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ABSTRACT

Effects associated with the presence of gas phase reactions in
catalytic packed bed reactors are described. Non-uniqueness of
solutions and changes in steady state performance are considered in
some depth. A literature review revealed the uncertainty associated
with the available heat transfer correlations. Due to parametric
complexity steady state behaviour is elucidated using a generalized
analysis and four case studies, from which heuristic criteria for

the importance of gas phase reactions are proposed.

Under practical operating conditions, a one phase reactor
model is adequate for design purposes because film transport resis-
tances are negligible. An initially neglectable reactionm, either
heterogeneous or homogeneous, only gains prominence if its thermal
parameters and those of the main catalytic reaction are very disparate,
behaviour more typical of a gas phase rather than a catalytic reaction.
Although the case studies did not fulfil the proposed criteria, the
oxidation of higher alcohols and hydrocarbons may well exhibit the
necessary properties. The modelling of the oxidative dehydro—
genation of butene confirmed previous kinetic results and indicated
that catalyst preparation temperature was an important variable.
The presence of a fluid phase reaction can extend the parameter range
for non-uniqueness of solutions and introduces effects specific to

a two phase situation.
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1. INTRODUCTION

This thesis aims to clarify, elucidate and to some extent quantify
the effects that the introduction of a gas phase reaction can have on -
the behaviour and design of catalytic reactor systems. Motivation for
this study comes from reports of gas phase reactioms, induced by cata-
lytic products, occurring in the riser space after monolithic combustors
(Enga, 1976) and short catalytic beds (Keulks et al., 1972). If such
reactions also occur in the bed voids they may restrict the range of
design alternatives, complicate the computational procedure or modify

the reactor's behaviour.

Clearly, in these circumstances there is a considerable incentive
to establish the conditions under which these effects may be exhibited
so that such complexity can be avoided. As a first step, the possible
effects have been described and defined before proceeding to a detailed
consideration of steady state and non-uniqueness phenomena and the con-—

ditions under which these occur.

The previous work. concerning reactions in the gas and catalyst
phases of a reactor is meagre, although catalytic reactor modelling is
a well documented area. Holton (1975) developed a set of reactor models
for two example heterogeneous-homogeneous systems but did not demonstrate
the presence of any homogeneous phenomena or generalize the results.
Similarly, the study of systems which exhibit more than one steady state
solution (i.e. non-uniqueness or multiplicity phenomena) is a well deve-
loped research area but complex reaction schemes and two phase systems,

as discussed here, have received little attention.

1.1 Definition of a homogeneous effect

A gas phase reaction may modify the reaction scheme in two ways:

(a) Converting the reactant to another product in parallel with the
catalytic reaction (concurrent interaction).

(b) Converting the product of the catalytic reaction to undesired
materials (consecutive interaction). 7

Both types of interaction are exhibited by butene and propene partial

oxidation schemes (see Chapter 5).

Such an interaction will be important if either
(a) It seriously complicates or restricts design and optimization of

the process. The introduction of an extra kinetic term, and



(b)

Y
w

further balance equations, adds to the numerical complexity of the
design problem and may also modify the system's allowable operational
range. Or,

It has a greater influence on the progress of the reaction or

reactor behaviour than would be suggested by its rate under

initial conditions. This could be caused by some novel coupling
between the reactions, very different thermal behaviour relative

to the catalytic reaction or the induction of multiplicity
phenomena. In this way a superficially minor reaction, which might

be neglected, may have a profound effect on reactor performance.

The choice of operating conditions available to the reactor

designer may be restricted by the presence of a gas phase reaction in

the following ways:

phase

a) Limitations placed on the range of physical parameters
(e.g. pellet geometry or pellet hollowing) by the need to
control the extent of the gas phase reaction.

b) The need to consider residence time variations because of
the introduction of a product degradation reaction.

c) Limitations on reactant conversion or operating temperatures
caused by the need to avoid conditions under which non-

uniqueness could occur.

During the operation of a reactor an initially undetected gas

reaction could cause:

a) Catalyst deactivation due to an excessive temperature rise.
This is most likely to occur when the partial oxidation of
a high molecular weight hydrocarbon is being attempted. Over
oxidation of reactant or product can then lead to excessive
heat release. '

b) Changes in reactant conversion and the formation of undesired
products. The presence of such by-products may have important
implications for the operation of downstream separation
operations.

c) Difficulties in process control and start—-up because of non-

uniqueness of reactor profiles.

This brief description and definition of the possible effects

provides the background for the results of the steady state and multi-

plicity investigations presented here. These studies concentrate on

quantifying the system parameter ranges associated with the different
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phenomena, so that the above complexities may be avoided.

1.2 Types of coupling

Of the three possible locations, in a catalytic reactor where a
gas phase reaction can occur, ife. the reactor voids, catalyst pores
and the riser space, only reactions in the voids will be comnsidered in
detail. Clearly, reactions in the riser space do not introduce a
coupling phenomena and can be handled by conventional methods. Simﬁle
collision theory arguments show that the high surface area to volume
ratio of the intrapellet voids precludes the development of a gas phase

reaction in this location.

When two reactions are occurring in different phases in contact
transfer of heat or mass between the phases can significantly affect
the results and complicate the mathematical treatment. This coupling

can take the following forms:

1) Thermal: Heat release caused by the catalytic reaction leads
to ignition of the homogeneous reaction and further rapid
heat release which gives rise to severe thermal gradients.

2) Molecular species: The product or reactant of the catalytic
‘reaction is decomposed homogeneously lowering the selectivity
and causing further heat release.

3) Free radical species: A catalytic adsorbed intermediate is
released into the gas phase where it initiates a free radical
chain reaction. This behaviour is best documented for the |
case of catalytic oxidation of propene to acrolein. An allyl
peroxide, formed on the cafalyst,surface, desorbs and induces
gas phase over—oxidation (Keulks et al., 1973).

4) Complex: For example; carbon, formed in the gas phase,

causing catalyst deactivation (La Cava, 1977).

It is apparent that coupling schemes of types (3) and (4) are the more
subtle and likely to produce the more pronounced effects. Unfortunately,
no quantitative data for these sytems is available even if generalized

modelling techniques could be developed.

1.3 Possible reaction schemes

Reaction networks can be divided into consecutive and concurrent
pathways which enables the behaviour of the system to be analysed in
terms of the elementary steps. In this study examples of both simple

types will be considered together with a more complex combined structure.
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The four detailed reaction schemes considered in Chapters 4 and

5 are:

a) Nitrous oxide oxidation.
b)  Methanol partial oxidation to formaldehyde.
c) Carbon monoxide oxidation.

d) Butene oxidative dehydrogenation to butadiene.

These are the only systems where sufficiently detailed information on the
kinetice of the reactions in both phases appears to be available. Pro-
pene partial oxidation is potentially a most interesting system for

study (see Section 1.2) but only catalytic kinetics are available in the

open literature (Cartlidge et al., 1975).

The behaviour of these examples is indicative of the phenomena
which could be expected for the oxidation of more complex aldehydes and

hydrocarbons, for which only qualitative data is available (Shtern, 1964).

1.4 Outline of thesis

The remainder of the thesis can be divided into two parts dealing

with steady state effects and multiplicity phenomena.

Steady state effects are discussed in Chapters two to five. Various
reactor models are developed in Chapter two while heat transfer and
kinetic parameter evaluation is discussed in Chapter three. These
building blocks are then utilized to study three specific examples and
generate some more general results regarding the phenomena. Fihally, a
more detailed study of butene oxidative dehydrogenation is presented

in Chapter five.

In Chapter six the influence of gas phase reactions on the multi-—
plicity phenomena occurring in a catalytic reactor is discussed.
Quantitative results were obtained using a model embracing a single

pellet and its immediate fluid environment.
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2. REACTOR MODELLING I -~ !ODEL DEVELOPMENT

The heat and mass transfer phenomena occurring in packed bed
chemical reactors are complex and models including all these phenomena
would be computationally intractable. Ian this chapter a set of simpli-
fied models is developed to enable the different phenomena to be
considered in a convenient fashion. As the complexity of a model
increases the number of parameters and consequently the uncertainty

associated with the results rises.

2.1 Consideration of reactor model

The mixing and transfer phenomena occurring in a packed bed may be

classified as:

1. Axial heat and mass transport caused by backmixing in the
fluid phase.

2. Axial solid phase heat transfer.

3. Radial heat and mass transport in the fluid phése.

4, Radial solid phase heat transfer.

5. Fluid-wall and solid-wall heat transfer.

6. Film heat and mass transfer resistances around the solid
particles.

7. Intra pellet heat and mass transfer resistances.

Some of these phenomena have been shown to be of negligible importance
under most conditions. For those that remain a mathematical description

has been formulated in the light of experimental evidence.

