1.42 to 1.65 for the yarious models. The interchange parameter ranges from
0.371 to 0.436. .In fact, much of this range Is due to the KWMIX model with a
higher estimate of the catalyst activity and a corresponding lower estimate of
Hn-intbrchangc parameter. There is obviously a fairly large correlation
hetween the interchange parameter and the catalyst activity but this correlation

wis not investigated.

MODEL DISCRIMINATION BY THE MAXIHUM LIKELIHOOD METHOD

The llkellhOOd values in Table 6.2 are-scaled by an arbltrary constant.

The ithlUtO value of the reported likelihood 15 of no d1rect interest, rather
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TARLE 6.2

BED FXPERIMENTS 1-86 AND MODEL LIKIZLIIIOODS-

| CATALYST .
MODL ACTIVITY 0+ kK * L TIME
KM X 1.42 .426 1.9x107%° 1
“Prerre 1.45 422 2.0x10° 8% 110.
, 154 ;
i ARROW 1.53 .436 5.0x10 320
KATHEN () 1.58 .430 6.4x10174 36
KATHWEN (1) 1.37 .218 <10“200 19
KWMIX 1.65 .371 1.1x10!°° 25
BT ‘ 165
KATWEN (0) D, = CONSTANT 1.68 .374 2.2x10
S -102
KATWEN (0) V(. = 0.0 1.74 .429 3.6x10
e |

ESTIMATLED CATALYST ACTIVITY,

INTERCHANGE PARAMETER FOR FLUIDIZED
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the ration of those valuos can be oxaminod to assoss rolatlve goodnoss of
{11 from ono model to another. A ratio of likolihoods of 100 donotes strong
preterence for one model ovor unothqr) n ratio of 10 usunlly*indicntos o
teal diftferonco.

The first six ontrios in Table 6.2 are for the modols as presentod
i wection 5.2, On the basis of the likelihood ratios, the basic Kato and’
Wen model proves to bo bflfar the bost to doscrib;_tho opérution of tho
tlnidized bed reactor. The Kato and Won formulation with a cdmplotoly mixed
gmulwion.appears to bo noxt bost but is dofinitely inferior. Surprisingly,

thiv mixed emulsion model is only marginally more accoptable than the Partridge

sl fowe model which is based on plug flow of tho gas in tho cmulsion phase.

The Orentt et al. models are Qory poor relativo to thosc alrcady mentfoned.
lhe model with the worst pcrforﬁanco'is the basic Xato and Wen modol with
the wihe and associated catalyst particlos included with tho—bubblo. Tho
experimental trials at very high roaction rates aro most rosponﬁiblc for the
paor pertormance of this model. The high rcaction rates and the amount of
vatalyst in contact with n-butane in the bubble resuited in predicted conversions
that were tar higher than those observed. Even reducing the wake fraction to
o which is well below the accepted range of 20% to 35% made littlo.improvcmcnt

i the performance of the model.

MODEL SENSTTIVITY TO ASSUMPTIONS

In order to investigate whether the assumption of a constant bubble
e or the assumption of no cloud included with the bubble was the major

canve of the peor pcrformanéc of the models of Orcutt et al., two additional
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tonty were porformed. Thae basic Kato and Wen model KATWEN (o), was
wodlfiod to closely behave as the ORCMIX model except for the mothod of

aolution so as to inveatigate these assumptions one at a time.

~

The
results of those tests are shown in Table 6.2. ‘For the axporimo;tnl
trials perfarmed, the assumption of a constant bubble sire does not appoar
lﬁ bo as fustrictlvo a8 tho assumption of no catalyst in the phasa
represaonting thoe cloua and the bubbla.

The senoltivity of a number of the bubble properties was investigated
at. this time. The KATWEN({o) model was chosen for thae study since it had

x kY
- porformed best in predicting the reoactor selectivities and converaion.

" The catalyst activity and the intufchange parameter were not ostimated
again. The values of these parameters as ropqrtod in Table é.z were used.
The various parameters investigated were each increased 5% one at a time.
Thﬁ results are shown iﬁ Table 6.3. One observation to be made from these
data is the greater change in the likelihood effected Sy the 5% increase
in the interchange than by a corresponding change in aAy of the other
parameters. It is noted that.by increasing the volume of the cloud a

s1ightly larger likelihood results. o ) .
tf

Table . 6.2 gummarizes the evaluatlion of thé relative pcrforhance of

.

the various models in predicting the e;perimental data obtained during-ﬁr
the initial reactor tfials. All these trials were at one depth of
catalyst bed and had not been des;gned specifically to discriminaﬁe among
the various models. In order to evaluate the‘models for a different bed
depth, experiments were designed for the purposé of discriminating among.
the models at a lower bed depth. These experiments and the design

techniques employed to choose the operating temperatures, feed ratios and
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S
PARAMETER “INVESTIGATED ‘ R k L
\ | ' i&

KATWEN (0) FROM TABLE 6.2 SN 1.0
L.0% x cloud volumo , ' 5.5
.05 x bubble rise velocity _- | : 2.5 x 10.':
1.05 x bed hbigﬁt ' . ' 4.7 x 10.6
1.05 x 0* (‘intcrchungcf) - : : ’ 1.6 x 10_8
L.05 x catalyst activity h - 1.2 x 10_5

. TARLE 6.3 INVESTIGATION OF FIVE PERCENT CHANGE IN SEVERAL PARAMETERS

IN THE KATWEN (0) MODEL
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' .
flowrates are presented in section 6.2

. < .
6.2 EXPERIMENTAL DESIGN FOR ‘MODEL DISCRIMINATION

Y

A summary of some of, the possible techniques employed for the

design of experiments fof model discrimination is presented in section

'.ﬁ.4.2. In some of the simpler criteria operating conditions are

-

selected so that the predicted responses of the models being

entertained will be most different. However, the précision of the

1

éredictions under - the models being entertained may be gqreater for some
.operating conditions than‘gphers.- This latter effect along with'ﬂifferences
L. . . 2 .

in predicted responses are 1ncprporhted'into the deajgn criterion
proposed by Box and Hill (B12, H7). However, the Box and ﬁili,criterhon-

' X

was not employed.  This method required the evaluation of the terms

referring to thejérror in prediction for the models. /In this particular

! r

case, the major contribution. to the prediction error is not as indicated

[

by Box and Hillbut is that resulting from 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 condltfon.

A modified Cj}teriqn was employed to determine the separafion among .
the model responses for a pa;ticular‘operating condition. The O;ii}‘il
fo;mulation by Roth (R7) ;as for-thé single response case. This éan be
modifiéd to cover the mﬁltfple response situation as shown in equation 3.22;

{P(i,n-1)+ P(j.n-l)}.{(ﬂi-ﬂd)f z;l

3,

W

276y _ I

(51'-'1:1)} 6.3
[



where sufscripts i and j refer to each of the models.? Note that

the quadratic fgrm within the curved brackets is hpltipiied'

by the sum of the current Bayesian probability of cach model which is

deurmined.after (n-1) tfials.'
F%om.the_reéults of ipitial investigations of the models as presented

in Table 6.2, three models wlere far more likely than the othérs. Beéausé

¥
1

of quessive computatioﬁal requiremenﬁs-the PARROW model was not {h luded.

' For experimental éesign for qodel'discrimination'betweeﬁ two models theé
prior probability of each médelldoes not affect the qhoice‘of éperaﬁing
conditions for the discrimination function employed. o . ‘,

If a block of experiments is to be pérformed. the sﬁpﬁdard dgsién

.
L]

techniques will choose the same or very nearly the same set of operating

conditions to be repeated. This( of course, is to be expected since there

v

"is usually one condition that will be better than the rest for the purpose

of discriination. -However, in additon to ob%aining good discrimination

among a number of models, the enginéer evaluating them should make some

-

attempt to te?t the.models over tﬁe total range of operating conditions
expecially if theccngitions_are different from any inves;igated to date.
Therg maYy ‘be operating condi{ion; far‘frOm those Fhat provide the best
possible_di;crimination however, that‘still provide good diﬁc;imination.

By including these experiments in a block of experiments, the total:
';eparation achieved_among the models may be slightly;iess, but the
-purférmance of the models can be evaluateq oyer a wide range of control P

.. variables. A number of.triais at one condiéion may be.no better than

.

4 point estimate. In keeping with thisqﬁhilosophy, a bed height different

;

/ . I
from that of all the previous trials was used. Since no additional catalyst
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/!

first vector of operating cénditions 3elec£ed was' the one thaé
produce greatest differ;nce betueen the tr;'modéls a; défined by
equation 6.
1ﬁ1zing the expression given by equation 6. 4:

: b n* L ey \ 'f’.' ’ !
[z &)] ° = L /('gtz-ﬁ—aji) » 1 k=100 -

‘ I=1 : =1, . 6.4

by

s
I}

-where A (E ) is &he measure pf the difference between: the mbdgls‘foi the

»

k‘th possible set of control var1ab1es gk as defined in equation 6.3. The

subscript j refers to each of the three controlj&hriables. The second

N

term in equation 6.4 represents the sum of the distances in control

- r . . L] -
variable space between the k'th possible set of control.variables and
. T - I

d .

each of “the control variables for the n' conditions already 'selected to be

included in the désign,‘ The exponent b is used to scale the relative
m?gnitudes of the two terms in equation 6.4, Its vklue can SéHEétndopending
on the range 6f values of z;jgj over éhe control variable space and how
much weighting'is,ré;uired on the second term in equhtion_ﬁ.d.uFor this study.,
a value of 0.20 was chosen to enéure a wide range of operatin§ conditions
sin;e the range of Z'(f) was quite large. | \

The expériment; éhap}uere chosen were selected from a possible set of
400. This total set df Lossiblé experiments was generated using a Monte Carl
techriique to- choose teﬁpg;atures, flows and feed ratios unifgrmly and randomlz\\\
distributed’ over éhe ranges shown in fable 6.4. With 400 operating conditions.
selected the érobability of excluding the best 1n of tﬁg operating
conditions is: : /o

= (1-0.01) “©° - o.018

. .
v —
‘\\\ - | N ‘o . /
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3 .
CONTROL VAﬁiABLE;*;‘ RANGE - INCREMENT
TEMPERATURE {°F) { 470. - 510. *1.0.
FLOW (c.F.g.) 6.0 .-'1é.0" 0.2 .
RATIO_(HYDROGEN/n-BUTANE) 4.0 - 6.5 0.1

2

TABLE 6.4 RANGE OF CONTROL VARTABLES FOR EXPERIMENTAL

BETWEEN FLUIDIZED BED MODELS

DESIGN FOR DISCRIMINATION

T

X
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It was recognized that the Monte Carlo technique might not be the most
efficient method of selecting the very best condition for one trial. Héwevér.
it was chosen so that a very large number of operating conditiqns within.

i
the total range of conditions would be investigated. This is important

-~

since the criterion for evaluating the design 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 cohtrol variables.

- .
v

The best 13 exberimental triaf% to perform, as selected from the
. . Y R "
400 are listed in Table 6.5 in decreasing order according to the criterion

of equation 6.4. The value of 2'(f) for ®ach of the operating conditions as

well as' the expected responses.for both modles are presented. These

data are for 5 bed depth of 47.6 om. which was the measured depth of

»

catalyst in the reactor. .The best eStim@tes of catalyst activity and

interchange for each separate model, as listed in Table 6.2, were used

€

to calculate the model responses. . _ S :
™~ s

Several obsg;ﬁgtions can be made concgrninq the operating conditions
selected. The greatest separation between the models large ( z°(E) ).
occurs ;t high Egmperature ;nqilow raéio (high'reacgion raté)-and at
* intermediate values of flow. The modifi;d Kato and Wen modéllwith the
.perfectly mixed emﬁlsion pPredicts ﬁighe; conversions and ﬁéthane "?Tq
selectivities but lower propane selectdvifiea. |

Since the catalyst activity did not chanqp‘during the earlier experinents;

~a standard‘expériment was not performed after each axperiment'uith a new ' x

.oparating condition, as was done in.the earlier set. Rather, the second

¥



1 FLOW TEMP."| RATIO | k Z' (£) S1 .. 83 CONVERSION
c.f.m °F. - 1+ owk Lo 2 1 2
s . A3
1 9.4° 509, 4.1 3088. . 3.54 3.72 0.082 0.035 0.561 0.61
2 6.0 470, 4.0 4 68. 2.75 2.61 0.275 0.298 0.606 0.58
3 11.6 510. 4.3 1864 3.46 3.62 - 0.094 +0.051 0.599 0.65
4 6.6 507 4,1 2450 3.57 3.74 0.078 0.033 0.480 0.52
5 10.8 507. 4,0 2255 3.55 3.72 0.082 0.037 0.589 :0.63
6 | 6.2 510. 5.6 ©248 3.31 3.41 0.120 0.088 0.481 0.52
7 10.4 508, 4,0 2876 3.56 3.74 0.080 0.034 0.579 0.63
8 7.0 505, 4.3 1583 3.49 3.66 0.090 0.045 0.508 0.54
9 12.0 507 4.5 576. 3.36 3.48 0.112 0.075 - 0.614 0.65
10 6.0 500. - 4,2 668. 3.48 3.64 0.093 0.051 0.472 0.50
11 11.6 502, 4.0 795, 3.49 3.64 0.091 0.051 0.612 0.65
12 6.2 50%. 6.4 56. 3.20 3.28 0.142 0.117 0.454 0.52
13 8,6 508, 4.0 2061., 3.56 3.74 0.079 { 0.034 0.551 0.59

* MODEL 1: 'KATWEN (0), KATO AND WEN MODEL
** MODEL 2: -KWMIX, KATO AND WEN MODEL WITH PERFECTLY MIXED EMULSION
k is an arbitrary constant for scaling

TABLE 6.5 OPERATING CONDITIONS SELECTED FROM EXPERIMENTAL DESIGN FOR MODEL DISCRIMINATION

4

8Ll
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. . =

trial, as indicated in Table 6.5-was repeated af the end of the block of
experiments to check that, the catalyst activitx'had not changed. This trial
is at a low temperature and thus a low reaction rate, a condition where the
cxpcrimcntal.fesponseé are the most sensitive to changes in catalyst activity.
. Great care was taken in éetting the control variables at the exact

values selected by the e*perimental design. The potentiometer used for these
experiments had been sent to the manufacturer for calibraéibn. At the end
of these experiments, all the instruﬁents that had been used were re-checked.
It was discovered that-there had been a large error made in the factory
calibration of the potentiometer and as a resuit the temperatures thaé had
been very c;refully set for the experimental tria1§ were about 13.°E. lower
than the desired settings. The experimental design program'was‘rﬁn again with
a 13.°F. lower temperature'range ffom which to choose_t;e experimental
témperatures. The same experimental conditions, eicept for the lower
temperatures, were chosen. 'Now.the corresponding values of k z‘.(f) indicating the
difference between the predictions of the two models was about eight times.
lower at these lower temperatures.

The conversions and selectivities of the two low thmperaturé experiments
106, 107, 125 and 126, two samples were taken in each case, were the same. Thus,‘
it was assumed that the catalyst act1v1ty was “tonstant for exper1ments 101 to
126,

“The catalyst activity and 1nterchange parameters were estlmated for
tﬁe ORCMIX, KATWEN (0), KATWEN (1) and KWMIX models. The models PARROW and
ORCPLG were not included. | | |

The estimated catalyst activity and interchange parameter for each

model, and the maximum value of the likelihood function, scaled by an arbitrary

- . -
[ -
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constant, are shown in‘'Table 6.6. By comparing the likelihood values of
. L . B - J
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 miifd, 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.
Including the wake solids perfectly mixed with the gég in fhe bubble does
not result in a satisfactory médel even at the lerr reaction rates (lower _
tcmperatufes) of these trials. - The‘FATWEN (0) model with the staghént | )
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 a;& ORCPLG would, like the KATWEN-(O)'
model, not fit these data as well as the quels with perfect mixing in the

cnulsion phase.

L

There is not as great a difference between the likelihood values
g ol e . ' |

for experiments 101 to 126 as there was for the first set of experiments.
One reason is ;;jz these likelihoods are calcitlated using only eleven
experimental trials‘and‘not thirty-two. Also, lower bed heights and
lower operating temperafures result in less discriminat;on between a
model assuming a Eoncentration gradient in the emulsion.aqd those models
with a perfectly mixed emulsion.

The estimated catalyst activities for all the modéls are less than
those for the gor;esponding models for the prgceeding trials; This may be
due, wholly -or in part, to the fact that the catalyst was conditioned 13.°F.
lgfer thaﬂ for all gﬁe previou; t;ials due to the faulty potentiometer.

\

liowever, the fact that the settled bed height was almost;hélf of fﬁe height
* . /
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- i
MODI:L CATALYST ACTIVITY -| o KL
- — a - -
— . ) , : Lo

DRCMIX 0.96%" 0.398 2.11x10' 13
FATWEN (0} 1.054 0.492 *2.64x107¢
KATWEN (1) 0.980 10.250 6.12x10"%3
KM X 1.118 0.453 1.56x10° 10

TABLE 6.0 1:STIMATED CATALYST ACTIVIT\} AND II‘TI'ERCHANGE PARAMETER *"OR

FLUIDLZED BED EXPERIMENTS 101-126
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of. the previ?us trial may explain the difference in esiimated catalyst
act}ﬁity.. If the fluidized bed models do not properly account fﬁr tﬁe
change in the depth of the catalyst bed;'the estimafed values of the catalyst
activity could be expected to differ at different bed depths even if the |
catalyst acfivit} were constant. .

From the ratios ‘of the likelihood values r;;orted in Table 6.6,
it can be seen tﬁat the ORCMIX and the .KWMIX models aro.tar'bétter than
the others. 1nladditiqn, the ratio of the likelihood values for these
two models is greater than 103 which was be taken as a very significant

"

difference.

-

6.3 MODEL DISCRIMINATION'INCLUDING TﬁE EFFECT QF UﬁCERTAINTY IN ESTIMATED
PARAMETERS ' |
" The likelihood values for the fluidized bed models shown in %able 6.2
 and 6.6 are calculated assuming that ghe only errors in w the vector of
ohsé{ved-minﬁs—predicted responses are due to experimental error. The vector
¥ is assumed to be N(0, A) where O is a 3n x 1 null vector since each of fhe

n cxperimental trials produce three independent responses. The matrix a

is a 3n x 3n matrix and is composed of n variance-covariance matrices I

—

ey, f
along the diagonal with all other elements zero. L is estimated from the

replicated centre-point experiments and reflects the error in experimental
measurement. The effect of uncertainty in any of the parame£ers in these
models has not been included.in the calculation of the likelihoods.

Reilly (R$) in illustrating a i;thod of model discrimination by Bayes'
theorem shows one method of integrating out éhe nuisance.parameters that are
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in the models. Following that method, but for the case of multiple
rosponse cxpen{@ental trials, the vector 6 of all the parameters in the
[Tuidized Beéd model is N(QO, w. 8 is the prior estimate of the

wrameters and U is their covariance matrix, in this case 12 x 12
1 : = 2 Pt

LA 5
r

since there-are 10 kinetic and 2 fluidized bed parameters. The first 10 x 10

portion is the covariance matrix of the kinetic parameters v(9) as given
in Table 4.9. The eleyénth and. twelfth diagonal elements ‘are the prior

-

estimates of vari%ﬁce of the cat&iyst activity and interchangg:pargméter
respectively. J
Consider the model:
Iu. - [Ei(g,gn)}f £ L= 1.2, o “;- 6.6

where i5_the vector of observed experimental responses for the u'th

expdriment and Eu is the vector of experimental errors for the u'th experiment.

The vector € is assumed to be N(Q,I} .where O is an r x 1 full vector and

-

¥ is the r x r variance-covariance matrix. The vector Eu is the control
’

variables for the u'th experiment and 8 is the vector of all parameters

\
for the model £. The gquantity in square brakets is the i'th element of the

r x 1 vector. :

The model can be approximately linearized with respect to 8 as follows (Bl12):

- = ' :
Eu 5‘.1(—.8— -—'0)+ E:- ) b 6.7

-

)y _ 6.8
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. . + . .
J' l h N . .
. [} l" :
‘ \
¢ is a vector of errors
amd . )
« LU ST |
LI o
CXP 89 0=0 . 6.9
J =" "o

tor all the kinetic and fluidized bed parameters. Then taking expectations
and covariances on the linearized model (with respect to variation in both

and £ ) thé*distribution of_ﬁu is multivariate normal with expectation

1=

0 and covariance matrix Euuxu+ L. This now reflects the total uncertainty

in ¥ arising from un-artainties in § and from the experimental error.

Lct'!_be the rnxl vector of observed minus predicted fesponses for

all n experimental trials. Then Df (w/M) the unconditional density

g

function of w given"model M is:

n T o 1
o - b Ufmedn ey
pak "-ﬂ_' (2m) nr/z ; (x err* Z) n/2 . 6.10
.*—"‘.’t u:l 2= £ ‘

-

R,
This density function can be determined for each of the models at the best

cstimate v;lues.of the parameters Q_and the relative magnhtudés compared
for the purpose of model discfimination.

A computational problem occurs whén the vector w is lafge.: In the
case of.the first set of experimental t;ials, there were 32 experiments
vach with 3 responses usgd to estimate ;he catalyst ;ctivity and the
intcrchanée parameter. To use équation 6.10 the determinant and inverse
of a 96 x'96 matrix would have to be evaluated. VIE can be shown (Appendix H)

/

Lthat equation 6.10 can also be written:
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C T exp (3 AT - WA XA 0T AN Y
Df (w/M) = —===- - - B iy _ 6.12
- ‘L i
(2m ™/ |g|"/2|z|"/2| cp (XL x su 3| ™2
— uzl -u R ¥ |

where X is a rhxp matrix of all n Eu matriclies and A is a rnxrn matrix
[ Y - . —_— N

with n [ matricies elong-the diagonal and all other'elements'zero. How'

-

. n - . . . .
the quantxty ﬁl(xT E‘lx‘+ U l) is of dimensions p x p'where p is the

number of nplsance parameters to be integrated out. The determinant of

'

the rn x rn matrix Q_can easily be evaluated since there are n identical
rxr matrices along the"diagohal and all other elements are zékq: s ’

Uis a 12 x 12 matrix since there are 10 kinetic and 2 fluidized bed

nuisance parameters to be lntegrated out. The eleventh and twelfth diagonal
) . .o
s
clements are the prlor 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 interchande paréheter, the covariance among

these parameters was sat at zero. To estimate an a priori variance

for the catalyst activity for experiments 1-86,'it‘was expected that the
q&talyst activity would be greater than 0.6 and less than 1.8. Half this

range is 0.6 and thus 0.36 was employed as the variance estimate. Similarly

, T 8
for the interchange factor, for a maximum expe¢ted range'of 0.2 to 1.2,

!

©a variance estimate of 0.25 was obtained."For the second set of expériments,

the assumed range was arbitrarily chosen as of&s of that for the first set
: p _ . 1
since there was now less uncertainty in these parameters. It must be

emphasized that in these cases the maximum uncertainty or ignofance in
. v :
these parameters is being expressed. ’

The posterior brobabilities for the models ORCMIX, XWMIX and KATWEN({O)
are shown in Table 6.7. The ORCPLG and PARROW ‘models were not included in
- < N ‘
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POSTERIOR PROBABILITIES

MODEL
Bed Height=47cm. | Bed Height=77cm.
- oy
ORCMI X .0137 <<.3 x 10'222
KWMIX .9856 .7 x 10'205 '
KATWEN (0) .0007 1

rl

TABLE 6.7 POSTERIOR PROBABILITIES FOR VARIOUS FLUIDIZED BED MODELS FOR

ALL EXPERIMENTS PERFORMED



187,

this fin;1 study because of the excessive computer time required. For
comparison the maximum likelihoods for thpse‘modeis assuming the kinetic
parameters to be perfectly known are shown in Tables 6.2 and 6.6. Note
that as previously found for the deéper bed, the best model is again the
or%ginal Kato apd Hen.model. bﬁt%naﬁ"éhe Kato and Wen mixed emmlsion
model is favoured over the others for the shallow bed contrary to the
results using the maximum likelihood criterion. -

For experiments 1-86 with ;ﬁe deeper éataiyat beé {height-to-diameter
;atio of approximately fo?r), the KATWEN(O) model is far better.. The
other two models describe all the gas in the quision as being perfectly
mixed while the KATwéN(o) model assumes that the gas id.thé emuision phase is in
stagnant zonés with no axial mixing between zones. However, for experiments
101-126, with the shallow catalyst.bed (height-to-diameter ratio of
approx;mately two)t-"there is far less difference between the models. In
fact, now the two models assuming the emulsion gas to be perfeetly mixed,
appear to be the more likely models. It was expected that the degree of
discrimination would be less for the second set of experiments for
several reasons. There are only 11 instead of 32 data points included in
the anaiysis. Also, the discrimination among the models is lower at lower
béd depths and is lower at thé lower temperatures at’ which these experiments
were performed.

In this discrimination piqcess, each model was linearized by a Taylor's
series linearization about the preliminary estimated values for the chemical
kinetic parameters and the final fitted values for ‘the fluid ncchani;al
parameter. This of course leads to two types of er"\x}or. One reiult_s from the
fact that the linearization itself is intrinsically an approximation and the

other is an error in that the lipearization would be beatter if better paranqter

estimates had been chosen for the point at which to linearize.
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6.4 MODEL EVALUATION ‘ _ «

The evaiuation 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.

f{.a.lk ANALYSIS OF RESIDUALS

A. Deep Bed Eiberiments

The observed and the predicted responses for the KATWEN (0) model at the -
best parameter estimates are shown in Figure 6.1. The m1d point exper1ments
c#n be identified by the group of points at:. Sl-equal 2.8, 53 equal , 0.22 and
1-X equal 0.48. The residuals of all the three responses are .randomly scattered
ahout  zero (tﬁe 45° line) although the predicted propane responses at the mid~
point experiments are slightly higher than thq correspynding observed valugs.
Figures 6.2, 6.3 and 6.4 show the residuais plﬁtted against flowrate,
temperature and rates, réspectively. Again, it 1; ﬁo;ed that the residuals
scatter uniformly about zero, indicating no porrei;dion ;i;h the in&ependent
variable. The model is therefore satisfactor& from this viewpoint.

B. Shallow Bed Experiments

Figure 6.5 shows the observed and predicted responses for the KWMIX .
model at the shallow bed_exﬁerinents. The pointé are randomly scattered

about the 45° line indicating no correlation. The residuals are plotted

dgainst the three independent variables in Figure 6.6.. Again, there is no

y ;/a
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ER | :.‘.‘- % .':"w

1-X , . a
S 3 . b
4 1.0

o 1 . 2 3 oy 1
FIGURE 6.1 QKSEEVED AI*ID‘PREDICI.'ED RESPONSES FOR KATWEN(0)
Moel. EERIMENTS 1 - 86, | |

¢



|
190. A\
+35 —s ‘
Sl ‘.
| \
0. N ° ) -®
E -F'é. '".' . $3
E_. con )
% e .
.\}E 0.0 e — — e N S, D
é -. ¢ | e o
' v
: %
R :
o . 1-X
00t e e — - P
N - e
. | 2
..'[B . * 1 ‘ " PN i
o T e g 10
NS FLOW RATE (C.F.M.)

FroRe 6.2 RestouaLs For KATHEN (0) MopeL AN BxperiMerts 1-86
| Vs, FLOWRATE® | |



ResinuaLs (OBSERVED-PREDICTED)

191.

+,35‘ M ’
1
0;0 -——.——-.0——~—.“-———-. ———————— .-——-:
L Rl .* )
® . [
Vo8 — 2
.* :
0.0 _._.__.__:'___._'1_.__..' ______ PE——
3 N4
. : ¢ '
. /
;% 1-X
| .
° b o °
0.0 | __-..__,__..__g___,__._'_.___,._._.:
-6 . PR {

~ Freume 63 Restuais For KATHEN (0) MopeL avp ExperimenTs 1-86

Vs, TEMPERATURE



ResipuaLs (OBSERVED-PREDICTED)

192,

+,35 | 3 3
. £* .
m____i___: _______ € e
. ® I~
R :" * |
L =
~ _.‘ Sy
. - .'.{f":‘ ‘e
OIOL—~————-?:--—— ———————— il - — st = omm e -
B . 1-X
. -
00lges - - - B ™ e
$ . ’- . .J
Twl — : ;
' 7 10 1

Feen Ratto (HYDROGEN/N-BUTANE)

Fiowe 6.4 ResibuaLs ror KATHEN (0) MooeL o Bxeexivens 166

Vs. Feep Ratio




R | e

QS
! IX
40

o 1- ConvERrsION
L A Memane SeLectivity
o PROPANE SELECTIVITY

3k
g | -
8
. &
1
oL 1 3
1.0 1-X

OBSERVED RESPONSES
FicUre 6.5 OeserveD AND PReDICTED Responses For KWMIX MopeL
(BreriMenTs 101-126)



3 - S 1%

X \ - . g
+. +'B
. : o , ‘
P $
| . S 0 oV
0.0_———9 ————— ——-—-—-—--—-—-\———6—-00-—-40.0
e 0 U
v * o
3 o %¢ |.
-4 — T s A ENE
Tevperarire (OF.) 500

+,04 X ' ' - +,13

Res1puALs (OBSERVED-PREDICTED)
. )
® (o
oxe ¢ ©
P 9 .
o) oqloq
|
|
)
i
|
I
|
]
|
l
|
* g
(o}
o

00 — - - — —. O— —
v
w
-1, v v e . - 1 C: -3 -
AEE | Feep Ratio (HypROGEN/N-BUTANE) 55 +.j]3
o : | .
vp Y
) s %% o
V. e o v ™ :
o O
—-m a g . 1 e v 3 LL-—IB
6 - ; ’ 9 ~ 12
Fieure 6.6 .'Rssmm_s ForR KMIX MopeL anp Experivents 101-126

XYL e



195,

correlaticn indicating that this model is satisfactory with respect to

randomization of thé residuals.

1
ra

6.4.‘2 COMPARISON OF MODEL FIT WITH EXPERIMENTAL AND PREDICTION ERRORS

for the case of an experinental system with one measured response
pexpr experimental tri#l, the experimenter-can assess the lack of fit of a
modei by compﬁring the difference between the observed and the predicted
responses with an indeéendent estimate of the experimental error. In the

0 .

case of experiments with m?rg than one response per trial, covarlances must
als§ be considered. If there is uncertainty 1n\£ﬁ; model predictions other
than due to the experimental error in;olvgd in measuring the responses of the
t;ials, tﬁe an;lysis of Fhe lack‘of fit of the model is fﬁrth;r complicated.

when the prediction errors in the mogel also depend on the opera‘lng conditions

for an individual trial (non-line 2 model) , the experimenter may ba forced

to compare the 1ack of fit to the prediction error at each coqdition to
& '

assess the performance of a model.

In this case, a simple approach was taken and the three responses were
considered separately. This Qas doné'by examining the glements on the
principal dfhgonal of the estimated variance-qpvariance matrix describing
experimental error from the 29 replicated center-point experiments performed .
on the deeé bed at different times over the uhole‘experimantal period:’ This
variance-covariance matrix is shown in Table 6.8. These were co?pared with

the estimates of the same variance obtained from the residuals of the fitting
' {

of the model. 'The residual sum of squares div;ded by the degrees of freedom °®

4

-2 . - -4
(n-2),_for the deep bed experiments are 1.6 x 10 , 9.7 x 10 , and 4.8 x 10

Pl

. for the responées 51' S, and (1-X), respeqtivelyt Performing an F-test on

3 .
these values relative to the diagonal elements in Table 6.8 at the appropriate

degrees of freedom for each indicates that the model is inadequate. For the

)
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{

experiments at the lower bed depth, the residual sum of squares divided by

3 3

the degrees of freedom for the KWMIX model are 4.90 x 10 . 3.97 x'10_

and 3.00 x 10-4 fog the responses Sl' 52 and .(1-X) respectively. 2again,
performing an F-test on these values relative‘to the diagonal elements in
Table 6.8 indicates t:hat' th}é model is inadequate. It must be emphasized v

that the model tested here is that of the fonﬁ described . and 1m;:1udea

kinetic pa£ameter values estimatea f;am'the fixed bed work. Aiso this 0
F-test is very sensitive to departure from normality of the error distribution
but in this case it is beliéved thatAthe normality assumption should be

A}

reasonably good., ‘ - : _ N

-

‘ Of interest here alsdt bué{not directly related to "the test of goodness
of fit of the model, is the error in predictions from the model produced ‘
by errors in the estimates of the kinetic parmﬁeters. The variance- ,

covariance matrix of this error is evaluated approximately at an

experimenﬁal condition £ through a linearization procedure as:

Y _ :
< vt x ' 6.12
where f x = an, (&, 8 —
= 38, 8=8 6.13

where N are the predicted responséﬁ for‘a fluidized bed model, 9 are the .
best estimatés of thé ten kinetic pardmeters from the packed begq experigents
and V (§)= is the variance-covariance matrix for these parameters which can
be extimated from\?he packed bed ;xperiments. Here the fluid bed response
derivatives are evaluated at the c;enter-poi.nt experimental céndit.i.ons

using the K;to and Wen mo&el and using gée variances of the parametgrs as

- determined from the packed bed experimental program. This matrix is shown
- : : - ‘ -



. .1—97..’

— |
- | _ L
5y 141 x107° | 213x107% - 17 x 107
Var | S, |={-2.13 x 107 6:86 x 107> 4.37 x 1075
1x| 117 % 10 437x10°°  1s0x 107
L - . | = e

. TABLE 6.8 VARTANCE-COVARIANCE MATRIX FOR EXPERIMENTAL.ERROR

. / ) )
./”' / ‘ 1. ,"
: i
PO T -3 -3
5, | 1.61 x 10 16.94 x 10 -2.82 x 10
Var s, | = |6.9ax10° . 1.16 x 107 1.54 x 10°°
(1-)] -2.82 x 107> _1.54 x 1073 9.77 x 1070
_— ) '

TABLE 6.9 VARIANCE-COVARIANCE MATRIX FOR THE PREDICTIONS DUE TO ERRORS

IN KINETIC PARAMETERS (KATWEN (0) MODEL)-

[H]
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in Table 6.9. The lack of fit qf the model as datormi;od by the F-test
may be at lcast partly the result of the pré%agatio; of errors in the -0
Kinetic parameters into the fluidized bed model as is 111u§£rnted
in Tables 6.8 and 6.9, Therefore,-it is not aggsiblo at this stage to
say the fluidized bed fluid mechanical model iéfinudequate without
performing more experiments to determine the kinetic parameters more
prcciéely. Moreover, some of the errﬁr in the kinetic parameters may
“arise because of the inadequacy of the packed bed model. Thus, the packed
bed model would have to be evaluated by determining the measurement error
variance-covariance matrix.through repiicating fhosefoxperiments and
carrying suitable teéﬁs of fit analogous to the F-test used above.
Alternatively, all the kinetic and fluid mechanical parameters can be
cvaluated from the fluid bed igsponsqa empléying Bayés' Theorem to utilize
tﬁc prior information from the packed'bed experiménts. ‘
Of course, no mathematical model provides a perfect representation

‘;of reality and the best model here has been tested by comparison ggainst
erher good experimeﬂtal data. This is a severe test and its fnilurer :
does not necessaéiiy imply that the model-is not useful in practice.

. oo
However, because of the failure of the model to fit the data some caution
must be exercised in iggerpreting the parameter estimates obtained. Our
cxperiments suggest tgat the best model found in this investigatién should
boe satisfactory for plant-simdl#tion and reactor dptimifation studieg.
" This is demonstrated by observing the randomness of the residuals as shown

in Figures 6.2, 6.3, 6.4 and 6.6 anq the relatively sm¥l} error between the

predictions and the observed values. The model at least responds in the

S

correct way. oo : P

-y - . -
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7.0 RESUME AND FINDINGS | o | ‘

: ; : ‘ ' b

This study ehcompassed a wide spectrum of topics involving expérimental
f

-

work on fundamental physical and chemical phenomena, modelling and statistical

4

analysis. For this reason, a summary is included to gather the various topics
together. The conc1u51ons and contributions to knowledge are presented in

sections 7.4 and 7.5 respectlvely.

B

This study was undertaken to investigate and to evaluate a strategy

H

for developing a steady state model for an industrial reactor. Such models
tan be used by themselves kr incorporated into a full scale model of a.

chemical plant such as in a MACSIM,PACER or‘31m11ar executive routine (C7).

,/

A sccondary or subsidiary objective may be stated as follows: it is expected
that b) carrylng out well designed expcrlments on 1ndustrlal reactors and
analyzing the re:ults of such experiments to ascertaln the basic phy51cal
ﬂundlchcm1cal phenomena occurrlng, then a better understanding of- the pr1ncib1es
of scale-up in design will ge achieved. These designnprinciplcs would be the ~

generalization aceruing from the many simulation experiences.

Developing a model of a large scale industrial reactor that will

Al

answer the questions asked of the simulation in which it is to be employed

can be a difficult task. The problem is further complicated by the inheredtly

noisy or error filled data that is usually obtained from a large operating
reactor. Also, the reaction-occurring ‘may be complex and the flow of reactants
and products within the reactor may be complicated to deéeribe.

In order to model such a reactor, statistical techniques for the design

-

and analysis of the experiments_and the experimental results must- be employed.

Experiments for the estimation of the required parameters and the discrimination -

. 0
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among possible models can be designed so as to minimize the hamm déno by
cxperimental error. These errors are alEE;s present and greatl} redﬁce the
prec;sion of the mod?l selected to describe the reactor. At all time;.
the experimenter dr model builder must Be aware pf the degree'of precision
that the model pogsesses in predicting the responses, of the reactor being

studied.

A pilot plant reactor was modelled. The hydrogenolysis of n-butane

over n;éke;-on-silica gel was carried out in a fluidized bed reactor. Not
only wis the conversion of n-butane predicted but also the selectivities of
propane, ethane and methane, the three products gf"the reaction, were described
by the model. This is a complex r;action in a reactor of ﬁncertain floﬁ
patterns. e
A mechanistic rather than an empirical model was selected to describe
‘the kinetics and the reactor. Since models are ofteﬁ eﬁployed_fo.predict at
conditions outside those at which fheir parameters have been estimated, it
was believed that mechanistic models woﬁld be ﬁore suitable to investigate

in this study.

There are several possible schemes that can be used to estimate the

required kinetic and feactor‘flow parameters. The kinetics could be estimated'
in a separate reactor or frdm'tge results of fluidized bed experiments. The ’
reactor flow parameters could be esti-ated in a sepérate rea;ior, the reactor
of interest at non-reacting conditions or during rFaction. Also, all he
pa;ameters*could be estimated at once fron‘fhe“nesults of fl%faized/;::
experimeﬁts. The latter method was rejected to avoid Jthe excessive

computer time that would be required. The kinetic parameters were

estimated from separate bench-scale experiments in a packed bed reactor
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. I
where the flow of rcactants should be more accurately described than in a

i

fluidized bed reactor. The reactor flow parameter was estimated from]

fiuidized bed reactor experiments wﬁcre not only the convérsiqn but also

the selectivities couldlsupply information for its estimation. ‘ |
This summary is presented in two part;. In section 7.1, those detail;

applying specifically fo the experimental work and the fluidi;ea bed models

and modelling are presented. In section 7.2, the general techniques for

developing simulation models are discussed.