It has been well established experimentally and theoretically
(Corrie, 1972; Carberry, 1976) that catalyst pellets can be considered
as essentially isothermal, with the major resistance to heat transfer

residing in the fluid film around the pellet.

Radial mass transfer, causéd by fluid mixing in the bed voids, has
been successfully described by a dispersion model. Solid and fluid
phase radial temperature profiles have been shown to be parabolic over
most of the reactor diameter, with a steep drop in temperature within
about one pellet diameter of the wall (De Wasch and Froment, 1972). |
Such a profile is also conveniently described by a dispersion equation
together with a resistance lumped at the wall. Axial fluid phase heat
and mass transfer caused by fluid backmixing have been similarly cor-

related by a dispersion equation. Solid phase axial heat transport has -
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been shown to be important for highly exothermic reactions under transient
conditions (Elanashie, 1975; Rhee et al., 1974) or in reactors where

heat is lost axially by radiation (Eigenburger, 1972). Since only

steady state simulations for axially adiabatic reactors are performed

in this study this phenomena is not further considered.

Assimilating these simplifications and the assumptions listed
below enables a mathematical model to be formulated (Refer to nomen-

clature list for symbols and their meaning).
Assumptions:

1. Cylindrical symmetry.

2. Axially constant wall temperature.

3. Negligible pressure drop across the bed.

4. Physical and heat transfer properties are constant
throughout the bed. |

5. Mass flowrate is radially uniform.

Mass balance on component i:

(a) Fluid phase:

0g - - 08 -. g _.
fi_ Dr 9 £i £fi
6s 57 =1 *Pear (T ¢ J7z'°f 7
L
+ kg.a, (gsi-gfi) + Re(g g Te) (2.1)
“(b) Solid phase:
kg.a (gg; ~8e;) = Ry (gg»Ty) : (2.2)

Eﬁergy balance:

(a) Fluid phase:

oT AT dT 32T
£_"VE D £ £
GsCp 3% r or (r Br) + >\zf 392

+ h’av (Ts—Tf) + R (2.3)

ef (Tgo 8gy)

(b) Solid phase:

| | Afs AT,
h.a, (Ts_'Tf) -t or (r 75?) * Rts (Ts’ gsi) (2.4)



where Rf and RS are the rate of species depletion per unit volume of
bed for the two phases. Similarly RtS and Rtf are the rate of heat
release per unit volume of bed for each phase. Evaluation of RS and

Rts would generally involve the use of effectiveness factors.
The boundary conditions for these equations are

1) Mass balance (for all i)

g . og ..
(2.5a) 0<2sgL ail = Bf_l =0
r=0 r=Rt
dg ..
(2.56) 0<rgR f1 =0
ST YTt a2
=L
JD Bfi - _
z° 0L |, Do B
2) Energy balance
, BTf
(2.6a) 0L/ L ¢+ —/ =0
or
r=0
BTf
£° or r=REt £f1f W
BTf
(2.6b) 0<rgRt: 5% =0
2=L
BTf
}\z s R =T -T
£° 94 l£=0 o f
BTS
(2.6c) 0L a7 =0
r=0
BTS
Ar . —=— =aw_ (T -T)
s  dr =Rt s s

These equations can be cast into dimensionless form using the

nomenclature of Table 2.1 with the dimensionless variables z = /L,

hn



Table 2.1 -~ Parameters of generalized model
Parameter Definition Description
Ys Es/R'To
Activation energies
Ye E./RT_
Bs (_Aﬂ)sgo/CpTo
Adiabatic temperature
Da ko '(g 0" /es |
] s®*Po"f
Damkohler numbers
m-1
Da. kof.(gopf) L/Gs
H h.avL/Cst
Interphase heat and mass
transfer groups
K kg.a _L/Gs
v
Prt_ GstRLZ/ArS.L
' Radial heat transfer groups
2
Prt. GsCpRt /Arf.L
Rt Rt . . _
Prm Per.Gfﬁ (EEJ Radial fluid mixing group
L . . .2
Pzm Pez.(as) Axial fluid mixing group
Pzt L Gst/Kzf Axial heat dispersion group .
Nu ow_.Rt/Ar
s ] ]
Wall heat transfer groups
Nu . awf.Rt/Arf

)
o«



R=r/Rt, Y = 1"/’1"o and X = g/g_,

"whence:
2
Rey _ 1 3 (g axfl) 1
9Z Prm ~ 9R 9R Pzm N7 2
YA
- ]
+ K(XSl Xfi) + Rf(Xf R Yf) (z.1")
- - |
K(XSi Xfi) Rs(xsi’ YS) : (2.2Y)
2
BYf _ 1 B - BYf) . 1 9 Yf
9% Prtf 9R 3R Pzt 872
- 1
+ H(YS Yf) + Rtf(xfi’ Yf) (2.3
1 9 3Ys
- 2 e——— — 1
H(Ys Yf) Prt_ 9R (R BR) + Rts(xsi’ Ys) (2.47)

S

n
where Rf Da..exp (- Yf/Yf). Xfi

]

it

Rts

m
BS.DaS.exp ( YS/YS). Xsi . N
and n = f(Deff, dp, YS, XSi)

With boundary conditions:

BXfa axf.
(2.5'a) 0Z¢g1l: 1 = =0
- oR -0 oR =1
Xeg
(2.5'b) 0<RZK1 "7 =0
Z=1
9X .,
fi
Pzm 7 7e0 1 - Xfi

ci



1 ..___.f =
(2.6'a) 0<2<1 aRI_ 0
=0
3Yf
- T}TI I A 4
BYf
(2.6'b) O$REL: = =0
Z=1
3Yf
Pzt . —— 1-Y
} 9Z ‘ 7=0 f
BYS
(2.6'c) OSZS].:—éi- =0
R=0
’ Y,
TR -1 = Nus (Ys -Yw)~

This full model is difficult to handle numerically and a more
pragmatic approach has been adopted. A number of other models can
be generated from this general structure which are easier to manipulate.
In this way a matrix of simpler models can be obtained which enable the

various transport phenomena to be investigated.

2.2 Simplified models

Mears (1976), Young and Finlayson (1971) and Carberry and Wendel
(1963) have all suggeéted design criteria to help in deciding whefher
axial dispersion is important. Froment (1972) has, however, suggested
that for all practical reactor designs the peclet group is at least an
order of magnitude greater than the values associated with axial trans-
port effects. Incorporating this simplification and neglecting film
mass transfer in comparison to intrapellet diffusional resistances -
(Carberry, 1976) yields the most complex model considered in this study,
a two-dimensional-two phase plug flow (2D2P) model. McGuire and Lapidus
(1965), McGreavy and Cresswell (1969) and De Wasch and Froment (1971)
have utilised a similar formulation but with a variety of radial
boundary conditions. For H - = Ys = YI and thus equations (2.3') and
(2.4') can be combined to give a one phase model, which has been the

subject of considerable study (e.g. in standard texts by Smith (1970)

~1
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Table 2,2 - Relationship between Models

'2D - 2P axial dispersion’

(Eqns 2.1 - 2.6)

H>1
axial Pe no.
large Nu << 1
2D2P 2D1P
H>1
Nu << 1 Nu << 1
4 1}
1D2P ' = 1DIP = 1D1P axial

H>1 axial Pe no.
: large



and Aris (1965)).

Alternatively, the radial profile may be approximated by a para-
bola (Beek, 1962) and an overall transport coefficient utilised to
reduce the model to one dimension. This approximation is rigorously
correct when Nu is small but the model is often applied under other

conditions using a relationship of the form

s _ _1 1
A T Nu * 4
s s

This generates three one dimensional models:

(a) one dimension-one phase (H + «), plug flow

(b) one dimension-two phase, plug flow

(c) one dimension-one phase with axial dispersion. This model
‘has been utilized to study the effect of axial dispersion

on the selectivity of consecutive reaction schemes.

The two dimensional-two phase plug flow model, developed above,
constitutes a set of coupled parabolic partial differential equations.
Holton (1975) applied finite difference methods to the solution of this
problem. In this study orthogonal collocation techniques have been
applied to the solution of this set of equations and the one phase axial
dispersion model (a brief description of the technique is given in
Appendix 1). This method was chosen because of its lower computational

requirements (Finlayson, 1974).

.,
€2

-
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REACTOR MODELLING II : NECESSARY INFORMATION




31

3. REACTOR MODELLING II : NECESSARY INFORMATION

This. chapter contains a discussion of two of the building blocks
necessary for the implementation of the models developed in Chapter two.
In view of the parametric sensitivity of the models demonstrated by
Holton (1975) a literature review of heat transfer correlations for
packed beds has been undertaken and deficiencies in the available data
are discussed. 1In the light of these, some recommendations for further
work are proposed. A short section is devoted to the problems of

predicting gas phase kinetics in the packed bed environment.

3.1 Heat and mass transfer correlations

Table 3.1 contains a summary of the parameters necessary for the
solution of the family of models developed in Chapter two. Excessive
over or under design can occur if the parameter estimates are only a

few per cent in error (Holton, 1975) (see Table 3.2).