7.1 MODELLING OF FLUIDIZED 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 interchange of
gus_hctwccn'thc bubbles and the emulsion, it is necessary to conduct experiments
at high rcaction rates where the perfofmance of the reactor is limitved by gas
interchange rather than by reaction. With the hydrogenolysis of n-butane and
the experimental conditions whith.could be cmployed in the reactor system,
as designed and operated in this inyestigationl 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

- P
for any proposed model. '

Parameters within these models must be estimated from experimental
data 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

these parameters, the fo]lowing philosophy was followed: (
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1) Estimate the kinétic/parameters in a separate experimental system
so as to have 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 céncept of total experimental redesign to improve the |
P .
garameter estimates that limited the precision and accuracy.
As suggested by the fits£ utatément. the required kinetic parameters f
were estimnteé 1ndépendent1y from the fluidizéd bed reactor. The estimates
of the parameters iﬂ the fluidized bed afe dependent on the point estimates
of the kinetic parameters obtaiﬁed from the packed bed experiments. These
- point estimates,-houevcr, y;re obtained chggpiy while to have obtained them
from‘fluidized bed data would have been a tedious and éilremely expensive
operation. Based at least on judgment it apbears that the experimental errors
\ in gEsABench-scale packed bed were conaidgrally sﬁ)liﬁigthan those experigpced

¢

‘in\the pilot-scale fluidized Sed.
Now that this has been done it is obvious that a Bayesian_approach
should be taken in which bench—-scale data are analyzed to produce pésterio:
distributions‘for the kineéic parameters. Then this would be'applied as prior .
distribution for 'the analysis of the pilot-scale data to obtain a posterior ° >
distribution for all parameterslcombininq all the data from both experimental
.SYstems‘. This is the obvious next sfta-p in the program. ‘
‘Thé second point in the modelling philosophy explains why the interchange
_ of gas PEtwéen the bubble and the.ﬁnulsion phase‘was ch;sén as‘the parameter
to be estimated for the fluidized bed models. Of all the models for phenomena

associated with the bubble mechanics in a fluidized bed, thig is the least

tertain.

o . .
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The fgrng of the models used in this atudy were modified vprqiomi ot
those proposed by their authors. The major model coqsideration_s?su‘clﬁ a.s' the
nature of the flow in the emulsion pha_nlse. the ne,tfhod‘ot gsolution, th;: use of
a constant size orlgrwing bubble and the inclusit;n' or exclusion of catalysf
particles in the bubble phasé were retained, 'me_.varioua authors Proposed
different methods of désctihing_bﬁbble—iasociated pa;ametefs. 'In this
study, these parameters were describe; -1n the same manner for'h&n models
employing exist:'erig literature data and thiona. The interchange of
gasesll—)et\ieen the bubble and the emulsion was estimated for each model.

The in_tercha.ngef model that was used assumed that the amount of gas

e

'int_:erchanged was proportional to the inverse of the bubble diameter. §

The thixd part of the modelling ' philosophy was to use an iterative
technique here referred to as total experimental redesign. | The :’quort';nca
of "starting simple™ when developing a simulation model is we.11 known. A
simulation study is undert.aken to answ;r speciﬂc_ qt'xestio-ns about a process
to a certain degree of aocura;:y and precigion. An initial model and itsq
associated parameter estimates may be sufficient to answer . the: qne.stio!ns about
the process; if not, the model must be made more séphisticate_d or
the parameter estimateé determined more preciselyba.nd accurately. The
oberating conditions or control variables must be chosen usinq the
appropriate experimental di;gn techniques. As equ&llﬂy( important, the
éxPErimental appax;atua, the an#lytical tools and agparatus as well as
the form of the model to be employed sl_l)ould be redesigned if ‘necesgaxy.

The po'ssibili.ty of these limiting the -affectiveness of the model in

answering the questions for the simulation must not be overlooked .

1

h
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e
_First-stage or preliminary models were'dQVeIoped_to describe the
kinetics of the reaction and the. fiuidized bed reactor. The kinatic model
‘Wwas then 1ncorporated 1nto the reactor model “the required reactor p eters

‘cstlmated 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

{

M

in the fluldzzed bed at -conversions greater than about 40! HerOvsimilar to

those in-the packed bed reactor near 100% conversion. The relatively low
N 1
dverall conversion 'is due ;o the bypassing effect of the bubbles. It

-

follows that the reaction kinetids if they are to be applied to a fluidized

bed reactor must be accurate in the region of higﬁ‘conversio;mof the ﬁrimary
rl_;:actant. |

The model used during the initial in;estigation of the fluidized bed
reactor was the Orcutt model (01) assuminé perfect mixing in the emulsion
phase, Th1s was the simplest of the models and required the least computer
time. An interchange parameter w‘ estimated for each experimental trial
such that the sum of squares of the difference between the predicted and
the observed conversion and selectivities were aminimum. This left two
degrees of freedom per-experimental trial since the cow:ersion_and two of
~ the three se}ectivifiesrwere independent responses. | 7

The conversion and the‘§glectivity of progane rere ﬁredicted quigz
well but the prediéted ethane selectivity was too high, especially at'
high reaction rates.. The other fluidized bed models exhibited the sghe

‘ . . . . T .
behaviour. This was due to the absence of an ethane readsorption tera in

the kinetic model. The kine}dc parameter relating the ratio of ‘reaction

:
~ .

W -
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rate of ethane to its desorption was adjusfe& to ﬁinimize the su; of the
squares of the observed minus the predicted ethane selectivities. The
overall effect of increasing this ratio is the same as including the
readsorption of ethane onto the catalyst. The resultant impro;emeht

N .

in the predicted selectivities of ethane and methane indicated the'gairsis .-

—

to be made by impnov}ng the kinetic model through.further éiperimentation

in the packed bed reactor.

Further experimeﬁtg were performed in the packed bed reactor and
~ . .

the kinetic model and parameter 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 variébles (temperature, feed rate and hydrogen to n-bun;q&éfeed

1y

ratio) within a specified range were chosen so as to maximize E? A
and hence minimize the uncertainty in the paraméter estimates due to
experimental error.

The method of Box and'braper (B6) was used to weight the responses
for parameter.estimation since the experimentally determined variance-
’covariance matrix did not properly reflect the effect .of uncertainty in
the catalyst activity. The variance-covariance matrix of the'parameters
was estimated.

The fluidized bed reactor models wer asséised once'the improved
kinetic model and the necessary paranetersfzere‘available. A separate |

interchange parameter and catalyst activity were estimated for each of the

reactor madels in fitting all the experimental trials. The Kato and Wen
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médpl provided the best fit of the experiméntal data. The Partridge and
Rowe model and a modified version of the Kato and Wen model a;suming \
pcrfcét mixing in the emulsion phase provided the next best fit. The
two Orcutt models were far less.suitable bﬁt were not as inadequate as
was a model which included. the catalyst in the bubble wake completely
mixed with the g;s‘in the bubble phase.

Exﬁériments were designed to provide discrimination betwgen the
Kato and Wen model and the modified version of it. Bec#ﬁse of the large
requirement of computer tiée, the Partridge and Rowe model ;as excluded
from the design criterion. The design criterion for selecting the operating
conditions (temperature, flowrate and hydrogen-to-n-butane feed ratio) was
chosen not only to provide as large a diffgfence between the model responses
at the same operating cqnditions as possible, but also to providq'as large
a difference as possible‘bétween the chosen operatigg conditions. This set
of cxpcrimeﬁﬁs was performed at half the catalyst'bed:dcpth of the previous
experiments, . | A3 .

The posterior probabilities of the various models at both bed heights
were calculated. In doing so, the effect of uncertainty in the so-called
nuisance parameters, the ten kinetic parameters as well as'fhe catalyst
activity And the intérch;nge paramcter, was intégrated out. For the
experiments with the deep éatalyst bed and for the models cons?défed, the
KATWEN (0) model had a posteriqr probability of unity while that of the

| -2
ORCMIX, KATWEN (1) and KWMIX were each less than 107200,

At the shallow
catalyst bed depth, the posterior probabilities'of the models with the

cmulsion phgse pérfectl} mixed were greater than that of the KATWEN (0)
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model. The KWMIX model had a posterior probﬁblllty of 0.986.

~— The fact that different fluid mechan1cal models were found to be best
~ for the two bed heights suggests that the available descrlptlons may not
account for all the important phenomena occurting. For example a descrlption
of the bupble coalegccnce and break-up, the effect of solids movements on gas
flow in the bed, and<phenomena occurring near the distributor plate are not

included. More adequate descriptions of these may be required before a

\r

-

universal model can be achieved. X

7.2 THE EFFECT OF ERRORS AND THE USE OF STATISTICAL TECHNIQUES :

~ . . .
Experimental errors cxist. It is the task of the experimenter to
A :

cstimate and minimize the uncertainty they will cause in the parameter estimates

Al LN

in the modeglpredictions that are made and‘in the 6onc1usidhs that are drawn.

This can beuaccomplished.by improving the equipment .and experimental techﬁiques-';
cmployed (reduqé the magnitude of these errors) and/or by choosing the best
available opcfating conditions at which to perfofm expgriments (reduce the

effect of these errors on- the experiments to be performed). Both of‘thgse

methods are equally iﬁportant and cgn'only be exploited to the maximum benefit

if the structuré of the errors that exist i known. ,
It is equally important that tﬁe experimenter know how much pfecision
is réguired for the models that are being developed. It caﬁ be very costly
_ to develop a model of greater precision than required té do the job, or to
answer the qucs;ions a project or study was initiated to study. The conclusions
anq.suggesféd methodology for obtaining steady-state models for existing chemical

. A 0 .
reactors in operating processes 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 industrial reactors to estimate the required
kinetic,parameters in a laboratory-scale reactor. These kinetics are then
incorporated into a reactor model. \)t is not common practice to eétima}e
the necessary reactor parameter§ from experimental data obtained from the
reactor under operating conditions. In this study, thi§ was done. The _ .
parameters were chosen so as to minimize g_ﬁhe vector of diffarences between
the observed responses and the model predictions. It must bé realized that
each element of W is subject to‘uncertainty from tﬁo separate sources; one
from the reactor experiments and the other from the kinetic parameters, or
any other parameters, in the reactor model used to genérate the pfedicted
re;bonses. ’

The effect of unceftainty in model predictions can be removed for
the case of model discrimination. In evaluatiﬁg the likelihood function, the
_'kinetic parameters are assumed to be perfectly known; hence an error in its

magnitude arises because of the error in these parameters. These errors may

be transformed by Ehe model into the likelihood function in different ways,

13

thus leading to erronecus’ratios. A discrimination criterion was developed_
which removed the effect of this uncertainty by obtaining a posterior probability
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 SYSTEM FOR USE IN ANOTHER SYSTEM OR MODEL

The kinetic parameters that were estimated in the packed bed reactor

. \ . .
were for use in the fluidized bed reactor model. The precision of these

paraéetcrs is only of importance inasmuch'as they affect the precision of i
the fluidized reactor model. As.summarized aboye, the vector g;contains !
‘unccrt.'z‘tinty resulting from both t‘he experimental error and the model predictions.
A propésed design technique for estimating parameters in one system for useg_in
another is.presented in.Appendix K. This method minimizes the uncertainty of
;hc prediction error in the second system rather than the uncertainty of the'
, parameter estimates from the first system. When tested fof this ;tudy, different
operating conditionsd ere Selected.

In estimating parameters in one system for use in another model, a

sccond 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 modél is in error a compensatiﬁg error will be intrqduce& into the parametar .
estimates. Then, when these estimates are employed in another model, the

.
error in th1s model's predlction would be greater than that 1mplied by the
variance of these parameters. This would be a systematic error. Thus, when
parameters ;are to be estimated using a system and modei other than the one in

which they are to be used, caution must be exercised. This mpdel must accurately

- ' I
account for the phenomena that are occurring.

FXPERIMENTAL DESIGN FOR MODEL DISCRIMINATION

To dlscr1m1nate among models, operating conditions are selected so
that the responses of the varloufkeodels will be as d1ffer"nt as possible at
. 4

identical operating conditions. ~The desired pxperiment is performed and the

likelihood of each model is determined. Since the vector-!_(observed ninusr
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] . . . .o |
predicted responses) has variance flue to experimental error as well as

i

model prediction error, both these factors must be considered in the choice

L
v

“of an operating condition. As shown in this study, there could be considerable

error or uncertainty in paramecter estimates obtained in one system and then

rs
.

incorporated into the model of the process to be studied. - =

There 1s a further consideration that should be included when designing

+

experiments for model discgimindtion when there is still considerable uncertainty
in the pcrformancef 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
. 1 )

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 discriminatiep

power, provide far more information about the various models over the entire

control variable surface to be considered.

A Monte Carlo technique was used to generate a number of possible sets
of operating conditions for this study. Because of the computer time involved
only the cxperimental error and not the model prediction error was used to

-determine the discrimination power of each of these operating conditions.
The set of control variables providing the maximum discrimination was selected
to be'pcrformcd in the-first experiment. The remaining operating conditions

[
were selected according to the criterion:

. MAX [(AX) '(Ay)"J
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The term Ay is the diacrimination provided by the i'th vector of '
operaéing conditions and Ax ié the aum.of tTe distances in control vari#ble
spac; of these operating conditions from those already selected to be
included in the block of experiments to be performed. The éxponent

b (0.2 in this case) can be chésen 80 aé to increase or decrease the

importance of elither term.

ESTIMATION OF PARAMETERS IN INDEP;ZNDENT SYSTEMS
It may be necessary to estimate a }azge number oé parameters for use ,

in a reactor model. This can be an expensive procéd;re if the reactor model

requires extensive’computer time and/or-the'required experimental tr{ils

themselves are expensive Fo perform.: Fﬁrt?ermsre it may be very difficult

to obtain precise es;épates of some of the parameiers from trials performed

on a large reactor. As shown in this study, ﬁndéf certdin operating céndiiions.

there may be a very ﬁidé range of reaction rates and interchange that will

produce the same conversion;, Thus there may be considerab;e reason not

to estimate all the reéuired parameters using the large reactor. In this case

the kinetic parameters were estimatedﬁf{?m packed bed reactor trials. Then

usxng these parameters the interchange parameter was estimated from fluidized

bed reactor trials. Of course, the effect of uncertainty in the kinetic

- parameters affecting the precision of the interchange parameter so a;tiﬂated

must be realized.

ITERATIVE CYCLE OF TOTAL EXPERIMENTAL REDISIGN -

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 develop/a

model that is more sophisticated than needed for the questions to be answered. '



o 2

~

Once a model is available 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
: 0

“conditions should be chosen using the experimental design techniques already

discussed. Equally as imporfant, it may also be necessary to redesign the
experimental apparatus, the analytical tools and apparatus and the form of

the model. These aspects of the total experimental program can introduce

\Yithcr systematic or random errors that may make it impossible to answer

.of the phenomena of major importance that are occurring.

; Thus,
i

in designing an experimental program attention must be pald not only to

the questions for which the simulation or modelling was initiated

selection of operating conditions, but also to the precision and accuracy

of the‘experimental procedures; moreover, the model must include the effect

7.3 RECOMMENDATIONS FOR FURTHER WORK

The kinetic parameters should be re-evaluated in an attempt to reduce
the uncertainty in the predictions of the fluidized bed models. -Using the -

existing fluidized bed data and Bayés' Theﬁrem, the priqf parametér e§tinat¢s

“from the packed bed experiments <an be updated. The residual sum of squares

of the reéponses divided by the degrees of freedom can be ?ompared to the
diagonal élements of the variance-covariance matrix due td éxperimen;al error.
If these residuals are still too large as Heterpined by an appropriaté test;, further
experimentation in the packed bed reactor should ge'iniiiated.

The perfﬁrmance.of:ltﬁ tﬁe feactor mgdel and the estimated vafLe | ﬂ
of the interchange faétof could be assessed usipg propane feeq to the reactof

and propane kinetics in the models.
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A fluidized bed reactor model with two scpdfate horizontal zongs
in the emulsion éhase should be investigated. As shown in this studyi a shaliow
bed is best modelled with a perfectly miied‘emulsion and a deep bed ié.better
modelled assuﬁing plug floﬁ in t;;qemulsion. ‘The bottom of the catalfst bed
~ where there are a large number of ;ﬁall bubbles and violent‘mikfng may well
behave as a well mixed region.‘zHigHer in the bed where there are fewer and
larger bubbles the emulsion phaﬁeris more likely to ha?e an axial concen;raéion
profile. - |

. R A
Fluidized bed models requiring less computer time should be investigated.

These should include models such as those proposed by Va; Deemter (V1, V2)
where the results of fulse testing are employed to charécterize thg gas mixing
and residence time. Also, the pe;fofmance of ‘'simple rcgressi&é/méaels should
be evaluated. | X

There are a\numbef‘df bubble parameters that could be inves;iéétcd
further and the .updated inférmqtibn“included in the models employed in this
study. These include:© the maximum sizg of bubbles, the relationship between
bubble sizeiaéd height hp.the reactor, the phenomena occurring at the distributor
plate, the gas intErchange‘due to break-up and coalescence and the effect of the
movement . of solids on the gas flow in the emulsion. More information on these
topics would.be very valuable to the field df fluidization cngineering.

"The proposed design techniques outliﬁed for‘the'estima;ion 6f parameters

in one systém for use in another should be investigated further.

2
3
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7.4 SUMMARY AND CONCLUSIONS

An experimental study inQolving the determination of kinetic parameters
in a rather comblicutéd reaction has indicated the value of statistical
procedufes in e;perimental design énd‘analysis. Procedures for designing
experiments in a fluidized bed reactor for discrimination and model testing
have been developed and evaluated. .

A mhthematicnf model (K7) was ad&pped to describe'the hydrogenolysis
of n-butane. It was shown that for such models to be useful when incorporated
in\a fluidized bed model, they must describe the reaction over all conversions
and particularly at the high conversions of the primary reactant that will
occur in the emulsion phase.

Selectivity inférmation, unlike only'conversion infﬁrmation (as used
entirélf in most previous.stu§ie§ ;egorted in the literhture} g;yes more
inforﬁation about“the'conditions of the local areas where.réaction«actually
occurs.. That is, ffom conversion data. alone, local rates of reacfion or
conversion cannot\be inferred without an almost perfect knowledge éf gas
interchange between buﬁble and emulsipn. Fbr a fast reag;ion, it i§ also
necessary 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 physical interpretation of interchange parameters would be
unreasonable. o
- The maximum likelihood criterion was used to discriminate among the

fluid mechanical models for a fluidized bed because of its relativgly”s-all

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

a

errors in predetermined parameters. A Bayeslan method  whjch integrates
out this effect hgs been derived and its successful use has been demonstrated.
The proﬂlem of weighting the responses, when estimating parameters
by the maximum likelihood method, in situations where there is appreciable
error in these prcdeterniﬁed paxameters has been delineated. |
In the present reaction/reactor system, furtﬂer exé;rimentation is
suggested in which the*packe& 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 models to descri

the fluid mechanical behaviour in a fluidized bed do not describe all of thel

important effects. This is suggeéted by the observation that the model which

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 emulsion phase for deep

and shallow beds suggest that the overall gross behaviour of these beds is
different. This difference may reflect tgza;elative importance with these

beds of éhose 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 plienomena ire bettgr understood

will this difference in gross behaviour be explained.

£



| | |

,  Within the limitations of the assumed behaviour and prior information,

the interchange factors determined from these oxporimpnts are about 0[43 to

0.45 tiﬁcs‘the values recommended by Kato and Wen's correlation.
.Notwithstanding the inadequacies indicated above, the fluidized bed

reactor model which arisé§ out of this study, based on the Kato and Wen

formulation, is quite satisfactory for simulation -and optimfzation stuﬁiés.

Therefore, the statistical techﬁiques and exporimental procedures used in

this study are recommended for developing such models.

4
!

/

(
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7.5 CONTRIBUTIONS TO KNOWLEDGE

Because of the nature of this research program, the contributions to

e,

knowledge ‘are bestisummarized accordink to the various areas that have been

!

investigated. These are indicated in -turn.

1. Chemical Kinetics "

A kinetic model for the hydrogenolysis of n-butane on a catalyst,
comprised on 10% nickel on silica gel, has been formulated on thé basis of
a proposed mechanism invoiving adsorpfiqn, desorption and reacéion of activated
hydrocarbon molecules on the catalyst surf%fé. The kinétic.constants, namely

preexponential factors, activation. energies and exponents of reactants, have

been evaluated from integral packled bed experiments. This model allows the

conversion of butane and the selectivities of all reaction products to he

-

predicted with good accuracy over the full range of butane conversions, including

those at 100% conversion. |

.

2. Phenomena Oc ing in Fluidized Bed Reactors

t A ﬁilof—scale fluidized bed rcaétor has been designed, constructed and

f/hpcratcd with the n-butane hydrogenolysis reaction. Conversion and selectivity
dats of high accuracy have been .obtained in this ieactor at two bed heights
undcrfreaction‘conditiong where fluid mechaniﬁal phenomena.are controlling.
Murcover, the experiméhtalisystem together with the physical and che;ical
properties of the c;talyst "have been well characterized. These data, along |
w1th the kinetic descrlpt1on of the reaction, will be useful for further testing’

ot any new fluidized bed models that nay be proposed in the futdre. A
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Interchange parnmeters to describe the interchange of gas between
the emulsion and bhbbla phases in current models for fluidized bed reactors
have been determined: These factors indicate that the interchangq in a fully
fluidized reactor 6§§rating at fairly high u/umf flowlr;tios, is';pproximately

one-half thay’determined by other investigators in ;ingle bubble experiments.

.

investigélion has indicated that the model proposed by Kato and Wen

(K3) 1is the best of the two-phase mechanistic models tested. Furthermore, the
is 1nvestlgation strongly suggest that the bubble wake should not

be included with the bubble phase. This further suggests that the sophisticated

results of

model proposed by Kunii and Levenspiel, which includes the wake with the

bubble phase, would be inferior to the Kato and Wen model.

The fact that'different models are reqdired for the miiing patterns
in.the emulsion phase at two different bed heights suggests that the current
models do not account, fof all of the primary phenomena océurring in a fluidize&
bed . |

3. Statistics : -

- Statistical methods have been successfully applied to the design, and -
analysis of experlments from which a relatively large number of model parameters
had to be estlmated The shortcomings of these methods have been delineated

A criterion for d051gning experiments for both model discrimination and
{;ﬂel'tcsting has been proposed and successfully applied.

Tﬁe inadeﬁuacies of .the modei discrimination ériterion employing maximuw
tikelihood ratios have been delineated in its application to situations where ‘

there are errors in the.parameters.
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.

(.
A new criterion for model discrimination which is independent of

parameter uncertainty has been developed and successfully tested.
A method for designing experiments in one apparatus for estimating
parameters which will be used in modelling the behaviour in another apparatus

_has been suggested,

4., Simulation Methodology

:

The -classical approach in chemical }gaction engineering in which
kinetic parameters are estimatéd in a bench-scale apparatus and then used
» in design and siaulation of large scale reactors with different fluid mechanical
behaviour, has been evaluated in this cas; study. Some of tﬁe problems arising
out of the uncertainty in the parameters have been delineated for the first time.
A strategy for steady-state modelling of industriﬁl 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 (ALIBRATION FOR PACKED BED AND FLUIDIZED BED
: '

L]

The hydrogen and the n-butane feeds to both reactors were metered
separately. Capillary flow meters were used for the low flows to the
packed bed while rotameters were used for the fluidized bed. All the
flow meters 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 flo; thfough the reactor was maintained using

an auxillary hydrogen supply.

PACKED BED REACTOR

A constant pressure of 11.90 in. of_mer;ury was maintained én the
capillary flow meters with a back pressﬁre valve. Tﬁus, 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 capifiary
“was 28. in. of 1/2 mn. I.D. glass tubing. The pressure differential was
measured on a vertical mahométer filled with 1.04 S.G. manomefaq oil. The
n -butane capillary wgs 6.2 in. of 0.010 in. I.D. stainless steel‘hypodermic'
tubing. The pressure differential was measured on 6. in. vertical equivalent
mercury manometer inclined at 10.9. It was necessa;; to use mercury since
Meriam fluid dissolved n-butane and Fhanqu density. The calibration curves

did not change ovef the three months they were used although they were

constantly rechecked. The calibration curves are shown in Figufes A.1 and

A2, | f
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FLUIDIZED .BED REACTOR _ ' \

The totel volumetric flows to the fluidized Fed r actorlfanged from
2;0 to 6.0 S,.C.F.M. Flocats werc designed and-made for commercially available
rotameter tubes (Brooks Instrument Company} to conf the exact flow range
‘required. The rotameters were calih;ated at a pressure of 4.0 P.S.1.G. This
back pressure was necessary to eliminate rotameter ]ﬁounce". The n-but;ne
rotamcter was calibrated using a wet test ﬁeter (Precision Scientific Company).
The hydrogen rotameter was calibrated ﬁp to 1.3 S.C.F.M. using the wet test
meter and hydrogen. For higher flows, precision orificé nozzles and nifrogeﬁ
(for safetyj were used. When readings were con;erted to equiyalent'hydrogen
.flows, no discrepancy in éalibration was noted between the two méthods. The

calibration curves are shown in Figures A.3 and A3,

-
A
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, APPENDIX B

3

THERMOCOUPLE CALIBRATION

Some variation in the e.m.f. temperature calibration is expected

among thermocouples from the same batch of wire and even a greater vagiation
;s expected between thermpcoupleslfrom di fferent batches of wire.’,Tﬁ;rmo-
couples should be calibrated. 1{515 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
. ey

- h 4 [y
could be very serious. ’

Cgramo thermocouples from Thermo Electric of Canada Lfd. wsﬁ? used. -
All thermocouples, were chromed-alumel with a 316 stainless steel sheath and
were fillcd with magnesium oxide insulation. The packed bed themmocouples
had a 1/16 in. .sheath with 30 ANG wires and the fluidized bed and the sfandard :
thcrmocquples had a 1/8 in. sheath with 24 AWG wires.

One thermoéouplc was calibrated using the fré;zing point of & tin
sample (U.S. National Bureau of Standards Sample 42 with freeziﬁg point of
231.880C * 0.01 on 1948 International Temperature Scale). The standard
thecrmocouple read low by 0.034 * 0.004 mv. as measured with a digital volt
met;r (FLUKE MODEL 8300A). The packed bed reactor was emptied of catélxst
and filled with malten salt and placed in the reactor salt bqu. The -standard

thermocouple was inserted into the reactor beside each themmocouple for

célibration. The thermocouples from the fluidized bed were tied together
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\

with the standard thermocouple and placed in & small muffle furnace to be
calibrated. Table B.1 indicates the results of the celibrations. The
correction factors must be subtracted from the experimentally recorded

millivolt readings before the temperatures can be calculated from the

standard conversion tables v
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THERMOCOUPLE LOCATION ;2RRELAT10N vy
N\ BTRACT FROM READING

FLUIDIZED BED . // e «

No. 1| ON DISTRIBUTOR PLATE 0.054

No. 2{ 6. in. UP REACTOR ) 0.038

No. 3| 1. ft. UP REACTOR 0.025

No. 4| 2. ft UP REACTOR 0.004

No. 6| 3. ft- . 0.024:

No. 5| 4. ft. UP REACTOR ; ' 0.041

No. 9| REACTOR FEED GAS - 0.073
PACKED BED | . - | o

No. 1{ REACTOR- FEED GAS ~ | 0.000

No. 2| 1.0 cm. FROM TOP ‘ _ 0.073

No. 8] 3.6 cm. FROM TOP : 0.111

No. 3| 6.2 cm. FROM TOP ' 0.054

No. 4| 11.4 cm.FROM TOP ' 0.080 .

No. 5 ll.kll cm.FRm _'I:OP - - - 0.069

No. 6| 16.5 cm.FROM TOP | . " 0.074

TABLE B.1 Thermocouple Calibration Corrections
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APPENDIX C

CHROMATOGRAPHIC ANALYSIS AND CALIBRATION

A gas analysis technique should be designed to préfide the required
accuracy in the minimum time. It was important to minimize the analysis
time since at least two samples were taken at each oﬁerating condition with
the fluidized bed and it -was often difficult to maintain steady opération
for an extended period of time. ) .

Four different chromatographic analysis were evaluated. The first
{échnique described was used for the initial packed bed (02) and fluidized

~bed experiments. It was fedesignEQ to provide increased accuracy and
decreased analysis time. The calibration method and the preéaration of

synthetic samples, as described in the following section, were used for

all four analytical methods.

\
s

CALIBRATION PROCEDURE

Mixtures of methane, ethane, propane, p-butane and hyd&ogen.were

prepared in a 2 ft. by 6 in. diaﬁeter sample bottle. A mercury manometer

was uﬁed to measure the pressure in the bottle as each pure gas was added.
The order in which ;he gases were added was randomized from sample to sample.
The sample bottle was filied_and evacuated three times with the first gas

to be added. The filiing lines to the sample bottle Qerc 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 integrator 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 ml. sample loop. A thermal conductivity

.detector was used,

METHOD 1
| Two columns in series at réﬁm 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.D. copper tube packed with 20.0% dimethyl-sulfolane
on 80 /iOO 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 séparation were paSsed through one side of the
detector cell and then held up in a 40. ft. delay coiumn of 1/4 in. 0.D.
coppér‘fﬁbing‘until all the sample had passed through the detector. The
second colum was 3. ft ‘of 1/4 in. 0.D. copper tubing packed with 60 /80

" mesh 5A modecular siéves. This 'column had a semi-infinite retention time
for ethéne, propane and n-butane and effected the separation of hydrogen and ~
methane. These two gases were passed through the other side of the detector
céll. The ethane response was determined by subtracting the sum of the
separated hydrogen peii,jﬂg ﬁéthane peak from the original combined hydrogen- -
methane-ethane peak. A . |

This method of analysis was used to obtain initial estimates of the

kinetic parameters (02). The analysis time of 18. minutes was exessive

b

’ ‘for use with the fluidized bed reactor. Alsc, a study of the errors invelved
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in the chromatographic analysis (02) indicated ihat for a high conversion
of n-butane, the error in estimatiné the ethane resﬁonse would be of the
same order of magnitude as the response itself, Sinc;\fprther pﬁrameter
estimation required packed bed reactor data at very highfcbqversions, 4 new

method of analysié was- required.

METHOD 2
This method of analysis involved a separate hydrogen analysis and a
second hy&rocarbon analysis using?a 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 thc‘sampie, and then by determining.the

relative amounts of the four hydrocarbons, the composition of the reactor

N

. -~
effluent could be calculated.

The hydrocarbons were anaiyzed in the gas chromatograph using a hyd;ogen
carrier gas. Thus, no hydrogen peak appe?red. Two columns in series were uséﬁ~
with a carried gas flow of 83. ml./min. The first cqumn was 9. ft. of 1/4
0.D. coppér tube packed with 40 /66 mesh Porapak S at 140.°C. The four
hydrocarbons were completely separated andrwere passed through oné side of
the detector cell. Because the first peak, methane, was very narrow and
notjyery useful for quantitative analysis, 9 second column was used. ' The
gas from the detector cell was hgld up in 14, ft. of 1/4 in. 0.D. copper
tubing until the third gas, propane, had passed through the detector. The
sccond column was 1. ft. of 1/4 in. 0.D. copper tubing packed with 60 /80
mesh SA molecular séfve at 0°C. This‘column had a semi-infinite retention’
time for ethane, proéane and butane. The methane from this column was

passed through the other side of the detector cell before the butane was
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elluted from the. first column.
The hydrogen was analyzed volﬁme&rically; A 10. ﬁl. sample was

introduced into a 2. ft. Aby'1/4 in. o.o. copper tube packed with.40./60. mesh

activated chqréoal at room temperature. A carrier gas flow of 30. ml./min.

of carbon monoxide was used.. This cbfhmn separated hydrogén and methane and

had a semi-infinite retentioﬁ tiﬁe;for gthane,\propane and butane. The gas

from the columﬁ was bubbled into a saturated solution of potassium hydroxide

which completely reacted with the carbon monoxide carrier gas to form non-.

~ gaseous prbducté. 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

hal S

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 i
" ' A

"compoéition could be directly and accurately calculated from the hydrocarbon

respoﬁses from the chromatograﬁh. The third method”of analysis-involved.thé

" calibration of the detector cell response with a known amount of nitrogeqéi) .

METHOD 3 - X ‘ (’\

The same sample valve and sample loop at constant temperature and at
atmosphcrib ﬁfessure was used for: calibrating with known gas mixtures,

aﬁalyzing the reactor'pfflueﬁt, and calibrating the”ﬂetector cell with nitrogen.'

‘At a constant filament current, carrier gas flow and detector block temperature

(E1), the fesponse from a standard amount of nitrogen (fromezhg gas sample

valve) could be used to calibratc the detéctor cell at any time:
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Mole fraction o eak area of ole fraction per| mitrogen peak arca
hydrocarbon  in||hydrocarbon eak area from pifrom calibration
gas sample from gas sample/ calibration nitrogen peak area

t time of gas sample/.

The same Paropak S colump as in ﬁethod 2 w;s used for the hydro-

- carbon separation. This method of analysis prove& to be accurate.. The
nitrogen responses were constant within experimenLaI e;rorf' It was decided
to use a pure bu;ane sample to calibrate the detector c;il. This was the

method of analysis for the final packed bed and fluidized bed studies.

_ METHOD 4

The specifications for the chromatographic analysis of the-reactor
cffluent containing methane, ethane, propane, T-butane and hydrogen afe
listed in table C.1.

The four hydrécarbons are separated on coaumn 1 and pass into one
sidc'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 & semi-infinite retention time for
ethane, propane and n-butane. The methane from column 3 passes through the
other side of the detector cell before the butane and after the propéne
is released from colum 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
saﬁples 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

obtained during calibration aﬁdﬁﬁéfore and after all packed bed and

r
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COLUMNS 1) 9. ft. by 1/4 in. in 0.D. copper tubing packed with

40 /60 Poropak S at 140.°C,

- 2) 14, ft. by 1/4 in. 0.D. copper tubing delay column. | ;
3) 1. ft. by 1/4 in. 0.D. copp&r tubing packed with
60 /80 5A molecular seive at 0.°C.
) ‘
DETECTOR thermal conductivity celi, .

165.°C

220. ma. filament current

CARRIER GAS hydrogen at 83. ml/min.

TABLE C.1'~SpecjficatiOns for Chromatographic Separation and Analysis of

Product Gases
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fluidized bed experiments. The relative responses for the four hydro-

carbons are:

«
methane ‘1.020 g = 2.0%
ethano 1.483 . g = 1.2%

. propane : 1.839 o = 1.1%
butane 2.131 g = 1.6% ,

The mole fraction of each component can then be calculated:

_ (Area i) x (Attenuation) relative responde n-butane
i 8498. ' relative response 1

2,
Taud

This method of analysis ptovides four independent responses for

each chromatographic analysis. The same sample loop must be used for the
ot

Talibration procedure and the analysis. The sample loop must also be at

one constant temperature and at constant pressure (atmospheric).
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~ _APRENDIX D
N D

y CATALYST PREPARATION AND CHARACTERIZATION

. PREPARATION

Thirty litars.of 10.% nickel on silicg gel catalyst was produced.
The silica gel support was Davidson grade 81 silica gel with a reported
size range of 70.’to 297 microns (this material was donated by Davidson

Chemicals). * Fisher certified N-62 nickelous nitrate (N1(N03)2'6320)

‘ A

was used to provide' the nickel.

o

The silica gel was dried at 180.9C. Each litre of dried support
f
sighed 430. gm. and required 315. ml. of solution containing 220. gm. of

—

: jcleous nitrate to just fill the pores. The nickel solution was added

to the dried suppor} stirring constantly. The resultant green material

was placed on type 316 stainless steel trays to a depth of 1. in. The
trays were putlin airtight type 316 stainless steel boxes equipped with
inlet and outletllines for air. The boxes were placed in eléctric.muffle
furnaces and constantly purged with air. The temperafure was raised to
SOOOF? and held for 1-1/2 hours.. The temperature was then held at 4S0°F.
for 1-1/2 hours and then at 690°F. for eight hours. The exit air, along
with the poisonous nitrogen oxides were bubbled into a packed‘column filled
+with 1 nonmallNaOH’solution.

The resulting grayish solid was placed in the fluidized bed reactor.

It was reduced with hydrogen for eight hours at 550°F. Taylor, Yates and

Sinfelt (T1) observed extensive ;pduction of their 10.% nickel on silica gel
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catalyst when reduced to 482°F. To ensure complete reduction the catalyst
used In their 'study was reduced at 700°F. The maximum reduction temperature
for this study was limited to 5500F by the closed oil heating system for e

the fluldized bed,

CHARACTERIZ&TION
\

The silica ged support was sharp and jagged and appeared to have been
produced by crushing. The particle density was dotormiﬁed. Also the voidage
in the packed and in the fluidized bed was méasurod. Two determiﬂﬁtions of
the particle size distribution were made. A Sieve analysis was done.

Alsoy a meksurement of particle size from magnified catalyst photographs

was performed.

The density of a catalyst particle is 0.957 gm./cc. The volume of a
10. cc. sample bulb was determined using mercury. The bdib was filled with
catalyst and then slowly heated to 200°C. in a vacuum and the wiigﬂi of the
catalyst recorded. Mercury was introduced into the evacuated.tube and filled
only the voids between the particles.

From the above method it was also determined that the voidage was
0.449. The catalyst in the sample bulb was viﬁrated to pack it. When filling
the pack bed reactor with catalyst; it was vibraied in the same way. .

. The bulk density of the dry catalyst is 6.528 gm./cc. This was \

determined by:éilling algraduated cylinder with catalyst and heating it '
for four hours at 200°C to remove water.

The voidage of the fluidized bed at the minimum fluidization velocity

is 0.557. This was determined by filling a_3. ft. by 1. in. diameter glass
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;ubo with dry -catalyst and vibrating it to obtain the same paéking of
particles as in the packed voidage determination. The height of, the
catalyst bed was recorded and then the bed was fluidized at the xﬁnimum
fluidization velocity and the height recorded.

Photographs were taken of 522 catalyst particles and 435 silica gel
support particles. The photographs were taken through a 6. power microscope
with the particles on a glass slide with a 1.mm. scale etched on it, _
Eniarged positive g;?nts wero made and thg particle size distribufion
based on the equivalent circle diameter was determined using # Zeiss
Particle Size Analyzer (model TGZ3). The results are shown in Figure D.1.
Because the particles are non-spherical, this analysis can only be used to
indicate the particle size distribution and to show that some attfition ﬁas

taken place in the fluidized bed. N

A sieve analysis of the catalyst indicated a mean particle size of

162. microns. The results of the seive analysis are shown in Table-D.1., The

A

number of particles in any size range is proportional to the mass of the

particles collected, divided by the average size cubed.
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MESH SIZE s average 3 8
FRACTION (microns) collected (Gi) size (Di) Gi/(Di) x10 Percent
on 40 420 0.0 .e- - —a-
on 50 297 1.477 359. 3. 0.02
Ay —7
on 70 210 156.150 253. 964. 5.00
on 100 149 144,969 180. 2,487, 12.89
‘lon 140 105 73.662 127. 3,611 18.71
lon 170 88 24458 96.5 2,726 - 14.13
p : ' =
on 200 74 17.045 81.0 3,210 16.64
on 270 53 5.332 65.5 .2,083. 10.80
on 325 a4 3.263 48.5 2,860. 14.83
on" 400 37 0.309 40.@? 465, 2.41
through 400 Y, 0.378 35. 882. 4.57
/ - 19,291 100.00
TABLE D.1 Sieve Analysis of Catalyst after Forty Hpurs in Fluidized Bed 2
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APPENDIX E

FLUIDiZED BED REACTOR OPERATION AND START UP

Because of the use of)large quantities of hydrogqn, the high -
temperature and the mechanical complexity and size of the apparatu;,
a detailed check of the-reactor is necessary to ensure safe operation.
This check will also réddce the chahce.of mechanicalﬂbreakdan. This
section contains instructions for pre-experimentﬁl check out, catalyst

conditioning, and reactor operation.

PRELIMINARY CHECK OF HEAT EXCHANGER OIL SYSTEM

open all three valves in the oil system

I

- ensure expansion oil tank is filled to 5. in. when cold

- turn heaters on to 40.% for 2 hrs

- turn off heaiers

- turn on pump

—'turn on heaters to full power

- turn on expansion oil taﬁk 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

N2

PRELIﬁINARY CHECK OF CIRCULATING OIL SYSTEM

- open both valves in circulating system
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- ensure expansion oil tank is filled to 5. in.

- turn the thr;o’adjustabloAHenfers‘to 40.% for 2 hrs.

- turn off heaters since £horc is a large amperage surge when
starting pump

- turn on pump stuffing box cbolfﬁg water

~ turn on -pump

- turn on all heaters to full power (5 switches) !