Most modelling studies have utilized the single homogeneous phase
approximation and the majority of heat transfer experiments have been
similarly interpreted. As it has become necessary and numerically
tractable to consider a two phase model some methodology for dividing
these continuous phase parameters has been needed. The literature

abounds with correlations based on relatively few experimental studies.

3.1.1 Effective radial conductivities

The mechanism of radial heat transfer is complex and a number of
processes interact. The 'effective homogeneous phase conductivity' thus
inéludes convective, conductive and radiative contributions. Argo and
Smith (1953) associated those processes related in series with the solid
phase while those occurring in parallel were associated with the fluid
phase. Yagii and Kunii (1957) preferred to divide the effects between
static and convective contributions, the latter being correlated using

a Reynolds group (see Table 3.3).

De Wasch and Froment (1971), utilizing both these structure models,
have obtained expressions for the effective conductivity of each phase
which include a contact resistance term, caused by stagnant gas films
around the solid contact points. This resistance has a clear physical
significance but the available predictive equatibn (Smith, 1970) corre-

lates the difference between some early experimental results and the
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Table 3.1 - Heat and Mass Transfer Parameters
Model Parameter
Two dimensional-two a) Wall transfer coefficients - oW,
phase '
- awg
b) Radial conductivities —'Ars
- Arf
c¢) Radial Peclet group - Per
d) Film transfer coefficient - h
Two dimensional-one a) Wall transfer coefficient - aw,
phase
b) Radial conductivity - Arc
c) Radial peclet group - Pe_
One dimensional-one a) Overall heat transfer coefficient - U
phase '
Axial dispersion 'b) Axial dispersion Pe group - Pe
model. only z
One dimensional-two a) Overall heat transfer coefficient - U
phase A
b) Film transfer coefficient - h




Table 3.2 - Sensitivity of model predictions

to parameter values

The changes below correspond to a
variation of * 157 in the parameter
and were obtained for a two phase-two

dimensional model (Holton, 1975)

Parameter Effect (Z)

h < 107

ow < 10%

oW e up to 1407

Arf or up to 80%
Ars

e



Table 3.3 - Effective conductivity models

1) ‘De Wasch and Froment, 1971
e = B,(1-¢€)
s i 1
ks kf/¢ + hp.dp + arsdp
Arf = g(kf + Bvdp.arv + prp 'Dr)
2) Yagii and Kunii, 1957
)
Ar = Ar = + C.RePr
c c
he © = B,(1-¢€) . €B,.dp.arv
c X o, 1 KE
ks kf/¢ + dp.ars
where for 1) and 2) ars = 0]5—%54 T3
3
orv = oT
(1455 1B
2(1-e) p
3) Argo and Smith, (Smith, 1973)

Ar (L-€¢) h'.dp.ks where h' is total
s 2ks + h'dp ‘parallel’ contributions
- bpo 3 CpGsdp
Arf e(kf + = p dpT® + Pe )

i

ot



Table 3.4 - De Wasch and Froment's

conductivity model — Parameter values

Parameter. Comment Value
) = Fluid film thickness/pellet
diameter, related to pellet
roughness
For catalyst materials 0.0050
(De Wasch and Froment, 1971)
Y = Length of solid path/pellet
diameter related to pellet
hollowing =1-0
BV = Effective void size/pellet
diameter
Solid materials 1.0
Yagii and Kunii
(1957) hollowed pellets | 0.72
hp Contact resistance
Smith, 1970 23.2
W m-zk—l

De Wasch and Froment, 1971

W

{914



Schulmann and Voss (1934) equation. It thus includes experimental error
and radiation contributions. Fortunately, back calculation using either
of the above models with De Wasch and Froment's (1971) data shows that
the inclusion of the parameter has little effect on the final result.
The contact resistance is also largely independent of temperature, bed
voidage (i.e. number of contact points) or pellet material (Smith, 1970)

and thus a constant value has been used throughout these calculations.

3.1.2 Wall heat transfer coefficient

Correlations generally relate to the pseudo-homogeneous phase
parameter. The separation of the two phase parameters experimentally is
difficult, although the inductive heating method of Bhattachryya and
Pei (1975) may be applicable.

Hanratty (1954) correlated previous experimental work using only
a flow dependent term and noted a considerable difference between beds
of cylindrical and spherical pellets. This was attributed to greater
fluid mixing near the tube wall for cylindrical pellets. The low
conductivity of the packing may explain the absence of a static term.
Similar correlations were also proposed by Calderbank and Pogorski
(1957) and Yagii and Wakao (1959) for beds of glass and metal spheres.
Yagii and Kunii (1960) recorrelated this data using the same structure

as their conductivity equation:

ow =auw> + C Rep. Pr
c c

De Wasch and Froment (1972) also favour this form of correlation.
Unfortunately, it is not possible, with the limited data available, to
‘develop general correlations for the two packing dependent terms, awz
and C.

Beek ( 1962)reviewed the available correlations and suggested,

for Rep > 40, the following equations:

. ow dp _ Yo, Vs c8p_ -l
Cylinders: —xF - 2.58 Rep “Pr"° + 0.094 Rep "Pr

ow d : -

. VP - Vs, s c8p_ ok
Spheres: Tl 0.203 Rep “Pr "° + 0.220 Rep "Pr

as the static contribution was negligible under these conditions. The

source of these equations is obscure, their form being related to.those

36



for mass transfer. They however reflect the other correlations quite
well and have recently been supported by Smith (1973). Olbrich and
Potter (1972) have suggested that Beek's correlation for cylindrical
pellets may have no geometric associations, although recent experimental
results, reported by Valstar et al. (1975), support the geometric
effect.

Having established the continuum phase coefficient some method
of subdivision between the two phases is required. Olbrich (1970) has

suggested that:

Nus = 2,12 for spheres,

and Nus + o for cylinders.

This implies no discontinuity in the temperature profile at the bed wall,
in opposition to experimental measurements (Valstar et al., 1975).

The higher value for cylinders has been atributed to a larger area of
contact, especially in small diameter tubes where such pellets tend to
pack with their axes parallel to that of the tube (Olbrich and Potter,
1972).

De Wasch and Froment (1971) suggest that if solid and fluid phase

temperatures are not too different then:
ow, = Ar /Ar .ow
s s'" e c

Holton (1975), using the same reasoning, considered that the Yagii and
Kunii (1959) correlation applied toaw, and obtained ow_ by subtraction.
This made (awf/aws) strongly Reynolds number dependent as it subtracts
two correlations of the same basic data, 1In this study the continuum

parameter was divided using the former method.

3.1.3 Effect of pellet hollowing on heat transfer

Hollowing directly affects the effective bed conductivity and thus

the relative values of the two phase wall heat transfer coefficients.

For De Wasch and Froment's (1971) model, the major low temperature
effect will be a decrease in Y causing a fall in the solid conductivity.
Interpenetration, which might increase the number of contact points, is
unlikely to be important unless hollowing is quite extreme because of

geometric considerations. This is supported by England and Gunn's (1970)



result that hollowing does not change the number of particles per unit
bed volume. In any event the contact resistance (hp) is only a weak
function of the number of contact points and therefore no modification

of the conductivity will occur.
Hollowing will modify the fluid phase conductivity as follows:

(a) Whatever the degree of hollowing the radial peclet number is
decreased relative to a bed of solid pellets (Gunn, 1969).

(b) The conductive component will increase but this is of generally
minor importance.

(c) The radiation contribution will, however, decrease with

increasing voidage.

The overall effect will thus depend on the temperature.

3.1.4 Film heat transfer coefficient

This has been the subject of a thorough analysis by Whitaker
(1972), who gave

h dp' £ _ 112 123
kf(l"E) (005 REP + 0.2 Rep ) Pr
6.Vp Gs.dp' €
' 1 -
where dp v and Rep T =2

This equation covers the experimental data, with a maximum scatter of
30%Z. Barker (1965) questioned the inclusion of a Prandtl number depen—
dence, as most experimenters have studied air., He attributed most of

the experimental scatter to a wall effect.

3.1.5 Axial and radial mass dispersion

These phenomena are conveniently correlated by the Peclet group.
For solid pellets the radial peclet number (Per) has been correlated
by a number of workers (Bernand and Wilhelm, 1950; Fahien and Smith,
1955). The correlation of the latter is used here as it retains a

dependence on (dp/Dt).
= 2
Pe, = 8.0 [19.4 (dp/Dt)? + 1]
Froment (1972) has however shown that simulation results are insensitive

to variations in'Per. Axial fluid phase dispersion is similarly des-

cribed by a constant Pe, value of 2.0 (Aris, 1965).



Table 3.5 - Effect of operating conditions on heat transfer parameters

T : 1075 K Pellets : cylinders, B =2, ks.=1.11 Wm L k!