- turn on éxpansion oil tank cooling water

- remove all oil from pan below pump
- place drip tray under’ stuffi
- removq_insulation from pugp to check for oil leaks
- heat to 350°F
- turn off heators, pump and coo}ing water

- repair oil lcaks and insulntelpump

LEAK TEST FEED SECTION
| | - remove pipe nipple from back-pressure control valve and seal with
a plug (the valve does ﬂot prﬁvidé—;f;erfect seal)
- pressurize with nitrogen to 15. P.S.1.G. |
- if pressure drops more thaﬁ 0.4 P.S.I. in 1, hr. check for leaks;
especially:
- steam heat exchanger

- rotameter tube seals

- all dart uniops
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CAL1BRATE FEED ROTAMETERS

|
l
|
‘ !
- remove plug from control valve that had been inserted fbr leak

listing and connect .to wet test meter venting to dump fan

- turn heating water on for n-butane tank

- set n-butane rotameter and adjust control valve for 4.0 P.5.1.G. .

‘©n rotameter - e

o
2
P

- remove wet test meter and connect line to large orifice drum
- connect nfliggen c¢ylinder to hydrogen feed system

- set hydnggen rotameter and adjust control valve for 4.0 P.S.1.G.

on rotameter

- convert calibration to hydro_gen flow _ ‘

LEAK TEST REACTOR

remove insulation from around top flange, distributor plate, and
feed heat exchangers

- cap both exitllinés from réaqtor (valves leak slightly)

'~ ensure al]l thermocouple wells and the catalyst drain line are
sealed T

- open feed back pressure valve full

Y

- pressurize to 10. P.S5.I1.G. with nitrogen -

r . . . .
- if pressure drops more thap 0.2 P.S.I. in 90. min. search for

leaks esﬁécially:

feed heat exchanges

top flange‘

e
i

distributor plate N

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 sy;tem with nitrogen ..

- purge feed system with butane

- purge feed system with'hydrogen

- heat circulating oil to about SBO°F. (sée instructiocns 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.°F for 5-1/2 hrs. with sufficient/

hydrogen flqying through reactor to maintain a pressure drop

of 10. in. of water across the bed

. _ shut down all pumps and heater .

LEAVE CATALYST OVERNIGHT (for experimental trials next day)

- leave the six adjustable heaters onjat 40.%
L .

[

- leave reactor exit line open

- adjust hydrogen flow to. obtain 3. in. of water pressure drop

i

across reactor.
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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 ;he exit temperature
of the éirculating oil which is 20 to 40°F. below the reactor temperature.
This oil temperaturé 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 ﬁydrogen flow (decreasing the reaction} or by
cooling the circulation oil in the air cooled heat exchanger, Th; oil
temperature must bg monitored constantly with a digital volt meter so that
a temperature drift can be detected immediately.

The experimental flow and temperaéure condJ:;ons are get as follows:
1. choose an exit circulating oil-temperatﬁre.
2.  obtain this témperaturé using approximately the desired
experimental flows. |
3.. set the hydfogen_and n-butane flows at the desired conditions.
If the reactor temperature is not the desired température and stabie, or
the cirailating oil Femperatureris not stable fepeat the above steps until
the desired operati;g conditions are achievea and they remain stable for
three to five minutes. This procedure may have to be repeated five or six
times to obgain the ;equired stable operating conditions.
Because of the operating characteristics of the reactor, several
details must be re?EPbered. Belbw a feed ratio of 3. coking of the catalyst
can occur. Because ¢f thg highﬁh

eat of rpaction and high activation energies,

temperature runaway can occur. This can be halted by reducjng the butane



flow, and by increasing the hydrogen flow wﬁith will cool the catal}st
f - }

particles on the reactor walls. If the reaction extinguishes (cataiyst
. ' V . ) I ’
too cold), it can only be restarted by heating the catalyst using the

.,

circulating oil. Once the reaction is_starteJ-ihe 0il must again be‘

: hid o ' .
cooled. This operation requires about an hour.

L
&
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APPENDIX F »

»

PACKED BED REACTOR CALCULATIONS !

HEAT OF REACTION (S1)

For severe recaction conditions the following reaction could result:

4C H + 9H2 + llCH4 + CH + CMH

410 276 318
Reaction AH°25°C Cal./gm. mole of butane
C4 + 4C1 41400,
C4 + 2C2 ‘ " 10322,
C4 -+ C3+C1 ' 13560,

By Hess' 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 31,300 cal./gm. mole of butane rcacted.

PARTICLE REYNOLDS NUMBER

feed flowrate = 1,5 ml./sec. (constant through reactor)

2
Reactor cross-section = 0.386 cm.

" Superficial velocity = 3.85 cm./sec.

-5
Molar flowrate = PV = 1.0 x 1,5 =3.32x10

RT 82.06 x S50.
gm./moles/sec.

- s
Average molecular weight assuming S:1 hydrogen to butane

molar ratio = (1. x 5.) + (58. x 1.) = 10.5 gm./gm.-mole
6. -

-

Superficial mass velocity = G

= 3.32 x 10°° x 10.5

0.386
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- 9.02 x 107% gn./sec.-cm.’ .
Mcan particle diametor = 0.0162 cm.
Gas viscosity = 1,1 x 1074 polse (P1)

Reynolds Number =~ Gd_ = 0.13

u

AVERAGE MASS FLUX FROM_PARTICLES

Assume soverc roaction conditlons of 260.°C, partial pressure of

butane of 0.3 atm. and partial prossure of hydrogon of 0.5 atm and cdtalyst

activity of 1.4,

l015.6604 5-2.348

_ o
r - 1.4 x x oxp (-51000./1.99 x 533.) = 0.3 x O.

4

- 8.40 x 107 x 0.3 x 5.09

- 1.28 x 10'S gm.moles/sec. - cm.3 of roactor

Reactor voldage = 0.449 ,
k 2 3
Surface arca of particles = 6. x (1, - 0.449) = 204, cm. /cm,

Volume of reactor Hp

Mass flux = "
c

4

204

- 2
N=6.27 x 10 8 gm.moles/sec. - cm.

AVERAGE IIEAT FLUX FROM PARTICLES

Usiﬁg previously calculated mass flux and hecat of reaction:
Heat Flux Q = NaH
= 6.27 x 1078 x 31,300, “

Q= 1.96 x 1073 cal./sec. .- enm.
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Jq AND Jh VALUES FOR MASS AND HEAT TRANSFER
: 1
From the Jd and jh correlations of Sattoernfiold und Shorwood (52)

for a Reynolds numbo? of 0.13:

-

x 40

\ .
DRIVING FORCE FOR MASS TRANSFER

ya Density p = P x Average Molecular Weight = 1 x 10.5
RT 82.06x533.

-~ 2.40 x 1077 gm./cm..3
Diffusivity D = 0.3 cm.z/soc. (P1) -

Schmidt number Sc = .y = 0.00011
pD 0.00024x0.3

= 1.53
The mass transfer coefficient, kg' is calculated using the jd factor.
Jg G
kg - 173
P x (Sc) x {AVERAGE MOLECULAR WEIGHT) ?
= 40. X 9.02 x 1071 |

1.0 x (1.53)173 x 10.5 T
= 0.0030 gm. moles/sec. - cm.z—utm.
The driving force required to bring the reactants to the catalyst surfa_ce'

must he:

AP - N = 6.27 x 1078
K ~0.0030

= 2.1 x 1077 afm.

~ Therefore, there is no mass transfer limitation on the catalyst surfage.

) o

DRIVING FORCE FOR HEAT TRANSFER

Average heat capacity of rcactior},gnscs at 260°C (S1)
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- !
Cp ~ 14. cal./gm. mole - C 1

' [
Avorage thermal conductivity of reaction puncs at 260°C (K4) .

!

k = (1,00206 cal./sec, - ¢m. - C*

i

Frnndt] number Pr : Cpu/k

14, x 0.00011
0.00206

0.75

Heat -transfor coefficient
k = J;, * G x 9R
Pr

~ 0.58 cal./soc. - cm.2 -

briving force to remove generated heat

AT = Q = 0.00196
0.58

- 0.0034 C°

Therefore, there Is essentially no temperature difference between the catalyst

particle and the gas flowing past it.

PORE DIFFUSION LIMITATION

A reaction is not limited by pore diffusion if the effectivencss factor,

n, is csscntinlly\unity. As the Thislé modulus, ¢, approaches zero, the

factor approaches unity, - . ). .
M
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I. = radlus /3.
- 0.0081/3.A
- = 0.0027 cm.
The first order roaction rutov based on the bulk volume of the catalyst
particle kV can be calculated (previous calculation at extreme conditions).

= (8.40 x 10'6) x P x Py 2.348

r
B 4 2
for P, = 0.5 atm.
"y " _

]
| |

(4.27 x 10°°) x. R X T X Cc = 1.87¢C
4 o

k, = 1.87 - 1.87
a -c) (1 -0.449) | \

= 3.40 por sec,
The effectivo diffusion coefficient D is difficult io estimate. An order of
mapnitude estimate would be 0.1 cm.zlscc. For the lowest p0554b16 case, that
is involving Knudsen diffusion, the coefficient would be of the order of 0.0001
cm.2/50c. ((SZ).cﬁmcnc gas at 147°C. on silica alumina cracking cuthlyst).
Taking this cnsé: |

Thiele modulas = 0.0027 3.40
: 0.001

= 0.16
For a Thiele modulus of this magnitude (Bl) the effectiveness chtor is

cssentially unity. Hence, the reaction is not limited by pore diffusion.

AXTAL DIFFUSION TERM IN MODEL

From Peterson (P2) for steady state including the axial component in
" - - .'

a4 packed bed reactor::

-
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2 - ' ‘
HDA (d c ) - u (gg) - kvc = 0
dz dz

where C = concentration of reactant gm, mole/cm.

z = length along the roactor

k first order rate constant

v

E

DA = oddy diffusivity cm.z/ﬁdc.

in dimensionless form

“(fell)

2
where « = RVEDA T = kZ T g_

02 0 o

For an order of magnitude estimate of the eddy diffusivity, Carberry (Cl)
suggests that for Reynolds numbors less than 1.0 tho molecular diffusivity can

be used. Therefore, using a pseudo first order rate constant and the minimum

flow rate of 1.8 ml./sec. .
U=1.8 - 4.66 cm./sec.
0.386 )
The maximun =2 is
1.87 x 0.3 l
(4.66)°

= 0.026 o
Figurc F.1 shows the reactor concentration profiles for the most ;qéc;c condition
uscd'as-nrcdictcd from the plug.floﬁ model. . The curvature of the concentration
profiles as prcdictcd by.éhc model is very small. Therefore,
0.026 d%y << dy | .

a2’ a
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|

- l
This mouti/ at tho uxial diffusion torm i{s negliglblo whon compared to
. v \ .

. A
the convoction torm. - \

SAMPLE_CALCULATION

I

The calculations will bo based on the most oxtromo conditions used
for paramoter cstiﬁutjuﬁ.' This is run 385 as shown in Figure F.1,
Taking AZ = 1. cm. (much larger than -used in modol) -
YA 10. cm.

then for the packed bod reactor oquation

0.3 4% - 466 dr = 1.87p
az? dz
- ay
AP - 0.020 &
-AZ '
2
AP~ 0.001
e
[
for this case P is 0.08, therefore
_ o e
reaction torm - 0.03 ;.1.87 » 0,15

‘

first derivative term = 4,66 x 0,020 = 0.09
socond derivative term = 0.3 x 0.001 = 0.0003

Hence, axial diffusion is not important.
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APPENDIX G

VARIANCL -COVARIANCE MATRIX OF ESTIMATED PARAMETERS

-
Thero aro two ways of estiating V(y) tho varlance-covariancoe matrix
ol the uhﬁorvu£10ns. Oneo 1is to-pcrform ropllcdtod oxpcriﬁonts. The other (s
to use the v matrix of Box and Drapor (B6):
n - -

: ¢ _
where 1 is the number of experimonts porformod and Eu i3 the voctor of control

variables for tho u'th oxperiment. This mothod assumes that the modol n is

adequato. For the pyrposos of using. V(y) to estimate the variance-covariance
matrix of the estimated parumetors V(8) tho sccond method was omployed.
I{ the vector-0 which minimizes the determinunt of v is substituted

into the definition of v in oquation G.1, thon:

1 [1] L | : . 6z
8 |

15oun estimate of V(y,) for any exporimental trial u. n ig the

n

number of experiments ﬁcrformcd and r is tho numbor of responses por experiment
used to estimate. the p paramotoers in 6. Now deofining one single vector of all

‘the responses: ¢

.XI-
.EQ‘ -
n?;k 1" y G.3
nf
B c
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Then V(y) becomes

L o 9 .
0 I o 0
0O 0 P
V(D | . g G.3
. . g ~ E
| L | J L et .r-).,!
where N o |
< - " u=1,2,...n ' G.s
rsr |

and o is the number of experimental trials. Null matricies O arise since the .

wuccessive observation - vectors are uncorrelated with each wther.

~ _—

“Also let X = 51‘ for all n experimentsa.
nrxp :
X
X
. - —ﬂ_‘ . ' :
'whcr(: X, - an (Eu'-a-) ] ' G.7
- rXp ' a8 00 ) -

and the subscript u refers to the u'th experimental trial.
Then the estimated variance-covariance matrix of the estimated paramcters is:

' n _ -1
vy = 1 vt ot L 53 ;_iu . G.8

R
@ | n—[g; u=1l
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APPENDIX H

DERIVATION OF Df (y/M)

The effect of uncertainty in model {(nuisance) parameters can be
integrated out before attempting to discriminate among a number of models
employed to describe a physical phenomencn@fr@hemuncondtEéha1'density

functional Df (w/M) is: .

W r_ 71
exp{~} I {w (xUx+ep) w } }
DE (w/M) = -~ '2/2 1 6.10
oo™ g aeden

where w is the vector of observed minus predicted responses for all n

trials given model M. Equation 6.10 can also be written:

exp {4 Tw'A 'w - wA XA X ) KA W) )
DE (w/M) = —— : 6.12
2 T -1 -1 2
(2n)"F/2 lul“/2|z|"/ £, oc % uh
- =1 u:xl —u— —  —

Proof of FEquivalence of Equations 6.10 and 6.12 (R.6)

Equation 6.10 can be rewritten:

exp [-dw' (XUX '+ VR (H.1)

DE (w/M) =
(2")nr/2iﬁgﬁ?’ QI*

and equation 6.12 can be rewritten:?

[t

- - -1 -1, -1.T -1 "
exp(-} [w'a™lw - wA x"A x4 g KA ] )

|

Df (w/M) = (H.2)

.

@m™/2 Jo|[al}| 2% o7t 2

where X is the nr x p matrix of all X for all trials and A is nr x nr

matrix of n I matricies along the diagonal and all other elements zero.

1. The Matrix of the Quadratic Form in the Exponent

It can be shown by direct maltiplication that:



267,

(KUKT-O- h_)'-l= —"1 -1 T -1 -1)-1 -

o
]
>
| >
>
g
=
-+
c
| >
k4

{H.3)

2. The Determinanto

Consider the partitioned matrix

Bl ==m==mmm- ' (H.4)

A \ :

= It can be established by direct multiplication that the inverse

==}
-
! !
[
1
|
3
k3
LI e

L

of B, if it exists, 18 '-

: v _ , : _
-1 u - ux _(xuxT+ A} ! Xu gf (XUX" + A) !
B =
-1 '_ (H.5)
- (XUX "+ A) 1 U (XUX '+ A) ! -

In the cases in which we are interested all the sub-matrices of

1 ; .
B ° exist and therefore in these cases B 1is non-singular. .

By the use of the following identity which can be verified by

direct multiplication:

- T -1 - -
u - gf‘ (XUX "+ A) ! XU = (XA X+U l) 1 (H.6)

(11.5)can be rewritten as:

- -1, - T, T .-
- xatx vh7? ux" (XUX"  A) ,.
b= 1 " 1 (H.7)
-twx' M7 Xy (xux" a) ‘
Aszying Jacobi's theorem to equations (H.4) and (H.7) oné‘obtains: {
_ _ ~ —1 A
|(§T5 1§+g ) li = lﬁH?-l (H.8)
and by the same theorem applied again:
T -1 -1 -1
lowx » a7 = o gl - .91

It follows then, by eliminating |§1 from (H.8) and (H.9) and
rearranging, that

|z a ] = [ulfalja w7 | (H.10)
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A
3. Equlvqlence of Equations (H.1l} and (H.2)

whon equations {(H.3) and (H.10) are substituted into equation (H.1),
o .

l'll\]ﬂtion (lltz) rusult.-

o

-
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APPENDIX 1 PACKED_BED REACTOR DATA AND PROGRAMS .
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330 .205 933 1467 34166 «266 «101 100.00
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250413
2049401

-2“8091

269,92

26048% 259,56
253405 251461
253,10 251378
2‘)0."&0 251.‘12

250432 2£1434

251.47,253.63
250.59-?52'4“
250462 252434
250420_.251410
250.06 250.88
250430 252427
25C.15 252.07
209.93 251408
253.95 256469
253,95 256469
25057 251466
250.71 251454
256.16 259.08
256411 259,03
25032 251449
250430.251425
250.08_250.93
2T0.80 267.46
268497 265447
267444 264406
266410 262,80
263491 260483
2063.89 260485
251490 252.58
251.83 252.58

50.52,251620
250432 251405
250425 250486
250.30 250.88
250493 251442
250.&3 251432
25098 251451
295088 251e49
250493 251449
250486 251476
250474, 251,59
250464 251437
251000 251064

251405 25164
268401 2468479

248.01 248474
250469 251.13
250,76 251425
254446 255479
254453 255,79

254453 255.82

251409 2951le8s

251,00 251.42.

250¢32 25100
25020 250486
250e91 251425

§
. .

259.98
252.37
‘é‘jd oY
250491
250486 250444
252.83 251,47
251473 250469
251.61 250469
25064 25025
25042 250413
251459
251442
250466
250462 250410
255458 253.99
255453 253490
251410 250418
250.96 250413
257471 256460
257.69 256467
251403 250474

260,19
253441
25341
25047

250.76
250427

250481 "250.62,

250%49 250457
267.22 266488
26518
263489 263.31
262433 262402
26032 299493
260e34.259.90
251400 250442
250491 250437
250.86 250462
250469
250452
250454
"25Qe 74
250469
250486
250483
250,86
250481 250427
250469 250425
250449  250.08
25098 250454
250498 250452
2“8.06 247060
268.04 247.62
250649250423
250469 250437
254,4YF 253453

0.00 253.51
258446 253,58
2504813
250486 2506592
250.27 2{09.76
250.13;2ﬁ9962
25081 250647

+«

25037
250442
25035
250423
250442
25037
250440

250086'

264484

250e54

29047

259495
253405

'253d05

251403
250493
251.86
251405
29100
250486
250466
252417
251493
250491
25081
255499
259472
25091
50483
58.18
258418
251417
251.03
251.00
267.08
265.08
263453
262421
Zonlp

26015

250.71

250466
250498
250.88
250.81
250476
250496
250481
251400
251.0Q
250496
251432
251,20
251405
251,17
25113

268465

268462
250483
250498
255406

255411

255.09
451.02
259105
25076
25057
25100

< 27,

259425
252032
252 37
25066
250457
251.05
250425 -
250420
250454 .
250432
251432
251422
250« 74
250469
256499
256494
251437
251430
256489
.256 86
250498
25079
250479
266498, °
264491
263440
262409
260602
260402 °

‘25004*

250637
251420
250.98
250481 "
250479
250452 - -
250642
250464
25054 |
250457
250488
250474
250464
250,71
250476
247041”
247450
250,01
250420
253407
253422
252492
250435
250035
249462
249440
250437

5



393
39%
396
397
398
3199
HG0
401
402
403
Liul
405
407
408
4U9
410
411
412
413
414
415
416

417

418
419
4240
421
422
423
42
425
426
427
428

429

430

431~

434

435 -

436
437

438

439
440
hat
442
L4473
Ghy
445
446
447

Hag .

449
45c
451

T 452

4573

250,03

25C.15

250457

250459

250491
250496
251400
25C466
750471
250476
250483
250481
249479
250403
249493
249,98

. 269.98

25091

250.76

250.7h
221.68

251,37

250.91
250,81
250,81
257401
257.06
250464
250449
254412

253,99

250.27
250423
250466

[ 25C.66

250449
250444
252.90
252.97
293427
250.96
250496
251.05
251.37

- 251.56

251 .6‘#
251.66

24B.82

2’*8.8’*
248482
248.84

- 27hB.84

2“8 .9“
2648.96
251434
251.32
249425

25244
251405
252497
252492

251 .86

25190
251495
" 250.74
251410
250.86
2%1e415

51417
251434
251.54
251451
251459
251476
251493
251.81
251481
252424
252.17
. 252.03
251.88
2512930

258427,
258427

251.76
251459
255.16
255,02
251456
25147
252480
253.05
251466
251459
253,95
254,09
253.73
252404
252439
252456
254499
. 252458
252.68
752.80
25U.18
250425
250415
250420
250413
250423
250.32
252451
252451
25Ce37

25132
25132
2544717
254465
252420
25224
252427
251.00
251,08
251417
250496
2504919
251466
252.00

2591.90
251.88
25186
252456
252439
25244

252,61

252456
25258
252 446
25249
258461
258464
252420
251.98
255438
255422
251490
251471
253461
253,92
252.00
251.86
254.1“
254429
254456
253.17
253412
253402
255.23
252454
252461
252463
250.08
2503806
250.073
250403
250008
250410
250420
252422
250,01

b

250.76
250.483
252473

252.7)

251.66
2514173
251.76

250.88

250493
250.98 °
250,88
250419
25086
251417
25113
0«00
251.13
251.88
251.78
251476
252422
252417
251490
251.86
251.86
257.86

257491

251454
251439
254487
254475
251427
251415
252461
252.88

251442

251427
253,85
253,97
254,53
252.32,
252432
252.32
253,87
252434
252441
252.51
250.01
249,98
249489
269493
269,93
249496
250,08
252.12
252.10
249,84

25049
250452
250466
250466
250496
25096
251,00
250466
250466

250476

250442
25025
25020
25040
250432
25035
25049
25074
250462
25054

251439
250466
250'064l
250469
256479
256479
250459
250e42
254 Q.lll
254.09
250452
250437
250.88
250496
25059
250 e84
252492
253410
253434
25142
251436

'231.51

251.83
251493
252403
252 .07
2"*90[{0
249.38
24Y ¢33
2494 38
24940
2AY b2
2’49.52

251273

251476

?“1f59

251400
291405
250481
250.83
251.10
25108
251413
250479
250483
250.93
250483
250479
250474
250498
250.88
250486,

250486

251400
250488
250.81
251464
250,93
250491
250498
257401
2574006
250486
250476
254436
254431
250.76
250462
251e44
251405
250486
250476
253436
253451
253480
251468
251466
251481
252012
252420
252429
252437
249484
249.79

249,74

Z4Y s 884
24981

24Y 486

249493

252.07
251498
2649486

. 276.

250437
290660
250457
250657
25081 -
25091
250493
250462
250466
250.79
250.7‘4 '
25079
25069
250691
250.91
250496
251.08
251.05
250.86
250483
251.71}
25164
250491
250498
250.96
25699
257.08 .
250469
250.57
254424
254419
25054
25044
25100 ¢
251.17
250.66
250459
253.34
2539¢1
253475
251430
251430
251439
251.59
251,90
252.00
252400
20947
249452
24947
24959
249452
249462
249464
251.73
251 4pb-
2469.%7.

.




H54
456
457
G4ht
459
LU
461
452
4673
HON
465
466
467
468
469
576G
471
413
474
475
476
417
479

48B4
485
486
487
488
489
490
491
492
493
494
495
496
6498

480
. QB]i
hg3 .

249423

249425
249425
249,28
2hY.373
249.28
29,28
252.17
252412
20415
260,15
260,15
26ua.17
260,1%
260415
26U«15
252.41
252.2“
252432
252.88
252.95
252.9%
252.90
252490
252490
252.92
252.90
252.85
252,71
252,71
2524173

259434

259442
259."{7
259%9.44
25941
259.“7.
252.78
252475
252054

250,27
247 .8%
250432
ZbUt."?
2hUatid
25V 40U
250432
253.63
253.56
262416
256216
262.16
262419
262.19
262424
262416
255,11
253495
253.97
253414
253422

253-2",

253424
253.36
25336
253444
253,36
253439
253,17
253,19
253417
260.78
260471
260466
26C.66
260466
260463
253-53
253441

253417

290407
250,08
250.08
250418
290420
250415
250417
253436
253429
2610“8
26148
261451
261 e473
261.52
261457
261453
253.17
253.80
253.82

254416

254 .38
254,48
255411
255411
255414
255409
255400
256,94

254421

254414
254,09
259451
259.49
259-“9
259,49
259.49
2590“&
254409
254,04
253.68

209479

249,81
249481
24Y .80

49,93

2L4Y B4
249,81
252,85
252,78
260471

250.68

?60.6(}
260.71
260.68
260468
260.68
252.68
253410
253,10

253.58
253470

253,75
254.07
254412
254414

254414
254412
253468
253.68
253.68

259.22

259420
259.27
259432
259432
259432
253.61

253456
253419

249,55

249462
249459
24904
4Y a7
2404
249462

252454,

252451
260e41}
260441
260439
26U.41
260.41
26044
260441
25254
25258
2524613
25297

253405

253410
253.10
253414
253417
253417
253414
253410
252.88
252485
252483
259.10
259.08
259412
259,12
259417
259.17
252490
252483
252456

249,86
249.80b
249,806
249493
249493
249 «Hb
249 .8Y
252 .83
252 .83
26066
26063

260461

26U 66
260463
260461
260.61
252475
252 490
252490
253.29
253436
253.36
253 .48
253451
253453
253.5%3
253 .48
253 .48
253414
253414
253.14
259.22
259420
259427
259.27
259427
259.27
253414
253.07
252483

277.

249452
24952
249+H2
24957
249459
249452
249 e02 .

‘252 44

252444,
260429
260.29
260429
260429
260434
26029
260429
252444
252456
252456°
253410
253417
253417
253424
253.27
253.31"'
263436
253429
253.31
252495
252492
252.92
259417
259420
259422
259.20
259.25
259425
£53.00
252497
252468

-
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OHD - IAN S.
RIS}
ETINDE : o .
FDUCF o ' ' . cL - . K
e P . R
6a00 END OF RFCORD ‘ ’ .

PROGRAM TST (INPUTOUTPUT, pUNCHoTAPES-INPUT,TAptb OUTPUT TﬂPt? Pq}

1TH)

SHAW  DFC 1971 DATA ANALYSIS FOR PACKED BED REACTOR

DIMENSION RUN(23019FH2U230)4FC4(23073TFLOW(240)+sT(230+87sTATM(230)
DIMENSTON A(230+4) sNATEN(Z3094) » TREAC(230)

CIMENSTON TDIF(230) +PFEED 1230} ,CATIBIA4) WNTEMP(230)
UIMENSTON RFEEU(230!.TREAccc23o':50RECTt81.pxFatzaoJ

¢

CIMENSTIUON CINC41230) 3CINHZ2(230!

OATA CALIH /14483, 14839, 1,000y 24131/
READ(54+996) NRUNS - .
PEADES,999) CORECT .

DO 60 I=1+NRUNS
RFAD(5,995! RUNtll,FHz(l).FCa¢1),UPREAc.bP.TATM:Il,TIMF.TFLowtl!
WRHTE(69995) RUNCIFSFH2(1 4 FC4{ IV UPREAC, UP.TATM(II,TIMt,TFLothJ
PFEFD(T) = (29.92+DPREAC!/29.92
TELOW(1) = TFLOW(L }/TINME
KLAD(S 99981 RUMs L TA{ T s J) s NATEN(T9Jd} ) 4= 1,41
WRATTE (65998 RUMs [ LAGI»J) yNATEN(TsJ) ) sJd=144)
1F{RUMNERUNIT))} STOP ] ‘
DO 43 Jd=Ya4 ~
Wo AL d) = ALT s J)ENATEN(I +J) 7CALLIB(J! -
READ(5,990) RUM, TEMP(I’;(T(IGQ‘- =148
WR+TE(6+99C) RUMM&P(I’;(T(IQJ}v =1,.8)
IF(RUMLMELRUNIT)) STOP
WR+TE(6+997)
£ CONTINUE

DO 100 I=1sNRUNS
DO 80 J=1.,8
TT = “T(I1+J) = CORECT(J)
TlisJd} = 4EC00 - (10.110- TTJ*tzo 00/0.457}
FOIFETU 3d) el Te50a0)  T(lsJ) = 0 )
TRFACII) = 0.0
DO B5 J=2,8 ' C
“LOTREACIT) = TREAC(I) + T(l,J0) 7=
PIV = NTEMB(I)
TREAC(T) = TRFAC(1I/DIV ° ' . ;
TREACCII) = (TREAC(I)=32.0)%({5407940) C ' !
TOIF(I} = 0.0 . : .
PO RT J=1.8 . - E N ' .
ATl J) eEQeQe0) GO TO 87 ‘ .
TtlsJ) = Ti(lsJ) - TREACLI) -
IFCALSITEI9J) ) eGTWABSITUIF (I eANVeJdaNEel ) TDIF(L) = Tl b
=T CONTINUE '
CONTINUF

CRITE L6+992) ) ] »
"0 120 1=1+NRUNS -



279,

¢d’
ADJUST = u60‘U+TRLAC(I'*/(h60.0+TATMllll
FLUW = ADJU)T*(FHZ(I)*FLQ(l"

TN OFLEGMZ = FH2UL)Z(FH2ULI+FCa (L 1)
FLEDCH = FCatl I/ (FH2¢I4FCL (L))
" CINCHtI) = FEEDCA4®*PFEED(I)
“CINIZ2i1) = FEEDH2#PFEEUL(:)
RFEEDET) =-CINH2 (1) 7CINCa (1)
TFLOW(1Y = TFLOW{I)*ADJUST

BELOW = TFLOW(T) — FLOW .
a4 = A(]bl’*d «SHA (14 2)%0.T54+A{ 1431 %0, 25+A(loQ”*(CALlB{Q}/849B.) ;
Cut = CINCA(IY/ICINCLEI 1 +CINHZ2{L))

LIF&LI) = C4 - Chy

WRITE (69994 RUN(I)9FLOW9TFL0%(I‘vDFLOW.CQtCQQ’bthlI)i

!

I(T{I’J”J 1sB)sTDIF(I!TREACIT! N LN
GIF&(1) = DIF4(1)/Cas f
12 CONTTHUE .
WRITE (65992) - n . .
DO 2'8D T=1+NRUNS . ‘ - -

RIAC = A(L+1)%0.50 + A(152)1%0.75 + A(1,3)%0, 25
AL1+3) /RFAC :

ol ]
v

5?7 = A{I+11/RENAC
€1 = A{l+2)/REAC -
21 = REAC + A(ls4)

CONV = 100.0%REAC/21 ' ‘
WHITE (65993) RUNll)’SI’SZaSBsCONV-&FEtD(l)oT&tAC(Il,TFLUN(l)a
] TDIF(Il.TREACC(I'.UlF«(I’
TOTAL = 0e0 .
DU 250 J=14+4
Al1sJ) = Al J**CALIB(J'/NATEN(I.J’

JR0OTOTAL = TOTAL + Atl,J0 ' '
KRITL (749890 RUN(I).((A(IsJJsNATEN(loJ‘l,J lsaJ.TOTALgCINCQ(I’-
1 CINHZ2(1)sTFLOW(I) ) . )

DO 260 J=14+8

IF(T(IyJi.FO 0.C) GO TO 260 :

Tily,J) = t(TRtAC(IJ+T¢1,JJl_3z 01*15 o/9 o)
2l ZONT INUE ; Lo
TORRITE(T99]1) RUN(I’;(T‘I!J"J 1'8‘
JEOCONTINBE

STOP . ‘ .

RGP QRMAT F 44028 (F6elsl291X) sFbels2FT7Ted49FEa3)

19 PORMATIFSe091291X98F 93}

Pl FURMAT(F44D91XeBF742)

RECILEN Sats RN T(\H]}
1‘b&MAT(lXth.Ov?XsFﬁozi2F6-3sF7o2s3X9FBo3sF802'F6-2sF6-29F8-21F10-
N

rie §DR“AT(IXQFQ009 Xe2F6a 2’F7.3’QX'3F6.BOZX'8E7 ZQZFBOZ’

FTIRMAT I Ge a4 X 9 2F 10444 2F10e23sF10a14? FlO 2-)

'V?VAT(IS) ‘ ..

FPUORMAT /) :
tﬁ\ﬂTlFb Os&Xs4iF7, 1‘1201X0,!F10.2'
?VATIBFIO 3)

6ﬁ30 FND OF RECORD

Lt

e

- ) - . . - 4
! NeD4& 04146 0.061 0.067 04063 0e044 1 . 04044

£



N
07“30 -1“?5 2!'85 "0.00
24,1 8 54,7 8 is7.4 8 71.5 8
10e222 104327 10.396 10327 10.349
W 7510 . 17399 2+87 -0.00
22.7 B 53.9 8 1539 8 6Y9.8 B
10.327 104331 10402 - 104333 10.350
JT590 ¢ 1645 . 2.93 -0+00"
PH.B 8 156,08 B° 16647 8 63.8 8
104240 104342 10.417 10.348 104356
L6600 1555 284 -0+00
. ?21.016 35.5 B 176.81% 1540 1
1N.310 104425 ° 104512 104435 10446
+EOLU « 1585 283 0«00
2N,916 ‘29.5 8 194.016 %¢5 1
104313 10426 104517 104439 10449
 «7150 v 1465 285 ~0e00
9.1 8 60,0 8 - 1916 8 4741 8
1Ge220 10.326 10,403 104332 10.345
L7170 © 21465 2.86 "=0.00
29.0 8 61,2 8 186.7 8 5246 8
10e2722 . 104327 104404 1,0.333 104345
s4730 « 2475 261 -0.00
. ?21.8 8 43,0 2 111.132 0.0 1
104325 10473 - 10.550 10455 104455
<4750 2535 . 2.bG 0400
25.1 8 22.8 2 113.632. 0.0 1
16339 10,496 104565 10473 104467
-+ 7280 e 1645 290 -0.00
15.7 8 b4, 8 100.9 8 114,9 8
104250 104362 104424 10354 10.365
L7460 16485 2.90 -0.00!
15«9 8 44,0 B 100.1 8 112.8 8
10250 104360 104423 104353 10.370
«7260 «1745 2.90 <0400
36.4 8 61.0 8 120.116 33.5 4
1C.0473 10251 10.301 10226 10.236
« 1240 «1325 2+90 . fOoOO °
?5.2 8 63.6 8 79.516 64.0 8
-0.000 104102, 104150 10.078 10.107
« 7340 2115 290 - -0+00
25.3 8 63.3 8 168.0 8 12445 4
-0.00% 10.105 10.154 10.082 10.110
6420 « 1305 2:62 -0+00
?6.5 8 67.8 B - 169.6 8 102.9 4
~C 400N 10,146 10,211 10,140 10.158
6420 « 2005 2462 -0.00-
6.6 A 6246 8 176.5 A 101.3 &
~0a. 000 10. 148 10.212 1061242 10.155
05Q5U._ 01395 2060 _OOOU
214716 . 61e3 4 1004632 7.0 1
loevtU 10.21% 10300 10.231 lUe243
5420 1365 - 2450 -0.00
21,716 41.9 8 175.316 15.0 1 )
104037 104211 . 10294 10224 10.236
« 7340 ‘41359 . 298 ~0e00
21.8 8 58.5 8 131,0 8 1518 &
04000 10.132 10204 10146 104160

B84.0

104353

840

10.359
84.0 .

10.371

.. 8440

10.465
8440

10469
84.0

10.35%
84.0

10355

B4.0

10.466
84.0

1U.487
84.0

10370
8440

10372
B4.0

10.25u
84.0

10.113
8440

104117
84.0

10.167 -

84.0°

10.168
B4s0

10269
8440

10260
8440

10171 -

280.

33.20
1 A

1032¢
33.10

10.328
32,70

10.343

- 35.80

10434
35460

10.438
34«30

10.326

340101

10328
40410

T 10418

a9.70

10436
33.30

10343
33.30

104340
33-30.

10.235
33430

10.093
33430

10.095
37«40

10.152
3760

104155
4830

10234
4860

10e224
. 4320

104135

30400

l0e335
10.00

10.340 -
30.00

10352
" 3000

101%3&
3000

10437
3000

10.339
30400

104340
30.00

10422
"30.00

106440

+ 3000

106350

30400

10« 3%0
3000

10.221
30400

10.082
3000

10.092!
BUOQO

10.142
30.00

T 10el46 |}

39500

10e2331

35.0c]

1ue230

90'00!’

1. 14t

P —




.6300 .1‘4‘!5 2.82 -0000
16616 6847 8 ™N11.016 148.0 2
T DL 00U 10,165 = 10216 10150 10417%
6280 1445 2480 =000
16.916 33,4516 120316 7248 &
(e VWU 104163 . 104216 10e150° 10.176
6260 1445 . 280 ~(e 00
174716 33.8l6 118.816 63.3 4
-0.000 “104162 104212 104148 10.176
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40.001

—GeUO0 ¥
5UOOU¥

-=Ce000 ¥

40,001

~Ca000 )
50.00 )

-0+000}
5U-UU€
-0+0001
50400 !

~0.500!
By QU

~0.000!
40.001

-0.000}
5Ce00 !

-0.000U!
53400 "

=000

bua.0ul

-0+Co0!
50.C0"!

-0+000 "' .
5%.00!

—C«000!
5C.00/!

“00900
SveQ0

=-0.000"
50-002

~Ce 000
50400
]
i

=000
H52+00

-0eU0U 1}




4
1.1360

10302, 104362 10.472

N
o

4

—D.OO

«1695 4461
215 & 35.5 8 66.9 8 66.3 8
10.247 10289 . 104407 10306 10280
«8468 1931 . 3.87 " =0v00
6316 29.2 8 38.916  20.378
, lo.228® 10.283 10,408 10295 10250
.eB477 1899 3485 -0.00 -
24.3 8 29.616 + ' 764916 44,7 8
10.224 10.277 ~ 10.4073 10.293 104249
.8468 +1887 3486 -0.00
. 24.3 8 6De3 8 76816 91.8 4
" 104226 10,278  10.404 104293 10.251
101]80 ' .1685 4-7‘0‘ .—0.0()
9.716 43,7 8 60.516 27.4 8
10.479 10540 10.65%6 10540 10.502
11180 1685 4e76 -0.00
18.9 8 . 43,5 8 604016 109.2 2 !
10.481 10,540 10.657 10542 10502
' 8468 «1937 3e88 -0.00
255 8 . 304316 ‘794316 922 4
10.217 10.272 10.392 10,280 10247 -
+8468 - e1l9l8 387 - =0.00
23.2 8 20,716 754816 93.7.4
10211 104265 - 10.383 10274 104240
1.1220. 1725 4,70 -0.00
15.4_8 42,3 8 474316 © 4.1 &
104360 104412 10.523 10417 10.393
11250 1675 4467 -0.00
l4.6 8 4047 B 90.3 8 9346 4
108355 10406 10.517 10412 10391
« 8506 01673 3.84 =000 '
. 23.6 8 - 29.716 T4e%16 93e1 &
10.202 10.264 10.380 10.269 10.244
.8525 «1848 3.86 -0.00 )
22.6 8 29,616 70e416 . 9934
104200 10.260 10,372 ~ 10.264 10.238
+ 9460 «2975 Cbeb? -0.00 -~
19.716 32.516 64932 © 23,4 8
10.218 10,315 10.450 10324 106259
09460 3045 4470 ~0.00
" 21.816 31.716 764132 304 4.
10.218 10.32% 10.463 10.33 10+262
+8487 «1911 3¢90 -0.08
24.1 B 614 8 73.716 9344 4
10.211 104268 © 104384 104275 10247 .
8478 e1861 390 ~0.00
22.9 8 58458 72.316 100.0Q' 4
10.209 10265 10.378 10269 10.241
END OF FILE . : T
FND OF RECORD .
1 . ¢
04044 O.146 0.061 0.067 , 0063
«8480 «1935 3.68 -0.00
184716 43,4 8 59932 Ta2 2
10375 10.343

287.