Operating Conditions 2D - 2P 1D - 2P 1D-1P

Gs dp Dt Ar Ar oW ow (h'av) Ar ow U
kgm—zs—l 0 o f s £ s X 10—6 c c
1.10 .003 .05 .79 .64 | 184.5 148.6 .221 1.43 333.1 | 135.5
2.10 .004 .04 1.52 .64 267.3 112.3 .213 2.16 379.6 202.0
1.70 . 004 1.16 1.48 .64 240.6 103.7 .188 2.12 344.3 4.1
0.50 . 006 .06 .95 .64 95.6 64.3 .052 1.59 159.9 91.2
1.70 .004 .05 1.36 .64 4234.2 110.0 .188 2.00 344.2 165.7
10.90 .002 .05 .49 .64 168.3 219.2 .352 1.12 387.5 122.7
1.80 .001 .03 .41 .63 302.4 472.6 .141 1.04 775.0 204.0

o\ }
D
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Table 3.6

Effect of Geometry, solid conductivity and temperature

-2 -1

(Conditions : Gs : 1.80 kgm s ; dp ¢ 0.00lm, Dt : 0.03 m
2D - 2P 2D-1P 1D1P
(h.a )
Geometry ks T(K) Arf Ars 0w ¢ aw_ 26 Arc oaw, U
x 10
Cylinders
B : 2 1.11 1075 A4l .63 302.4 472.6 141 1.04 775.0 204.0
Spheres 1.11 1075 /A .63 136.2 212.8 141 1.04 349.0 154 .4
Cylinders
B : 2 1.11 1075 .38 .56 313.0 462.0 .175 .94 775.0 190.1
o : 2
Cylinders | 1y 383 | .25 | .63 | 113.3 | 286.0 | .813 .88 | 1399.3 | 149.0
B:2 A
Cylinders
0.7 383 .25 41 151.3 248.0. .813 .65 399.3 121.4
B : 2
Cylinders .
0.3 383 .25 .18 232.6 166.6 .813 .43 399.3 89.5
B : 2

'Y

<
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For beds of hollow cylinders the radial peclet number is reduced
to 4.7, independent of extent of hollowing or cylinder aspect ratio.
The axial peclet number is also reduced, but depends on pellet hollowing

thus:

(at high Reynolds number)
(England and Gunn, 1970)

3.1.6 Primary information inputs

Of the basic parameters which appear in the above correlations
gas phase conductivity and specific heat can be readily estimated using

established techniques (see, Reid and Sherwood, 1966).

However, solid phase conductivity and emissivity are less easy

to predict. Fortunately, variation of pellet emissivity from 0.5
(Holton, 1975) to 0.9 (Kunii and Furusawa,1972),at 1100K, causes only a
47 variation in the heat transfer parameters, thus circumventing accurate
prediction. Solid phase conductivity will lie in the range 0.3 to

1.1 W m--lK—1 (Satterfield, 1970) depending on the pellet material, the
degree of microparticle fusion and the intrapellet gas. The results
in Table 3.6 demonstrate the impoftant effect of variations in this
parameter. Unfortunately the predictive methods available (Harriott,

1975) are unreliable and difficult to implement.

3.1.7 Summary

Despite considerable research efforts, it is clear that three main

areas of uncertainty exist in the estimation of heat transfer parameters:

(a) A great scatter of pseudo homogeneous—phase wall heat transfer
predictions. The correlations proposed by Beek (1962)
reflect the general trend quite well but definitive work
remains to be done.

(b) The available evidence suggests that the wall coefficient
depends on packing geometry but this needs confirmation.

(¢) When considering the two phase model further uncertainty is
introduced by the difficulties of dividing the radial trans-

port coefficients between the phases. It is clearly diffi-
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cult to establish or measure different gas and solid tempe-
rature profiles. The presence of thermocouples tends to
distort the packing and so some form of transmitting sensor
would be required. The inductive heating method, proposed by
Bhattachryya and Pei (1975), may enable beds of metal based

pellets to mimic reaction conditions.

3.2 Gas phase kinetics

In this section a numoer of the problems encountered in obtaining
relevant gas phase kinetic information are outlined. It was in the light

of these problems that the parametric study in Chapter 4 was proposed.

Both molecular and free radical reactions can occur in the gas
phase. In this study only gross or mass action kinetic expressions will
be used because of the numerical problems involved in integrating free

radical reaction schemes.

Where the gas phase reaction proceeds via a degenerate branching
scheme (e.g. hydrocarbon oxidation) it may be initiated by very small
amounts of radical precursors introducted into the gas phase.. The
desorption of such materials, present as intermediates of the catalytic
reaction, can thus lead to a very rapid increase in the homogeneous

rate (Keulks et al., 1972).

Free radical chains can be terminated by either gas/gas or gas/
solid collisions and thus the reactor surface to volume ratio and the
nature of the surface are vitally important in determining the reaction
scheme. The quenching and initiating behaviour of industrial catalyst

surfaces 1s largely unknown (Mulchahy, 1973).

Of the gas phase kinetic equations considered in this study only
that for formaldehyde oxidation (Hessam, 1971) is based on a free radical
mechanism. The other equations are the results of gross fitting of

experimental studies. This approach is necessitated by

(a) The complexity of the free radical schemes for even simple.
reactants.

(b) The paucity of fundamental radical-radical kinetic data.

(c). The difficulty of discriminating between kinetié schemes

experimentally.

This type of result, however, gives little insight into surface to volume
ratio effects which are of prime importance when extrapolating from an

experimental system to the chemical reactor environment. An estimate of .



the rate of gas nhase formaldehyde decomposition is obtained in Appendix
two from which the difficulty of such an exercise, for even a simple

reactant, is apparent.

Clearly it is difficult to quantify the gas phase kinetic rate
in the reactor environment, in order to assess the importance of
possible reactions. Where the nature of the reactants or reaction
suggests that an effect may occur, prudent choice of catalyst support
and reactor construction material may minimize any phenomena by

increasing chain terminations.
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4. STEADY STATE RESULTS

4.1 Introduction

It is apparent that the inclusion of a homogeneous reaction will
considerably increase the complexity of the numerical problems involved
in the design of a chemical reactor. There is, thus, an incentive to

establish the conditions under which the extra reactions are important.

Clearly, any reaction which has a significant rate under inlet
conditions would be included in the overall kinetic scheme. Of greater
interest are those reactions which have neglectably small initial rates
but, by virtue of their thermal characteristics, play a significant part
in the conversion of reactants. In this chapter a simple one dimensional-
two phase model is employed to try and establish the kinetic conditions
under which this type of phenomena occurs. Some attempt is also.made
to consider the effect of wall and film heat transfer on the phenomena.
Finally, detailed modelling results for three kinetic systems are pre-
sented to compare the different reactor models and confirm the results

of the simpler approach.

4.2 Simplified study of a homogeneous effect

The two phase-one dimensional model, see Table 2.2, used in this
study retains a differentiation between the phases but is capable of
rapid solution. Under practical industrial conditions the film heat
transfer group (H) will lie in the range 50 to 300. The radial heat
transfer groups (Af, AS) will take values in the range 5 to 15, except
where the reactor diameter is large (e.g. sulphur dioxide oxidation)

when adiabatic conditions may be approached.
The following areas have been considered:

(a) The range of homogeneous parameters necessary for an effect
to be seen. ‘

(b) The‘modifications caused by introducing a film heat transfer
‘resistance.

(c) The implications of dividing the overall continuum-wall heat

transfer coefficient between the two phases in different ways.

For the purposes of this study a homogeneous effect has been defined as
a greater than 207 change in one of the observable parameters of the
system (i.e. a change in conversion, hotspot temperature, outlet tem—

perature, etc. at least as significant as that due to the uncertainty



Table 4.1 - Parameter ranges

Parameter Range Reference
less than 40 Wiesz and
Hicks (1962)
14.0 - 28 Van den Bosch
Ys and Luss (1977)
10 - 30 Hlavacek (1970)
(hydrocarbon oxidation)
10 - 40 Firth (1969)
(hydrocarbon oxidation)
20 - 35 Shtern (1964)
14 - 30 Examples in
this study
1.2 - 0.04 Van den Bosch
8 and Luss (1977)
s
1.2 - 0.16 Hlavacek (1970)
For hydrocarbon oxidation, the
Bf homogeneous reaction is unselective

and thus Bf > Bs

y

o
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Table 4.2 - Kinetic Effect
. . Reaction Damkohler No. for
Primary Reaction parameters .
. 2nd reaction
for 2nd reaction
B |1 v Ccncurrent Consecutive
()
Da : .35 .2 10. .061 .275
W2 20. .042 .145
B : 0.2 .2 | 30. 024 .08
.2 40. .015 .04
Y : 10.0 0.5 40. .0090 .03
0.7 40. .0070 .022
Overall conversion:
N 407 1.0 40. .0055 .018
(11) .5 10. .080 .032
Da : .40 .5 20. .013 .0015
B : .5 .5 | 30. .00096 .60.10"%
Y : 10.0 - .5 | so. .70.10"% .33.10°°
Overall conversion: -4 -5
N 959 1.0 40. 47,10 .18.10
(I11) 2 20. .10 .05
Da : A .2 30. . 040 .013
B : .2 .2 40. .014 .0033
Y : 20.0 .5 40. .010 .0019
Overall conversion:
n 957 1.0 40. .0054 .0010

Note: (1) Reactor is adiabatic
(2) Interphase film effects are neglected

" (3) Both reactions are first order




Table 4.3

Influence of reaction order

Cons

(2)

Interphase resistances are ignored.