1840 3880, 50«00
10286  10.267  =0+000
84;0' 4850 5000
10257 10.237  -0.000,
84.0 48.70 50400
10-25ﬁ 10240 -0+000
B4e0 ' 4BWBO . 50.00
10259 10.239' . —U.000
8“.0 39-20 5".)000
10507 104487 -, —0.000
B“wor 39030 502 [V
10509 10.491 -0.000
B4+0 - 38460 4000
10.254 104228  —-02000
B4e0 * 4B.50 SueoU
10250 10223  -0.000
8440 /_ 39400 5000
10.398 10374  —0.000
8440 39.10 ‘50400
10396 10372  =0.000
© B4eO -39.00 4000
. k
104250 10.222 ~0.000
84.0 39.00 40.00
10244 10.218 -0.000 .
84.0 40450 5000 :
104278 104241  -040006 |
8440 32420 40400 '
10262 10248  =0+000
8440 . 48430 50400 |
100254 104227  -0.000
8460 4B 40 50-002_
10250 10224  —0e0005"
"DeDG4G . oipaa i
?5.0 48:20‘ . -50-00
10357 1C+337  =0.000



J

10135

. 8410
19.816
10305 1
Y w8480
182416
Ica3]7 1

.8390
20616
10222 i

<8420
20.316
10,227 1
. «B560
19,516
10.226 1
«B540
184316
10.239 1
da 0
12.316
10e247 1
1.1360
2“-0 8
1(ta 250 1
1.1360
?23.7 8
10.251 1
1.1010
- 15.816°
10.134 1
1.1020
15.616
1Ce139% 1
1.1020
' }50516
104134 1
1.1020
15.316
1C.135 1
1.1030
15,416
1
1.3u20
15.37T6
10139, 1
1.1020
19516
10,140 - 1
1.1320
?3.7 8
10.2138 1
 1s1340
?2.4 8
10237 1
le0230.

10.816
104152 //)

«1935 .68 ~0.00
20,1316 6T«732 6.0 2
0.368 10.478 10,380 10.350
«1972 3467 ~0.00
47.0 8 66032 148 2
0«353 10.490 10.403 10.360
01921 3.09 T =000 .
36%6 8 724432 1.0 2
04300 10432 10312 1Ue281
-1915 - 3.11 -0-00 '
36.7 8 704132 1.0 2
0.298 ~10.430D 10.312  10.278
~ .1873 3e16 -000
37.6' 8 66732 2.0 2
0305 10.4726 104312 10.285
$241Y 3e34 ~0.00
16 8 SMeb04 ‘0.0 1
0e376 10.517 10.376 10.298
111 _ 3.76 -Q.00
24,936 374532 '16.? &
04306 104406 10313 [ 164302
«1825 3463 -0,00
De310 10.409 10.316 10.306.
.1828 3485 -0.00
51.3 8 72.116 57.0 2
D.315 10,410 10.320 10.308
2577 1497 =000
32.416 25664 IBels 4
0e207 10.305 10217 10.1938
B -2577 3-93] -0.00
33.616 51e132 79.0 2
0«210 10304 °.10.216 10.197
«2577" 3.98 -0.00
33,716 50532 83.7 2
0.206 10,303 10.212.. 104195 -
« 2577 3.98 ~0400
32,516 504132 853 2
0.208° " 1Q.30% 10.214 10.197
-2575 ‘3098 A ;0.00
33.416 494,132 , B8.2 .2
0.205 10,305 10.214 10.198
«2580 3.94 ~0.00
33.716 494432 BHel 2
0209 10306- - 10215 10.199
© +2580 3.98 ' =000
32,416 494932 . B7.9 2
0.213 10.310 10.220 104203
‘01800 3-77 I-OOOOA
51.0 8 70.016 Theb 2
0.303 10.363 10.304" 10.294
- «'1800 ° 3.78_ -0.00
52.0 8 68.616 Tae7 2
0303 10.391 10303 10295
1598 a4l ~0e
26.016 334732 | 37.0,
104302

0s215

J

104210

10206

75.0

10.363
75.0

10.375%
750

LO«2H8

75.0° -

104287

7540

10293
75.0

1l0.306
75«0

10+309
750

10.313
75.0

10.316
75«0

10.212

. 150

10.21¢C
750

10.208
75.0 .

10.212
75+0

10.211
75-0‘

10213
75«0

10.216°
750

lOcBOﬁ%

" 7540

‘10300

T50

lu«213

49.40

10.340
4760

10.354
48.90

16253

49420

10.253
4860

10257
46420

10.265
3830

10276
38440

10282

38.40

10.282
37.10

10.178
37.10

104180
37.10

10.178
36.90

10.181.

37.10

104180

“37.00
10.184
37.10°

10.132
38460

10.271
38.50

10.268
42.70

10-139

LY

T =0 000"‘
5000

50400

-0.000
iu.oo'

-0009
50+ 0C

=0+000
20«00

=i« Q00
50.00

~0.000C
5000

-0.000 -
SV« 00

-0000
50.00 :

=0.000
55400

~Ce 000
Sue00

-0.00C
50+ 00

'UOOOC
2C«00

=0-000:
.50.00"

~0+000
50.00 i
~0.0%0
SCe 00

~
-0.000
50400 ;

-0.000 i
50400 3



1.0230 .1598 L 3etl -0.00
15.3 B 53.3 8 314232 7443 2
10.151 10211 104303 10.208 10.204
140230+ «1%98 3e4l -0+00
272.9 B 5246 8B . .33,432 T1ed 2
10152 10.1113 10.305 10209 10207
1.0230 .1%88 3atl -0+00
229 8 53,2 8 . 33,132 71.0 27
104152 10213 10305 10.209 10206
1-9230 .lbbq EFLY! ~Ue QU
23.1 8 53,0 8 34,132 6640 2
10.153 10.215 10309 16211 10.208-
’ 1.0220 591 3442 ~0+00
22.6 8 53,1 8 334132 6443 2
10.155 10.218 10.310 10214 1G.209
1.0220 b .1591 3!‘42 "0.00
2238 8 53,6 8 344032 6640 2
10,153 . 104216 =~ 10,308 10.210 10.208
1.0200 «1591 3.43 ~0.00 .
224 8 51,7 8 324832 61.9 2
10e.1%3 104213 106307 101209 ondO?_
11340 . ,1787 3.80 .~000
24.9 8 46,5 8 TTe416 3let 2
10.272 104349 10440 . " 10«334  10e327
11340 01775 3.80 -0+00_
25.0 B 4649 8 734716 30.8 2
10.270 10346 10e437 10331 10.326
143730 «1325 4443 -0.00
10516 - 22.4 B . 15.764 4.3 1
10,600 . 104700 ° 10774 10.0657 10651
' 143730 «1325 4e4l xg.oo
2044 B8 44.6 4 294332 448 1
104600 10700 10774 10656 10.8651
13730 1321 Gettl ~0+00
20.7 8 44,504 294432 6.0 1
10.600 10,700 104775, 104655 10.650
13730 «1321 Gali] - -0.00 -
20.4 8 L, T 4 29932 . - 4al4 1.
10601 ° 104701 10772, 104657 10651
143730 «1321 Chell -0.00
19.0 8 43.8 4 294632 4.0 1
10.50U0 10701 10.776 10656 10.651
13730 e1316 | bedl -0+00
1845 8 - 39.3 4 27832 3.6 1
10.600 10703 10776 10656 10. 652
13730 «1316 T b4e43 -0+00
20.4 8 43,3 4 ’29.937 le5 1
10.600 10.700 10.776 10656  10e6591
1.1080 «1757 3.95 ~0+00
2445 8 10.1 6 604216 0.0 1
10.282 10410. 104432 10327 10327
11100 1728 3.80 -0.00
27.9 8 41.2 8 404632 11s6 2
10,275 104362 10,458 10.3464 10.329
l.1070 1728 308V ~0400
26.2 B 39,2 8 384632 10.0 2
10278 10363 10459 104344 1ue 331

k]

L

75.0

10213
75.0 -

10213
5.0

10.213

750

10+216
7540

10.216

7540 .

10.213
7540

:lUtZlﬁ
750

10335
750

104335
75«0

104657
750

10656
750

104655
75.0

10657
750

104656
. T50

10655
750

10«65
750

10.332

10338
750

-~ 10e338

289,

42480

10180  -0+020 .
42470 5000 °
10180  =0.000
42470 50.00

104180 =0.000
L7880 5UOQU|
104182 -0.000
42450 5000 |
10.183  =0.C00
43.00 - 5U-00':
10.180 : -OOUOO
43400 50400,
U180, » =0«D00
36.00 5ue00
10300 \:b-ooo
38.80 5000
100300 - -0+CO0
33.80 5Le00
104623  =0+000
33470 5000

n N
10623  =0+000
3380 50«00

104623  -0.000
33.80 5Ce00
104623  —0000
33.80 5000
10.625' '-00000
33490 - 50«00
104623 =04000"]
"33.80 - 50«
10623 . -0+00
39.30 o
1' 10 ~-0«500.°
1 ' 5C%00
1 05 =0e00C
3%. 09U »y e OU
100305 =geudu



-

l.1210 «1762 3.70 -0+00
18.5 8 38.4 8 314032 4B8eb 2.
104301 10329 104473 106364 - 104345
141160 $1710 3470 0400

154 8 3244 8 504516 3640 2
104804 106332  10.482. 10369 104348
141150 «1687 372 -0400

12.3 8 24.8 8 404116 2447 2
10.304% 104333 10.486: 10371  L0%350
1.3030 «2383 4346 -0.00
104302 104333 104512 10.384 104350
143030 «2378 4ot ~0.00
16468 29.8 8 25.632 Gieh 1
106302 104338 104512  10+386 106352
143030 «2378 4.%',&;1 =000 »
26.4 8 43,8 8 374832 7 59.71
10.3 104338  10.513 104387 10353
13020 ' ,2378 baetb - =000
24.6 8 43,9 8 38.832 5546 1
10303 104341 104511 104390  10.353
1.3020 L2372 4atib -0.00
276 8 5042 8 bhel32 665 1
10302 10338 10509 10387 10352
1.3020 . 2358 4ol -0.00
29.2 8 51.4 8 454432 6549 1
10300 104339  10.505 104386 104350
1.1000 41753 3469 -0.00
2645 8 45,2 8 824516 20.8 2
104294 104330 10,475 ~ 104368 104341
1.0970 «1737 370 -0«0Q0
26+6 & 4642 8 404132 443 1
104294, - 10331~ 104472 10368 104340
1.0960 . 1700 3,72 ~0+00
25.1 8 42.2 8 394132 3664 1 .
104295 104330 10470 104368  10.339
12760 $1912 4e59 - ~0400
2146, 4 11,3 1 604032 00 1
106567 104643 10653  1Ue596 10597
142760 + 1905 4459 =000
22.7 4 10.6 1 644032 0:0 1
106570 104640 10692 104595 104596
142750 «1905 4e56 ~0.00
T 1240 & 4,8 1 354732 0.0 1 p
104572 104638 104692 10598  10.598
1.2750 (§3.19ou « 4456 ~0+0U
17«0 & 6e8 1 504932 0.0 1
106571 104638 104692  1Us60VU" 104598
1.27“0 .1900 ‘0.56 —0000
207 4 8.5 1 62732 0.0 1
10572 104638 104692 10600 104600
142730 1891 4456 ~0.00
193 & Bet 1 574232 0e0 1 .-
106572 104637 104690 10600 104600
1.1120 «1700 3.62 ~ =000
2442 8 37.8 8 35.432 2445 1
104297 104345 106470  1Ue365 10342

750

10354
7540

10357

7540

L0357
750

10362
1540

10363

150

10.364
750

10364
75.0

10e362

15+0

-

10362
750

10.348
7540

10348
750

100348

750

10598
150

106597
750

10.600
7540

l1U«600
750

290.

39.00

10327
39.30

10.330
39.30

10330
32.70

10.333

" 32.90

10334
32.80

10.336
32.80

10338
32480

10e335%
32.90Q

10336
39470

10.321
39.80

10320
39490

10.320
34460

10577
34.70

10.578
34460

10579
34460

10578
344,60




1.1120 « 1679 ' Jebu -0.00
19.6 8 33,0 8 29.632 234 ]
10296 10340 lO0s46b - 1Ue363 lUe33y
lell120 «16395 3464 =D+00
229 B 3846 8 3h 432 35&5 l a
10287 10330 10453 10348 10.328
END OF FILE .
. .

3
4

7?00

10« 345

75-0.

10335

39.60

106322

3Y«060

10310,

291,
SYueQu ;

~0000 !
Suwe UL

" =0«000



s 292.
HRPHD»TL /7 ® . . : IAN 5.
RUN(S) : . ,
S TINDF & j
REDUCE »
LGO
,' 6400 END OF RECORD
PRUGRAM T5T (INPUT»OUTPUT1AREDS lNPUIaTAPtb QUTPUT )

C MAIN PROGRAM FOR PARAMETEK thlMATIUN IN PACKED BEL KEACTOR “
SHAW DEC 1971

—~

COMMON /BLK2/ MCYCyMAXK sMKATsNSTEP s ALPHASBETASEPSIT )2V (T TisAFRKLT)
CUMMUN /BLK3/ NRUNS;RUN(E)JsAKlNAlJDoARtA(dvaJsATTtN(sthioHlbh’/’“
] CAREACZ534)sFIN(25+2) s XACTI2H)9ARCCI25)13T(25,8) yH2SAVEL2S)

‘COMMON /BLKS/ SUMNSAKE( T} skMsSMIN.

'CUMMUN/BLLll/ Ch{blsA(lj)’HtSULT{JJoRCCsTPRkIL(diyFLHLle':HTSTUP

READ(5 35007 KMyMCYC yMAXK +MEAT sNSTEP ;
READ(S»Y01 1 (EPS(I) s I=1KMJ
READ(5+501/ (AKE (1} sI=14KM)
READ{5+501) ALPHASBETA
SMIN=1.0E10
Vilsl)}
Vi{ls2) 0.0 . &
Vile3d)'®
ViZsyl)
VIiZs2)
Vids3)
VI(3s1)°
VIi3,2)
- V(3.3}
C ‘READ IN REACTOR DATA
READ(5+502 *NRUNS y NCCGIiP » RARtA'Hle
GC=82.06 ) C
DO201=1sNRUNS : :
READI5+99]1 ) RUN{TII»({AREA(]I s J!sATTEN(IsJ?! ) sd= IQQJ,TARtAo
1 FIN(Is1)9sFIN{Ls2)sF
WRITE(6999LIRUNCT) s ¢ (AREA(L »J) sATTEN(I U1 ) 4= 1.4).TAHtA.

! FIN(Is1)4FIN{Ls21,4F . -
READ(5,992! RUM.(T(I.JJ.J L1887 ‘
WRITE(63992IRUMy {T(19J)sJd=1,48!
IF{RUMJNESRUNII)) STOP _ .
WRITE(6+994) . . 3
DO 15 J=1,8 ‘ . U ' X
IF(T(I+0)EQeCa0}) GO TO 15 . 7 ' o
Tiled) = TilsJ) + 27313 : Ut

15 CONTINUE ~ . )
ARCC(I) = GC*RAREA/F

2 CONTINUE
DO 30 I=1,4NRUNS
READ(54+993) RUMsXACT (I}
IF{RUMJNE.RUNII)) STOP : . o .o
WRITE(6+1993) RUMIXACT(I) . : ' . -

w1
o
[}
o

Imon

3u ARCC(]) = ARCC(I)*XACT(I’ )
AKIN(1} = 51,40 .
. AKINI(3) = 30.0 .
AKIN(E2} = AKIN(3) + 104U . ‘
AKIN{G) = 1640 L ~ ~
AKIN(5) = 15.6606 ' U
AKIN(6) ='040 : - ] i ' ; -



> - . 293,

AKIN(TY = 0.0 '
AKIN(B) = Ueuv

AKINU9) = 24348

AKIN(IO) = 24151 :

AKINGLY) = AKIN{4) + 10,0

TAKIN(12) = 4,5208

AKIN(13) = 2.,2115 {

WRITE (692010 (AKINIT) sI=1413)

A{1) = AKIN(1)*1<0F+3

ALZ2)=AKIN(2)#]1.0E+3

AU3)=AKIN(3 ) #].0E+3~

Alt) = AKIN(G4)}*)1oUE+3 -

A(S) = 10.0%%AKINIS)

A(G)=10.##AKINI(G) )

A(T)I=S10.%%AKIN(T). ' B -

AlB) = 104,0%*AKIN(8)

A(9) = AKIN{9) o

A(10). = AKIN(10) .. ' e,

A(11l) = AKIN(11)%1.0t+3 : o .
AL12) = 10.0%%AKIN(12! o \

Af13) = AKIN(13) ' :

CALL SEARCH
DO 50 I=1»KM

50 AKE(l) = AFK(1)

. CALL ORJECT
DO 80 K=1ls4
DO 60 1=1sNRUNS '

(AREA(IsK) - CAREA(I;KﬂJ*SQRT(ATTtNllaK’Jh

Y =
X = T(ly4)?
II = 20 + 1 . ]

66 CALL PLOTPT{XsYsll)
80 CALL OUTPLT
. DO 100 K=1+4

DO 90 I=14sNRUNS
Y = (AREA(I 4K} = CAREA(I»K)IRSQRTLATTENTI WK} -
X = H2SAVEL1}) . -
11 = 20 + 1 « -

90 CALL PLOTPT(XsYsll)

170 CALL "OyTPLT - '

sSTOP
201  FORMAT(//1Xs8H AKIN = +8F15.3+3/9X»7F15.377)
500 FORMAT(515) '

501 FORMAT(10F8e1)
502 FORMAT(215+2F10.3)
991" FOURMAT IF4 «Qests(FEelsF2e40 IXv"lFbolDzFT 4|F603) _

" 992 FORMAT(F440,1X+8F7.2) . . (
993 FORMAT(F4. U.ex,Flo.a) ’
994 FCRMAT (/)

FND e -
SUBROUTINE OBJECT ' ‘
OUJECTIV:: FUNCTION FUR PAK ST TUR PALKED obu REACTUK

SHAW DEC 1971

CCMMNCN /BLK3/ NRUhs,RUN(Zb).AKIN(lst.ANtAtzb.al.ATTcN(zb.ai,nlbﬁ.
1 CAREA(25341sFINI25+2) s XACT(25) 4ARCCL25%+T(25+8) yH2SAVE(25)
COMION /78LKS/ SUNNSAKE (7! +KMsSMIN

COMMON/BLKYI1/Z CAL{S)9A(13) oRESULTI3 )} sRCCHTPRFIL(8) 4FCALC{S) »iiTSTOP

DINFRSICN CVARTN(4+4)3CALIRB(413SDIFF{4),DIFF (4!
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DIMENSION ERROR(4925)y ERROURTI25)y VV(4s4)
DATA CALIB / 1+483, 1839 14040y 24131 /
UATA CVARIN / 244903y 2405269 050845 349360y 2.05264 3.0896,

1 0e6753y 449400y 0+5084y 0467535 042087s 142457» 349360,
? 4e9400s 12457, B8.8421 / -

AL6) = 10.0%¥AKE(1) -

ALT) = 10.C**AKE(2)

ALB) = 10.U**AKE(3)

DO 10 J=1ls4_ -~ . | .
BO 10 JJ=1s4 .

1n VV(J'JJ) = 0e0
HTSTOP = HIGH
QUMQOJﬁ 0
CALL SFCONDI(TIME) ‘ )
TIMEl = TIME N
DO 50 I=1,NRUNS ]

0.0

Qe O

0.0

CNI)
CNI2)
CN(3) . "
CN{G) FIN(IsY) _ /

CN{3) FIN(TIs2) L ) ‘
RCC = ARCC(I) - ,
DO 25 J=1,8 _ ‘ o

25 TPRFIL(JY = T(IJd) . :

CALL PFACIO ~ . o
. H2SAVE(1) = FCALC(51%100v0 '
CAREA(],1) (FCALC(2) %8498, O*CALIB(IJJI(CALIB(QI*ATTtN(lollI

wononouon

CARFALI,2) = (FCALCI3/ #8498 O¥CALLIB(27 )/ (CALIB(4}®ATTEN(T+2))
CAREA(L+3) = (FCALC(L/*B69B.0*CALIBI(3}) /7 (CALIBL4)I*ATTEN(L,3)) )
CAREA(TI+4) = (FCALC{GI%B49B.O*CALIBIAY ) /Z7(CALIBIGI*ATTENLLYG))

CO 38 Jalsh

28 ERROR(JsI) = 0.0 : , .
ERRORT (1) = Qo0 - _ s
DO 40 J=144 . _
AT = SQRT(ATTEN(1+J)) o
DO 40 K=1s4 . \ - ‘
ATT = SORT(ATTEN(I,K)! :
ERR = (CAREA (I s J)#AT—-AREA (L » JI®AT I % (CAREAL] yK) ¥ATT—

1 AREA(TWKI®ATT)
IF(JeEQeKt ERROR(Js1? = ERR
4C WWIJsK) = VWW(JsK) + ERR’ .
50 CONTINUD '
CALL DETER(VV 4Dy}

SUMSD = ¢
“CALL SFCON&4({TIME) -
TI¥FZ2 = TIMF _ . -

TTIME = TIMEZ2 - TIMF1

WRITE(6+998) SUMSQy (AKE (K sK= 1 KM)

WRITE (659971 TTIME

IFISUMSQ4GTSMINY GO TO 90 ‘

DO 55 J=l.4 ’
S5 OSDIFFIUY = 040

DO B0 I'z1+NRUNS .

DO 70 J=144

LDIFFLJ) = (AREAUI»J} ~ CAREA(l9Jl'*SuRT(ATTEN(Ilel
T SDIFF(J) = SDIFFLJ) + DIFFtO?
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WRITE 16+999) ﬁbp(l).rbAREA(IsJ:.cAHtA( vy J=104) s (WIFF(J)4J=144)
Ly (ATTEINCT9J) 0 J=144) sH2SAVE (T ) 2 ERRURT (T |y (ERRURIINT ) s U] 40)
AN CONTTHUFR ‘ K
DO RS =144 ) : Y :
BY SDIFF(J) = SDIFF(J)/MRUNS e d
WRITE (6 995»j]sulFFtJJ.J 144)
SMIN=SUMSE
9.0 SUMN=SUMSQ
RETURN
995 FORMAT({50Xs6F541}) , ) |
597 FORMAT(FT742) . ' . . o :
998 FORMATT///34H OBJECTIVE FUNCTION AND PARAMETERSsL15e5s5Ks4F12e67)
G909 FORMAT(1XsF3a0s1X24(2F5e1 01X} s1Xs4FSe131Xs4F24091XsF54101X25F740)
END
SUBROUTINE REAC10
JPACKED BEUL REACTOR FOR PARAMETER ESTIMATLON
TEMPERATURE DOWN THE REACTOR )
VARTABLE PRESSURE INTEGRAL REACTOR
MODIFIFD SHAW NOV 3\\371
COMMON/BLK117/ CN{S)sA(13)oRt5UkT(3JsRCCvTPRPlL(Bl,FCALClevHTSTOP
DIMENSION CU5)sC1i5)3DCIH)C215)3C3(5)5C4(5)
DIMENSION CNI{5)+CDXIS)sEPSLIS! »CINIS!
DIMENSION TRMAX1S) o TRMIN(S) yHEIGHT (8) :
DATA TRMAX / /5#1.0E-6 / . .
DATA TRMIMN / 5%#1.0E-8 / : :
DAT!\ HFIGHT f OQQ’ 1.0! 306! 6.29 11."{! 16.5! 19:0'

PFEFD = CN(4) + CN(5) ' ’ '

~1

DPCY = (PFEED-140)/HTSTOP ]
FIX = 049 / ' -
75 = A(5)*RCC : S
21 = -A(1)1/1.99 '
76 = RCC*A{6)
22 = -Al2)1/1.99
712 = RCC*A{12)
211 = =A(11)/1.99 ‘
23 = =A(31/1.99
Z4 = —A{4)/]1499
NK=0 ' ‘
LY = Ue5
MOCOMP = 5§ :
NEQ=NOCOMP ' : o +
, THALF=0 . R )
JHALF=0 - (eﬁ. .

DO 1000 TAN1=1,7

Y=0.0 y

CHT = HEIGHT(IAN1+1) = HEIGHT(IANL)

DTOHT —(TPRFIL(IAN1+1*—TPRFIL(IAhlJ'/HT

O 1 I=TWNFOQ :
1 CINCI) = CNtT)
3 DYSAVE DY

CHECK = Y + DY

IFICHECK«GT.HT}) DY = HT - Y

CHECK = Y + DY
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HFLEFT = (HT-Y)¥0.5 : .
S IF(DY eGToHFLEF T« ANDoCHECKWNESHT? DY = HFLEFT.
C WRITE(6+995) DYsDYSAVE )
SUM‘ = Ne0 . . .
DO 4 1=1sNEQ ) , :
4 SUM = SUM + CN(I) . ‘/ ' .
DO 5 1=1sNEQ
5 CNEL) = (CN(I)/SUM)*(PFEEL- UPUY*(ﬁLlGHT(lANlJ+Y+UY*0 51
I'd DO2C 'I=1aNEQ ﬁ4
50 TCU1)=CNCT) o . : - o
N=1 oL _ -
TT = TPRFIL(IAN1} + DTDHT#*Y
GOT0400
) 30 DO 40 1=1sNEQ
(. CltIy=DCi1) i
6 SCLIV=CNITI4CL (1) /2.0 .
N=2 . T .
TT = TT +.DTDHT*DY*0.5
50T040C
5 D060 1=1sNEQ :
Jc2uni=pc(d . . ¢
CII=CNITI+C2(11 /240 , .
N:
Gowoaon
70 DC8O 13NEQ
C3(I)—DC(11
BC  Ctl)=CNII)4C3(T)

.’T

N=4
" TT = TT + DIDHT*DY*0.5
GOT0400
{( )
< AT THIS POINT 4 RUNG KUTTA STEPS HAVE BEEN FINISHED

S0 DO100 1=1+NFOQ
ca(l)y=pCllI)

FOU CNLGI)=CNII)+(CL(1)+2+0%C2(11+2.,0%C3(1)+4C411) 1 /640
YTOTAL = HEIGHT(IANl) + Y :
CIF(NK=1) 11041304150 ‘

110 DY=DY/?2.0

pE=1 2
DO120 T=14NEQ R 4

120 COX(E)=CNI(]) . '
GOTO10

"13¢ D040 121,NEQ : : - C
Yau CR(I)=CNL(I! ‘ - : -
Y=Y+DY
NK =2 . «
GOTO10 ‘
190 DO1AD 1=14NFQ .
197 (NUTI=(16.0%CNI{I)=CDX{I})/15.0.
r NRITZ (64997} YTOTAL,YsDYsCNY
Y = Y - DY - . . ,
CY=DY12,0 T , LT
NK =0 : .
=Y+DY S "
. 0O180 1=1+NEQ ' Lo : ' -
T8 SEPSLT)=(ABS{CDX(I)1=CN1(i1)i/1540 =
NCOUNT = O . o

G
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\ |
«DO 171 1=1.NEQ ‘ . " ' '\’
IF(EPSLL{TLLTaTRMINI  NCOUNT=NCOUNT+] T
[FCFPSLE1) 4L T« TRMAX) GO TO 171 g
GCTD209 y;_ﬁ _ : : '

171 COMTINUF ] L - :
: IF(ABS{Y=HT) 4LTe0u 0000011 GO TO 490
170 IHALF=0 B
IF {INCOUNTWEQ.NEQ) DY = LY®*240
6210230 '
STEP SIZE MUST BE HALVED
200 DO 210 T=1,NFQ
210 CNETY=CINCE)
‘ Y=Y-DY
DY = BY/2.0
THALF = THALF +1 ‘ | . _ o
IF({HALF«LT.10! GO TO 3 ‘ . v
WRITE(6,321) ‘ o :
6010800 : o . ’
230 DO240 I=1.NEQ
240 CINCII=CN(I)

THE CN AND CIN VALUES ARE THh FINAL ONES AI ., THE END OF A STAGE
DO 245 I=1+3 :

1T =5 -1

IFICN(TI) «GT, 0 0001} GO TO-3

265 CNUITY = 0,0 . o P
GO TO 1020 _ \ .///
400 | S -/

£LO 430 1=1+NEQ
435 [F(CUI)elTe00) GO TO 435

GO TO 46C |

MUSTHALF STEP SIZE BECAUSE OF NEGATLVE COMPONENTS
435 DY=DY/20

JHALF = JHALF+1

[F(JHALF.LT.10) GO TO 3

WRITE (69231} ' '

GOTO500

-

DIFFERENTIAL EQUATIONS

460 JHALF =0 ™ | o o S
CRB = TT*#Z5%EXP{21/7T7} _ . o :
CRP1 = TT#Z6%EXP(22/7T) i )

CRE2, = TT#712%FXP{211/7T} |
CRP? 140/ (1e0+ALT)*EXP(Z3/TT))
CRE = 1.0/(1.0+A{8)%EXP(24/TT}) - °

CC(4) .= —~DY®CRB®CLG)/(C(SIenA(G}) 3

CCU3) = (=FIX*DC(&)-~DYRCRPL#C(II/(CLSInRA(L10) ) IRCRP2 .

DCI2) = (=(2.0-F1X)#DC(4])- DC(3’-DY*CRt2*C(2iIIC(b)**A(43"1*CRE
nCt1) = —a O*DC(41=-3,0%DC{3)=2.0%0C(2) _

DCI5) = 3,0#DC(4)+2.0%DCI3)+DCL2]T . ‘ -
GOTN( 30, 50 705700 4N \ '

£92 HTCHEK = MEIGHTUIANL) + Y
IF {HTCHEK.EQ.HTSTOP) - GO TO 1020
DY = DYSAVE : |
Lw CONTJINUE
20 COUNTINUE

—
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FINAL CALCULATIONS =-— PROBLEM IS SOLVED
FINAL® VALUES ARE CN(I), . '
ADD = 0.0 . .
_ DO 281 1=1+NOCOMP H : : :
?B1 ADD = ADD + CN(I) ‘ S ‘ :
DO290.1=1+yNOCOMP -
290 FCALCHI) = CN(1)/ADD _ , _ '
RFAC = De2SH#FCALC(]) .+ O.S5*FCALC(2} + 0O.T5%#FCALC(3}
RESULT (1} REAC/(REAC+FCALCL4) ) '

RESULTAM2} = FCALC(2)/REAC
CRLSULT(3) = FCALC(3)/REAC

500G CONTINJE .
RETURN

10 RETURN)

121 FORMAT( 1Xs 19HIHALF )
10 . RETURN) . o {

331 FORMAT({ 1Xs+ 19HJHALF
99 FORMAT(IXs2F15.7s110)
997 FORMAT(1X93F10e4%+3Xs5F1046/)

FND . > o
SUBROUTINE DETER(A.DsN!
"DIMENSION A(144)sL (12} sM(12)
DETERMINANTY PART OF MCMASTZR PROGRAM . MINV

DESCRIPTION OF PARAMETERS . ‘ '
A - INPUT MATRIX, DESTROYED IN COMPUTATION ANL REPLACED o©Y
RESULTANY INVERSE. : - '
- ORDER OF MATRIX- A
- RESULTANT DETERMINANT
~ WORK VECTOR. OF LENGTH N
- WORK "VECTOR OF LENGTH N

o2

ME THOD | : : B
THE STANDARD GAUSS—JORDAN METHOD IS USEDe THE DETERMINANT » W
IS ALSO CALCULATEDe A DETERMINANT CF ZERO INDICATES THAT
THE MATRIX IS SINGULARe ' :

-

SEARCH FOR LARGEST ELEMENT

N=1.0 :
NK=-N ' - o s
DO 80 K=1sN
NK=NK+N '
LK) =K
MK ) =K )
KK =NK+K . ) . —
PIGA=A(LK)
DO 20 J=KsN
[Z=N#(J-1)
DO 20 I=KsN
1J=12+1 ' (/ .
16 {F( ABSIOIGAI= ALBSTA(LIJ? 1) 1520420 .
1 BIGA=A(]J) N ' LT *
LiK)=1] v -
TMipey=1) . ‘ . ’ . -
. 23 CONTINUE : _ ’ ,
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48
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62
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INTERCHANGE ROWS

J=L6K) %
IF(J-K) 35[35v25

K]=Kk=-N . '

\
DO 30 I=1N o

KI=K1+N . h

HOLD=~A(KI])
J1=K1-K+J

AIKIY=ALJIT)
A{J1) =HOLD

INTERCHANGE COLUMNS

]:!.1“() .
IF{I-K) 45445438
JP=N®{]-1)

DO 40 J=1sN
JK=NK+J

J1=JP+)
HOLD==-A(JK)

A =ALID)

ALJI) =HOL4

DiViDElCOLUMN BY MINUS PIVOT (VALUE OF PIVOT ELEMENT IS

"CONTAINED IN BIGA)

IFIBIGA) 4B 2466448
N=0C.0 .
RETURN

GO 55 ,1=1,.N

IF{I-K) 50+55,50
IK=NK+]
ALIK)I=ACIK}YZ(-BIGA)

- CONT INUE

BEDUCE MATRIX

DO 65 T1=1sN

IK=NK+1

1J=1-N

DG 65 J=1sN

1J=LJ+N .

IF(1-K) 60465460
IFIJ-K) 62+65+62

¥ J=TJ=-1+K

AT =A(IK)I=A(KIY+A(])

CONT ILUE

DIVIDE ROw BY PIvVOT

KJ=K~N

LU 79 J=1N
KJ:YJ+N

IF{J=K) TUs75+70
ALY 1Y =A(KJY/RIGA
CONT INUF .

k]

299.
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PRODUCT OF PIVOTS
D=0*31GA
REPLACE PIVOT BY RECIPROCAL

AKK)I=140/RTGA
80 CONTINUE : )
RETURN
END
SURROUTINF SFARCH
OPTIMIZATION BY ROSENBROCK METHOD
AJ= INDICATORS g -
AFK= OPTIMIZED VALUES FOR VARTABLES : ) .
AKE =. VARIBLES
ALPHA =SCALE FACTOR FOR STEP SI12E° ‘WHEN STEP IS SUCCESSFUL
HETA =SCALE FACTOR FOR STEP SIZE WHEN STEP 15 UNSUCCESSFUL
L = TEMPORARY STORAGE FOR STEP SiZt
FPS =STFP SIZF
XAT = NO OF TIMES OBJECT BE ING CALLED
KK1 =NO OF STAGES
KM = NO OF VARIBLES
MCYC = NO OF SUCCESSIVE FAILURES tNCDUNTthD IN ALL DthCTlONS
NSTEP =1, USE INITIAL STEP SIZE FUR EVERY NEW STAGL
NSTER =2, USE. STEP S1ZE OF KTH STALE FUR {K+1)2TH STAGL
OBJECT -= SUBROUTINE FOR OBJECTIVE FUNCTION SUMN
SUMO = STORAGE FOR MINIMUM SUMN '
'V =ORTHOGONAL UNIT VECTORS
V IS A UNIT MATRIX INITIALLY
THE PROGRAMME TERMINATES AFTER MAXK STAGES
OR AFTER OBJECT BEING CALLED MKAT TIMES
OR AFTER MCYC SUCCESSIVE FAILURES BEINNG ENCOUNTERED
BEFORE TERMINATION.

CUMMON /BLK 2/ NCYC;HAXK’1KATnNSTLP.ALPHAsUETAnLPS(T)9V(7 7),AFK(1)
COMMON /BLES5/ SUMNSAKELT7) yKMsSMIN ,
COMMON /BLK6/ E(?l'AJ(7110(7)9AL(7,7)’HL(7’7’,bLtN(7)

KAT =1 ) SR : _ .
CALL OBJECT ) S ,
SUMO =SUMN v . - "
DO B12 K=14KM :

- AFK(K) =AKE(K)

12 CONMTINUE
KK]l=1 . '
IF INSTEP .EQ.1) GO TO 1000
DO 350 I1=14KM
Et1)  =EPS(I])

350 CONJINUE .

1700 DO 250 [=1,KM : ' :
AJLY) =2.0 . ' S
IF {NSTEP «NE.1) GO TO 250 _ ’
F(IY =EPS(I) )

750 DUI) =0e0
111=0 "

197 1lt=111+1

’:\l o
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PRODUCT OF PIVOTS

D=DL*BTGA : : : o

1 A v

RFPLACE PIVOT RY RﬁkrPRoan ' (

A((K¥=I.OIHIGA 4
B (ONTINUE

RETURN

END

SURROUTINF - SFARCH

OPTIMIZATIQN BY ROSENdROCK MtTHODJy
AJ= INDICATORS . ’
_ani OPTIMIZED VALUES FOR VARITABLES N
AKE = VARIBLES
ALPHA =SCALE FACTOR FOR 'STEP SIZE WHEN STEP 15 syCCtSSFUL
BETA =SCALE FACTOR FOR ~STEP SIZE WHEN STEP 1S UN&ULCtbbFUL
t. = TEAPORARY STORAGE FOUR. STEP 511t ‘
EPS =STFP SIZF '
KAT = NO OF TIMES OBJECT BLING CALLtD
KKl =NO OF STAGES P . .
KM = NO OF VARIBLES )
MCYC = NO OF SUCCESSIVE FAILURES tN(OUNTthD IN ALL DIRECTIONS
NSTEP =1s USE INITIAL STEP SI2ZE FUR EVERY NEW STAGL
NSTLP =2, USE STEP $I1ZE OF KTt STALe FOR (N+17TH STAOGLE
OBJEICT = SUBROUT!N{ FOR OBJECTIVE FUNCTION .SUMN
SUMO = STORAGE FOR MINIMUM SUMN
v =ORTHOGONAL UNIT VECTORS
V IS A UNIT MATRIX INITIALLY .
THE PROGRAMME TERMINATES AFTER MAXK STAGES

x OCR AFTER OBJECT BEING CALLED MKAT TIMES
OR AFTER MCYC SUCCESSIVE PAlLURtS BEINNG ENCOUNTEREU

. BEFORE -TERMINATION:

<

'
e N N S T T T T T T s S B i S S o o W

. QUMMON /BLK2/ MCYC » MAXK s MKAT oNSTEP s ALPHAZBETA, LP5t7l.v«7.7l.AF&(7)'*
CUMMON /BLKS5/ SUMNsAKE(T7) yKMeSMIN
. COMMON /BLK6&/ E(?loAJ(?'aD(?’;AL!?y?l-BL(?'7i.bLtNl7J

KAT =1,
CALL OBJECT  *
SUMO =SUMN
DO ‘812 K=1,KM ' X - , -
AFK (K) =AKE(K) ‘ A o

R12 COMT INUF '
K] =] -
IF (NSTEP .EQ.1) GO TO 1000
DO 350 I=14KM

§(1}  =EPS(]) S | :
156 CONTINUE - : . [4 i

1IN0 DO 250 1=1,4KM .
AJLIY =2,0 ' . : A
IF INSTEP +NEs1l) GO TO 250 - s . R .
. FI{1} =EPS(I1) . . S ' .
250 DUT) =040 . . v T .
Fl=0 | . S - :
397 T1l=111+] : : e -
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269 DO 251 J=14KM- - - S | e C
el AKE(S) =AKF(J) +ECT) WAARENEY , - . ' '
CALL ORJECT, ' C . . ’
[ X uﬂ**Iill**#****i******I**i***i**illil*lll*il****l*ll***il!I‘****Il****i
PRINT HERE 1F DESIRED NO OF TIMES OBJECTIVE FUNCTION BEING CALLtD
(KAT)s OBJECTIVE FUNCTION(SUMN!s VARIBLES (AKL (I} )
[ EREEX R E ¥ ****i}‘ﬁrl****i I ZESZER L ERE TR ER LT RN EEE X R R R R R RV TR I R TRV VI VR I
. KAT =KAT +1 ) S - :
[F (KAT «EQG. MKAT ) GO TO 1002
. IF{SUMNLLT.SUMO) GOTO253
CO 254 J=1sXM K .
256. ACE(J) SAKETJY —£(1) #V(1,4J) o .
T fUl) -BETA®E(1) T Lot
IF (AJCI) "elTe 1451 AJ(1! =040 |
60 TO 255 - , L ¢

763 DE1) =DCI) +E(T) . _
U1} =ALPHA *E(1) S . L.
SUMO  =SUMN L
DO B13 K=£1,KM S

413 AFK({K) =AKE(K) L .i —/
- IF (AJET) «GTe 1e5) AJ(I) =1.0

255 DO 256 J=1sKM
“IF (AJ(J) «GT3: 0.5) GO TO 299

256 COMTINUE

. GO TO 25

299 I'f (1.EQe KM) GO TO 399 , .
1=1+1
GO TO 259

199 DO 3YB J=1sKM
IF (AJIJ) o LTe2s ) GO TO 258

. 398 CONTINUE . | .