Primary Reaction Concurrent ecutive
Reaction Parameters Da Da
N1=1 N1=2 N1=1 N1=2
B Y
N, =2 =N N, =2 = N,
0.5 10.0 .0213 .10 . 044 .15
Reaction IT
0.5 20.0 .038 .020 .0019 .019
(Table 4.2) -3 -3 -5 -
0.5 40.0 .37.10 - .31.10 .3.10 .16.10
1.0 | 40.0 | .22.107% | .11.1073 | .18.10™ | .10.10"
(1Iv) 0.2 20.0 | .031 .034 1.29 1.55
Da: 0.20 | 0.2 | 40.0| .0175 .0195 0.48 0.68
Y : 20.0 0.5 40.0 .0095 .0113 0.34 0.50
B: 0.20 1.0 40,0 .0055 . 0065 0.21 0.33
Overall
’conversion
n 307
Note: (1) Reactor is adiabatic




in the heat transfer coefficients).

From the results in Table 4.2 it is apparent that only when the
two reactions have very disparate thermal parameters is an effect caused
by an initially small extent of reaction. Consecutive reactions are

obviously more conversion dependent than concurrent schemes.

The initial introduction of interphase heat and mass transfer
resistances {Table 4.5) slightly lowers the gas phase Damkohler number
required for an effect, as the greater solid phase tempevature stimulates
reactant conversion. At low rates of interphase transport this effect is
offset by the poorer access of reactants to the catalyst. Within the
practically accessible range of H values (see above) the segregation of

the phases plays little part in the onset of any phenomena.

Obviously reactor cooling makesvany phenomena more difficult to
introduce, although within the industrial range any variation is
broadly neutral. In the presence of a film transfer resistance the
disposition of the overall wall heat transfer rate between the phases
may have some interesting implications (see Table 4.6). Thus, under
some high conversion conditions, changing the proportions of the overall
coefficient attributed to each phase,in either direction, makes the intro-
duction of an effect easier. Changing the reactions from first order
has either an inhibiting or neutral effect depending on the reaction

scheme and the heterogeneous conversion.

All kinetic terms with an initial magnitude of the same order as
the accuracy limit on the design, in comparison with the main reaction,
would be included in the detailed kinetic scheme. Any reaction which
falls outside this criteria but has a high heat of reaction and a large
activation energy should also be included. Under practical reactor
operating conditions segregation of the phases is not significant and
the above conclusions apply to either suitable catalytic or gas phase
reactions. - The thermal parameters necessary are, however, more typical

of a heterogeneous—homogeneous combination, than two catalytic reactions.

4.3 Model discrimination

The relationships between the different reactor models of a
catalytic reaction system have been discussed in the literature.
Various criteria have been proposed (Mears, 1971; Hlavacek, 1970) for
selecting which phenomena are important and therefore warrant inclusion.

Comparisons between the different models have normally been on a specific



Table 4.4 -

Influence of reactor cooling

Primary Reaction Cooling Concgzrent

Ar = A A B C
Reaction I (Table 4.2)

0.0 .061 .024 .616
A: Bf: 2 1.0 .075 .046 .032
Ygi 10.0 5.0 .084 .074 .064
B : Bf: .2 10.0 .086 .080 .075
Yg: 30.0 20.0 .087 .084 .081
C: Bf: .5 50.0 .088 .086 .085
vyt 30.0 100.0 .088 .087 .087

Note: (1) Interphase film effects are neglected

(2) Both reactions are first order.



Table 4.5 -

Influence of interphase transport

Consecutive

Priméry H =K Concurrent
Reaction Da Da
Reaction | Reaction | Reactior Reaction
A B A B
?§:§52°2.§§ 10° | .15.10% | .18.10 | .012 .43.107%
A: B: 05| 102 | .14.102 | .14.107° .012 .42.107%
y :20.0 10,0 | .11.1072 | .11.10° | ..0098 | .30.107%
B: B: 1.0| 5.0 | .95.10° ] .11.107° .0078 | .22.107%
Y : 40.0 | 3.0 10.10°2 | .14.107° .0060 .15.10"%
?§Z§§i°z_§¥ 102 .148 .037 .0195 . 0047
A: B: 02| 10 .145 .037 .0195 .0046
y : 30.0 | 20.0 L1461 .032 .0195 L0044
B: g: 1.0 10.0 .141 .027 .0196 . 0041
Yy : 40.0 | 5.0 .105 .020 .0198 .0036
2.0 .041 ;006 ' .029 .0039

ji24



Table 4.6 - Effect of differential cooling rates

(i.e. Ars/ch ratio) on results

Concurrent
Case As Af Da
Case I (Table 4.2) 0.0 0.0 0.072
and Bf : 0.2
20.0 0.0 0.085
Yf ¢ 10.0
H : 10.0
10.0 10.0 0.089
Overall Conversion v 407
0.0 20.0 0.094
Da : 0.4
s 4 6 0.072
Bs: 0.5 ,
Y, & 20.0 : -3 5 0.080
B. ¢ 0.5
£ 6 4 0.077
Ye ¢ 30.0
H : 10.0 8 2 0.069
Overall conversion v 907

&
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Table 4.7 = Film transport

effects
a) DaS : 0.35 BS : 0.2 YS : 10.0
- 102 . .
K =10 Be & 0.5 Y¢ ¢ 40.0
" Het u 1 Concurrent Consecutive
eterogeneous only Da. = 0.009 Da. = 0.03
Con Max Con Max Con Max
Z Change % Change % Change
1000 40.41 - 49.30 - 43.4 -
100 40.71 .75 49.75 .95 43.86 1.1
20 42.06 4.2 52.0 6.0 46.25 6.6
10 44.04 9.0 55.38 12.8 56.8 29.2
5 48.72 20.5 64.93 32.3 - -
2 74.07 83.5 100. 00 103.0 - , -
b) DaS : 0.4 Bs : 0.2 Yo 20.0
- 102 . .
K =10 Bf : 1.0 Yf : 40.0
Concurrent Consecutive
H Heterogeneous only v Daf==0.0054 Daf==0.0005
Con Max Con Max Con Max
yA Change yA -Change yA Change
1000 87.6 - 100.00 - 91.5 -
100 90.5 2.8 100.00 0.6 94.5 3.2
50 92.9 6.0 100.00 3.4 98.10 11.2




basis and conclusions therefore vary. Froment (1967) and Hlavacek
(1970) suggest that the simplest model is relatively effective whereas
Smith (1970, 1973) concludes the reverse.

Radial temperature gradients can clearly only be neglected,with
confidence, for quasi-adiabafiq systems because of the exponential
dependence of rate on temperature (Carberry, 1976). The presence of a

homogeneous reaction would not be expected to modify this conclusion.

The introduction of a gas phase reaction might, by lowering the
film temperature difference, ameliorate the need to include a film heat
transfer resistance, with a corresponding computational saving. The
results presented in Table 4.7 demonstrate that this is true for con-
current reaction schemes operating under high conversion conditions.
This effect is confirmed by more detailed studies (see sect. 4.4.1).

If significant film resistance is present the distribution of radial
heat transport between the phases becomes important (as shown in Table
4.6).

Clearly, within the industrially practical range of H values such
refinements, while more realistic, may not significantly improve the
predicted results. It is possible, given the difficulty of dividing the
radial transport coefficients between the phases, that this .refinement

detracts from the predictions obtained.

4.4 Example cases

Having established,in general terms,the parameter ranges under
which a homogeneous effect is exhibited, more specific examples are

considered in this section. The two cases utilised by Holton (1975),

e

nitrous oxide and methanol oxidations, are reworked to reassess the results

and their relationship to heat transfer estimation methods. A further

example, the oxidation of carbon monoxide, is also considered.-

Comparisons are based on the externally observable system para-

meters, viz:

(a) Conversion and selectivity
(b) Maximum temperature (hot spot) and its location

(c) Average fluid exit temperature.