IF (I11sLTe MCYC ) GO TO 397 :

60 TO 1001 S ' ‘

257 CONTINUF -

o IF{<M.EQ.1} GO TO 1000
DO 290 I=1.XM. -
DO 290 J=1+KM e

¢ ALLT9J) =060 -7

OQTHOGONALIZAT}ON

WRITE (64280 ) KK1 : ) . : o “
YRITE (65281) SUMOy(AKE(]) 51=1+KM/
DO 260 I1=14KM : )
Ki=] + -
LO 260 J714XM
LO 261 X=KL+KM .
HY AL 9J) =DIK) #ViKeJPV+ALLT 2
JHT L (1= AL(I.J)
HLEN(1)=040 -
20 351 K=zl XM
PLEN(1)= BLEN(1) +BLU1,XI*BL(1GK)
151 CONTINUFE ' .
HLENTY) =SORT(BLEN(1D! ro.
L0 352 J=FykM
VilaJ) =BL(1sJ) /BLEN{Y) oV
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1572 CONTINUF
DO- 263 122 ,KV
IRERED! '

DO 263 J=1+KM : ‘ . ] .
SUMAVY =060 .
‘DO 7?64 KK=1411 :

QUMAV =0 0 . - -

PO 267 K=1,4%% :

267 SUMAVESUMAV + ALTT JKIEVIKK KD

J66 SUMAVY =SUMAVRVIKK v J) +SUMAVY _ _

2O BLITed) =ALITsJ) ~SUMAVV ' . X -
DO 266 122y KM . .
HLFN(T) =040
DO 267 K=1sKM ..

267 BLENCTD) =HLEN(I) +BL(1sK) *BL{]sK)

"BLEN(I) = SQRT(BLEN(I} }
DO 266 J=1s KM \

266 VIEyd) =RLUTLJ) /7 PLENGT) N
DO 408 TJ1=14KM , , .

Ge R WRITE(69999) (VIIJ141J2)s1J2=14KM) ,

999 FORMAT(LIXs7017e4) '

KKl =KK1+1 )

IF (KK1.EQaMAXK ) GO TO 1001

GO TO 1000 ‘ ,
1002 WRITE (64910 ) KAT v - -
1001 WRITE (69 1003) KK1, KAT +111 '

WRITE (6s 1004 SUMO \

WRITE (6 1006) (AFK{l)sI=1, KM!

WRITE (6 294}

WRITE(6s815) ({ V (IsJ) sJ=1skM}sl=13KM!)

150 FORMAT (8F1045) .

157 FORMAT (1018) _ .

70 FORMAT({//3Xs 12HNO OF STAGE=, 3Xs I5/)

281-FORMAT (10X, 18HSUMO AND VARIABLES»3Xs 6E12447)

294 FORMAT(/3Xs 23HORTHOGONAL- UNIT VECTORS/}

815 FORMAT (3XsQE12e4/) =

9SS FCRMAT .{ B8F1lU.5) _

910 FURMAT(//3Xy25HPROGRAM HAS CALLED UBJECT+2XsI5s 2Xo,

1 ?5HTIMES wWITHOUT CONVERGANCE/!
173 FORMAT(/3Xs 13HMO OF STAGES=415s 3Xs 23HANU OBJECT BEING CALLED,
1,15y 3Xs SHTIIMESs3X»26HNO OF SUCCESSIVE FAILURES=s1571

104 FORMAT(/3Xs THOBJUECT=s E1545/1). ‘

luce FCRMATI(/3Xs 16HTHE VARIBLES AREs 6E1245/77 ,,//

RETURN

FRD ' ‘ \’J
' 6400 END OF RECORD : ' l
T 20 40 7 2 ' :
‘W-!""(l “70‘%9“ . "3.576

PTe6792 1242399 648140

T N5 : .

19, 5 0.386 19.0 : 7 ~

PIh 204716 31.516 T4e232 2les & 16940 <2683 8838 26122
L U933 290676 251659 250669 2506l 251420 250474 0+00.

e, 224616 55.7 8 B44932. 11e7 2 17549 <2649 8411 14429
2y DH7.02 268401 24Be79 248.06 24760 248465 247441 - 0400

SEA 23,216 .38.2 A 924532 €7 1 160.6 «2872 «8836 2335
O P52,39 256257 255479 2564643 253451 255,11 253.22 ¢ 0400
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3190 214716 304216 724032 647 8 132e5 42521 <8705 1702
C390 269401 250432 291400 250627 24976 250676 249462 0.00

472! 18.9 B  43:5 8 604016 109¢2 2 231le6 «1518 140073 2.235
421 297406 258427 298464 257491 256479 257.06 257.08 0«00

425 lhe6 8  40.T B 9043 B 9346 4 239.2 41498 1.0063 2.234
475 253499 25902 255427 254475 254409 254431 254419 0«00 "
441" 194316 33.516 506132 B5¢3 2 18442 42147 L9183 2.385
aa - P4BeBA 250420 250402 249493 249438 249484 249455 0400

h}} ?3.1 8 51,0 8 344132 660 2 17642 41497 49643 2,057
468 249.28 250037 250418 249486 269.64 249493 269,57 © 0400

466 20T B 44a5 4 29422 - 640 1 10Ue6 41007 1e0467 24659
466 260015 262416 201451, 26C«€6 26Ue29 26061 260429  U00

484 7?76 -B 5Ue2 8. 444132 6€¢5 1 1BBe4 1771 49720 2.703
LBL 252490 253436 255404 256414 253416 253,48 253429 0«00

247 15616 ° 314816 101516 513 4 200e2 «2116 <9218 1.800
347 25Ge27 250457 251466 251410 25U418 250491 251.37 0.00 ‘
178 16.816 31,316 514132 61e2 2 160e4 42078 49209 1.793
376 250423 251405 251e64 25098 25052 25113 250476 0+00

183 13.316 31.716 B5e016  T75eB & 20642 42074 49226 14819
382 250403 250476 251425 250469 250437 250498 250.20 0400

194 25.1 B 31.316 BOe616  79e4 & - 21644 41996 <9294 14803
294 250415 251405 251432 25083 25Ue52 251405 250440 0400

H18 2447 8 294616  T6.916 4447 B 175.5 42066 +9221 1.783
418 250481 251.88 252.46 251486 250464 250491 250.98 0.00 _
w23 ?3.2 8 29.716 754816 937 4 22244 42086 49208 1.789
427 250449 251459 251,98 251429 250442 250476-250457 0e00

447 2440 8 50.7 8 75¢416 5847 2 208e8 #1561 +9719 24303
442 251464 252468 252461 252441.252403 252429 252.00 . 0400 .
463 2540 8 0649 8 73716 -30e8 2 176e4 41525 +9745 2.282
463 252412 257.56 253429 252478 252451 252483 252.44 0«00

HBT 26,6 8 46,2 8 404132 '44.3)1 157¢2 41536 - «9701 24226
687 252471 253419 254414 25368 252%85 253414 252.92 -0.00

175 2.003 N
380 14706 / a

14 1589 : ‘

190 1598

421 145673

425 1.376 - : .
L7 2727 ' *
458 31.018 : .. '

heh 3.573
C B 32167

L7 l.736

27R 1.995 N

IR7 1.562

394 1.592

1‘18 ln-‘}bg

k! 1.370

“wiy 24843

6 30192 a , -

tFT 3.212 ,

END- OF FILE
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HPHD A TT7 : . : ' AN 5.
RUNLS) ‘
SETINDF o ‘
RENUCE o . )
LG0 . - ' ' J
' - K400 ENTY OF RECORD

PROGRAM TST (INPUToUUTPUToPUNCHsTAPE5=lNPUT.TAPE6=UUTPUTsTAPE7=PUN

- 1CH) i
¢ MAIN PROGRAM FOR CALCULATING CATALYST ACTIVITY '
¢ . SHAW DEC 1971
{
COMMON /BLK3/ NRUNSsRUN(S0) yAKIN(137) yAREA (5094 ) sATTEN(50+4 7 sHIGH»
1 CARFA(50+4), FIN(EO»2) 9 XACTI501sARCCI501+T(5058)
COMMON/BLKY1/ .CN(S5) 9 Al13) yRESULT (2! +yRCCHTPRFILI(B¢ +FCALCIS! yHTSTOP
DIMENSION CVARINC434) 3CALIB(4) 2SDIFF {4 2DIFF(4)yh2SAVE(S0!
- DIMENSION VV(ady4) ) . )
DATA CALIH 7/ 14483, 14839, 1.030s 24131 / - L
DATA CVARIN / 244903 2405269 05084y 349360y 2005264, 340896
1 LebT753y 4e9400s Ueb0BhGy UebT53y (042087 1-2457;)309360$
? 4494C0y 142457, B.B42]1 / ' f
. .
s READ: IN REACTQR DATA
“NRFAD{5+522 INRUNS s NOCOMP yRAREA+HIGH
6C=82406 X

DO201=1+NRUNS
ReAD(5+,9911 RUNTI”((ARtA(l,J"ATTtN(l J"-J 1 QJ,TARtAo

1 FIN(I21)sFIN(Is2),4F
wRITt{6s991)RUN(ias(lARtA(l JUSATTEN(TJ) ) U= vaJ.TARtAs
1 FIN(Is1)sFIN(I+2)sF

READ(54+992) RUMs(T{1sJ)yJ=1,8)
WRITE(6s992 IRUMs [T{]sJ)sJ=1,81}
1F (RUMLHNELRUN(TI)) .STOP
WRITE (61994 ) -
DO 15 J=1,+8 ‘
IF(TUIyJ)eEQeQe0) GO TO 15 -
Tiled) = TllsJ) + 27313 i

1% CONTIMUE" >
ARCC(I) = GC*RARFA/F -

p3 CONT I NUE :

© DO 30 1=1,NRUNS
READ(5+993) RUMsXACT(1)
WRITE (69993 RUMSXACT( )
IF(RUMNE<RUN(I)) STOP

39 CONT INUE

J . AKIN(1) = S51.
AKIN(2) = 40,
AKIN({?) = 30,
AKIN(G) = 1640 :
AKINIS) =.15.6604 - £
AKINIG) = 10:6322 ?}b@ ¢
ARIN(TY = 12,2229 T
AKINIB)Y = 638140
AKINI9) = 2435 .
AKINELID) = 2,176
AKINEITY = 2640 .
AKING1I2) = 4.,5208 o
AV INILI3) =

22115 . : \'.

<

—

[
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WRITE(G»201VLAKINLIL) 4 1=14131 . ;
Atl) = AKIN(1)%*1.0E+3 ~ ' . <
A2)=AKIN(2I#) . 0F+3
FUR)=AKIN(3I*] ,O0F+3
AL = AKIN(G)*]1.0F+3
ALS) = 10e0%RAKIN(S)
A= 10 %**¥AKIN(6)
L ALT)=10**¥AKIN(T)

A(B) = 10.0%%AKIN(S)

CAL9) = AKIN(9) ; | '
AL10) = AKIN(I0) ' \y} :
AG11) = AKIN(11)#]140F+2 : -
ALL2) = 10O%%AKIN(12 , i
AL13) = AKIN(13) ' ' ' - o

HTSTOP = HIGH
DEL = 00002
DO 1200 I=1sNRUNS

TIMES = XACT{1) -~ 6.0*DEL 4
SNALL = 140E+10 ' 2
I.STEP = 0O -

DO 25 J=1+8
25 TPRFIL(J) = T(IsJ)
DO 1100 IANL = 1,30

CNI1) = 040

CN(2) = 620

CN{3) = 0a0

CN(&) = FIN(I+1)

CN(S) = FIN(I142)

TIMES = TIMES + DEL

SUMSQ = 040 ' . .

RCC = ARCC(ll*TlMES

CALL REAC1O

H2SAVE(T) = FCALC(S)IIOO-O
CAREAT1I41! {FCALC(2/%#8498, o*CALlaill*/(CALlB(A**ATTENtL.l)l
CAREA (132 (FCALC(3 /%8498 0%CALIB(210/7(CALIBIGI*ATTEN Ly )}
CAREA(]+3) (FCALC(1 /#8498 0%CALIB(3))/(CALIBI4IRATTENLT»3))
. CAREA( 4! (FCALC{4 ' #3498 ¢0*CALIB (4 / (CALIB(L I ®ATTEN(]+4 1)

DO 40 J=144 : : '

AT = SPRT(ATTEN(I.JIJ :

00 4D K=lat ) :
CATT = SQRT(ATTEN(I oK) !+ .

- FRR = CVARIN(J, K)*(CAREA(l’JJ*AT AREA(I,JI*AT)*(CAREA(lok’*ATT-
1 AREA(IsKI#ATY)
LD S5UMNQ = SUMSO '+ ERR

WRITE(65999) RUNCI) o ((AREALUT»J? 9CAREALT v J I pJzlabed y (ATTENIL,J05J=1)
1+41 3 TIMESsH2SAVE (] 1 SUMBU - . -
IF{ISTEPEQ.2) GO TO 1150

IF{SUMSQe GTaSMALL) ISTEP = ISTEP + 1}

SMALL = SUMSQ .

1100 CONT INUE
1150 COMT INUF

WRITE(6+994) : L e e
LZue CONTINUE \ B
5102

997 FORMATI(F742)
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Y98

FORMAT (//734H OBJECTIVE FUNCTION AND PARAMETERS1F124215X+5F12.6/)
999 .

FORMAT{IXsF4e0s2X24(2F64) s ZX)vQXQQFB Us3XeFBa33FB8e2sF1l5, 3)-
201 FORMAT{//1X+8H AKIN = sBF15.54/9Xs7F19,5/7) -
5u?2 FORMAT{Z2I5+2F1043) ,

YY)l FORMAT(F4e0v6(FBalsF2eUslXs?sFbelsldFTattsFbe3}

992 FORMAT(E40s1Xs8F T2}

993 FORMAT(F4aQs6X3F10e4) .
994 FORMAT(/) .
987 FORMAT(1XsF5.04,F9e5,4F10. 4;3(“X.?F6 3))
-~ END
' 6400 END OF RECORD , : ’
v 6400 END OF RECORD \
15 ° 5 0.386 19,0 ' :
- 348 144715, 313816 1014616 51e2 4 1991 <2114 <9210 1.788
3648 2904237250671 251eb4 25UeYb Z50e13 250e83 291430 V.00
3173 19.916 30.716 514032, 624 2 160e0 42045 49238 1770
37 25006 250493 2514469 25086 250440 250496 250457 0.00
3{5 16.516 30.716 514932 , 6065 2 159¢6 «2077 9216 1789
37 250418 251400 25164 25098 250054 25117 250471 000
182 34316 31.516 414732 BOe5 4 16740 +2078 49206 1.817
382 249,86 250469 25113 250649 250423 25083 250401 - 0e0C -
388 13.516, 32.216 BT7+716 - 66e3 &4 19%e7 42051 49223 14777 |
188 250413 251405 25142 250483 250447 251.05 250435 0400
393 24.9 8 294316 78.113Cf’71.4 4 209el <2003 49287 14807
393 250,03 25246 251432 25076 250449 251400 250437 0.00 ,
419 250481 251490 252.49 25186 :25Ve69 25U+98 250496  0.00
422. 25.5 8 30.216 794316 ° 922 & 22743 42103 <9194 °1.799%
422 250464 25176 25220 251454 25059 25086 250469 0«00 )
527 22.6 8 29.616 TO416 99«5 4 222.1 . 22011} «9279 1779
427 250623 251447 25171 251el5 2%Ue37T 250e62 250404 UeUU :
443 23,7 8 51.3 8 72116 . 570 2 2044l <1564 <9722 2.303
443 251466 252480 252463 252451 252407 252437 252400 0400 s
451 23,2 8 51.0 8 70.016 Taeb 2 21Be8 41545 49715 24290 o
451 251434 25251, 252422 252412 251473 252407 2514173 0.00 .
462 264.9 8 4645 8 TTe416. 3leds 2 1B6Ue2 « 1534 \-9736 “24270
462 252417 253463 253.36 252485 252454 252.83 252444 0400
473 27.9 8 41.2 .8 400432 11e6 2 121e)l 41518 <9752 2.242
473 202424 253e95 2593480 255410 25258 25290 252450 Ve 0O
475 1845 8 38.4 8, 31.032 48a6 2 13645 41526 49410 2272
475  252.8B8 253414 254,16 253458 252497 25329 253.10 0.00
-4B6 2645 8 45.2 8 82.516 208°2° 175.0 41564 ,9689 2.232
486 252471 253417 254e2]1 253468 25288 253e14 252495 0«00
248 1+736 - ‘ '
373 2.018 )
177 1,995 _ \
ez 1.562 g
184 1.599
3973 1.592
419 10‘350 .
4?22 14269 : \\
Hhel 1,377 Fi
643 2.844 ’
451 2e669
a6/ 3.191
LA 3,755
2 47 3,077 -
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RV - | | E
HPHD s T5100 ) ' | _ . CIancs.
Ql]N{vavo.iGQOOJ _ | \

58 T INDF o - o . . | | N
REDUCF o o .
LGO

. 6400 END OF RECORD © .
" PROGRAM TST (INPUT;UUTPUTvPUhCH»TAPc5=lNPUTvTAPL6 ourpur THPL7 PUN
1CH) :
C EXPTL DESIGN FOR ESTIMATION OF KINCTIC PARAMETERS 1N PACKEU teb
SHAW JUNE 3 1971

~

7

UMMON/DLKI/CN(S)9AA(133»RtSbLT(3‘9RCC9RT;HT;FCAL((5'
OlMENSTON X(jvdbyidﬁsAPKlmkiLéyld'gKHuU(Jdb"Dmuxlxal.blumh(,,ji
OIMENSTUN DtLA(lB)'SAVt(jioSTURtI(HoID'anUdtZ(Dsl&l’bTUNtJ(B,lbi
DIMENSION B(l46) VARINLD(G4 )y IRAND(LZ!
. DATA AA /564921y 544,260 37429Fs. L64496y L TaT04s L6267 lb.l&dv
)1 Te051s 149659 2468y 464516y 12,577y 2,007 /
DATA DELA / 0002 .Onlé «001y «001s 005 «005% «0C5s «CO05»
] 002! 003’ 0006! 002! 3 . . . 7
. DATA SIGMA / 1.620083q0.18573. Uelcl0by DeT70373y 0ebY4u9y Qebiaybd,
1 072106 044459635 0487011 7 ) ' '

DO 20 J=1+13 1
20 DELA(J} = AA(JI*QELAtJl
HY = 19,0
ARFA = 0,386 . ‘ )
CACTIV = 341 . L

READ(5 999981 NEXPTSsNUSIUNsNPLCK sNPAR
WRITE(695996) NEXPTSsNDSIGN#RPICKsNPAR
READ(5,9998} IRAND"
DO 50 J=1+MEXPTS
DO 40 I=193 ° 3 R o
READ{5+9999L (X{IsJsK!sK=1s12! .. . ~
40 WRITE(6+9999) 401 sJsK)sK=1 120, |
50 WRITE(6+49990)
WRITE(6+9985)

NSUM = NEXPTS
DO 3000 M2=1,NDSIGN
¢+ CALL FRANDN(RAND»32C s IRAND (M2
" NRAND =.-1
NSUM = NEXPTS + M2
AMAX = 040
MNPICK = NPICK _
DO 2000 M1=1sNNPICK .
MRAND = NRAND + 1 - ,
MRAND = &4#NRAND s
r PICK INDEPENDANT VARIARLE
VARINL L) 485e¢ + INT(61eG*RANDL (RANL+L )
VARIND (2} leU + Qel®UINT(LIBaURRAND (MtAlvu+L ) 1)
N VARINU(3) Oe0 + INT(6sO®RANU(MRANL+3Y) N : g
VARIND(3} .= 0.0 - - .
VARIND(4) = 340 + 041%(INT(31«0%RAND{MRAND+4} 12
PRESS = 1405 '
RT = (VARIND(1)=32.,0)%(5.0790) + 2734+1° ‘F

Wowouonn
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RCC = CACTIVH{B206#RTHAREAI /VARLINUL(2) N

RT = RT*1.99
,bAVLNh = (PRtbb)/(VARlNU!jJ+VAKlNu(4'+l 0
¢ U SAVCNLD = VARIND(3)#SAVCNG - . ¢ .
" SAVCNS = VARINDU4)*SAVCN4 (W
. CN{1) = SAVCM] ’
CN{2)} = 0.0
CN(2) = a0
CN(4) = SAVCNG .
CNi{5) = SAVCNS ’ . : “
CALL REACSH '
WRITE(6$997) RESULT
SAVE(L) = RESULT{(1) -
SAVE(2) = RESULT{2) : ‘ ‘
SAVF(3)} = RESULT(3) . - ,

DETERM = 0.0
IF{SAVE(2) «GT #0407 GO TO 250
NNPICK = NNPICK + 1
JFINNPICKaGT«80) NNPICK = 80
GO 10 428 .-
750 DO 300 M3=1,13
IF{M34EQeDi GO TO 300
M2 = M3 T . ' i
1F(M3.GE+5) N3 = N3-1
IFIN3«GT«NPAR} GO TO 315 =

CN(1} = SAYCN1

CN(2) = 0.0

CN{3) = 0.0 _

CN(&4) = SAVCNG | ' .
CNE5) = SAVCNS

SAVFA = AA(M3) ~ : 1

AA{M3) = AA(M3).+ DELA(M3)

CALL REACS

WRITE(6+s997] RESULT ‘ -
X (1 aNSUMING (RESULTCI'—bAVLIIJ‘/(AA(Mg}ybAVtAJ -
X2 NSUMsN3! (RESULT(2)=SAVE{(211/(AA(N3)=SAVEA)
X{34sNSUMsN3} {RESULT(3)=SAVE(31 1/ (AA{M3)-SAVEA! .
JOAAIMIY = SAVF - . :
160 CONTINUE h
115 CONTINUWE
WRITE(6+9990) - , )
- DO 350 1=1,3 - S -
WRITE (629992 tx:I.NSUM.Kl-K=l»NPARJ
350 CONTINUE ‘
DO 34y L1=1,NPAR , . . _
DO 380 4.2=1,NPAR - 2 , ‘
AR XPRIFX{L1sL?2) = 0.0 ' '
DO_420 L1=143
DO-420 L2=1,2
LO 400U L3=1.NPAR
DO 400 L&=14NPAR - S
TERM = 0.C
DO H9u L5=14NSUM
190 TLRM = TERM + XILI;LSvle*X(LdevaG’
TERM = TERM®*SIGMA(L1sL2!
U0 XPRIMXIL3sLa) = XPRIMXI(L3sL4) + TERM
w20 CONTINUE ' :

> inon o
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WRITE(6+9990)

DU 410 [=1+NPAR

WRITE(6+9992) (XPRINX(lle'J ls NPAR' g
410 CONTINUE _ / ,

WRITE (6299901 ; .

K =0 “

DO 426 1=1+NPAR
DO 426 J=1sNPAR
K= K+ I _

476 BIK) = XPRIMX{Jy1)

. CALL DETER(BsDETERM,NPAR)

428, WRITE(6+9997) M2,M1,VARIND »SAVE s DETERM :
WRITE(6+9985) . t .- : .
IF(DETERMaLT «AMAX) GO TO 2000 C ) o
AMAX = DETERM ]

STORE1(1,M2}) = VARIND(}? .

STOREl(Z&gZi = VARIND(2!

STORE1(3sM2) = VARIND(3!

STORE1(4sM2) = VARIND(4) ) :

T DO 430 J=1s3 ' B - .

DO 430 1=1sNPAR ' - : P b
430 STOREZ2(Js1) = X(JsNSUMLI) _ o

DO 450 J=1,43 : _ iy ‘
450 STORE3(JeM2) = SAVE(J’ - t .®

2vuld CONT INUE

BMAX (M2) = AMAX

DO 2050 J=1,3

LO 2050 TI'=1,NPAR _
2050 X(JsNSUMs1) = STORE2(Js1}

WRITE(7,9998) M2-

DO 2100 I=1,3

WRITE(7+9999) (X(1sNSUMSJIsJ=1,12) v -
21uU CUNTINUE

T DO 2ZU0 1=143

WRITE (6999921 (X{1sNSUMsK)sK=1sNPAR)
2200 CONT INUE : .
1000 CONTINUE o o

n . -,

WRITE(6+9985) X . . .-
DO 3050 J=1sNDSIGN - _ B
FLOW = STORE1(2+J)%(53940/(STOREL(LsJ)4460.0) %1405 - .

C4 = FLOW/(STOREL(GsJ?+1a0! ‘ . . .
H2 = FLOW - €4 : )
FLOWL = SU.U/FLOW
FLOW? 40.0/FLOW
FLOW3 30eU/FLOW
WRITE(639995) (STOREL1(1sJ}y]= 1.41.(SToRt3tl,Jl,1 1’51.emAxtJl.
1 FLOWsCHsH2+FLOW]L yFLOWZ s FLOWB
350 COMTINUFE
CWRITE(6+19985) . ' .
DO 3100 I=143 . S : ‘ " .
DO 3105 J=1sNSUM '
‘1.5 WRITE(6+9992) {X(IsJeK)sK=14NPAR)
TI0N WRITE(6+9994) ’

P

STOP
Y97 FORMATI(11Xs3F10ae6)
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- \ Lt - 1

a9RYy FORMAT(1H1)

999N FORMAT (/)

qg9? FORMATI(12F11.3)

0953 FORMAT(2149FTe0sF64292F5.193F7435E11. 31

0994 FORMAT(///)

gyyS FORMAT(IX+4F Te2+3Fbea3vElbeY46Fdetsl ) ) .

9Y96 FOURMAT(15»3Xy 34HEXPEKIMENTS HAVE ALRCADY €EbEN DUNE/ I593%Xs 30HE
IXPERIMENTS ARE TO BE DESIONEL/Z - 1533Xs SYHPOUSSIOLE PUINTS wILL Bt
2 CHOSEN FOR EACH EXPT TU vt LESIGNEL/ 153Xy 25HPARANETERS ARE CO
AINSIDERFN// /) ‘

9997 FORMATU /214,1X34F10. 3,5x.3F10 3.bx.tlu 61

0998 FORMAT(1615)

9999 FORMAT(4E20e5)

END

SUBROUTINE REACS

PACKED BEUL, REACTOR MODEL FUR EXPTL DESIGN FUR PAK ESTIMATIUN

AND FOR THE PARAMETER ESTIMATION STER o

CUNSTANT PREEZURE INTEGRAL REACTOR ] -

MODIFIFD SHAW JUNE 1 1971

e

COMMON(BLKI/CN(S)sAA(lS)pRESULT(BI.RCC:RTvﬁTaFQALL(SJ
DIMENSION At13) =~ .

" DIMENSION ctsl.c1151,uccb:.cztpa.cs(b:.cutsa
DIMENSION CN1(5)sCDX{5)s£PSLUIS I sCINIL) - v
DIMENSION TRMAX{5) s TRMIN(S /)

DATA TRMAX / 5#1,0E-6 / S ,
DATA TRMIN 7/ 5%)1,0F-8 7/ o . o

A

Lo T T T T

At1) = AA(1)#1000.0 s ' o

Al2% = AA(2)%1000.0 o
AL3) = AA(3)%1000.0 -
Al4) = AA(4)I%1000e0 o S
A(5) = 1D.0%*AA(5) . .
Al6) = 10.0%%AALE)Y ° . . .
ALT) = 10.0%%AA(T7) - ) Y \
ALB) = 10.0%#%AA(8) . R )
- A{9) = AA{9) , "
A{10} = AA(10) :
A{11) = AA(11)%#1000.0 . - : )
Al12) = 10.D#®AA(12)- . - o ' .
AC13) = AAL13) | s !
FIX = 0.9 S :

CRB = RCC*A(5)#EXP{ A(lJ/RT’

CRP]1 = RCC*A[6I#EXPA-A(2}/RT) . . .
CRE2 = RGC®A(12)#EXP(-ALL11I/RT} | .

. CRP2 = 140/{120+A(TI®EXP(=A{3!/RT

" CRE = 1e0/(1e0+A(BI#EXP (=A(4I/RTII *
KNEG=( . A .
KFIN=O - - T - .
NK=O ‘_r- “. . .
Y=0.0 o ’ . .
DY=0e5 ] - . . y
NOCOMP = 5 . e .
NEQ= NOCOVP . - ST ‘
THALF =0 ) _ '
JHALF =0 : : - -

NSWIT=0



31,
CRFT=1 oo ‘

o CONTINUE
DOS 1=1sNEQ

5  CINCIY=CN{I)

10 CONT INUF .
DOZO I=)sNEQ ¢
20 C(+)=CNCT) ~ ‘ , .
R ‘ - '
. GOTO4ULOD
3o -CONTINUE
DO 40 I=14NEQ
Cl(l)=ncqt1} :
40 C{IN=CNt1I+CY (1) /2. 0
' N=2
GOTO4 00U
50 CONTINUE _
DO60 [=1+NEQ
C2(1)=pCl 1) -
6U CIII=CN(II+C2LI)/2e0
- N=3 :
GOTO400 . y : ,
0 CONT INUE ’ ' -
p080 1=1,NEQ oy
C3(1¥y=DCHI)
B CUIy=CNCY+C3CI) . f 4
- N=&4 - .
GOT0400 - . ‘

a0 " CONTINUE
AT THIS 'POINT' 4 RUNG KUTTA STEPS HAVE BEEN FINISH&D
DOYN0 "1=1,NFO
Ca(l1)y=DC(I -

Fou  ONLEDI=CNOIDI+(CLCI)+42.0%C2( 1142, 0*c3t1:+cu(111/6 0
IF(NK=1} 11051304150

110 DYsDY/2.0
NK=1 .
DO120 1=1,NEQ

120 CDX(1)¥=CNI(1)
GOTO10

170 DO140 1=14NFQ .

4o CNCIDYI=CNILT) =
Y=Y4+DY ’ : .

- KRFT=2 ,. . i . ) I

14%  CONTINUE P : : : o ‘
Y=¥-DY ' : - R :
NK=?
GOTO10

19 CONTINUE
NO160 1=1+NFQ

o CN(1Y=(16. O*CNI(ll—CDX(lilllbou “
DY=DY*2.0 .
NK=0
Y=Y+DY
XRET =73 . .

Y64 CONTINUE o _ . ' ' -

-
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CIF(KFINI1654+165+280
165 IF(Y-HT) 170+2504250
176 00180 I=1+NEQ
180 EPSLITI={ABSICOX(L)I=CNL1(E}) 171540
DO 171 1=1,NEQ '
IF(EPSLUT)eLT.TRMIN} NCOUNTSNCOUNT+1
IF(FPSLUI1«LT.TRMAX) GO TD 171
MCOUNT=0
GOTO209
171  CONTINUE =
+ IF(NCOUNT- NEQ}175s176 Y176
115 NCOUNT=0
IHALF =0
GOT0230
176 NCOUNT=0 . ,
GOTN220 . . .
209 CONTINUE ' ~
STEP SIZE MUST BE HALVED
! DO 210 1=1,NEQ
21 CNCIY=CIN(I}
Y=Y-DY
PY=DY/2.0
IHALF=THALF+1
|F (IHALF~101310+320,320
2120 NSWIT=1
WRITE(64321)

GOT0500
310 CONRTINUE
GOTO10
220 DY=DY¥*2.0
THALF =0

230 DO240 1=14NEQ
CINCI)I=CNLI)
240 CONTINUE

THE CN AND CIN VALUES ARE THE FINAL UNES AT THt END UF A STAGE
IF(CN(4)aGT.0.0001} GO TO 20
CN(4) = 0.0 ,
IF(CNLB).GT.O 0001) GO 7O 10 gk
CN(3} = 0.0 '
‘IF(CN(21.GT.0.0001) GO TO 10 : .
CN(2) = 0.0
GOT0280
250 CONTINUE ’ <o _
.THIS IS THE LAST CALCe [T STOPS THE INT AT EXACTLY HT
. IF{XFIN) 260,26C+280 '

767 KFIN=1 : ' _ ‘
Y=Y-DY - oL , ' g -
KRET=4 o - : .

265  CONTINUE - . S ]

DY=HT~-Y ' e _I

e DO 270 1=1,NEQ ' '

770 CNL13=CINCI)

GOT010

L3

-

406 CONTINUE | .

“n
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LOWIU 1=1sNEQ
LEE LTI Ial1044304430 . _ : s
o CONTINUE ’
Y NEG= »
v CONTINUF
F{ENEGY 46044604440
iy UY=DY /20 . 9
JUAL = dHALF +]
IF CJHALE=101330+340+340
gt NSwWIT=1 f . ]
WRITE(69331) A} .
GOTO500 ,
h CONT INUF .
wNEG=0 " .
GOTOL10 ' .

s CONTINUE

JHALY =0

OIFFERLNTIAL EQUATIONS (

DCLGY = =DY®CRARCIL) /(CIHIRRALY)) ' { '
DCE3) = (=FIX*#DC(4)=DY*CRPLI#C(3)/(C(5I**A (10} ") #CRP2

DCE2) = (2(2e0=F1X)#DCI4I=DCL3I~DY#CRE2¥CI2}/(CIHI*RA(LII ) IRCRE

LCEL) = ~4eUDC(4)-3,0%0C(3)-2,un0L (2! ! :

DCEB) = 3.0%DCL4)+2.0%DCI314DC(2) . > '

QUTOL30450470e90) N

’

Jho CONTINQE ,
PROBLEM 1S SOLVED 7

FINAL VALUES ARE CN{ I/
ADD = 040 .
LU 281 1=1sNOCOMP o

col ADL = AL + CNC(I1)
002901=14+NOCOMP

Ao FCALCLTY = CNCE)YZADD .

CRLAC = 0425%FCALCIL) + CeS*FCALCIZ) + Q«75#FCALC(3).

RESULT (1) REAC/Z{REACHFCALC(G ) (/: -

AW W ver A ame B g T A W e B G W W AR B e W W W T W W e
- ) .

i
FRTptEy

REsuLT (2} FCALCt2) /REAC
RESULT (3} FCALC(3) /REAC

"ot -CONTINUE ' )
RETURN - ‘ _ - : . #

N
-

PEERe
-

1 FORMAT{ 11X, 19HIHALF = 10 . . RETURN!
11 FORMATL  1Xs 19HJHALF = 10 RETURN)
“i FORMATUIX3F104396F10859F1003 )

FND

T R W e wmr ke e W
JP T R T T

6600 END OF RECORD
il 17 35 12 ’ ceE
) 10 12 . 14 16 18 21 23 25 21 29 5 30 32 34 36 38
S euO 1938653 TE~01 -1.8845271946E-02 ~3.682644T599YE-02 ~ =2.0Y84753962L-04:
Dell6162T656E~02 94355345594 2E~u2 5¢050116888UE-02 -2-1753853384t-0ﬁu
Fa0605808486E-03 -7.9280033592E~04 269158473222TE-03 , 441812352065L-04:

Sah06649261TE-02 ~6,495568%846E-02 ~4+0841062211E-02 1.3623“26013tf0HF
1.1909267511E-01 1.0183563416E-01 =3426%9887093E-01 1-1461ﬁ80287t—03;
SeHH00036239E-02 B8.8522485809E-03 =3.2238093425E~02 =5457347617147L=03,

Lo /3184085018 =01
T A9U225ul =01

 Le2b16309542E-01 -
-=3,0499071551t-01

14219603708%E=-01

-£o93b930950&Lﬂ0£

1421415333 7pi~020

~349225988145L=0c!

1
2.



C7.2202743557E-02

L, 0191794110 -U2
‘_:.(M'I’%?ﬂ??‘;BE—O’B
HoOUMG4L3IBTCE-UAG

S T6HT6320TBE-03
ToUd ¥ T22990E-02
ledlbtidal 336E-02
bel IBTH0B1I36E-U2

—2.9336105089E-01

—4,92601161T0E-02

S PHB2I240HE-0T

6.426249201RE=03
?7.HBB6L2E6150E-04
4, 46027T6862E-072

he6b64BY3450TE-U2

2e6WUF127370F-03
1, 718508 /2731E~C2
“1.063336296TTE-D1
“HL,2T1194T934E-03
~4,05573072125-01
5124959 T4UE-U2
9.1585165263E-03

-3.6289065139E402

l«20B363036L-0U1

© 2.9999314820E-02

1.,2770241689F~-01
-3.,68720863507E-0G1
-1.638990
~3,86235914T6E-01

9.190666517XE—DB

1.0084981534E-03

-8.5856564745E~03

6e4360522191E-072

Belt7TB994T7E-03

2.5106676080E-C2
1 66508402 TTE-0]

-2.1038963419E-02

0.

U.

De T
1.0597013424E-02
~L472559434900E-U3

1.219288B5945%E-073

1.884332533BFE-02
-1 .2B3805B436E-01
~4 4532697231 14E-02
~Z.6U012367920GE-01
1a95994838130E~02
T .70B9720185E-017
~147519234801E-02
1.7823927294E-01
1.6717848459E-07
1.9943162T19E~0
S G693995T03E-481

“4e664556021TE~G2

“LeaLdb4613483E~01
FL.OB936T074]E-02

092E-02"

447538219307E-04

~2alt39350573E-03

T¢7625055293E-03
=1.7423331231E~04
=2.1614630510E-02

19532266595 -02

_'1.u1!&94502 t-ud

lel356141512c-01
-1414%0736654E~01l
£42949166294E-04

=1e9915996225E-03

2:65@03649852E-02
~9,2411188120E-05
-1.72 16166E-04

1.2835833139E-01
44,2523925187E-03
5¢2993153256E-0¢
~3,9949566368E-01
2.1933779489E-05
-1.9211315054E-02'
Ye23LTB T4 IB2E~UL

-8.244593%657E-04 .

—~445640816782£-02
Yebebl 130603L-0&
943021755549E-093
13154215864E~Q1

-2.9889274049E-01
5.198641156TE-04

-3,3803B03190E~-03
3.4966119YB800E-0L

~1e2028490492E~-0%

—244111618B826E-02
1.4250042985E-01
3.6590932207E~-03

 64237134B479E~02

~3,7272310074E~01
3,5997110593E-05

0,

0.

0. .
-1.1969281238E-03
-2.2364119430E-0¢

6+108UT5856TE-02

6.6933328024E-02
4,9781008325E-02
1.7820309395L-03

—T7e36475138b2E-U3
2.91325412082E-V¢

-4.0688481184E-04

-4,1593209097E-UL
6e2671408130E-0¢
1.3620325927E~02
1.3303856662E-01

~242026834560E-U1L.
4.1086313526E-04

—1e35T0Y73989E-b¢
Bel2BL2593%4E-UZ

-1.7520846054£-03
~341611001964E~05
6+2143180299£-03
6441208008920 -04
~7.1411507481E-03
~3437695%42827E-01
—be.bl63108366E-02
443056870475E-02
~242027784466L-02

~2e3346564009E-U3"

~1.0636886500£-02
1.1478892644E-02
3444018436408 ~04
-541626784191E-02
~342953933141E-01
~145785947524E-02

"1e6066407507L~-01 -

~2+6461607477E-03
~Be1779929279E-05

-3.6397023332E-02

5065575083204
3.0325536033E-03
=39417457505E-02
~3e2%0l0Ye00%E-0I
-3.3868806608E-02
1.1953014065E-01
~3.,0989560687E-02
-1.9166315541E-03
-143811196553E-02
leoltidobIYdbL—02
Gald12945T5L-04
-5.6580320500L-02
~249111834003E-01

—13405549143E-C2

1.4873853221E-01
-443974779711E-03
=143242641364E~04

O. .

Oe ;

0. M

Beb209266161L-03
-2e4681394850E~01
—1.9952752497E-01
-1.9337338308E-02
-1.8045317984E-02

. ~6+0638584309E-03

-1e1891350568E-02
1e84285832736-02
144921576503E-03

~2+463857¢6T6E-02

~3.4476641T521E-0])

44937263844 0E-02
b+6619008567E=02

-148116515620€E-02

-1.5101846425E-03

-3431003971Y9E-C2
4,2114031023E-02

1

314.