4.4.1 Thermal Decomposition of Nitrous Oxide

o v

This is an example of a concurrent reaction scheme, nitrous oxide

decomposing both catalytically and in the gas phase:



Table 4.8 - Kinetics

Reaction ' Model
. o 2
1 r o= Ky(g pe) /(1 + Kpg pp)
2 1:—vK(D)2
3 ‘8yPs
3 r = K4 Aa &, Ps

where g = mass fraction of nitrous oxide

EA
Rate constant 10810 A Kcal/g mole
K, 16.48 81.8
K, 6.99 " 28.4
Ky 13.88 72.4
K, 3.35 34.6
K = A o EA/RT

Heats of Reaction

(- tw), = 1.98 1% 3 Rg * (N,0)
(--6H), = 1.05 100 7 kgt (N,0)
(- ), = 1.98 10° 3 Rg © (v,0)

Roughness . factor:

Rg'= 1000.0 dp
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v 1
1. N0 > N, + &02 Homogeneous
2. N0+ 1/202 + No, + 1/2N2 Homogeneous
3. N0 > N, ¢+ 5&02 Héterogeneous

‘The kinetics of these reactions have been studied by Halladay and
Marazek (1973) in the presence of gold foil. The relative rates of
the heterogeneous and homogeneous reactions were obtained by varying
the surface to volume ratio of the experimental system. The kinetic
_model proposed by the above workers is summarized in Table 4.8. In
this study the reactions will be considered to be occurring in a bed
of non-porous gold coated pellets. The active surface area (Aa) is
related to the geometric surface area (Ag) by: Aa = Rg.Ag where
Rg is a roughness factor related to the corrugations in the gold

coating.

(a) Presence of a homogeneous effect

From the results presented in Tables 4.9 and 4.10 it is clear that
the 1D1P model predicts very different thermal behaviour from the other
two models under all conditions. Agreement between the two 2-dimensional
models is better when both reactions are occurring due to a reduction
in the film temperature difference between the two phases which thus
better approximate a single continuum. Unusually, in this system, one
of the gas phase reactions has a lower heat of reaction than the hetero-
geneous one. Thus, the inclusion of the gas phase terms may, under high

conversion conditions, lower the overall temperature rise,

It was assumed, in chapter two, that film mass transfer could
generally be neglected. This approximation was shown to be quite satis-

factory for this example, despite the absence of an intrapellet resis-

tance.

Reference to Table 4.11 shows the extent of the homogeneous effect

predicted by the different models.

(b) Effects of modifying pellet geometry

The examples in Table 4.12 serve to point out the differences
between the heat transfer rates for beds of spheres and cylinders (cases

1 and 2). Similarly, pellet hollowing leads to thermal effects which



Table 4,9 =

Comparison of models

Corcditions:

Nitrous Oxide oxidation

T:1125K

Sphérical peilets

Inlet mass fraction of N

0:0,667

Note: Tpos is expressed on a fractional bed basis
Tirax is maximum temperature expressed as differences
Tout is outlet temperature ] from the irlet value (XK)
Conditions 1D1P 2D-1P 2D - 2P
. . f
le- Con Sel Tmax Con Sel Tmax Con Sel Tmax¥ | Tmax
Gs dp bt L action{ (%) (7) Tpos Tout (%) (%) Tpos Tout (7) (%) Tpos® | Tpos TQ“F
_ 124.0 | 296.6 495.0 | 473.9
flet 53.35 ¢ L8111 113. 66,31 0 9198 181.0 | 87.91 0 8025 8204 226.0
1.70 004 .05 1.0
Het + | 1761 531.9 , 613.5 | 598.5
Hom 71.43 | 8.5 111 143. 95.48 | 15.26 6963 | 169-0 98.16 | 16.20 | “co00 | Topn7 | 108.0
49.7 75.2 81.77 77.94
Het 55.68 ¢ 2667 20.3 56.47 0 2389 20.7 | 57.58 0 2821 2864 20.0
2.10 | L0064 | .04 | 2.5 —
Het + e 55.2 - 85.7 93.10 89.10
Hom 59.09 | 3.95 2667 19.6 . | 60.23 3.93 2889 19.4 | 61.30 3.85 9833 | L2877 18.7
117.2 o) 232.2 283.7 { 275.2 ;
llet 66.22 0 5222 45.0 74,69 0 5741 48.6 | 80.13 0 5574 | 5642 42.0
1.10 .003 .04 1.0
’ Het + . . 161.2 433,0 1 ac . 439.5 484.5
No 78.17 | 7.23 5229 32.8 93.44 12.23 4951 20.1 | 95.68 | "2.88 4469 4525 15.1

pits
=i



Table 4,10 - Comparison of models
Nitrous Oxide oxidation
) Conditions: T:I075K Inlet mass fraction of N2030.667
Splicrical pellets
Conditions 1D1P 2D-1P 2p-2¢p
Re- Con Sel | Tmax Con Sel Tmax Con Sel Tmax% Tmax .
Cs De dp z action (7} (7Z) | Tpos Tout (%) %) Tpos Tout (7) (%) | Tpos Tpos Tout
Het + A ) 48.56 92.42 - 93.71 | 92.91 '
Mow | 20531 f 2,32 | Mol 48,5 | 20.98 | 2.51 10 92.42 | 21.15 | 2.49 1.0. 1o 92.91
1.70] .05 | .002 1.0 1
_ , 45.63 84.11 85.50 | 84.52
Hot 19.02 0 ao7a | 45.5 [ 19.46 0 oo | 841 19.61 0 e oo | 8452
Het + | ., 40.09 ) 60.49 " 61.83 | 60.54
on | 28468 12,11 "or Sl 3400 | 29.23 1 2.18 | " 00 ) 36.2 29.56 | 2,15 | O o Jelng | 02
1.101 .03 | .003 }1.0 2
, 38.00 | 56.78 58.15 | 56.85
Het | 27.1% 0 “ot67 33.0 | 27.55 0 6136 34.8 27.87 0 oG Ceris | 347
Het + | . 22.28 32.15 33.55 32.20
Mom | 30429 [ 170} 50 16.2 | 30.44 | 1.72 | 7300 | 16.6 30.78 | 1.69 | yine “3185 16.5
2.10 .04 .00% | 2.5 3
: 21.44 30.85 32.26 | 30.90
et | 29.18 0 “3o0 16.0 | 29.31 0 “aias 16.4 29,66 0 a8 “3i0g | 16-2
Het + 17.42 28.51 28.54 | 28.44
o | 29.52 P r6l i e 12.8 | 29.70 | 1.63 | “50a | 13.1 29.72 | 1.63 | ‘00 R I ERER!
1.80 .03 | .o0l | 2.2 4
16.82 27.43 27.74 | 27.3
o )
Het 28.53 0 2444 12.6 28,68 0 2765 12.9 28.70 .0 2778 2790 12.9
Yot + |, 103.5 150.46 ; 264.41 ) 216.25
Mom | 1834 1 325 TU07F 103.5 | 18.56 | 3.43 | 7Pl 1s0.46 | 23,77 | 3.75 | U0 e 2t6.25
0,751 .06 | 0n5 | 0,31 SR — i . 5
93,12 ) 131.52 201,28 | 12076
2 . g 2
let | 16.53 | 0 L 93.12{ 16.61 { o Vo | 13ns2 | 200321 o A B R P ¢

e
ity



Table 4.11 -

Comparison of predicted homogeneous effects

Case DaS Daf Max. predicted % effect

1D1P | 2D1P | 2D2P

Table 4°1$ .126 | .013 7 10 10
2| .195 | .020 5 7 6.5

3] .255 | .026 4 4.5 | 2
4| .262 | .027 3.5 3.5 3.5

5| 089 | .o09| 11 17 25

Table 831 255| 039 | 42 | 44 26

2| 516 079 37 | 87 76
3| 394 .067| 11 | 11.5] 11.5

with Y = 16. Yg = 32
B =

.87

wo
+h
n
-
&~
~

n
>



- Table 4.12

Effect of pellet geometry

Conditions: T: 1100 K Dt: 0.05 m
.dp: 0.002 m, Gs: 0.90 kg m_zsec 1
L: 0.380 m, Mass fraction N20 at inlet: 0.667
Thermal conductivity: 1.11 W m gL
Conditions 2D - 2P
Pellet Re- Con— P Selec— Tmax® Tmaxf T tf
Geometry action | version | tivity | Tpos® | Tpos ou
1 Het + 65.03 17.38 | 648.9 648.1 412.0
a Hom .9531 | .958
Spheres
1b Het 32.87 0 333.9 320.6 320.6
1.0 1.0
2a Het + 29.47 5.74 258.7 252.6 252.6
Cylinders Hom ‘1.0 1.0
o B:2 Het 24.08 0 183.4 | 179.5 | 179.5
1.0 1.0
3a | cvlinders Het -+ 87.97 19.95 798.3 798.8 291.0
v Hom .8272 | .8321
B:2
) Het 48.66 0 . 786.5 786.8 786.8
3b as 0.2 1.0 1.0
4 Cylinders | Het + 94.80 16.83 724.8 723.3 | 338.0
Hom .6963 .1 .7000
B:1
Cylinders 4 2 | 28 .
5 | B:1 Het + 99.03 20.1 919.2 916. 0.0
° Hom .5667 .5704
as: 0.2
6 Cylinders | Het + 53.69 12.13 | 596.0 | 595.2 | 290.0
B:1.5 Hom .9778 | .9827
, Cyél_“cllegs Het + | 96.45 19.83 | 845.1 | 844.4 | 410.0
a: 0'2 Hom .7160 .7198

¢
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cannot be attributed to either greater homogéneous or heterogeneous
rates of heat release caused by changes in voidage (Vv 4%) or surface
area (v 15%). Thus, although modifications to pellet geometry alter
the kinetic rate the dominating effect is via changes in heat transfer

parameters.

(c) Reactor stability

All the results presented here are either thermally stable (i.e.
the axial temperature profile is concave downwards) or, in cases where
the film heat ttansfer coefficient is low, unstable (i.e. continually
increasing axial temperature profile) for bcth heterogeneous and com-
bined reaction schemes. No cases of the phenomena, reported by Helton
(1975), of heterogeneous stability combined with homogeneous instability
have been found. However, Holton's results correlate with excessively
high Qwe to aw_ ratios, as predicted by his correlations, and this may
explain the phenomena. The homogeneous reaction, in fact, appears to
stabilize the system by spreading the heat release between the phases

and under some circumstances lowering the total heat generated.

4.4.2 Air oxidation of Methanol

The partial oxidation of methanol to formaldehyde is generally
carried out over metal oxide catalysts at high air to methanol ratios.
Typically 5-10 mole 7 methanol in air is reacted at between 300 and
430°C over an Iron/Molybdenum catalyst (Kirk—-Othmer, 1967).

Mann and co-workers (1969, 1973) have measured the kinetics for

the reaction

CH

3

OH + 1/202 + HCHO + H,0

over two such oxide catalysts. Using the approximation, that at low
methanol to air ratios the reaction is pseudo first order (Beskov et al.,

1972), Holton (1975) abstracted the following kinetic laws:

_ -3
r = kos. (pngQ kg m ~ sec

where gn1= mass fraction of methanol

pon



o2
™)

1

Catalyst kos (sec )
}41102/M003 : 8.64 . 107 o L7-43/RT
(250 - 460°C)
‘ 6 =10.8/RT

7 .
VZOS,MOOg : 2.69 .10 e
(300-470°C)
The heat of reaction is

| (- AH) ... = 4.9.10° 3 kg " (CH,0H)

298

Catalytic over oxidation of formaldehyde proceeds at a much lower rate
than the initial oxidation (Bibin and Popov, 1969). Mann et al. (1969,
1973) failed toc detect such a reaction and it has been neglected here.
These kinetic expressions are coupled with an isothermal pellet effective-
ness factor to yield an overall rate of reaction. Aris (1965) has shown
that the infinite slab model fairly accurately predicts the effectiveness
factor of both spherical and cylindrical pellet geometries, using a

suitably defined Thiele modulus.

tanh ¢

¢
“het

where ¢ = Lp.
Lessf
and Lp = Rp/3 (sphere)
Surface area to volume
: tio
_Rp(1-0)B . ra
1= +E) (cylinder)

A lumped parameter homogeneous kinetic model for formaldehyde

oxidation, developed in Appendix 2, has been used in this study and gives:

»

8 e-zz/RT[HCHO]Z kg w3 sec L.

R, = 2.10

f

(a) Comparison of different catalysts and homogeneous kinetics

The result of carrying out simulations using the homogeneous
kinetics proposed by Holtoﬁ (1975) and those developed in Appendix 2
are presented in Table 4.13. The absence of any significant homogeneous
reaction at 403 K is consistent with the results of Mamn et al. (1969).
Clearly, use of the low temperature catalyst avoids any homogeneous

'complications and would thus be preferred.



Table 4.13

Comparison of homogeneous kinetic schemes

Conditions:

Mass velocity:

Tube diameter:

Tube length:

Pellets (cylinders):

1.80 kg m

0.03

m

0.265 m

Diameter:

-1

0.001 m
Aspect ratio: 2.9

Mass fraction of Methanol: 0.038
sencous | L version | tivity | T’ | Taax | Cata-
Kinetics (%) (%) o
Het.
403 + 43.5 33.8 206.1 202.6
Holton Hom.
(1975) - Mn02/
403 | Het. 32.7 93.75 34.6 34.4
MoO3
Het.
403 + 32.7 93.75 34,6 34.4
Appendix Hom.
2
673 | Het. 99.48 93.75 125.4 125.0
VZOS/
Het. MoO
673 + 99.50 92.18 127.0 126.7 3
Hom. :
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Table 4,14 ~ Comparison of models

Methanol partial oxidation

]
Conditions - - i
(T : 573K) 2D ~2P 2D~ 1P 1D~ 1P
Cca mniit Pellet Con Sel 'I‘ma:f.s 'I\naxf Tout Con Sel Tmax i Tout Con Sel 'l'max. Tout
> ((]:) ' Coometry (%) ) Tpos® | Tpos o &Y (z) Tpos 2 2 Ipos
.. Cylinder 350:6 | 347.8 320.4 314.6
Gs 1.7 cylinder | os.83 | s2.45 | 9% 1758 | 3478 | 92,97 | 85.54 | 17" | 320.4 | 92.96 | 84.94 | 770 | 31406
dp ¢ 0.004 ) .
. Cylinder . 278.7 | 276.0 269.0 265.6
De:1.16  (b) o -93.49 | 93.75 | 175 1ol [ 21600 | 91,05 | 93.75 [ “1°:0 1 269.0 | 91.68 [ 93.75 | “1700 | 265.6
Cylinder P ;
B 219.6 | 219.2 214.2 130.7
st 1,80 106 | o =0.2 | 99.86 | 92.15 | " 550 15000 ] 51 [ 99.85 | 92,22 | T\ Lt .52 | 99.86 | 92.64 | 5o | .4l
Het + Hom _
. Sphares 203.2 | 207.8 ) 204.4 139.9
dp : 0.001 Lot | e e | 99-87 | 92,13 | FUS U] 8L 1e99.gs [ 92,19 | TR s | 99.88 | 9244 [yii | .60
. Cylinders 192.4 }191.8 187.5 175.7
Dt : 0.03 130 | YRS ] v9.ss | 92,55 | TR T oso | 35 | 99.87 92,59 | T/t .36 | 99.88 | 92.82 | (130 ) .32
G 00003 1.7 | Sylinders 1 g9 gy | g9 g3 | 138:2 1135.3 0 0 99 g9 ) 92,16 | 133:7 1 6u | 99.78 ( 92.3 | 85} g4
.o . Het + Hom . : .1025 | .1074 | - . . Jd123f : . Jdoo | ¢
Dt & 0.04 L
o ﬁ'go'> 3.0 | Olinders gy ot gy g5 | 124.6 [120.7 [ o0 i gq 530 gy .98 | 79| 5y | 9972 | 92.1 850 9
A . Het + Hom . . L1000 § 210374 ° . - .1086 | ¢ . . Jdoc |
br: 0.05
Gs ¢ 2.10 .
. Cylinders 80.0 76.4 75.7 51.1
dp : 0.004 4.62 | Y INes 1 99.73 | 92u3s | Tel | Yoo a5 | 99.72 | 92.36 | U0 | .45 | 99.71 1 92.4 “ora | <45
Dt : 0.0%
s (@) | 1.0 | Gvlindersdoge ool gg o7 | 172-1 116790 5 o | 99 60| s3.21 | 2% 2.5 | 90.59 | s9.e2 | 11331 94
oo : et + Hem -09 : 1457 | L1650 - . . L1802 . . 3. 1667 =
- x . i

o

s



Table 4.15 - Effect of pellet geometry and thermal conductivity

Tube diameter :

Conditions:

0.03 m

Temperature : 650 K

Pellet diameter : 0.001l m

Reactor length: 0.590 m Inlet Methanol mass fraction : 0.065

Conditions 2D - 2P model
Pellet Reaction congzii?sity Conve;sion Selec;ivity $$§§: $§z§§ '.TOUt
Cylinders Hgsm+ 1.11 99.99 87.29 ??g;g ?Tféi 3.5
Cylinders et * 0.3 100.00 77.73 oey) e | 26.2
Spheres H§§m+ 0.3 100.00 73.94 ?3§i§ ?ggig 38.4
Spheres Het 0.3 100.00 93.75 ?Z;;g ?Zéég 17.8
Cylinders Het 0.3 100. 00 93.75 ?igaé ?igéi 12.7
Spheres H§§m+ 1.11 100. 00 84.70 ??iéf ??ig? 7.5
Cylinders Het 111 99.99 93.75 ?fgég ?igié 1.7

%3
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(b) Comparison of models

A consecutive reaction scheme exhibits an optimum reactor residence
time for a maximum yield of the intermediate product, in this case
formaldehyde. Due to the low rate of formaldehyde oxidation, - this
optimum occurs at large residence times and does not impinge on out-

put considerations.