=2+5353747864-04

—£aH0T 146800003 .

2.0518662023c~02
Ta436H89795130-05

1376910567301 -

lat4bilbblbvye~G3
-YeluldShydonc—-0
Be9 7560497208 -02

—145303975%&2c~0Lc

~2«T06705825%5-04
~4eT6238045E2C-03
4.,90478978810-32
1433292455410 -05]
1¢3515792647E-01
1993826346404
~7e347082776 7L -0%
laUYbD506548EL-00

—7.52564519900 =04

-3.2002968730L-06
-2.1040418512t.-0c¢
delzbt32a3Te-01
4436790882250+
1e37154097%9c-01
lelbbodolovye—0c

. ~5.8842105378L-02
1.2801986443L-07

~44066662959Tt-02
-2.7821454891t-04"
~6e3628037742L-03,
1e1090061321L-01"
JeYlb3ubblY -0
1e22246459350-01.
1¢5699255666E~-03
—1+3694144SE5-03.
1.8410281690E-03
~4,6254254342e-03

T =142012104235£-05

Oe )
Ye935013133 1L~
~54994438c415c-0
-5.198980%790c-0<!
7.3511109844E-03¢

~7e2552975778L~03 7
~1a4067449476L-07%;

~T46435655605L-03

© Te30302a8443E—0

13728530541 -C%

la276559065c-01
 3.3889875251t-03-
-5434648335305L-02

7.48300681325L-02

~1.5202517966t~-0¢ -
~1e397371253%L-04.
~le72lUv8dllin—V<:

1.9873870202t-01



‘“Hﬂbh369659E*03
“2.5826779483E-02
G,uLBLaD1IS6BUE=02
1.9052880450E-0G2
Betiltav4a130%E-02
~2.8211210627E-01
S5 .370BBIOGTHE=02
Ge

(}'

ﬂl

leU015348281E-02
-9.0031771720E-C3

-5.2438198901E-03 °

Oe
{Ja

O

-2.6769794322E~-01
6H.0360746912E-02
16996654 T60E-02
-5 3116T19156E-02
lo4122334120E-01
44396408964 24E-02
24465784985 TE-01
—4,962012%244E-01

- =14495864979TE-01

-

-4.9397112864E-01
3e1422444346E-02
4.701269964%E-03

242331051232 -02
943138624 701E~02

1a6¥145921261E-02

T45559283640E-02
—2+.6247822822E-01

-ﬁ.69202173Q2E—02

END OF FILE

—5.5268825686E~04
-3,7387208694E-02
1.1283497570E-01
7.16443350091£~03
1.0593U060446E-01
-3.3066432669E-01
2.636263645%6E-04
O,
Oe
0.
4, 0251191E-03
-248910218978E-03
e5585653991E-07
Oe
O.
Oe
2.2834515650E-02
«2714308B606E-02

~142986645711E<03 -

~545315022269E-0¢
4,40539960837c-0<

1.8164063855E-02

1.9174570324E-01
-1.8945107226E-0C1
2.3876158919E-03
-1.1590735020E-02
7.7810369383E-02
~4,6601616456E~04
~3e4964038031E=0¢
1.1700719303E-01
6eb8302T1655E=03
9.8468303448E-02
-3.39212487T88E-01
2.0446376213E-04

t

2+:0369923832E-03
—445213798943E-02
=3.2199325243E-01
=2e06119T62183L~-0¢
13227160072E-01L
-1.9447001546Lt-02
~9.7209584991E-04
O

Oe

O ’

T 9.5867606560E—04
4.17T81756879E-02 '

=5.5402363178E~02
O.

O

0. H
—2+56499)1753E-02
4.8875878243E-02
LeT665876865E-03
—146756491100E-02

T =3.blUblblbcbbE-01

—6.585772737T9E-02

7.6422008528E-02"

-8.8117196484E-02

' =6.8781161957E-03

-340649292305E-02
347893429740E-02
1.7181004154E-03

—4+6860B11454E-02

-3.1949409075E-01

-2.40929036861L-02

'143567062095E-01_
~1.6102978811E-02

-7.5451611298E-04

315.

246368H10568E-04

1.3436710838c-01 °
Te4260533450-03

-4-U3U3679694C“QJ

BeDY504417bbc~05 '

—2+5086021821u-0¢
—142700063524L-04
Oe '
Oe
Oe

4

—4,6625576246C-03
—T48206427576E-0¢
Qe ’

Oe

Oe =

¢
—2«02TT432319E-02

C =1e6564259850c-0¢

!:

14328280900k -01

9.6068122569C-04
1.439509707T8L-C1

-

Celbbyisclbabin-0c .

—1.6323852779c-02
345930523755 -0¢

~1.0%13624931c-01

-147916533961L-03
~145766367855L -0
1.8541865178-01
2.0955770868L-04

1e3337955073c-01"
5.9823609180L~0%

—3.4b8659542301-02
6.6785483877--03
=240021594568-0/

—-9.2879955047:-0>.

1
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APPENDIX J _ FLUIDIZED BED REACTOR DATA AND_PROGRAMS 316
- ? | .

ot DFG.Fe  SCFME N RATIO  SED 51 S2  S3  CONV.
1 482.90 6.05 &  6.4B8 77.0 2759 4271 4233 51425
2 485,18 607 4 6e4BE 1740 24913 . W214  L,219 52.55 ,
3 - 483,93 6.U6 4 6.4BE  T17.0 2844 4255 L215, 52.57
4 498464 Yeult 4 BeB58 1740 3036 162 #4213, 53.42
L5 498436 9.03 4 B+858 7740 - 24928 4217 +213 53.58
6 484,99 6407 4. 64488 7740 2859 2248 215 52.50
1 484403 6.06 4 654488 7740 © 2858 4246 L2117 52.76
9 468405 6406 4 3,949 T7.0 “3.092 «208 164 50.00
1y 482498 + 6405 &  6e4BE 1740 2.810 263 4221 52.92
12 499425 - G.08 &4 ° 44036 77.0 34513 114 LO0B7 59.04 .
14 483,91 6.06 -4 6.4B8 T7Te0 ) 2869 «24] «217 53.81
15 083,17 .640% 4  6,4RB T7.0 © 2eBl6 2268 4216 53,23
16 49B455 6e15% 4  644B8 7740 3.193  «179 . 149 62.05
17 499.34 6407 4 B+SAB T7.0 . 34037 4222 +173 62.55
18 499.78 6.07 & Be588 77.0 24966 4245 4182 60.77
19 484431 6406 4 * 64488 770 24813 4269 <216 55403
JU 4B4.78 6«07 4 . 64B8 T7e0 24857 «247 4217 54435
?1 468,08 9¢13 4 - Be%46 T740 - 14851 <252 .549 .30.54
22, 468.65 % 9,14 4 8.946 77.0 1821 296 .529 31.22
73 483,99 6.06 4 . 6.4BB T77.0 2.810 «273 4214 53.66
2N 4R73 .71 6,058 4 6.4R8 T70 . ?0812 o277 w211 53.86
25 499,85 6.22 4 3.911 770 34526 .»115 .082 65.30
27, 483 .40 6406 & 64488 T7a0 24837 4267 - «210 53.40-
78 482.7UV 6.05 4 64488 7740, 24811 264 220 53449
7?9 468453 9.11 & 34962 77.0 2703 <249 4266 42.97
30U 468406 9.11 & 3.962: 77.0 20534  +279° 4303 42.45
33 467.38 6.17 .4 B+700 7740 2.099  «279 o447 39.56
4 467.88 6.17 & B.700 T7.0 20126 4216 +481 37.21
15 483.35 ‘iol‘“ 4 60390 ‘77‘0 2-827 0287 '-199 47.18
36 483418 . 4eld 4 64390 77.0 2943 4229 . 4200 47426
317 483.61 5.96 3 ' 74340 77«0 _° 2.099 450 0+000 26453
18 483,83 597 3 7340 770 . 2¢331 +335 0000 22.94
19 484427 5.97 3 T340 T7.0 - 2.064 ..468 0,000 2%.61
4% 483,87 6.12 2 6.019 77.0 2.000 0.000 C.000 - 3.86
41 482.81 6el? 2 6.019 77.0 . 2000 0.000 0200 4,09
47 494,58 6419 2 6019 1740 24000 0.000 04000 6453
437 504,09 6.25 2 6.019 7740 2.000 0.000 0.000 10.06
44 484420 6,06 & 6+488 7740 24887 240 4211 53.19
L5  4B4 425 6:06 & 64488 770 29770 4282 4222 53.86
3@ 50007 6416 & . 64488 7740 30503 <080 4112 65.62
‘8 “8’4.66 5.94 "I» 5.170 77.0 2.830 . 0273 .208 51089
G0 485,56 5,95 4 5.180 770 24817 265 #217 52405
51 4R5,30 S5 & 54210 7740 2.829 .269\ «211 52.45
“? 4R5,98 595 & 5,180 7740 2846 #2667 &207 52451
59 50179 6408 4 54290 T70 3,079 211 0166 60.87
S“4 502434 6405 &  5.160 770 3,087 4215 +161 61473 ‘
55 515426 6413 4 54300 770 " 3%287 183 W116- 67.77
57T B2G .60 6422 4 5300, 770 3.472 eolb44  L0BO. . 73.72 _
SPR20,68 6.727] &4 54300 77.0 34501 137 075" 74423
“G 879,60 622 & 5.300 770 7.501 #140 073 75.38
“1  4BR.36  5.95/ & 5,300 T7.0 2864 251 <211 50.14
b 484,20 549 4 - 0

00 77 P 2aB93 257 197 55.36
" «The Tlowrare at minfmum fluidization is ca. 0.6 scfm. :

- . -



Hdy -

H R
6H6
61
6HH
H<
Tu
1)
It
#1
X 74
74
16
17
18
79
BO
a1
82
83
B4
B5
86
lpl
In?
1n3
1 Ordy
105
1v6
107
1u8
109
110
111
112
113
114
115
116
117

118

119
120
1721

122
1723
124
129
176

r

4BNL LR
HRA LT
lAPlJ.c)R

ﬂﬂ?.?q.'
"{8‘4-60

G482 .41
li82o76
{lﬂq. 18
HB4 4,37
f!ﬁ}\t:)ﬂ
WEQ a6 ?
453,96
454,91
457.88
L4002
440,86
H4B6L,T9
480,77
L4B4L 45
542.3?
543,30

485.26

484,93
498.88
496,717
498 .46
497,70
459423
45774
457201
497,97
499,75
499,76
493,69
494,06
496.31
495425

498.90-

496.76
495,60
496.328
492 .24
492,26
4BB.53
489,40

487.10°

4BH .28
457,89
457,33

He 4

Ha?h
Hu?h
6.2
604
602
602
He D7
G el
Se A
£ R&
Hel15
575
S5e 77
S5.66
567

11.09

11.02

5494
6e30

6¢31
5¢94
5G4
9«08
9.30
9,31
9¢31
5e03
5¢92
592
11e46
11.48
11,48

6a51
. 6eH2

10.68
10,67
6+13
6e12
10.28
10.29
6490
6490
11.51
11452
5¢91
5492
5497
5=92

N N N N N N S N S SN S N

o

54300

4 11.000

= o ]

P
-

PN N N - N O A S N

-

11.000
2680
2670
2.680
2.680
2« 100
54200
Re?230
He 00D
54150
5e730Q.
5e300
5090
5.300
54400
5e400
5300,
5--160
5¢ 300
5170
5300
4.578
4,099
44099
44099
44000
4,000
44000
44305
4430%
4,099
44099
4.000
44000
545957
5.595
4000
4.000
44297
44297
148135
3.835
4,196
4196
4,000
4.000

77.0
77.0
17.0
17.0
77.0
77.0
77.0
77.0

77.0

T740
77.0
77.0
770
7.0

T7.0
TTa0

770
770
77.0
170
770
770

77.0,

4746
4746
4746
4746
4746
4746

4746

47«6
47 « 6
4T 6
4T 46
4T 46
4T « 6
4746
476

‘f{?.b'

4746
47 e6
47.6
7.6
4746
4746
4746
476

476

H7 46

?2.872

'?.hﬁ%

24407
34509
3599

- 34577

34551
3« 586

2.889
2«304

2400
l1.884
l.823
1936
leb70
1571
2704
2T
2.847
3.608
3.604
24914
2= 867
2961
3.002
31.383
3.137
1.708
luab16

l.599°

3e023
3.102
2.095
34165
3.173
3.111

3.107°

2822
24814
3el24
3.072

34057
3.045

2.779
2.804
3.006
3.008
1.69%
1.673

258
«792
« 296
107
« 085
2092
« 097
« 0BG
« 254
« 786
«7BR
« 237
«237
«252
« 186
«1R82
« 275
« 285
0264
111
«115
«253
e 262
«e255
« 270
«116

0234'

«217
0216
0225
e252
0236
«235
e214
0221
0234
«230
288
o277
238

‘a2l
e2b0

«238
273
«271
e 262
247

o212

.212

204"

«317

'.33w
« 092

«077

«UBO
«0BS
{079
« 201
« 3LH

T e347

547

D68

+520
«686
+6R8
#2400
+321

« 2087

« 057
«055
0192
« 203
176
. 1567
128
132
«619
« 650
«650

e 157

s 142
«145
«135

" #128

01“1
slbd

" +201

211
o134
149

‘154

2160
225
«218
« 170

‘o166

o627

o634

"

317.

H55.93
49.04
4B, 75
51.81
59425
57.88

I57-bg

60.05
5405,
"4 "I - UP

Ll 97

31.76
30.60
33.75

17.80
15.80
454 06
42492
53.14
B2.15
B3.85
5441

52.71
40403
32.€3
40659
41443
17.86
16.81
1657
39.80
3734
41,972
51.16
51.61

41.81
41473
51.86
50.04
42461
40.23
49425
4B.67
37.39

37«77
49-2%
49.78
18.02
17.35
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. ) 318,
HPHD» T10. ‘ 1AN S
RUN(S) " ' ‘
SETINDF » .
REDUCE «
LGO«

' 6400 END RECORD
PROGRAM TST {INPUTQUTPUT, PUNCH TAPtS INPUT, TAPtﬁ OUTPUT TAPET=PUN
1CHI
.CALCULATION OF MOLE FRACTIONS FROM CHROMATOGRAPH ANALYSIS
AL1) AND X1} ARE THE AREA AND ATTENUATION FOR THE COMBINED
, ' , H2-CH&4-C2H6 PEAK
AL2) AND X(2) ARE FOR THE C3H8 PEAK
A(3) AND X{3) ARE FOR THE C4H1l0 PEAK
¢+ A4} AND Xl4) ARE FOR THE HYDROGEN'PEAK
At5) AND X(5) ARE FOR THE "METHANE PEAK

M NNl eI AN ST AT

DIMENSION TITLE(20}s A(S)s X(5)y CONVRT(5)s AALS), TEMP(T])
DIMENSION EMF (7)s TODIF(7)s TCEROR(T), FEED(5), RAT(2,50!}
DATA CONVRY / G4t64y 041532y 410322, 07895, ,0692 /
DATA TCEROR/ 04054y 0e03Bs 040255 0e004s 0e04ls Qe024y 0073/
HEIGHT = 77.0
NCOUNT = O \
READ(5,800}! TITLE
WRITE([69901) TITLE
c s
10 READ(5,B01) SAMPLE, (A(11sX(1)41=1,5) ‘
IFISAMPLE.+LT.0.0) ~ GO TO 300 e
IF{SAMPLE«NE«O+«0) GO TO 15
WRITE(6+902)
.- GO TO 10
* 15 AA(L)
AA(2)
‘AA(3)
AALG)
AA(5)
VOLUME
DO 40 1
40 VOLUME
DO 60 I=

A(a)nX (4)#CONVRT (L)
A(S5) %X (5)*CONVRT (2!
(A(l’*X(11—(AA(1)/C0NVRT(1J+AA(23/CONVRT(2))I*CONVHT(3)
A(2)#X(2)®CONVRT (4)
A(3)%X{3)%#CONVRT(5)

0.C .

1,5 . '

VOLUME + AA(I)

1+5

wouwounonow

EMF  1-7 ARE THE MILLIVOLTS OF THE THERMOCOUPLES AT
BOTTOM OF THE REACTOR
6 INCHES'UP THE REACTOR
1 FT UP THE REACTOR )
2 FT UP THE REACTOR \
3 FT JP THE REACTOR '
THE FEED GAS I
THE CIRCULATING OIL
READ{5,802) EMF .
DO 100 J=147 : .
EMF(J) = EMF(J) = TCEROR{J) L
100 TEMP(J).-= 480400 = (104110-EMF(J)'#(20400/0445T! ]
TAVG = (TEMP(11%3.+TEMP(2) %6+ +TEMP(3) %9, +TEMP(Q1*18-)/36- (
DO 120 J=1,7 . - .
120" TOIF(J) = TEMP{J)} - TAVG o

aNaRaNaValaRaNalkal
NS W

[a¥al

CARBON IS THE NUMBER OF CARBONS IN THE PARAFIN FEED
C FLOWH2 1S THE HYDROGEN ROTAMETER SETTING AT 4.0 PSIG -

2
I WG

P

60 AALL) = AA(l)*lOO 0/VOLUME - . ‘ \\ '



9.

FLOWHC 1S THE PARAFIN ROTAMETER READING AT 4.0 PSIG
NCOUNT = NCOUNT + 1
READ(5+802) CARBON, FLOWHC, FLOWHZ2
H2 = FLOWH2%#(13.4/100e ) #{ (TAVG+46Ue)/530,)
HYDCAR FLOWHC#*(3, 495/100.3*(|TAVu+460.J/530.
H2FEED 0.0
HCFEED 0,0
CONV = 0.0 \
IF(A(4)+EQ.0.0}) GO TO 230
N CARBON + 0.1 2
N N-1 . _
. 60 TO (200, 210.220) N .

200 HYDCAR = HYDCAR#SQRT(2.06/1.049)

HCFEED. = AA{(3) + AA(2)%0.5

H2FEED = AA(1) + AA(2)#2.0 + AA(3)%3,0 - HCFEED*3.0 -
CONV = 100+%(HCFEED-AA(3))/HCFEED :
Xl = 200
X2 = 0.0 -
X3 = 0.0
FEED(1} = 0.0
FEED(2) = HYDCAR/(HYDCAR+H2!
FEED(3} = 0.0
FEED(4) = 0.0 ,
FEED{5) = 1.0 ~ FEED(2)
RAT(1+NCOUNT) = H2/HYDCAR
GO TO 230 -
210 HYDCAR = HYDCAR¥SQRT{2.06/1.56) - ot
HCFEED = AA(4) + AA(3I#(2./3.} + AR(2)/3,
H2FEED = AA(L)+AA(2)%2.+AA(3)%3.+AA(4 )4, — HCFEED#*4.

" CONV = 100.*#{HCFEED-AA{4) ) /HCFEED
REACT = AA(2)/3.0 + AA(B)*Z 0/3.0

X1 = AA(2)/REACT .

X2 = AA(3)/REACT

X3 = 0.0

FEED(1) = 0.0 . . e
FEED(2) = 0.0 \

FEED(3) = HYDCAR/(HYDCAR+H2) ]
“FEED(4) = 0.0 _

FEED(5) = 140 - FEED(3) .

RAT(1sNCOUNT) = H2/HYDCAR
GO TO 230 o .
220 HCFEED = AA(S5)+AA(4)#0.75+AA(3)#0.5+AA(21 %0425
H2FEED AALL)+AA(2) %2, 0+AA (31 #3 ., 0+AA (4 *4 . 0+AA(5)#5,0- “HCFEED*5.
CONV = 100.*(HCFEED-AA(5) } /HCFEED
REACT = AA(2)%#.25+AA{3)%.54AA14) %75

X1 = AA(2)/REACT - ‘ - -

X2 = AA /REACT \ :

X3 = KK{E}>REACT ' ' S -
FEED(Y) = 0.0 : : :
FEED(2) = 0.0

FEED{3) = 0.0

FEED{(4) = HYDCAR/ (HYDCAR+H2!

FEED(S) = 1.0 - FEED(&)

RAT({1sNCOUNT) = H2/HYDCAR
GO YO 230 ’
230 CONTINUE

: FLOW = H2 + HYDCAR



320.

RATIO = H2FEED/HCFEED
_RAT(2sNCOUNT} = RATIO
C ‘ .
NSAMPL = SAMPLE + 0.1 .
C WRITE(6+900) NSAMPL, (AA(II.I 15}, (TDIF(I)41=1,5), TDIF(T),
C 1 TAVG, RATIOs FLOWs CONVs X1y X234 X3 : ‘ -
C ~  WRITE(7»965) NSAMPL»TAVGsFLOWIFEED»X1sX23X3CONV,HEIGHT
GO TO 10
300 WRITE(6,998!
C -
800 FORMAT{10A6/10A6) | .
801 FORMAT( F5.05 5(F1041sF5.0)) ‘ ‘
802 FORMAT(8F10,3) .
900 FORMAT(15y F1l0e2s FBe2y FT7e2y F7uls FBa2s4Xy S(FS5elly F7els F10e2,
1 F742y F742y F742, 3X» F6e2y 2F6.3)

9ul FORMAT(//1X»10A6/1X+10A6//1X»6HSAMPLE 13X y21HPROUUCT MOLE FRACTION

l» 12X» 25HLOCAL TEMP — AVERAGE TEMP, 6Xy THREACTURs -2X» 4HFEEU

T2 4Xs 4HEXITs 3X» 4HCONVs 7Xs11HSELECTIVITY/
3 1Xs 6HNUMBER»> 5X» 2HHZ2»s. 5Xs 3HCH&4s 4Xs4HC2HG6s 3X, 4HC3H8, 3X,
‘4 S5HC4H10s 6X»s 3HBTM»2Xs 3H6IN, 2Xs 3HIFT, 2Xs 3H2FT» 2X»s 3H3FT,
5 3X» 3HOIL»s 4Xs THTEMP(F)s 2X» S5HRATIO, 4X, 3HCFMy 12X, &HC1lH& s
6 2X» 4HC2H6s 2Xs 4HC3HB/)

902 FORMAT (/)

965 FORMAT(13,F742,F6e2sF54214FTatsFbe332F5435FTa2sF50el)

998 FORMAT ({1H1®

999 FORMAT(lx,zFlo 4)

FLUIDIZED BED REACTOR RUNS OF DEC 5 - 6 /69 AND JAN 10 /70

END

6400 END RECORD

20«6

SELECTIVITY FEB 16 1970

le 90.5 20+ 23.8 10, 221.8 Se T2e4 2e 7265
10.155 10,205 10205 10.194 10415 9.840 9.38
4, 13, 22. :
2a 94 a6 20. 46;1 e 54.1. 20 ."143.4 l. 31543 .
10. 260 10.244 ~ 10423 10.255 10.19 9.6 9.31.
4, 13, 22 . . :
3. . 9145 20s 43.9 5S¢ 10449 10« 13746 " le  298.7
10,16 .- 710,24 10.222 10.22 10.194 9.81 9.3 .
4, © 13, 22, ‘
4 30«2 50« 3442 Se 798 . 10 15543 le 251a
10265 10.598 10.587 10.573 10.573 9.763 9.735
4, 14,5 33.5 S L
5. 1741 20. 88, 2. Bl.8 10« 156, le 62443
104326 . 104584 1057 104563 10.565 9439 9.918 | '
4, 14,5 3345 '

' T Vo .
6. 88.8 " 20. 4246 Se 102.2 10« 129.5 1, 291.8
10.284 10,25 10.227 10.242 10.208 9.51 9.4
4o Lot 13. 22. - ’
Te 95,9 '20e 4643 5e 109.2 10. 1421 l. 314.9
10423 10.237 10.226" 10.221 10.19 9465 9.32 -
b 13, 224 . ) .
Se - 712941 20 4be3 Se 1608 10« 112 " le 4492
9.518 .88 9.885 9.8Y GeBlYH Y55 8438
l" 20.



10 977
‘LIn_
11. 97.3
9.917
Ql >
17« 6145
10.32
4o
14 100,
10,118
4o
15 99.
10.1
iy
" 16 1195
10.527
4
17 10346
- 10579
LN
18« 967
10.578
4
19. 102.5
10234
4a .
20« 100.2
102473
L"
21‘- 75.3
Y4845
44
224 156,5
%.87
l{l
23. 100.
10.232
f‘l
24, 101.5
10.188
4y
25« T645
A04571
4. ~
274 100,
10e2

20.
10,211
13.

20.
10.218
13,

) 50
10,573
28.5

20.
10,223
13.  °

20.
10.218
13,

20,
10,552
13,

20.
10.568
10.

. 20.
10.585
10,

20.
10.234
13.

20

10.235
13.

10
855
15.

Se
15.

20
10.23
13.

20,
10.18
13,

50.
10.564
20.

20.
10.213

™
‘08.4

10.215
22.
46.9
10.23
22.

13.6
10.601
30.

48,2
10.24
22.
47,7
10.223
224

377

104558

22

9547
108672
22.4
9441
10.588

T 2244

4947

+10.228

22.
4845

104236

22

13543
94875 -
35.
136.4
9.868
35,

4?.9
10.234
22
47.8
10.247 -
224

8.0
10.6

. 2044

4646
10.242

5. 11l.
10.215

10.
10153

5. 109.4
10.22

10.
10.158

1. 62.2
10,593

20.
10,583

Se 109.
10.223

10.
10.18

5e ‘1107
10.2

10.
10413 -

-

5S¢ 17643 Se
104555 104505

. 156
10457 10.458
2 T6e3
10.577

10.
10.52

Se¢ 107
10.224 10204
5e

10.24

10742 10.

10.165

2. 128 # 10
9.85 ‘?.85‘ .-
2. 12947
9.87

10.
9.875

5e 110.1 10.
10.208 106172

5. ° 11046
1019

: 100
10.165

10.
10466

20 119.
10.582

v

Se 110.6
10.19%

10.
10.184

-

10..

l10.

150.
9.73

14745
979

9244
9.67

1494
9.9

15142
9.83

138.1

F.73

15146
9.622
15647
957

150.1
9.182

10.144

1877
9457

18l.4
956

147.9

. 10173

150.2
10417

8545

10426

148.8

10615

9435
9.28

le
934

1.
9497

le
9.97

l.

1o
9425

l.

Fell

ls

9.57

1.°
9.22

9.22

le
9424
1.

9421

321.

316.8

316.8

569.2

329.1

320.5

41547

34645

3167

- 332.8
9.21 :

32943
235.2

2420 ]

32347

328

" 3567

32449



fy o

28. \99-“
104195

ba
294
9,846
ba
30
9.842

{il

31.
104237

l';.

33.
9.872
4o
34
9.85

n.".

9449

E

-

35.¢ BT7e6
10.160
40 .
36
10.150Q
Y 4,0

A7 . \92-2

10.173
3.0

38e TT7.9

10.198
3.0

30 40.1

10212
300

40e 9441
10,228

2.

41 9845
10.204

2. -

(‘20 9‘4.5
- 104475
la

“3. G6e7
10.682
7

1073
9.865
30,
9547

103.7

1071
9.89

88.1

¥

13,

10,177
13.

v

20,

204
9.84
30,

20
10.21
13.

10.
104

10%
9.86
10.4

20.

104227

9.0
20

10.233

9.0

10.
10.220
10.0

10.
10.221
10.0

. 20.
104240
1040

20.
106223
10, .

20.
10.195
104,

20.

10.465
10.

20

10.680
10.

2-0.‘

22
49.0
10.2
22.

33.9
9.875
31,
7049
9.868
31,

11.6
10208
22

155.3
9.875
23.6
1464
9.852
2346

3842

10.198

15.0
38.2

10.180

15.0

7247,
10.206
2240

6941
10,215
, 2240

65.7.
104230
22.0

104225
22,

10195
22

. 104461
22,

10.678
22

e 110.4
10.19

10.

G6ehs

5. 906
9.858

20s 10945
10.228

2o 60.5
9.802

e
9.85

117.3

5. 12243
10,210

5o - 1217
10.211

-

20.
10.218

20. _
10.219
»

20.
10.223

10.210

10.190
10,460

10.678

9.805

10.

10.173

20,

9.862

20.

9.848-

Y

10.

10.16

20.

1G.

- G.82

10.
10.085

10
10.070

10.180

10.190
7
10190

i

10210 °

10182
10.450 .

10.648

‘1505

10.156

1299
9.56
134.
9775

14547
Fe64

171.8

. G863

180.7

977

Ean®

14646
10138

1452
10210

173.1
10.260

9379-7
10.290

15849,

10.262

90.1
10.080

181.0

10.318

183.2

104438

18044
10762

322.

1. 322.5
9.19

le 35447
8.31

la 306.

l. 339.3
9.15

l. 3754
9433

l. 333,48
Fet9

1. 279
930

le 2899
9.270

1.  284.
104010

le 247«

10.078

le 2406

9-830"‘.III

2e 87«4
10.078

l. 95
10.355

q

T 1. 14649

10.605

le 22946
10+ 688



’

4tte 965
10.187

[y

45, 959
10.209

{} o

Hh6 s 60.5
10.590

4.

"1.0

20. 454
10240 10.200
13. 22,

20. 47.8
10.226 10.200
13. 22.

50 B7.5
10.590 10+561
13. .22

'
- END OF FILE

ir

5. _ 107, 10.
10,239 10.148
5.  105.4 10.
10,242 - 104135
2. 18646 5.
10.600 10.465°

-

148.8
10.050

14546
10.280

1112
10461

323.

By 317.1

9430
1« 30749
9430

le " 2818
8.830




RUN(S)
SETINDFe - o

REDUCE . » - : . .
LGO.

el alalalalale

NN AR NaNSNE

1

324,

"HPHD»T10. <' ¢ ' N - IAN S.

A

6400 END OF RECORD.
:PROGRAM TST (INPUT,OUTPUT, PUNCH;TAP&S lNPUTvTAPhb OUTPuT TAPE? PuN
CH} - 4
FLUID BEDL DATA ANALYSIS RUNS 48 - 861 N2 USED TO CALIBe CHROMs _
CALCULATION OF MOLE FRACTIUNS FROM CHROMATOGRAPH ANALYSIS ‘
A1) AND NATTEN(1) ARE.THE INTEGRATION' ANU THE ATTENUATION FOR THE
C2H6 PEAK . . .
A(2) AND NATTEN(2) FOR C3HB PEAK ;

CA{3) AND NATTEN(3) FOR CH4 PEAK , B

Lo

1

. NCOUNT = 0

10

15

30

100

120

125

130

A(4) AND NATTEN(4) FOR C4H10 PEAK -

DIMENSION TITLE(20) A(4)2“NATTEN(4)y X(5)s CALIB(GI, TEMP(S),
EMF(5}y TDIF(5)+TCEROR(TI}, FtEDtSJ '
DIMENSION RAT(3+50) .
DATA CALIB/ 1e483s 1839y:1.000» 2-L3l / ‘
DATA TCEROR/ 0.054» 0+038» 04025» 04004y 0.04ls 00245 0073/
HEIGHT = 77.0 o .
READ(5,800) TITLE ]
WRITE(65901} TlTLE_ . .

\ L]
READ(5+801! NSAMPL.CALIBR.IA(IJ.NATTEN(IJ,I 1y 41
IF{NSAMPL.LT.0) GO TO 300
IF{NSAMPL.NE.O) GO TO 15
WRITE(6+902)
GO TO 10 .
SUM = 0.0 ' )
XMULT = 77.066/CALIBR -
DO 30 J=1.+4 S ‘ F
ATTEN = NATTEN(J)
X(J) = (A(Jl*ATTEN*xMULTICALIB(JJJ*loo.o*(CALlutalxaqga.
SUM = SUM + X(J) . N
X(5) = 100.0 -~ SUM

EMF 1-7 ARE THE MILL!VOLTS OF THE THERMOCOUPLES AT

1 BOTTOM OF THE REACTOR - S

2 6 INCHES UP THE REACTOR

"3 1 FT UP THE REACTOR '

4 2 FT UP THE REACTOR

5 3 FT UP THE REACTOR _
READ(5+803) EMF ‘ _ ' .o . : .
IF{EMF{1)<EQ.0.0) GO TO 125 -
DO 100 J=1,5
EMF(J) = EMF(J) - TCEROR(J’-.
TE ‘ Ji = 480.00 - th.llO—EMFtJll*tzo 0010.4571

VG (TEHP(1)l3.+TEMP(Z'*&o+TtMP(3l*9 +TEMP(4)*18.I/36- ‘
DO 120 J=145 '
TDIF(J) = TEMP(J) ~ TAVG
GO TO 180
CONT INUE -
DO 130 JU=2,5

EMF(J) = EMF(J) - TCEROR{J}

TEMP{J) = 480400 — (104110-EMF(J))*(20+00/0.457/
TAVG = (TEMP(2)#9, + TEMP(3)#9, + TEMP(4i%]1Be) /36

K‘,



~ s

~ T

N aNa ke

325,

DO 140 J=245
140 TOIFLJ) = TEMP(J) - TAVG
189 CONT INUE

NCARBN IS THE NUMBER OF CARBONS IN THE PARAFIN FEED
"FLOWH2 1S THE H2 FEED RATE IN SCFM
FLOWHC 15 THE PARAFIN-FELD RATZ IN SCFM
RLAD (54802 NCARBN FLOWHC s FLOWHZ
1F {NCARBN<NE «&4) STOP
REAC = X(1)#Q,5 + X(2)%0475% + X{3)#0.25%
- CQNV 100 *REAC/(REAC+X (4 )} .
AAA = (X(3) + X{1)¥24 + X(2)%3. + X(4)%44)/74, : v
X1 = X(3)/REAC : :
X2 ¥ X{1)/REAC
X3 = X{2)/REAC ‘
THIS “SECTION ADDED LUE TO ERROR IN MEAsuRINb RATIO FROM
'CHROMATOGRAPH FOR RUNS .48 TO 86 - ‘ .
FEED RATIOS OBTAINED -BY COMPARING TO SIMILAR FLOw.MET?R SETTINGS
¥

FROM RUNS 1 - a6
READ(5+804}) RATIO . - .

BO4 FORMAT(F10.3) - _ : ‘ \
NCOUNT = NCOUNT + 1 i ' : -
RAT{LsNCOUNT) = RATIO
RAT(2+sNCOUNT) = FLOWH2/FLOWHC :

Co = X(4) + 0.25#X {3} '+ 0.5#X11) + 0.754%(2)
RAT(34yNCOUNT) = (100.0-C4)/C4 -
FEED4 = 100.0/(RATIO0+1.0) . 2
FEEDH = 100.0 = FEED4 )
REAC FEED4#*CONV/10040
X(4) FEED& - REAC
X{l) REAC#X2
X2} REAC#*X3
X{3) REAC#X1 :
X(5) 10040 = (X(1)+X02I+X(3)+x(4}) . s
FLOW (FLOWHC+FLOWH2) #(460.+TAVG} /530, : ,
. FEED(1} 0.0 :
- - FEED(2) 0.0 g .
" FEED(3) 0.0 . o
- FEED(&) FEEDQI(FEEDQ+FEEDHJ :
1.0 - FEED(4) '

nnw g 0Huu N

n NN

FEED(S)

C WRITE(6+900) RSAMPLs X(S3aX{3)eX(12eX(2)sX (41, (TDIF{I2+]1=1+5)
1 ' TAVG,y RATIOs FLOWs CONVs X1sX2+X3
WRITE(T-965) NSAMPL s TAVG+FLOW FEEDtXl9X20X30C0NV'HEIGHT
GO TO 10 ¢
1J0 WRITE(&6+998)

BUG FORMAT(10A6/#10A6) . -
Bul FORMAT(I5sF10e1+4(F10els15)}
BO2 FORMAT(15+5X+2F10e3) .
RN3 FORMAT(8F10.3) . L
91 FORMAT(//1x.10A6/1x.10A6//1x.6H5AMPLE.13x.21HPRoouc1 MOLE FRACT!ON
© 1y BXy 25HLOCAL TEMP — AVERAGE TEMP,10Xs THREACTORs 2Xs 4HFEEU,
4Xs GHEXIT, 3X» 4HCONVs TX»l1HSELECTIVITY/

1Xy 6HNUMBERs 9X» ZHH2s 5X» 3HCHG4s &4Xs4HLZHOE, 3K &HC3HB, 3X,
SHC4H10e¢ 6Xe 3HBTM»2Xs 3HOINs 2Xs-3HIFT, 2X» ZHZFT» 2X» 3H3F T,
) 10Xy THTEMP(Fl, 2Xs SHRATIOy 4Xs 3HCFMy 12Xy &HClH&,

LS S ol VO AN R



. | | . 326.

. ' .
6 2Xs 4HC2HG6s 2Xs 4HC3HB/)

902 FORMAT(/} = :

700 FORMAT(15s F10e42y FBe2s FT7e2s FTe2y FB.294Xy S5(F5e1)510XsF 702,
: 1 FTau2y Fle2s FTa2y '3Xs FHL242F6.3) '

969 FORMAT(I34F Te24F6e2+sF542904FTet3F60332F5.33F7e24F541) '
998 FORMAT(1H1)

999 FORMAT(1X+3F10.4)

_ END . | ¢
' 6400 END OF RECORD . N
48 Bla42 17.9. 4 33.8 ‘ 2 125. 4 87«3
. . 10.285 . 10.228 10.212 10.206 '
- 4 0553 2.78
5.17 . :
5C Bl.42 17.4 4 35.4 2 12447 4 8649
10.302 10.245 10.236 10.230
4 0.5523 2.78 )
5,18 -
51 8le42 = 17.7 L 4 34,4 2 12545 4 8547
10,300 10245 10225 10.200 -
4 0553 2.78
5.21
52 Bl.42 176 : 4 34,0 2 127.0 4 BG40
10.318 106260 104240 10.230
4 04553 2,78, '
5.18 . .
53 Ble42 15.9 4 31,1 2 718.2 "B 69.6
10.673 104620 10605 10595
4 0553 2.78
5429 - - : ¥
54 81la.42 16.8 : 4 62.3 1 1624 4 139.0
10.700 10,633, 10.610 104610 - <
!’ 00553 - 2.78'_ e ¥l i .
5.16 . . T '
55 7%.6 25.2 £ 39.4 ~ 1 38.1. 16 4740
10.988, 10926 10.910 10.900 I ‘
4h ° 0.553 2.78 - ‘ : ’
53 ' ’ ) - r
56 75.6 2644 ' 2 42.9 ° .. 1 B3.0 8 110.
10.975 10.911 10915 104875 v
4 0+553 . 2«78 . ' ‘
543 ) : .
57 B2.5 24,0 © 2 33.2 -1 9747 . 8 8545
T 11,302 11,246 11,248 11,208 '
4 . 1 0D«553 2.78 .
:).3 . ' B - " ’
58 79.15 23,4 2 31.7i 1 100.8 B 8542
11.05 11.315 11.280 11.275 11,235 .
- 4 0.553 2.78 ! -
543 - s : o : 7
59 79,15 2549 "2 33.4 1 109.0 - * 8 867

11.05 11.320 11.270 11275 11.235
4 0.553 2.78 .



5.3

" 6] Blad
10105
4
a3
63 81.3
10.08
4
5.10

64 81.3

10413
4
5473

65 79.7
10416

4
11.0

66 79.7
10419
. [’
11.0

67T 79.6
9.8
4
2.68
68 7946
9.9
4
2467
. 69 T9.6
9.83 . )
4
268
70 79.6
9.90

I

4
2468

71 79.6
9.9

2610

72 8047
10.10%

4
9.3

73¢80,.1
YelT

4
%423

74 80,1
5,81

4

2 5.8
104310 104255
D.553 .2« 18
18.2 . ’
10290 10220
0.553 . 2,78
17.2
L0o300 10240
09553 2.78
.“ 10.2
10.255 10.213
0.293 22
18.1
10.280 10.235
0.293 3.22
: Ge2
10290 10215
0.957 2473
10.7
10.330. 10,250
0957 2¢43
6.2 o
10.290 10.20
0.957 2443
10.0
10.280 10205
0.957 243
22.5
10.285 10.220
0.957 2e473
.0 i
106295 10.222
Ne553 278
5 31.5
9.905 9850
0553 218
5 32,0
9.942 9,89
04553 ‘2o 18

u

2 12.1
10255

4 3446 -

10230

4 33.8
10240

4 2.5
10.210

2 50.7
104225

4 13.3

10.215

4 4843
10.250

L1]

2 13.3
10.20

1 10.9
10+205

B 4945

10215
Ly

Ty
4 33.5%
10.23

2 47.5
94840

2 4T.1
9.89

1 22.3
10.210

2 137.9

10.220

2 129.3

10235

2 58.1

"10.210

—-

_,1'9904
10.230

2 6847
10,150

1 153.
10.12

§ 81.2

1061} |

1 61.8°

10.11
L)

v

1 153.
10.12

rl

2 130.6

10.21

2 B8.5

F+83

2 90.0
.87

!

327.

4 1645
4 Bl.9

4 7546
4'104%e 4
104030
2 9245
8 38.8
6465

8 62.3

4 35.2
T«48 '

b 5444

8 121.
664

4 8046
941

4 1006
9425

4 97.8



85
10422
4
Sel7
86
10,220
&L
52
~-9999

80.15 19.1
94560 9.530
04553 2.78
80.15 174
94590 94555
0e553 2.78
80.15 20.8
9.655 9.61
? 0.553 2.78 °
80.0 8.5 !
9.250 9.220
0e553 2.78
80.0 13.8
94260 9,222
0.553 2.78
80«0 15.0
10432 10.27
1.01 520
80.0 1443
10.180 10140
1.01 5420
80.0 1645
10.280 104220°
06553 2.78
80+0 “23.1
11.595 11.562
Ve553 2.78
80.0 23.0
11.605 11,575
0.553 2.78
C
80.0 174
10.295 104243
0.553 2.78
80.0 167
10.305 1025
04553

278

END OF FILE

2 54,7
94530

2 51.7
94550

2 53,1
9,624

"2 38.9

F.215

32.4
3

4 33,7
10.28

4 39,9

10.140

4 32.3
10.230

2 2901

11.55%

2 27.5

©11.58

4 32.9
10.242

10.22

2 51.2
9.520

94540
9.615
S.218

2 80.4
+9.23 .

10.29

- 2 B3.4
10416

2 120
10.205

1 63.1
11.48

1 12i.5
11,565

2 135.
10421

2 123.3,
10420

U

328.

-

4 124,4
9.38

-2 119.7 -
9436

2 116.2
9445

4 151.7
9.30

\

1l 145.3
9.29

4 9344
9.60

4 95.8
937

4 792
9440

16 64.8
10.2

8 110.7
4 B2.7
9.15

4 B2e2

|



329.

HPHD s T377 W IAN 5.

RUN(S)

SFTINDF«

RCOUCE «

LOAD( INPUT)

LGO «

1 6400 END OF. RECORD )
PROGRAM TST (INPUT’OUTPUTOPUNCHiTAPE5=lNPUTlTAPE6 OUTPUT'TAPE7“PUN
lCH)

“MAIN SEARCH PROG. AOR CATALYST ACTIVITY‘AND INTLRCHANGE

_SHAW JUNE 1972

COMMON/BLK1/VARIND (75100 +VARDEP (445100 »CALDEP (45100' s NRUNL100) »

1 NRUNS s KCQUNT o HZEMUL (100) yHEIGHT (100)+22(4)
COMMON' /BLK2/ FEED(5)sT+FLOWLCACT, HO.KEMUL'OUT(S).SlsSZ»S3;CONV-

1 X+ IPRINTsEMULHZ

COMMON/BLK3/ A{13)

COMMON /BLK4/ SUMM(100)

COMMON /BLKS/ SUMN,AKE{7),4KM,SMIN

COMMON /BLKB/ MCYC yMAXK sMKAT sNSTEP JALPHA, nErA.EP5t7).vc7 71.AFK(7J
DIMENSION XX(100)sXPHI(100)3DIF{4}TITLE(12) sAVGDIF (&)

[ B

C . .
READ{5,804}) TITLE , . )>

- WRITE(6-983) TITLE
READ(5+500) KMsMCYC»MAXK sMKAT sNSTEP :
READ(59501 M (EPS({1)41=1sKM! {
READ(549501 1 (AKE(I) 41=1sKM) = -
READ(5+501) ALPHAWBETA
SMIN=1,0E30
V(l'l, ‘1.
Vile2)

VI2,1) =
V(2,2 =
READ +» 80

DO 5 1=14NRUNS
READ(S’BOZJ NRUN(I’-(VARLND(J’I‘vJ 1,72, {VARDEP (J» I’vJ 194’;
1 - HEIGHT(1) ) Lo -
VARDEP (4,1) = 1.0 - VARDEP(4,11%0301 T
5 WRITE(6+9BBINRUN{I ) 4 IVARIND(Js1)sJ=1, 7)9(VARDEP(J91”J=IOQ)!
1 HEIGHT {I)sNRUN(I]) . . .
All)
Al3)
AlL)

4

O
SO C O

} NRUNS ..

51000
30000.
16000.
A(5) 156604
AL6) 10.6292
ALT) 12.2399 .
}/ AlB) = 64,8140
: A(9) = =-2.348 ' )
A(10) = -2.151 - . .
S A(12) = 4,5208 ‘
Afl3) = -2.2115%
A(2) = A{3) + 10000. ~ ‘ N
A(11) = A(4) + 10000 : :
s WRITE(6,996) (A(I),1=1,13). AN
Al5) = 10.0%%A(5) ' /
Al6) = 10.,0%%A(6) ' N
A(T) 10.0%%A(7) )
A(B) 10.0%%A(8)
Al12) = 10.0%%A(12) -

oo non o

B
n

nw na



330.

WRITE{(64,9931 '
CALL SEARCH '

405 WRITE(6,992) \
SSUMM - 0.0 . . i
“ DO 408 J=1l4 P

408 AVGDIF(J) = 0.0.
DO 410 I=1,NRUNS " :
41¢C SSUMM = SSUMM + SUMM(1) P
DO 450, 1=14NRUNS )

i SUMM( 1) = SUMM{I)I*100e0/5SSUMM
DO 440 J=ly4
DIF(J) = VARDEP(Jsl) = CALDEP(J,1!
440 AVODIF(J) = AVGDIF{JI_+ DIF(JI*DIF(J)
¢ WRITE (799987 KoNRUN({I? s (VARIND(Jsl ) sUsle2) yH2EMUL(] ) sUIF
450 WRITE{(6+997] NRUN(T T s AVARIND (U s [ ) s d=137 )5 IDIF{J)sd=l sl
1 HEIGHTY (1) NRUN{IJ),AKE(1) ,SUMM(1)
DIV = NRUNS | {
DO 455 J=1s4" _ : :
455 AVGDIF (J) = AVGDIF(J)/DlV _ .

WRITE (69990} (AVGDIF(J)sd=1,4)
EACH = SSUMM/NRUNS

WRITE (65999} SSUMM,EACH ‘ :g
C . . s . 3
C DO 600 1=1¥NRUNS .
C 600 WRITE(T7,777) K.NRUN:IJ.t(VARDEPtJ.Il.CALDEPtJ,IJJ.J 1s4)
C o -

STOP
c .

500 FORMAT(515)
501 FORMAT(10F8.1)
777 FORMAT(12+s13+3X92F7.313X%X22F6. 3.3x.2F6 333X92F6el)
801 FORMAT(21547F10.3)
BO2 FORMAT [I139F7429F6e23F5e224FTe4sFb6a392F5.3+sFTa29F5el)
8U4 FORMAT(12A6)
983 FORMAT (1HY42X»12A6/) —
988 FORMATH{14sF Te29F6e29F5e224F Tl sF b 302F5 39F7e 4.F5111[4’
990 FURMAT(/Y/72%, BHVARIANCEs 4F20.10!
992 FORMAT(IHls 35X» 31HOBSERVtD MINUS PREULICTED VALutS//J
993 FORMAT(///7)
996 FORMAT({2Xs 1SHTHE A VECTOR I1S5+»#4FT7+0y 6F9eby F7e0s 2F9.4)
99T FORMAT (14 9F Ta2eF0e2+1F5e¢204FTet3F60332F5439FTalisF5 1914!3X,F7 Ly
1F6al}
998 FORMAT(129134sFBa2vF7e2+F6. 3.4F9 4)
999 FURMAT{////2X+21HTHE TOTAL RESIDUAL ISsFl7.5/2Xs 29RnTHE AVLRAGE PE
IR EXPERIMENT 1Ss FlQe5/7/7)
T END
SUSROUTINE OBJECT ' '
COMMON/BLKI/VARIND(7,1003.VABDEP(Q’IOO’,CALDEP(A.IOO)sNRUN(lOOlo

4

-~

1 NRUNS s KCOUNT » H2EMUL (100) yHEIGHT (100},22(4)
COMMON /BLKZ2/ FEED(S}’ToFLOWvCACTvHOthMUL’OUT(5)’Slfszv’BQCONVo
1 X+ IPRINTEMULH2

COMMON /BLKG&/ SUMM(100)

CUMMON /BLKS/ SUMN;AKh(?’.KM-SMIN

DIMENSION CVARIN(34+3)s NUSE(3)s CVRIN3(3,3)

DATA CVRIN3 / +5.15875E+00s +1.15851E+00s =1.11377E+01,
1 +1.15851E+00s +9.,48350E+00, —-1.89154E+01,



3.

2 -1+11377E+01, -1. 89154E+01| 6. 24919E+02/
DATA CVRIN3 / +1.6309E+0ly ~BaB98B45 00, +5,3325E+02,

1 " —8489B4E+00s +1eT3TOE+0Ly =442757EH40Q2, -
¢ 2 ‘ +5e3325E402y -4275TE+02y +243489E+047
DATA CVARIN / 133942,°4290e9) —206+64 429049y 31645¢Y, ~588347,
1] =206e.6y ~5883.7, B229.8 / - o .o
’ DATA NUSE 7 1y 34 & / :
: CACT = AKE(1}
X = AKE(2)
RATIO = 1.0 .
SUMN = 0.0 -~
DO 100 I=14sNRUNS
HO = HEIGHT(I)
T = VARIND(141) L
FLOW_= VARIND(2,1)
FEED(IT\= VARIND(3,1) - .
FEED:;T\\ VARIND (4,1)
FEED(3.) = VARIND(S5s1) ' : ~ '
. FEED(4) '= VARIND(6+1)
. FEED(5) = VARIND(7,1)
C CALL KATWEN(O)
CCALL KATWEN(1) .
"H2EMUL (1) = EMULH2
CALDEP(1,1) sl
LCALDEP(241) §2
CALDEP(3,1) S3 " -
CALDEP (441 1e0 = CONV*0.01 (
SUMM(I) ‘= 0.0
DO 40 Jl=1,3
J = NUSE(J1) _
DO 40 JJ1=1,3 ’
JJ = NUSE(JJ1)
ERR = CVRIN3(Jl;JJlj*{VARDEPlJ.I)—CALDtP(JsI))*{VARDEP(JJ.I)-CALUE
1P{JJds 1)}
C *ERR = CVARIN(J1, JJl)*(VARDEP(J.IJ—CAhDEP(J 141 % (VARDEP (JJ» 1) -CALDE
C 1P(JJs ]} -
IF({J1EQeJJ1) Z2(J21) = ERR
40 SUMM(II/E'SUMM(II + ERR
SUMN = SUMN.+ SUMM{T)
0Q = 1.0E+03%EXP{-045#SUMM(]}!}
C QQ = 1.0E+13%EXP(-0.5*SUMM(]1))
RATIO = RATIO®QQ
C WR]Tt(bsggg, NRUN‘I)Q(VARINJ(J!I’QJ 1T ) s {CALDEP{J1 ) s d=144),
¢ 1 . HEIGHT(l’vNRUN(l’:XvSUMM(I)"ZZ(J):J 1s4)TT
100 CONTINUE
WRITE(6+999) X,CACTsSUMN,RATIO
RETURN
998 FORMAT(143F7e2+sFbe2+F5e 2,4F7.4,F6 3.2F5 33FTalssFSOe Lo l144F6e3y
14F942+F2404F5.2) i
999 FORMAT(1Xs2F13.7+2E20e8/) - _
END , . . .
' - 6400 END OF RECORD’ '
' 6400 END OF RECORD : :
KATWEN{1) FOR INTER AND CACT # - ORC KIN. PAR. ERRORS FOR WEIGHTING
2 4 & 12
O-Ol _OIOOS
1.32 0e25

™M

it on
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37 . , . .
84 543430 6431 0,00 0.0000 0+0000 «1587 8413 3,604 o115 055 B3.85 77.0
3 483e 3 6406 0400 040000 040000 1335 JH6bS 24844 4255 o¢1b 92457 7740
b 498436 9403 0400 040000 0:0000 +1014 <8986 2.928 ¢217 o213 53.58 77.0
7 484423 6406 0400 00000 040000 1335 (B665 2,858 o246 o217 52476 7740
9 468405 6406 0.00 040000 0.0000 2021 7979 3,092 4208 4164 50¢00 770
11 483416 6405 0400 040000 0+0000 1335 28665 2,834 4259 ,216 53407 77.0
2 av9e25 9.08 (.00 0.0000 0.0000 + 1986 8014 3.513 L1114 087 59.04 T77.0
b 483412 6405:0.00 0.0000 040000 1335 48665 2,816 4268 4216 53423 77.0
18, 499478 6407 0400 040000 0eQ000 1043  BYISDT 2,966 4245 o182 60e77 770
20 484278 6407 0e00 0e000C 040000 1335 B665 24857 o247 217 54435 77.0
20 668465 9414 UL00 040000 0.0000. «1005 <8995 1,821 ,296 4529 31622 7740
24 483421 6405 0400 0s0000 Ue0000 21335 +B665 2.B12 o277 4211 53486 77.0
29 499485 6422 0400 040000 0u0000 42036 7964 3,526 o115 4082 65.30.7740
28 482470 6405 0400 040000 000080 01335 . 48665 24811 4264 .220 53449 7740
30 468406 9ell 0400 040000 040000 2015 +7985 24534 4279 o303 42445 7740
31 48401 6406 0e00 040000 00000 - 21335  B66Y 2,866 o264 o202 Y4448 7740
34 46788 6417 0400 0e0000 0s0000 1031 48969 24126 o216 4Bl  37e21 7740
45 4B4e25 6406 000 Qe0000 Us0000 1335 8665 2770 o262 o2l H3e86 7740 -
46 500407 6416 0s00 040000 040000 «1335 48665 3,503 4080 o112 65.62 77.0
52 485498 5495 0400 0.0000 (40000 1618 48382 2,846 p266 4207 52451 7740
54 502434 6405 0.00 040000 040000 . «1623 oB377 3,087 4215 4161 61473 77.0
56 51907 6413 0400 0¢0000. 040000 1587 8413 3,299 o177 o116 66410 7740
59 529460 .6422 0400 00000 0+0000 1587 48413 3,501 «140 073 75438 77.0
64 484489 5494 0400 040000 040000 1987 +B413 2,872 o298 «204 95493 77.0
66 484458 6426 000 0+0000 00000 <0833 29167 24407 296 «334 4875470 §
12 484433 5,94 0400 00000 040000 +1587 «B413 °2.889 4254 4201 54445 7740
T4 469462 5485 0400 0+0000 Us0Q000 1987 8413 2.400 o288 342 44497 TT40
77 457488 5477 0400 00000 040000 <1587 48413 1,936 4252 o520 33475 7740
79 44086 5467 0400 0a0000 00000 1587 48413 1571 <4182 «688 1580 7740
81 480477 11402 0400 040000 040000 1563 <8438 2,467 o285 4321 42492 7740
B2 48464465 5,94 0,00 040000 040000 1587 <8613 2,847 ¢264 .208 53.14 17.0
86 484.93  5.94 0,00 00000 00000 1587 48413 2,867 4262 203 52«71 7740
P END OF FILE '

!




HPHD s T1 0 : ‘ 333 1AN S.
RUN{S) \

SUTINDF o

REDUCE «

LGOs .

' 6400 END OF RECORD _
PROGRAM TST (INPUT»OUTPUT yPUNCH s TAPES=INPUT» TAPE6=0UTPUT » TAPE 7=PUN
1CHY .

FLUIDI1ZED BED DATA ANALYSIS RUNS 101 - 126

N

c .
¢ A{l} AND NATTEN(1)} ARE THE INTEGRATION AND THE ATTENUATION FOR THE
C . C2H6 PEAK :
C Ar2) AND NATTZIN(Z2) FOR C3HB PEAK :
C A{3) AND NATTEN(3) FOR CH&4 PEAK ) o ‘ 0
C A{4} AND NATTEN(4) FOR C4H10 PEAK S
C ° .
DIMENSION TITLE(20)s A4}, NATTENI&?, R(5), CALIBl&}, TEMP{4],
1 EMFl4}y TDIF{5)sTCEROR{4), FEED(S) ,
DIMENSION RAT(2+26) T
DATA CAL]B/ 104839 1.839’ 1.020"2.131 /
DATA TCEROR/ 00544 0+038»s 04025 04041 /
WRITE (6,998 . .
HE+GHT * 47.6
READ(5,800) TITLE
_ WRITE(6s901) TITLE
c .
: DO 250 NCOUNT =1426
10 READ(5+801) NSAMPL, FLosz.FLoch.tAtxl.NATTtutll.1-1 41
IFINSAMPL.LT.0) GO YO 300
15 SUM = 0.0 .
DO 30 J=1l+4 .
ATTEN.= NATTEN(J)
X{J) = CA(JI®ATTEN/CALIB(J) ) %100, O*ICALIB(QJIBQQB )
30 SUM = SUM + X(J}
c X{5) = 1000 - SUM o .
C EMF  1-4 ARE -THE MILLIVOLTS OF THE “THERMOCOUPLES AT
C 1 BOTTOM OF THE REACTOR
C 2 6 INCHES UP THE REACTOR
C 3 1 FT UP THE REACTOR
C 4 2 FT yP THE REACTOR
C EMF READ AS DATA ON 0O = 100 SCALE ON RECORDER AND THEN CONVERTED .

READ(5,803) NN.(EMF(J),J 1s4)
DO 60 J=1ly4
60-EMF(J) = 10281 = (500~ EMFlJ‘l*KO 397720 ol
DD 100 J=144
EMF(J) = EMF(J) - TCEROR(J’
100 TEMP(J) = 480.00 — (10+110-EMF(J))*(20400/0+457)
TAVG = (TEMP(1)%3. +TEMP(21*6 +TEMP(3)%12.)/21. : o

DO 120 J=1s4 o ;:>_
120 TOAF(J) = TEMP(J) = TAVG o ~

FLOWH2 1S THE HZ2 FEED RATE IN SCFM
C FLOWHC 1S THE PARAFIN FEED RATE IN SCFM
REAC X(1)%0e5 + X(21%0e75 + X(3)#0.25
CONV = 100+*REAC/(REACHX(4)) _ :
AAA = (X{3) + X{1)#2. 4 X(2)#3, + X{4al)#4,) /6
X1 X{3}/REAC ~
- X2 X(1) /REAC
X3 =.X{2)/REAL

[ANA]
n
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"

RATCLyNCOUNT) = FLOWHZ/FLOWHC :
Ca = XE4) + 0e25%X1{3) + 0u5%XAL) + 0.75ux(2)
RAT(2sNCOUNT) = (100.0-C&4}/C4

RATIO = RAT(1,NCOUNT) L
FEED%4 = 100«0/{RAT{1sNCOUNT) + 1.0!
FEEDH = 100«0 - FEED&
REAC = FEED4%CONV/100.0
X(4) = FEED4 - REAC
X(1) '= REAC#X2
X(2) = REAC#*X3
- X{3) = REAC*X] . .

X(3) = 10040 = (X{1)4X{2)4X(3)4x(4))
FLOW = (FLOWHC+FLOWH2'%(460.+TAVG) /530,
FEED{1) = 0.0 o N
FEEDL2) = 0.0 |
FEED(4) = FEED&4/(FEED4+FEEDH!

. FEED(5) = 140 - FEED(4!

WRITE(S69900) NSAMPL» XU{S)aXU3)aX (1) sX(229X{aly (TODIF(1151=145%),
1 TAVGy RATIO» FLOWs CONVy X13X2sX3
WRITE(7»965) NSAMPLsTAVGIFLOWSFEED 9X1 9X23X39CONVHEIGHT

250 QONTINUE "

300 WRITE(6+998)

Vel

BUO FORMAT{10A6/10AG} o -
" Bul FORMAT{I333XsF5e392XsF5:342Xs4(F5.131Xy12,2X))
802 FORMAT{1545X+2F1043)
BO3 FORMAT(I3+7Xs4F10e1) ,
9C4 FORMAT(//1Xs10A6/1X+10A6//1X»6HSAMPLE »13X21HPRODUCT MOLE FRACTION
ly BX» 25HLOCAL TEMP — AVERAGE TEMP»10X, THREACTOR, 2Xy 4HFEEU,
24Xy GHEXITy 3Xs" 4HCONVs 7Xs11HSELECTIVITY/
3 1X» SHNUMBER» 5Xs 2HH2, 5Xs 3HCH&, 4X34HC2HG6s 3Xy 4HC3HB, 3X,
4 5HCA4H10 6Xy 3HBTMZ2Xs 3HEINs “2Xs 3AHLIFTy 2Xs 32HZFTs 2Xs 3H3FT,
5 10X, THTEMP(F), 2X» SHRATIO, 4&4X» 3HCFM, 12X, 4HClH4,
6 2X» 4HC2HG, 2X, 4HC3HB/)
902 FORMAT(/) ° :
90C FORMAT(15s F10a2s FBe2s F742s FTa2s FBe2+4Xy 5{F5:1)310XsFTa2s
1 FTe23s sF7a2s FTe2y 33Xy F6e4212F6s3) ,
965 FURMAT(I3tF7029F6-2stqZ)QFT-Q'FbO3;2F5-3'F7o2’F5ol)

998 FORMAT(1H1) X ) -
999 FCRMAT(1Xs2F10e44) -
END '

Vo 6400 END OF RECORD
FeBeRe DATA JULY 1972

~

101 44120 04900 942 08  31.5 02  73.4 08 ° 1944 32

L0l 66 6545 " 6h4ael .59« )
102 4140 1010 2.9 08 - 1643 01 22.2 08 31.9 08
102 61.6 63.6 Y 61.9 . 57.5 :
103 44140 14010 139 04 1941 U4 139.6 08 63.1 16
103 65 " 6b45 64e 61 .
104 44140 1.010 14e1 08  19.7 04 130.0 08 -61.2 16
104 61.5 T 6448 . - 6342 60

T 10%  2.736 0.684 403 08  15.2 08 4645 04 654 16
10% 2043 202 "~ 1843 15. '

106 2.736 0Q.684 5¢5 08 4140 04 5645 04 4542 32
f



106
107
107
108
108

109

109
110
110
111
111
112
112
113
113
114
114
115
115
116
116
117
117
118
118
119
119
120
120
121
121
122
122
123
123
124
124
125
125
126

.26

.19

2.736

19.

5145

b4
14195
65

Heldbd

501“5

65,

2.910
62
2.910

63.
' “0736

61

44736
60

2.876

5
0.684
2
14195
5

2
1195
3

C.710.
«5

0.710
u .
1.184

9
1,184 .
.8

0.514

"68e

2.876

De514

647

44560

1140

6242

44560
' 62.

3.115

14140
7
0.725

59.5

3115

59

5.100

0.725
3
1.330

54,..

54100

54

2.67T3

54,
24673

1.330
0.637
5

0637

56.

2+736

0.684

19.7

2+736

0.684

19.
END OF FILE

18,2
10.2
1744
15.0
664
849
67
1542
67.8

15.6.

5944
174
59.8
1544
63.‘.
1546
617
16.5
6544
31.2
64,
1544
624
1U.0
6249
17.3
58.
16.8

58t

9 15,6
54,
15.8
5545
1547
52,
1749
53,
117
1845
2244
17.8

04
08
08
08
08
08
08
08
08

04

08 .

04

08
08
08
08
08

08

02

1645

3646
15.5
11.6
6244
13.3
65.3
23.3
64.9
12,2
5745
25.0
57.8
23.0
61,
4846
60.
28.5
63.7
58.8

04

08

04

04

08

04

04

02

02

60.9 -

2145
600
1543
61.2
27.5
5641
5640
564
3149
524
3145

' 53.

273
50

2949
515
\ H42.8
166

41.5
16.

04
02
04
02
04
04

04

04

o4

04

12.5
49.9
12.
123.6
62.
‘805
6445
137.8
63.6
79.2
4945
1717
48.
141.0
58.5

144.9

59
d11.2
5545
109.0
524

139.3

.58,
87417

58,
1514

48,
148.0

.48
109.3

5045
11244
51.5
13440
35,
15040
39.5
6442
13,0
121.5
12.8

04

08

08

08

16

08

o8

08

08
08
08
04
08

08

0 8

08
08
08
04

02

82.1
6446
41.8

'128.8
49,9

10640
6549
13641
38,2
80.8
12545
8846
10646
10741
6848
69.0
56.6
10541
9040

903

¥

-

16
16
16
08

16

08

16

08 .

16
08
o8
04
08

08

16

16
08
08
16

16

-
-t

335.
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SUBROUT INE KATWEN(KATBUB /', :
KATO AND WEN MODEL FOR FLUIDIZED bED REACTOR
CHEMe "ENGe SCledPGe 135 4 VULe 24419069, ~
MODIFLEL SHAW MARCH 1972 .- 5
IE KATBUL 1S 0 NO bUGBLEr REACTION '
IF KATRUB 1S 1 BUBBLF REACTION
(UMMUN FBLK2/ FLtU(b”T!iLUN!CACT H0|RLMUL’UUT( ,'51152053'CONV|
1 ~ XFACy IPRINT yEMULH2
COMMON/RLY.3/ A(13) \ \
DIMENSTON VC(BOI.VE(ZU'.NFU(ZU’owbuZIZUl.khbtléO’;H&PlL(:O'.
IRKE2CH20) swWwhBVE L zudvwRovi ey sarPLleud swnPol Ut sunl (g slnt 2y!?

L}

BBMAX = 10eU

ARTA=324,

FPSO = 04567 ,

EPR = 0Dsh49 ’

HMF = HO®*1.043

UMF = 0a77

UEMUL = UMF . -

HN = 2U0e . |

TEMP o= (T=32.0)%(5%.0/90) + 273.1 o

U = FLOW*1e46042 . t

RHOS = 0.957
PP = 0.N15 , j : .
PRELIMINARY CALCULATIONS
NPANIC =-0
NITER=1
GRAV=980.

RT=82.06*T5MP

CRTT=1+99#TEMP
VF=AREA®*U :
RKBE=CACTH*A(S)®EXP (~A(L)/RTT) .
RKPLIE=CACTHAIGIHEXP(~-A{2)/RTT!
RKP2=1,0+A(TI#EXP{=A(3)/RTT! o

-RKE=1s0+A(B)*EXP (=A(4}/RTT}
RKBE=RT#*RKBE
RKP1E=RT*RKP1E
RKEZE = RT*CACT®A(12)*EXP{-A{111/RTT)

UDIFF =y=UMF

DOM= (1.4 %RHOSHDP¥Y) 7UMF

CO = Ca3261*(UDIFF*¥HN! #*044

HOBMAX = {DBMAX=DOI#UMF/ (1 4%RHOS*UPRUI

DBMEAN = DBMAX = 1.0 .

G2=0e711% (GRAVXDBMEAN ) #%0.50

DBSAVE = DBEMEAN , _

HT = HMF*(1s0+(U-UMF)/G2)

DHMEAN = ( (DBRMAX=DO)}#U.S5%HDBMAX '+ DBMAX® (HT—=HOBMAX ! ) /HT
IF(ABS(DBSAVF*DHMEAN!.GT.?;g%ﬂl3 GO TO 2

EPS = EPSO ;

VOIDC = (140-EPS)/(1eU-EPY!

63=2.U+DOM
Guz2aU-DOM
IF{KATBUVebWel! GH
IFIKATRUB.EWLC! G5
G6=(HO* (1.0C-EPSO}}/HT

GT=(HO%* {1 0-EPSO} )} /{2« O¥HT*¥(HT~HO)!

CALCULATE MECHANICAL CHARACTERISTICS uP THE REACTUR
HTC:0|O

GY=UMF /EPS °

v

{bo ORARLA®(NT=RUI 1/ (3. ialo*nT)
(6o OXAREA® (AT=HUI ) /(3 .l'!«l()**ri'fj



T0

150

lan

-ITFIKATBUB«5Q.0) VC(I!

337.

NSTAGE=0 ,
DO 90 1=1,20
DHT = (2eURDO#GI®X{]~1) )/ (OLu%])
IF(DHT«GE<DEMAX) DLHT = DBMAX
HTC=HTC+DHT _
DBUB = DHT .
IF(HTCJLTWHT) GO 70 70
DHT = HT "= (HTC=DHT)
NSTAGE=1 -
BUBN = (GS/tDBUB*DBUB’)*(DHT/DBud) . ‘
UBR=02711% (GRAV*DBUE ) ¥*0.50
G8 = (BUBN¥3,1416%DBUB*DBUB*DBUB) /60 o /J
G10=UBR-G9
IF(KATBUBWEQal) - VCUI/ = GB8*¥((3.0%0Y)/01040.250"

= {GB*3.0%0Y) /010
VB= (CB* (UBR+2.0%G9) )/ {UBR=LS}
VEIL]) = ARSA#DHT - VB
FO = XFAC*(11.0/DBUS)
FON=(FO*{UBR~G9 )}/ (UBR+2.0%G9)
RKBC (L Y=RK2E*VOTDLC _
RKP1CI1)=RKP1E%*VO]DC . o -
RKE2C(I) = RKE2E#VQIDC
WFB (1 )=FON®*VB ‘ o
WEB2 (1 )=WFB (1) ®WFB (]} '
WKBVE (T )=RKBC{ I I *VE(]!
WKAVC(1)=RKBC({I1)*vC(I} e
WKPE (T Q=(RKP1C(1}*VE(I))/RKP2
WKPR{ T =YRKP1C (1) #vC(1})/RKP2 .
WRITE(H+99T7) 1 sDHT sHTCHEPSHBUBNsVC LT} 3 VBWVE( 1) sFUN
IF (INSTAGE «GEW1) GO TO 110
IF(1«NE&20! GO TO 90
WRITE(69998)
STOP - . g
CONT INUE. _ : .

-

-

ITERATIONS ON MASS BALANCES CF EACH STAGE
DO 72780 K=1sNSTAGE :
IF(KeGTel) GO TO 140-

Fi VF*FEEDI(1)
F2 = VF*FEED(2)
F3 = VF#FEED(3)
F4 = VE*FEED(G)
FS5 = VF®FFEDI(S)
PBS = FEED(5)
PES = FEEDI(5)
GOTO150

Fa=VF #PB4
F5=vF*pPRS5
Fl=VF*PR1]
F2=VF#PR2

F3=yF *PR13 _
1IFINITFReGT-1) P85 = CHI(K?

MNN=1

NPNK = ()

PES=PES : >
GOT0270

POIFF=PL5-PCALC

]
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TFINPNK~111954+2114214
195 IF(PDIFF.LE«0.0) GO 1O 210
MNN = 1 - ' -
NPNK=1 ~
GUTD212
210 NNN=1
MPNK =2
GOT021%
711 IF{PDIFF.LE-0.0) GO TO 213 .
212 PESR=PES . :
PDIFR=PDIFF . '
PES = PES — U.06
IF(PESeGTaleU)Y GO TO 270
CHPANIC = NPANIC + 1
PES = G.0001 -
IF(NPANIC.LT.10) GO TO 270
WRITE (64996 '
CONY = 0

e 1oooo

A
“~J
nou
NGO D
il
Q= O

*»

7% OUTLD)
RF TURN :
213 PDIFL=PDIFF °~ T . i
PESL=PES . -
GOT0260
215 PESL=PES . o ' " : \
‘PDIFL=PDIFF o Co :
PES=PE5+0.01 ,
GOTN270
716 PDIFR=PDIFF
PESR=PES .
GOT0260 ) . , .
" 220 PDIFF=PES- PCALC S -
 IF(ABS(PDIFF).LE«1+0E-8} GO TO 280 . ‘
PESL=PESR .
PDIFL=PDIFR )
PFSR=PES
. . PDIFR=PDIFF .
Jbu PED *PESLfPulFR pgstPulrLl/(PUlFK—PUl&LJ
MNM=2. -
“ CALCULATL KthTI(S AND LemPosItluu CHANGE IN EACH STAGE:
270 PI1=PB5*EA(9) - _
PI2=PES%%A(S) - -
PIA=PRE®*A(ID) ‘ ' ) .
Flu=PES**A(10) : - ‘
PIS = Pp5#*#A(13} ¢ > '
. Pl6.= PES#®A{13)
Zl-th(()-WFBZI&l/led(&l+akaL((liPl£i
22=Z1+WKBVCIKI#PT14VF |
PRU4=F4 /72
73=WFBIK)+WKRVFIK)®P12
FE4=(WFRIK)%PR4) /23
7K1=0.9#RKBC(K)#PR4xP]] -

WD
e




Ty IFADDIF.GTLDMAX) -OMAX = DDIF

' ' 339.

RG=LK1/0.9 )

IR0 INRKBCIK I #PLGup |2 C,
Ry 4=26270a9

JEGEWFRIK I+ WKPF (KP4

IESH=E(VEIRISZK2) /1 {RKP 2R 2K )

JO=F 3 aWF B (P R7KO+ (VORI L) JiRRP

29 =WEBIEY=WFR2{K)/ZLZKL) , : .
ZhH=WEPRIKY®P A+ VF .

PR3z /(29%+76) , '

PE = OWP IR #I3) / LKA+ 2K

REI=(RKPICIr ) *PRIRPI3-Z2K]1 H/RKEP2 ‘ \
RLAs{RKPICIKINPE AP [ 4-2r 2} /RKP Y '

el

Z1AN] - = (VE(KI#(1a1*REA+RES I I /RKE ( -
JLAN? = (VLK * (] o 1 #RB4+ RT3 /RKE
ZTANY = VOUKIARKEZ2C (K ' #P ]S /RKE

Wbt = VE(KI*RKEZ2CIKI*Pl6/RKE
Z1ANG = VWFH(K) + WKEE o
(WHUIKIRZTANL/ZIANG+ZIANCHE 2T 7 {wb B (R I =whod (a7 L1 nNG+ L L AN3I+VE )

Pod =

PLe = (WFBIKIRPUZ+ZTANL I 72 1ANY . T
RUZ 2 =} 1 ¥RAG+RIARKEZCIKI*PH2Z %P ] 5 ) /REE

REZ = ~ (1) UREA4+REZ-RKEZCIKI®PE2RP 16 /RKE

RE1=-(u+ 0%RI4+3LURBI+2 UnRI2)
RE1=—{4sU8REA4+IO%REI42Z,0RREY )
PUL=(F 1-VEIL)RREL1-VCUICIRRBL I ZVF
PLIZ(WFBIK!I#PLL1-VLIKI®REL ) /WFB(K)
RES=34ORRUG+2 JURRB3I+RUZ
RE5=3.0#RE4+2.0#REI+REZ ,
ZKB=(VE(KI®RES ) /WFBR(K) _ "
PCALC 1S “PES »
PCALC={FS5-WFBIK)I*ZKB-VCI{K) 2*RUBS-VF*ZKB ) /VF
CH{X)=2KB+PES
PiS=CHIK)
TFINAN-1)190+1904220

SHU CONTIRUE _

‘ CHECK CONVERGENCE ON HYDROGEN PARTIAL PRESSURES 1N guublLt PHASE
IF(NITER.EQa1l) GO TO 340
DMAX=ARS{CHI(11-CH(})!
DC3IAN] =2 W NSTAGE - -
DDIF=ABS(CHICTY=CHI)! y

. IF {DMAXeLEaleCL~-6) GO TQ 380

. 3590 DU3501=1+NSTAGE.

S0 CHEClY=CHET Y
NITFR=NITFR+1" o
IFINITFR«LT«6) GO TO llu
WRITL{64999)

STOP
y
. 0"(
sBL QUT L) = PHI1 . .
ouUTtL2) = pPR2 A
OuT(3) = PB3
OUTta) = PH4 )

OUT(5) = PRS

IFIFFED({4) oFNa0s0) 6O TO -390
F = FEFDl4)

DD = FEED(4) - PB4



e

Il

i - 340,

43 = OUT(3)/DD
52 = OUT(21/0D . ,
GO TO 410 oo .

sue THIFELDE3 et WeOeu) LU Tu 400
F o= FEFD(3

LD = FFED(3) - PR3 ' {
1 = NN . - '
2 = OuTi2)/DD
GO TO 410
a0l F o= FEED(2) . / .
DO = D2} - pPH2 —LTT ‘
5% = JUell o
o572 = .0

410 CONY = 100.0%DD/F

51 = OUT(1),0D

FHMULH? = PES

RETURS. .
Yh, FORMAT (2Xy GOHEMULSION CUNC CGF H2 KEEPS GOING NELATIVE! |
il FORMATLILIX sl 3eFbelalb Tadsb felisrbhald stttV ac ! ,
v FURMAT (2Xs 46HNOT ENQUGH DIMENSIONS FOR THE NUMBER OF STAGLS)
199 FUGRMAT (/76X +42HBED Dlu NOT CONVEROGE 1N MAXTMUM ITERATIONS!

END
JUURUUTINE KWMIX ) 2'

KATO AND WEN WITH hMULSlU PERFECTLY MIXEUL -
(HEMe ENGe SClesPGa 1351 » Vv 24,1969

MODIFIED SHAW MARCH 1972

IF xATRUR 1S 0O NO RUPBLE REACTION
17 KATBUbB 1S 1 BUBBLE REACTION :
CCMMON, /BLK2/ rEED(S)yvaLOW;CACT HY KLMULsUUTIJ'vble&sSB'CUNVv
1 XFACK IPRINT, EMULHZ

CUHNON/BLK3/ A{13)

COMMON/BLK T/ PEL(HD) ' N

DIMFNSION VC(ZO),VE(20).wFB(ZOI.wFﬁztzoi.RuBCtZo).RKPIC(&O',
]RK%?((ZO)-NKBJF!ZO).WKPVC(ZOlsmﬁPE(ZOis¢KPU(20’,CHI(20’vCH(20‘

IMLNSION PO(“)oBB(‘)sPB(S),OPEt" L

LOOP 0 N . T @ . K

X5AVE 2 XFAC : . o C : e

YFAC = XFAC*1.9 :
CALL ORCMIX
XFAC = XSAVE
NRMAX = 1060
APEA=T24,

EPSO = 04557 :
£pp Detli4Q _ . -

HMF HO#*1.0473 : L -
UMF D77 . ' z

EMUL = UMF

HN = 20,

TEMP = (T-32.,0)#(5.0/9. 01 + 273.1 ,
U = FLOW®1.66042 , /
RHOS = (0a957 . : o

UP = 04015 - —
FRELIMINARY CALCULATIONS B
NPANTC = 0

[ |

-

]



T S

]

NITFR=) '
GRAV=980.

RT=82«06%TEMP
RTT=1.99%TFMP

VF =AREA®U

CRKBE=CACT*A (L) *EXP (ALY /RIT)

REPTE=CACTH#A(LIHEXP(=AL2/RTT
REP2=1e0+A{TIREXP(-A(3)/RTT! .
RK[-1.0+A(81*EXP(—A(Q'/RTT)
RYRF=RT*RKRF

RKPIE=RT*RKP1E

RKEZE = RT«ﬁACT*AthI*prl-A{111/aTTl
UDIFF =y—~UMF

DOM= (]l « GRRHOS*LUP*U) zUrF

DO = 063261 % (UDIFFRHN! # %044 :
HDBMAX = (DBMAX=DO)I®UMF /(1. A*RHUS*UP*U)
DEMEAN = DHMAX - 1.0 °

2 G2=NeT11*({GRAV*DBMFAN! %#%0 .50

NPSAVE = DRMFAN
"HT = HMF#*()40+(U-UMF)/G2)
DBEMEAN = ((DBMAX=DO) #0 « S*HDBMAX + DBMAX#*{HT- HuanAxrl/nT
IF{ABS(DASAVE-DBMEAN) «GT« 00001 GO TO 2
EPS = EPSO
VOIDC = 1 a0=EPS)/{1o0-LPB)
(G2=2.04C0M
GH=D e 0-DOM .
G5 = (6«0%AREA®(HT=HO! ) /(241416%HT !
G6=(HO® (14 C~EPSO) } /HT ;
G7={HO* (14 0-EPSO) } /(2 O¥HT* (HT-HO))
CCALCULATE MECHANTCAL LHARALTLRISTILS UP THE REACTOR
HTC=0,0
G9=UMF /EPS . 3
NSTAGE =0

TVEMUL = 0L0 . : 7 *-
XFLOW = a0
CO 90 1=1,20
DHT = (2.U*DO*¥G3%®([-1}1/(0Goe**])
CONSTANT BUBBLE S1ZE UP Tt REACTOR
DHT = DBMEAN ’
IF(DHT «GF « DRMAX) DHT = DBMAX
HTIC=HTC+DHT B
DAR = DHT ‘ ) T
IF{HTC.LT«HT) GO TO 70
OHT = HT = (HTC=-DHT)
NATAGE =1
SAVDHT = DHT

TOOHUBN = (GS/Z1DBUB#*DBUD Y I * (LDHT /DBUB

URBR=04711* (GRAV*DBUB)*¥%0+50

fR = (RUBN%®3,1416%DRUR*DRUB*DBURI /640 °
GlI=UBR-GY

VCLT) = (GB#*3,0%GY)/Gl0 v

NO SOLIDS IN BUBBLE
VCIT)Y = 0.0

341

I,
-~
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VH:(GR'(UHR+?.0*09))/(UKR Ggl
VvELT) = AREA®DHT - VH
FU = XFACY{11.0/0BURl)
FOUN= (FO® (UBR-09 )}/ (UYR+2. 0Q5J1
RKBC (1) =RKBE*vVQ1DC T
REPLIC(T)=RKPLIL#*VQIDLC
RKEP2C{1). = RKF2E%V01DC
WFR {1 ) =FON®yR
XFLOW = XFLOW + WFB({I!
WIRZUT Y= WFR (1Y #WFis (1)
WKHVE (1) =RKBCITY®VE(] /!
WEBVC U ) =RKEC(T VO]
WEPF LI =2 (REKPIC(IV%RVE (1)) /RKP2
WEKPB (1) =(RKPICLIV#yC (L)) 7RKP?2 N
WRITE (649971 1 4CHT oHTC b PSyBUBNVLU L) sV eVE L L/ oFUN
VEMIL = VEMUL + VF(I1) -
TF(NSTAGE 4GEW1) GO TO 110
TF(1.NE.2CE GO TO 90
WRITE (64+998) ' A
sTOP
an CONT I NUF
1TERATIQ ON MAss'BALAN6€5-0F EACH STAGE
110 (ONTINU§?§\
ARFAEM ;\VFQNSTAGFIIQNVDHT ' ' -
DO 115 1end
115 BB(1) = AREAEM*UENU L*FEED(I’
DO 30U K=1sNSTAGE oo
IF(K«GTal) GO TO 1ao

B

F1 = VF*FFED(1)
F2 = VF*FFEC(2)
F3 = VFXFFED(3)
F& = VF*FFED(4)
F% = VFXFFED(3)
PB(S) = FEED(S)
60TO150 9
149 FY = VF*PRI(S5) .
F4a = VF2PB(4) -
‘F3 = VFRPR({1)
F2 = VF*PR(2)
F1 = VF*PR(1) ‘
167 IF(NITER GT e 1) PR(5) = CHI(K)
NNN=1 .
NPNK =0
PES = PR(5)
GOTO270

16n PRDIFF=PES-PCALC
JFINPNK=1119%421 19714
L9 TF{PDIFFeLEe(a0) G0 1O 210
NN = 1
NPNK =1
GOTR212
2100 NNN=]
NPNK =2
GOTN?15
711 IF(PDIFF.LE«Ne0) GO TO 213
712 PERR=PFS ‘ N
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PDIFR=PDIFF ;
PES = PES = 0405 ' <“/t”ﬂ
IFIPES.GT.0eU) GO TO 270
NPANIC = NPANIC + 1
PES = 0.0001
IF(NPANIC.LTW10) GO TO 270
WRITF(64+996)
CONV = 0.0
51 = O
G2 = 0
,‘C,’.s = Qe
EMULH2
na 205
205 QUT )Y
RETURN N - . '
1% PDIFL=PDIFF - - - '
PESL=PES . ' )
GOT0260
214 1FIPDIFF.GT0.0) GO TO 216
215 PESL=PES
PDIFL=PDIFF
PES=PES+0,01
GOT0270
716 PDIFR=PDIFF ~
PESR=PES
GOT0260
220 PDIFF=PES~PCALC N
IF{ARS{PDIFFJeLE 1 0E-7) GO 7O 280
PESL=PFSR '
PD+FL=PDIFR
PF&R=PFS

PDIFR=PDIFF | .

260 PUSe(PESLYPOLER-PESRRPUIFL)/ (PLIFR-PDIFL! |
NNN=2 :
CALCULATE KINETICS ANQ COMPOSITION CHANGE IN EACH STAGE

27c PBLS) = PES

P11 = PR(S)I**A(9)

P13 = PR{SI*2A{10)

PIS = PR(S)*%A{17)

PB(4) = (Fa+wFBiKl¢PE(alI/(WFB(KI+VF+NKBVC(KJ!PI1l
K1 = 9*RKBC(<}*PU(A1*P11

ROG =‘ZK1/0 9
PEL3) = (F3+wFBlKl*PE(3)+VClKl*ZKlIKKPZ)/(WFB(K'+VF+NRPB(R"PI3)

Rb3 = (RKPLC(K)*PB(3)#P13-2K1) /RKP2
ZIAN3 = VC(K)*RKE2CEK)#PIS/RKE
PHIZY = (F2+WFBIK)#PE(2/+VC(K)#{1e1#RBL+RB3) /RKE) /.

1 (WFR(XI+VF+Z TAN3)

PBR? = —{1«1*RB4+RBI-RKEZ2CIXKI#PE(2)#P[5] /RKE

RiVI == (4. 0*RB4+3.0%RBI+2.02RB2)

PULl)y = (F1- VC(k)*RBl*NFDlR’*PL(l"I(VF*KFU(R3)
ROBS=3,0%#RR4+? NRRABI+PA? * Lt
PH195) =’tFJ VCtKJlR85+wFU(nJuPt(51l/(vr+wFulnll
CHIK)Y = PR(S)

OCALC = PR(S)

. TF{NRN=-1)190,190+220 ;
JBC CONTINUE
DO 282 1=1+5
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JE2 BBUT) = BBULY + WFH(LIspu( R
0 CONTINUIF p -
cnfcmlcomvunﬁinE ON EMULSION HYURUGEN PRESSURE
FLOWIN = 0=0
k PO 312 T=145 gy
V1) FLOWIN = FLOWIN + Bptl)
DO 313 =)k ' ’ :
1Y PO = BRI /FLOWLIN _ '
TAU = VEMUL/ZILOWIN : \
WRITH(G998)  'PBWPEWPOSTAU
LOOP =-LO0P + )
DO 320 1=145
0 0Py = PE(T)
VIO P12 = PELSIeRAL(D)

4 Pla = JPE(SIRRA(10)
Pl6. = PE(SI*#A(13)
SAVES = PE(%) .
PLEn) = PO{4)/()e0+RKBCLLI¥PI2#TAY
Ré = RKBCU1I®PI2*PE(4) ’ .

-

TERM = 1.0 + REKPIC{1}1#P Bu*TAU/RKP2
PEL3) = (PO(2)+0¢9*RU*TAU/RKP2I#(1.0/TERM)

R3 = —(0+9%R4~RKPIC({1I®PI4¥PE (3] ) /RKP?2

TERM = 140 + RKE2C{1)I#PI6*TAU/RKE

PLIR)Y = (PUIZ2}+{1e)l®R&+RIIHTAU/RKEI®{1+0/TERM}
R?2 |= ={1e 1*RG+RA-RKE2C{1/#P16*PE(2) ) /RKL

PEIN) = PO(L1) + (4.0U%RU+340*R3I+2.0%R2)*#TAU
PELA) = POLS) =(3.0#R4+240%R3+R2)*TAU

LF LABS(PE (5! =5AVES)«6T+040005) GO TO 330

IF(LOOP«LT«18) GO TO 360 %
VRITE(6+993) T,FLOWLFEED
STOP

V60 IF (ABS(OPE(S)-PE(5)) eLTe00001) GO TU 38Q
60 TO 110 -

TIRN F
F2

UFMUL /U

(U=UEMUL) /U

- [0 385 I=145 . :

WHYS CUT (LY = FL#pELl) + Fe¥Potld
IF(FEED(4 ) +EQeQs0} GO F0-390
F = FEED{¢&)

non

OD = FEED(4) = QUTI(4)
§3 = QUT(3)/DD
52 = QUTI12}/DD

nO IO 410
A9 IF(FEERI314EQeDa0) , GO TO 400
F o=z FEED(3)

LL = FEED(3) - OUT(3}
S3 = 0,0 _
S72 s 0uT(21/00

6O TO 41N
400 F = FEFD(2)

LD = FEED(2) - OUTI(2)
C)‘J'-: D0 .
S?2 = 0.0

4l CONV = 10UU*DD/F .
51 = OUR(I'/DD : i
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FMULH? = PE(5)
RETURN
994 FORMAT L 29H TO0O MANY LOOPS YOU BLEW ITs7F10.4)
G FORMATEIXs2(9FBebs1X)sF5al)
UYhH FORMATA(2Xy 4UHMEMULSION CONC OF H2 kEEPS UUOLING NLbATth'
QUL FUORMATULIX o1 30F6be29F 7e20F lat st 6d2 39,421
Sl FORMATEZ2X s 46HNOT ENOUOH UIMENSIONS FuUx ThE nUMbbRK UF STAULLS)
09 FORMAT(//6Y,42HBED DILD NUT CUNVERGE [N MAXIMUM lTLRATI%mﬁH\\
END . -

LY

]
!

SUBRQUTINE ORCMIX

PLRFLCTHY MIXED MODLEL ’

COMMON /BLK2/ FEED(S) o THFLOWICACT yr1UyKEMUL sOUT (S ) 351952353 +70NV »
‘ XFACsIPRINT »EMULH2

COMMON/BRLK3/A113) .

(OMVON/RLKZ/ PF(8) \\ 2

—

U = FLOW*1.46042 o
TEMP = (T-=324)%(54/9e! + 273.1
L GRAV = 980,.,0

A

DBMAX = 10.0 s
UMF = 0477 o -
UFMUL = UMF :

HN =.20.0

RHOS = 04957

LP = 04015

HMF = HO#1.043

DO = 043261%{((U-UEMUL ) *HN}#*046)
61 = 140
uUx = U/G1

HDBMAX = (DBMAX=DO)#UMF /{1+4%¥RAOS*DP*U)
CBMEAN = DBMAX - 09 ~7
2 HT = HMF®*(140 + (U-UEMUL)/(0«711%SQRT (980, O*UBMEANJJJ

DASAVE = DBMFAN

CBMEAN = {{DBMAX=DO]*%0.5%HDBMAX + UBMAX*(HT—HDHMAX))/HT

1F {ABS (DBSAVE-DUMEAN) «GTe 00 0001J GO TO 2 o |

{34R”XFAC*11 0/DRAME AN , , .

TEIE QRHT/ (0. ?11*qQRT(GRAv*UBMEA&)J L

NH?:D

HiSwW=1 ‘

MW = 1) .

TOL=0.000001 \

RTT=1.99* TEMP

FAC = (140-Ue557)/7{140-0s449) :

KKB=CACT*FACKA(5)®EXP (=A( 1) /KTT! i

REPI=CACT*FAC*A(G I #FXP(=AL2}/RTT).

REP2=A(TY2EXP(-A(3)RTT)

RKE? = CACT*FAC*A(12)*EXPI=A(LLI/RTT}

RKF=A(B)#EXP(=-A(4) /RTT) . ‘

EXPX = EXP(X) .

GAM = (U*(leU-{1s0- UcMUL/ui/HQP&JJ/(BZ « 06* TLMP *IHIAF )

PS5 = FEED(S)

REACTION KINFTICS‘FOR FMULSTUN wWHERE THE ONLY REACTION OCCURS

1
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; S )

ol Y2 = POS#RALY) -
Pa2 = (FEED(H)I*¥GAM) /(GAM + RKB®Y2) .
RIS = RKB*PG2#Y2 ‘
21=0+9"*R0
73 = RKPLI#(PS##A(10)) '
P32 = (Z1+FEED (3 ) CAMR (1o O+RKP2 1)/ (Z3+GAM® (1 O+RKPYZ) )
RP=(21-23%P32}/(1.0+RKP2]
74 = RYXF2%(DPAn%A{13}) t {
P22 (1. 1%RB-RP2+1{ 1. 0+RKCHUAM*FaED(21)/(zl.+(1 O+RKEIHGAM!} .
R (1) %RB=RP2-24%P22)/(1.0+RKL}
PLl2=64e0®RB=3,08RP2=2+0%REZ2 ! /GAM L
P2 = (FEEDISI®GAM = 3.0#RB +-2.0%RP2 + REZ!/GAM '
SEARCH 50 THAT wUESStD .12 WILL UL Thbk SAME AS THE CALCULATED H2
PDIF=P5=P62
1F {NSWeCQe2) GO TO 703 . \\7
IF{PDIFJLF «0, nl GO TO 700
MG = 4P : :
PRT=PS ' [
Py & PS5 « (s10 -
DIFR=PDIF :
li‘-(pboGtoUoU) (JO TO t:”.]Ut
'S = 0.0001 ‘ :
IFINH2.FQs0) GO TO 701
P52 = 0.,0001
IPRINT = =999
GO TO 704

701 NH2 = 1
GoT2800 - :

fuo IF (MSWebkUel? WRITE(639967 LIPRINTAPSsPS2yPUIF
PLT=PS
DIFL=PDIF
NSw=2
GO TO 750

1v3 1F LABS(PDIF)«LTTOL) GO TO 704 )
IF(ABSIHDIF ) o LT e AUSIUIFR ) «URe ABS(PUIF 1aLTaABS(LIFL)) LO TU 710
WRITEL6v999) IPRINTPHIPHZ4PLTIPRT +PLIFSUIFLWDIFR

710 1F(ABSIDIFR} «LTABS(DIFLI GO TO 730
IFIPLT.GT«P5} GO TO 719

PRT = PS .
‘DIFR = PDIF °
GO TO 750 )
715 PRT = PLT : . ™~
DIFR = DIFL : : :
PLT = P5
DIFL. = PDIF
GO TO 750
737 IF(PRTLLT«P5) GO TO 735
PLT = PS5
DIFL = PDIF- !
GO TO 750

3% PLT = PRT
. DIFL = DIFR
PRT = P5
DIFR = PDIF
P = PLT = DIFL*{(PRT-PLT}/Z{DIFR-DIFL)
GOTQROOI

AT

-
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Teh PBL = P12 + (FEED(1)}=P12)7EXPX
PB2 = P22 + {FEED(2)-P22)/EXPX
PB3 = P32 + (FFED(2)-P32)/EXPX , :
Pl = P42 + (FEED(4)=P42) 7EXPX - ’
PR = P52 + (FEED(5)-P52) /EXPX - ' |
F1 = UFMJLYZLY ‘ '
F?2 = (U-UEMULY/U
OUT(L) = FL1¥P12+PR1I*F
OUT(2) = FLAP22+PU2%F?2
QUTL3) = F1I%*P32+4PY3AxF2
OUT(4) = FL¥P42+PBARF2 ;
- QUT(5) = F1*PS52+PR5#F2

360, TF(FEED(A) ebQeta0) "GO TO 390
Fo="FEFD(&4) : ! : -

. DD = FEED(4) - OUT(4)
%3 ='0UT(3)/DD
52 = OUT{(2}/DD .
GO TO 410 e y

19 IF(FEEDI3) «bQa0s0) GO TO 400°
F = FFED(R)
DD FEED{3)} - OUT(3)
© 81 NeD * -
52 ouT(2)/DD
GO -TO 410
460 F = FFED(2)
I 1 FEED(2¥ - OUT(2) '
53 Oel)

. S? 0.0 . .
410 CONV 5 100.0#DD/F
S1 = QUT(1)/DD

“FMULHZ = PS2
PEL1) P12
PL(2) P22
PE(3) = P32
PE(G) P42
PE(S) P52

in. H

: RETURN .
996 FO-MAT({1Xs 4OHNEGATIVE ON. FIRST STtP UF SEARCH FOR P52, qulBsBFlb

Iol“)

999 FORMAT( 1Xs 45H THE ORCUTT SEARCH MAY bLOW UP FOR IPRINT = s ld>
17€11.6)

FNID

SUBROUTINE ORCPLG T ,
ORCUTT FebeRe MODEL PLUG FLUW IN THL £MULSION

MINIMUM STEP SIZE OF 0«4 (M SHAW ZOIQfTZ

COMMON /BLK2/ FEED (51 2T sFLUNYCACT sri0 s KEMUL2OUT(5) 351552553 9CONV »
1 ' XFACleRINT,EWULHZ

COMMON/BLKA/ A(13)
DIMFNSICN (N(IU),cclo),c1(1ui.bctlul,Cz(IOJvC3(10}vCQ(lOJ-CNlllois

] COX{1013CIRI10)4R(5)
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A .
3 .
HME = HO®YlaU4L3
U = FLOWH) 46042 oy
UMF = 0.77
UtMyL = UMF
GRAV = QBOOQ
PRYAX =, 100

HN = 2040

RHOS = (0957

P = 0015

DO = Ca3261# 1 (U-ULEMUL I*HN #R( 44 ) ;
G = l.n

ux = uU/sGl1

HDBMAX = (CBMAX=DO)I#UMF /114 4%*RHOS*DP *Y)
DAMFAN = DRMAX = 0.9 . ' )
HT = AMF# (10 + (U=UEMUL! /(0 T1LI%#SGURT(Y80URDBMEAN] D)
DHSAVE = DHMEAN '
uﬁ%EAN = ({DBMAX-DO) #U+5#HUBMAX + UBMAX#(HT-HDUMAX) ) /HT
1F IABS(DBSAVE-DBMEAN) oGT« 040001 GO TO 2
0 = XFAC*11.0/DBMEAN
Y = (Q#*HT/{0+.711*SQRT{GRAV*DEMEAN) )
TEMP = {(T=32.)#({54/94) + 273.1
NEQ=10
NK=0 . .
Y:'-OQU
NSTOP = 0
DY = 043 -
IHALF =0
JHALF=0
RTT 1+ G9%TFMP i .
FAC {140=0e557)/(1le0~0sbs49)
RKB = FAC*CACT*A(S5)#EXP(~AT1)}/RTT)
RKF=A(B)SEXP{-AlL4}/RTT)
RKE? = FACHCACT*#A(L12)*EXP(=A(LY1I/RTT)
RKP1 = FACH*CACT*ALG)REXP(~-A(2}/RTTT
RKP2=A(TI®FXP (~A(3)1/RTT)
71 = B2.06*TEMP/UEMUL N
73=X/HT ‘ 4 -
22 = 23%(U-UEMUL) /UEMUL
DO & J=1,45 ‘
JJ = J + 5
CN{J} = FEED(J)
CNEJJ) = CNLD)
_YRFT=1 . \

nonou

DOS 1=1+NFQ
CINCYIY=CN(T)

C YCHECK = Y + DY
IFAINKeEQeaOeANDYCHECK aLT o HT? LY = T = ¥
DO27 1=1.NEQ

Ci+)}=CNI(1)

NS :

GOTN400 |

DO 40 1=1,NEQ

Clerr=pctel)

CUII=CN(T14C1(1)1/2.0 _

N=2 . }
GOTQs00
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1"
f b

50 DO60 [=1sNEQ
- Je2iryenoe
g CIII=CNUTI4C211Y 7240
N=1 )
GOT0400
70 DOBO 1=14NFQ
CILNI=NCHLI),
) C(4)~CN(II+C3(I) ' : , B
. N=h ,
JHALF =0
GOTO"'{ nn
¢ AT THIS POINT 4 RUNG KUTTA STEPS HAVE BEEN DONE
yu LDUlVO 1=1+NEQ
Ce{lr=DC(1}
T cmltl)-CN(]J+tc1(1l+z(o*c2tI*+2.o*c3(11+cac1illb.0 ' '
IFINK~=1] 110,130,150
N DY=BY/2e0
- MK =1 S
- 00120 1=1%NEQ \\ﬂ
S0 CDXUE)=CNYI(T) - .
. GOTO10 ' Q
130 DO140 1=1,NEQ .
T60  CNETI=CN1L{T)
Y Y+DY
NK=?
GNTNL N

190 DO160 I1=14NEQ
tou  CNCI)=(1640%CNIETI-EDX 1) }/1540

Y = Y - DY

DY=DY*2,.,0

NK=0 . -
Y=Y+DY

NCOUNT=0

DO 171 I=),NEQ e i
FPSL = (ABSICOX(II=CN1(L71}}/1540
IF{EPSLeLE«1«0E-08) NCOUNT = NCOUNT*]
IFIEPSLeLE«l1«0Q0E-06) GO TO 171
GO TO 208 \ R
L GOT0209
171 CONTINUE .
IFINCOUNT.GE.NEQ) GO TO 220 N
IHALF=0
_ GOT0230 ‘ o
¢ STEP SI1ZE MUST BE HALVED '
vl TF(DY«GTa0e3) GO TO 209
by = 0.3
IHALF = 0
GO TO 230 )
TN DO T=1,NFQ B s
SO CNLIY=GINGD)

Y=Y-DY
DY=DY/240 {
IHALF = THALF +1 T o
IFCIHALF.LT=6) GO TO 10 . A
- WRITE(63999]) TWFLOWSFEED , - -
STOP - : .

DY:DY*:’QO
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IHALF =0 . - .
THESE VALUES OF CIN AND CN ARE THt FINAL VALUES AT THL
FND OF A STAGF
230 DO240 I1=14NEQ
240 CINCI)Y=CNIT)
1IFIYEQ.HT) GO TO 280
GOTO010
DIFFERENTIAL EQUATIONS
4nn NO 430 T=14.NFO

430 1F(CLI)elLT=00) C¢(1) = 0.0
HE6ED lF(C(ﬁ)oGT.U.O) GO TO 465
: Cl5) = 040001

NSTOP = NSTOP + 1 ' -
WRITE(6+997) Y,T+FLOWSFEED : '
IF(NSTOP.LT20) GO.TO 465

STOP
465 R{6Y = RKBXC{4 )% (C(5)*#*A(9)) . ‘
R(3) = —(0ea9*R(4) — RKPI*C({3)*¥([C(5/#%A(10))}/(1«0+RKP2!.
R(2) = =(lel®R(G)IFR(IVI-RKEZ*C(2I®{C(SI%®A(13)))/{LautHKL )
REl1) = =(4e0%R{4)+340*R(I)V+2.0%K(21}
R{5S) = 3.0%R(4) + 2.0%R(3} + R(2)
24=-DY%21
75==DY*2? -
WWE6E=Z3XDY ,
DO 470 J=145
JJ = J + 5

Wl = C(J) - Ctu) :

PCCJ)Y = ZL4%R{J) + Z25%W1]
470 DCUJI)Y = WWb*y1

GOTOL(30s509T0Us90) N

FINAL CALCULATIONS —=-- PROBLEM IS5 SOLVED

280 DO 610 I=1,+5
610 OUT(1)} = (UEMUL*CN{I1) + {U-UEMULI*CN(I+5)1/U

IF{FEED(4)«EQe0s0} GO TO 620
F = FEED(4)

DD = FEED(&4) = QUT(4&)
$3 = OUT(3)/Dg, .
52 = OUT(2)/D X : \ -
: GO TO 640 ! :

620 IF(FEED(3)=EQe0+0) GO TO 630 -
F = FEED(3) , e S
DD = FEED(3) - OUT(3) -
S3 = 0,0 : *
§2 = 0OUT(21/00D
GO TO 640 ' . ¥

630 F = FEED(2) S
DD = FEED(2) = OUT(2)
$3 = 0,0
S2 = 040 . _

64U CONV = 100eU%DD/F ’ - ) Nt

S1 = QUT(12/DD ]
. EMULH2 = C{5) :
. “/u
RE TURN v

" 097 FORMAT(1XsRF1745) ' . '
998 FURMAT( 2Xs 22HSTOP FOR JHALF CUUNTER/leZFB.Bs10F693.F7-2sFQ.ﬁg
. ) 1 4
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1 SFT.QII
Yyy FURMAT( X ZZHSTOP FOR 1HALF CUUNTERs7F 15 8)
END

N _' (

SUBROUTINE PARROW
( PARTRIDOGE AND ROWE FLUIDIZED BED MOUEL
CUMMUN /BLK2/ FEED(S)sTebLUWNYCACTsHU KtMULvUUle)vbl’bd'oj CUNV»
1 XFACSIPRINF yMULHZ :
COMMON/BLK3/ A(13)
DIMENSION CN(IQ)9C(10"LlllﬂlvDCllU’vCZ(lO’sC3(10*9C“(lO’aCNl(lO’
1 : CDX(lO)oCIN(l J¢R(10!
GRAV=980.0
PRFSS =
DBMAX =
DELTP =
HN = 200
RHOS = 0,957
DR = ND,0158
UMF = 0«77
Ul =UMF
VO =UMF
AREA=324,
U2 = FLOW®1.46042
U=uz . ~
UUIFF uz2- UM6
sUDTFF¥HN
DO = 0e3261%G%#%044
G1=1.0+045*DELTP/PRESS
UX=u2/Gl _ !
HMF = HO#1.043 ‘
HDBMAX = DBMAX DOl*UMF/(l-Q*RHOS*UP*U)
DBMEAN = DBMAX ~— 049
2 HT = HMF® (1.0 + UUlFF/(U-?ll*SURT(980 O*UBMtAN"' Ve
DBSAVE = DBMEAN ‘ . "
DBMEAN = ((DBMAX-DO)*0. 5S*HDBMAX + DBMAX*(HT HD&MAX’)/HT
IF{ABSIDBRSAVE ~DRMEAN! «GT«UL0001? GO TO 2
EPSO = 04557
EPB = Dea49
VOIDC=({1.0-EPSO)/(1.0-EPB!
TEMP = (T=32.01%(5. 0/9 1 + 273.1
RT=1.99%TENP
RRRYB = VO]DC*CACT*BZ UORTEMPRALDIRLXP{-A(L! /KT

1.0
1040
0«04
0

RRRPL = VOIDC*CACT*82. OO6#TEMPRA{GINEXP(-A(2) /RT
RRRE2 = VOIDC*CACT*82. oe*TtMP*A(1AJ*Eth-At11#/nTl
- RKP2 = A(TI*EXP(-A(3)/RT) f
- RKE = A{BI*EXP(-A(4)/RT)
# . RKR1 = RRRA =
RKP11 = .RRRP1
RKE2! = RRREZ2
PO 4 J=145 - .
CN{J) = FEED(J) : s
4 CNUJ+5) = FEED(J)
KFIN=

NEQ=10
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NU=0
NK=0 _ _
Y=n00 !
DY=0. : S :
ThaLe Sy
JHALF =0
NSWIT=0
KRET=1
GOTQ600
. 9 DOJ I=1,NEQ : . Wy
5 CIN(IY=CN(I}
T10 0020 1=14.NEQ i 2
2 C(IY=CN(T) :
. N=T )
GOTO400
30 LA 40 "1=1+N5Q
Clil1)=DCt1) . .
49) CtII=CN(L) ClL1)/240 ' o
TN=2 .
GOT0400
50 DO6O 1=14NSQ
C2{1)1=DC{ 1)
cgtl) CN(ll+32(I)/z.o
N=3 . '
: " GOTO400 : ¢ )
70 DOBO J=1sNEQ :
C3{11=DCt1}
8O CLIY=CN(I)+C3( 1)
N=&4 '
GOTO400
9u DOL1UU 1=1sNEQ
Call)=DC(I)
IvO CNLCTI=CNCLI+(CL(]1)+2, 0*C2(17+2. 0*(3(1'+c«(111/6 0
: JHALF=0

i

- TFINK-1) 1101130il50‘
110 DY=DY/2.0 '
NK=1
DO120 I=1%NEQ
120 CDX(l)y=CN1{(I}
GOTOl0
13¢C  DO140 1=1,NEQ o
N 140 CNCIV=CNLCT) ‘ . .

: Y=Y+DY . - . S . X
KRFT=2 - ‘ i ' /
LEAVE OUT NEXT STATEMENT FOR PARTRIDGE ROWE MODEL
DB AND UX H5LD CONSTANT OVER UNt INTEGRATION STEP SIZE
GO TO 600 _ .

145 Y=Y-DY S . ‘
© NK=2 -
GOTO10
150 DO16N 1=14NEQ _ .
160 CN{11=(1640%CNI(1}-CDX(1))1/15.0
DY=DY%2.0 o |
NK=0 o . .
Y=Y¥+DY *
KRET=3
- GOTO600

Ny oy



353,

1n4  CONTINUF
IFIKFINY LG9 1465280
oY TEEY=HT)Y 1T0942%042%0
bt NCOUNT =0
‘ RO 171 T=1aNEQ
EPOHL 2 CABSICDXCIY-CNLLL IV iz1h a0
IF(EPSLeLlbeleUL=UB)  RCUUNT = NCUUNT+)
IF{UPSLalbaleDE=C6) GO TO 171
AnOTO209 : '
111 CONTINUF
[HALF =0
TFANCOUNTWEWNEW)Y DY = DY®2,0
GUTOZ2 30
S DUZ1IY T=1eNEQ
Sl CNCEY=CINIILY
Yy=¥Y-DY
DY=DY/?2.0
IMAL FaJHALF+1 -
IF{IHALF oL TeS) GO TO 10 .
WRITE (69998 ’
sSTOP P
S0 DO2G0D 1=14NFQ
CHt CINCTIECNEL )
THESE VALUES OF CIN AND CN AKRE THL F INAL VALULS AT Tht
END OF A STAGFE
GOTO10" _ . : - : ) g
ShU TR IKFIND 2602609280
Jov - KFIN= b
Y=yY=-LY
KRET=4
GOTO6Q0 -
JhY DYsHT-Y .
Y=Y+DY -
DO 270 T1=1WNEQ
Jle NIy =CINCTDY

GOTO10
(HECK FQOR NtG@[th COMPOSITITUN
Lol KNLG = U H *

DO430 1=14NFQ '

WA F(C(I)alTeOe! KNEG = 1 - ’
IF(YNEG.EQe0) GO TO a60 e
DY=NY /2.0
JHALF = JHALF+]

IF (JHALF &LT &) GO T0 330
WRITL{6+999)

stToP
i TEINK = 1) lue3T14373
il MK =D ! .
. GOTO10
ST MK =0

DCITaT=1NEW-
PO ONCIY=CINCT)
GOTO10
DIFFERENTIAL LQUATIONS

W REYY 2 RKBCRACI9)I#(CLLI0)"*A(9))
RUB) = =(UeY¥R{II=KEPLCRCIBI M (C LI Ra 10171/ (L eU+RRPLY

R(GT) ‘|—(1a1'RG9)+RI8‘—RKLPC'((l)'tCIlO"'A(13JJlll100*RKEf

A
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Hlo) —tQ.U'Rt9)+1 0!Rl81+? QR /71
ut1i\ © BLUNRIG)+2e0%K (LI +R( /)
Riar s REBIRC (L) #(C(Saup (9
K3 = R c YRR LG ~REKPLINCIS 41O n R (L0117 (L eQ+RnPe?
RtZ2) = ‘(1.]‘R("Q,""‘R{3‘—|<f\tZI.C( li(({blll,\[ljl)]/(l UrHKL ! L
RELD = =(GaU#R{LI+ILONREII+2,00K( 20}
RUD) = 3e0%R{AH I+ QCR{DI4R12)
OT=pYsul &
0R=NY /UC
70 = AC/IA]
LU L4BU J=1l4Y
JJ = J+5
21 = (CtJIi=Cii»antK
LCUJY = QTH(=R{JI+21m22}
abo DOCEJIIY = =QQRIR(JIIHZL) .
GOTOL3N0WH 0 TO+30) o N -
INTERMEDIATE CALCULATIONS
oo Gl =leO+ 0 () eU-Y/HTI®DELTRI) /PRLYSS
Ux=uzs/Gl1
VIVEEE N B h*HHUbluP*Yiuxi/Uur+Uu ‘ :
IH (DB«OT«DUMAX ) DU = DUMAX
ALPHA = UeT11#SURT(GRAVRDU I} # PS50 /UMF ) i
ALPHA=22, 26*SORT(UH)*LP50/UHF
GO = AREA%* (UX=UMF )
GC=GB* (1o O+EPSO/{ALPHA=101}
AC={OBYXEPSO ) Z{UOR LALPHA-Y (1) !
Al=ARFA=-AC
UC=GC/AC
CUOR(C™ = 1.17/{ALPHA + Dall}
R¥BC=CORC*RRRA
RKP1C=CORC*RRRP]
RKE2C = RRREZ®CORC .
Of = (1140/DBIR(ALPHA~] 40!/ (ALPHA+0W17}
NRLK=FO®R(ALPHA=1) /10 1 7T+ALPHA e e oFO=11le/D1 SEL KATO AND WEN!
OBLX = XFAC*QE
GHLK=Ue733
QUIOILY, 1qJ'1bu.zan.kRLI

RO DO610T=145

10 0UT(T) = tUO!CN(Il+(U -UO I #CNLT+D )1 /y
IF(FELD(4)oLQets) GO TO 620
F = FEFD(&)

LD = FEED(4) = OUT (&)
$3 = QUT(3i/s0D

S22 = QUT(2)/DD

GO TO 640

H20 TF(FEED(3)aFGaNa0) GO TO 63C
F = FFFN(2}

DD = FEEDT3I} = OUTI(3) N _
$3 = 0,0 4
S? = QUT(2)/DD
GO TO 640
(40 F = FEED§2)
DL = FEEL{Z2) = OUT(2}
S3 = 0,0
2 = 0.0

H40 CONV = 10C.0%DD/F
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61 = OUT(11/D0 J
FMULHZ = CN(Y) 8 | r
RLTURN

gt FORMAT I X F 25 10)

GO P ORMAT (I Xy G2HSTER S1AL CUT TOU MANY TIMLYL,  #ed STOPWRRI

Gug PORMAT I Xy ABHCOMBOLTTIONS KLLF GUINGL NLuallye nss 5IUPI Kau)

FHD N\
‘ «
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APPENDIX K’
SUGGESTED EXPERIMENTAL DESIGN TECHNIQUE FOR ESTIMATING PARAMETERS IN ONE
REACTOR THAT ARE TO BE'USED IN ANOTHER REACTOR MODEL ’

§

Tha op}oct of this study was to model a ‘fluidized bed reactor. The
kinetic parametexs were estimated in the packed p;d reactor and then were
used in the fluidized bed modpl.' The interchange parameter and the catalyst
activity were estimated by minimizing 3?571! the waighted difference between
the model prad%&flon; and the observed expParimental r;lulti: The precision
6f the tluidi:ed‘bod model pr;diqtionl, not the kinetic parameters, was
the major importance. The precision of th; estimated parameters was only of
{mportance inasmuch as it affected the precision of the reactor model predictions.

Available experimental design techniques that leiect oporqéing conditions
80 as to obtain Ehe most pracise estimates of the kinetic parameters are not
appropriate for applicationn ;dch as the type presented in‘thin.study. The
standard design techniques minimize the confidoﬁca raglon for the parametars:
which means maximizing l!?ﬁf?il where X is the matrix of derivatives of
the ﬁepponse; with respect to the parameters in the;expefimental system
used to estimate these parameters. Tha-matrix‘ﬁ_repgesents the variance-
covariance matrix of the experlmenFal’respénlel. |

For ﬁhis atudy, the oberﬁtinq conditibn: in the packed bed reactor, .
where the kinetic parameters were. estimated, should be se}ected 80 as to).
minimize the uncertainty in the ££uidized bed model péedietions Pesulting
from these parameters. . | -

In the fluidized bed.define for a single experiment u:

v LT o | ) .1

“rxl ' s -~
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where I, is the vaeotor of observed rolponl.o. a, is the predicted response
and r is the nunhcr of responses per trial in the fluidixed bed. The Li‘th
prodictad response is given by

i :’- tl(s\l"e'"_ E_, 0")

< ) Kaz
o .

where £ ip mome functional rolationlhtp,gull'tho vector of control aniablou

for the u'th trial and 6 is the vector of kinetic parameters estimated from

tha packed bed study. -Tho paramaters % and 8¢ are the catalyst aétivitf
. o , . _

and the interchange respectively and are ontinauoq fram the fluldized bed

oxperimonts. Now linearizing:

!

. w, * x 8-9 - Lo K.3
- rxl ) k
whare ' .
, ofy ( 8, k of 6*)
S X ;J 1 ‘ K.4
’ ' rxp agd 0s 8 i
LY

and § is some vector of the kinetic parameters and 8 is their best estimate.

/

p is the number of these paraneters.

Then;. V(ﬁu) = \(5“ V(El-l x:, T V(ﬂu) K.5

where V(8) is the variance of the kinetic parameters and v(ﬂ“) is thae.
variance of the model prediction of ‘the fluidized bed model at the best
" ostimate of all the required parameters in the model. But from equation

G.8 written in terms of th; entire data set for the packed bed data:
’ £
1. -1 K.6
- V(B) = 1 (x fl X) . .

— —

n .
where r' is the number of responses pefltrial in the packed bed experiments.

4
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1 1 B
- N T = -1 -1 .7 -
Therefore) V(!u) - n-'{n ‘&ﬁ .Y ] !u] 2 Kl K.7
. x' | S
T ~1
| oxp (-t w X" w }
Thus1 Df(!u) L ——— o

Therafore, when designing oup-rlméntl in the packad bed reactor to omtimate
the kinetic parameters, thay could be designed so as to minimize the

ganeralized variance of v, This .can be accomplished using the dasign drttoriun

to beo described,

SUGGESTED EXPERIMENTAL DESIGN TECHNIQUE FOR PACKED BED REACTOR BTUDY

This duiiqn tachnique can bo employed -onca initial experiments have
boen parformed in the packed bed reactor since these tr}oln will provide
paramotor estimates and a value of L the varianco-cévarlnnco matrix. It is
also nocessary to evaluate the matrix X, once the 1n1t1hi parametar astimatos
aro avallable. If tha fluldized bed model is non-linear, X, phould be
6vn1uatod.at the spacific range of tontrol variables to be used in tﬁa fluid}zod
bed reactor. Control variables for tha packed bed reactor are then selacted so

as to minimize the generalized variance af the predictions of the fluidired bed

modol at ﬁha set of control’vnriablci §u.
Using tha oxattunada set of possible control variables that were used to

select those shown in Table. 4.5 according to the cirterion of minimizing

- .- . . =1 .
XT A lx a second set ware chosen sc as to siinimize X ~ in equation K.7. ‘51ight1y

xifforent values were sélceted as tho best, even though the exact same set
of possible control variables were used in both cases. The two setd of

contro) variables are shown below:



|x" & %] crrrerron (TamrE 4.3) I[E“[ L (x"a"! x)'l] -1 xT] Y crirerion
_ : xt

Op ml./sec. RATIO Op ml./sac. RATIO

488 1.1 3.6 493 - 2.4 3.2

489 A . T 3.2 489 1.3 3.2

496 2.0 3.2 480 2.4 3.3

500 2.4 3.3 468 1.2 3.4

516 2.0 3.8 487 1.2 3.9

488 2.1 3.2 488 2.1 . 3.2

Tho second and tho sixth set of operating conditions are the same for both

mcthod-, Howaver, tho new broposod mathod ie;actod lower tamperaturdi. This

can be explained by tho fact that the prediction errors of the fluidirzed

bed model arae more serious at lower temperatures where the model is lews

sonsitive to the interchange parameter and more sensitive to the kinetic

parémators. Thus, for the oquriméntl to be designed the simple criterion .

of}(}\-

not bo the bost design criterion for cases such as doacribed hare.

X which miniﬁlzas the’uncortainty in the kinetic paramaters may