The three plug flow models are compared, in Table 4.14, at the
optimum reactor length predicted by the simplest model. As can be
seen from the high selectivity values very little homogeneous reaction
is occurring. Film temperature differences are generally small and thus
the two 2-dimensional models agree well. The one dimensional model
predictions only agree with those of the other models when the tube
diameter is large.

.

(c) Effect of modifying pellet parameters

A number of secondary catalyst pellet parameters may modify the
degree of any homogeneous effect by changing the heat transfer charac-
teristics of the bed and the pellet effectiveness factor. Chief among
these are pellet geometry and hollowing. Although hollowing will not
significantly enhance the gas phase reaction and is thus unrestricted,
practical extents of hollowing do not markedly decrease the required

catalyst volume.

The effects of pellet geometry and solid conductivity are given
in Table 4.15. From these results it can be seen that the reactor
designer could control these thermally dominated events by careful

choice of catalyst support material and pellet geometry.

Axial mixing may affect the selectivity and conversion of a con-
secutive reaction scheme by introducing a spectrum of catalyst contact
times (Denbigh and Turner, 1971). The reactor lengths used in this
study preclude such phenomena. Simulations using an arbitarily
enhanced homogeneous reaction rate served to demonstrate the artefact
(Table 4.16). Axial dispersion raises the selectivity of formaldehyde
production because mixing lowers the rate of reaction for the second
order formaldehyde oxidation, while not affecting the formation

reaction.

c



Table 4.16 - The effect of axial mixing

on reaction selectivity

Conditions: Temperature: 573 K

Pellets: Cylinders (B=2)

~1

Ah : 3.5. 109
om
Case* Lengiﬁ o Plug flow Axial mixing
Con Sel Con Sel
(%) (%) (D (%)
a . .17 74.33 | 72.72 68.62 | 78.54
b .29 68.05 | 75.30 64.73 | 78.83

(* see Table 4.14)




4.4.3 Carbon monoxide oxidation

Carbon monoxide and hydrocarbon oxidation (at low reactant
concentrations) has received considerable study as part of car exhaust

abatement measures.

Kuo et al. (1971) measured the apparent heterogeneous oxidation
kinetics of carbon monoxide and hydrocarbons over a transition metal
catalyst. Olefins and aromatics were grouped as 'fast' oxidizing while
paraffins were classified as 'slow'. Lord et al. (1973) reviewed the
available data for carbon monoxide and hydrocarbon homogeneous oxidation
and presented gross kinetic expressions. The kinetic data for hydro-
carbon oxidation is confused and simulations have thus been restricted

to carbon monoxide (kinetic expressions are summarized in Table 4.17).

The two dimensional-two phase model, described previously (see
Chapter two) operating under adiabatic conditions was employed. .The
inlet conditions are broadly typical of those experienced during parts
of the 'Califormia' cycle (Wei, 1975). Reference to Table 4.18
illustrates the effect of the homogeneous reaction most clearly.
Before, concluding that homogeneous oxidation can play an important part

in car exhaust conversion two points should be considered:

(a) Kuo et al. (1971) obtained their kinetic results from an
integral reactor operating-at up to 900K. As the heterogeneous
and homogeneous reactions produce the same product any gas
phase reaction may be implicitly included in the catalytic
rate expression.

(b) The homogeneous data was obtained in reactors of low surface
to volume ratio. Its application to packed bed reactors

may thus overstate the reaction rate in these circumstances.

Despite these reservations, it can be expected that under high
flowrate and temperature conditions (i.e. engine acceleration) homo-
geneous reaction can significantly increase conversion of car exhaust

components.

4.5 Discussion

From the above results it is apparent that a'20% effect' is
exhibited only under extreme conditions. Clearly the oxidation of
methanol could be operated industrially without the homogeneous reaction
being significant. Of the specific examples (see Table 4.19) only the

methanol oxidation scheme contains a gas phase reaction of initially
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Table 4.17 - Carbon Ménoxide Oxidation

- Kinetic expressions

Heterogeneous r= A o Enet/RT
het co

for on >.02

o
6.35.10°

- 9
Aee =T kg/m” /sec
E = 17.6 kcal g mol--1
het :
-E, /RT
Homogeneous r=A e hom™ ™ X(:00-27
= 5 3,

Ehom

28.2 keal g mol t
The heat of reaction (- AH) for

1
co + '»0, > 0o,

is 10.1.10° J/kg co



Table 4.18 = Car exhaust examples
Conditions: Bed diameter: 0.i7 m
Bed length: 0.30 m
Feed mass fraction of CO: 0.05
Pellet diameter (spheres): 0.003 m
Mass flow Inlet Conversion Tmax® Tmaxf Tout
(kg m—zs) Temp K (%) (K) (K) (x)

Het.

1.0 1000.0 29.7 169.0 164.6 164.6
only
Het.

1.0 1000.0 + 43.2 294.6 291.2 291.2
Hom.
Het.

5.0 1000.0 + 7.8 42.8 40.9 40.9
Hom.

1.0 900.0 | Het. 12.8 67.6 65.8 65.8
Het. :

1.0 900.0 + 14.8 80.1 78.2 78.2
Hom.

7 G
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negligible extent. This reaction does nnt, however, affect the reactor
behaviour as Yf/YS ~ 1,0. The generalized results obtained earlier in
this chapter do, however, indicate that for Yf/YS suitably large such a
phenomena may occur. The predictions of the extent of a homogeneous
effect differ between the various reactcer mndels (see Table 4.11) but
in no cases are these disparaties such as to undermine the general con-

clusions obtained using the simple one dimensional-two phase model.

The generalized studies, presented in section 4.3, indicate that
a two phase model may be unnecessary unless the film heat transfer and
film mass transfer groups (H and K) are significantly less than fifty.
Use of the Whitaker correlation (see sect. 3.1.4) and the Chilton-
Colburn analogy, relating heat and mass transfer, suggests that these
two parameters will exceed fifty when Rep > 40 and (L/dp) > 150.
These conditions will normally be met industrially as they ensure that
the pressure drop across the bed is small (Coulson and Richardson; 1968)
and that axial mixing effects can be pneglected (Carberry, 1976). A

two phase model would be required where either:

(a)' a low feed rate, or

(b) short beds of large pellets

are used. It would thus appear that under most practical circumstances

a one phase model is adequate for design purposes. In the case of a
heterogeneous—~homogeneous reaction scheme heat is released in both phases
and a one phase model provides a better approximation to the real situation

than it would for the heterogeneous reaction alone.

4.6 Conclusions

From the general and specific studies carried out here the

following conclusions can be drawn:

(a) The presence of a gas phase reaction lowers the film temperature
difference between the two phases, thus making a one phase |
continuum model an acceptable approximation.

(b) It would also appear that for most practical systems a one
phase model is adequate for design purposes.

(c) A homogeneous effect, not dependent on phase segregation,
will occur for systems where the activation energies of the
two reactions are very disparate.

(d) The differences between the thermal transport rates of cylin-

drical and spherical pellets may introduce a degree of design
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Table 4.19 - Summary
Reaction
Methanol Nitrous oxide | Carbon monoxide
oxidation oxidation oxidation
. B B
Symbolic A+>B > C A A7
Representation - -
c c
Typical
Temperature (K) 600 1000 1000
Typical Reaction
parameters
B, .55 .87 .50
Bf 1.05 47 .50
Yq 14.0 16.3 8.9
Ye 18.0 32.5 14.3
Daf/DaS 0. 003 0.10 0.10
H 50.0 200.0 600.0
Cooling Broad range Broad range Adiabatic
Presence of
effect No Yes Yes




(e

(£)

(2)

freedom not previously considered.
A concurrent gas phase reaction will tend to stabilize,
not destabilize, a reaction system.

The kinetic model of gas phase formaldehyde oxidation

‘developed by Holton (1975) isc in conflict with the experi-

mental findings of Mann et al. (1969, 1973). An alternative
formulation, proposed here, suggests that no significant
homogeneous effect is present.

The gas phase oxidation of carbon monoxide may contribute
significantly to automobile exhaust clean-up in catalytic

muffler systems.

o)



CHAPTER FIVE

MODELLING OF THE BUTENE — BUTADIENE

SYSTEM
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5.1 Introduction

The oxidative dehydrogenation of butene to butadiene has been the

subject of a continuing study since 1966.

Gabbay (1969) elucidated the kinetic scheme (see Appendix 5.1)
in the range 380-460°C over a tin-antimony oxide catalyst, prepared
at 850°C. (Supplied by B.P. Chemicals.) . Corrie (1972), working with a
single instrumented pellet, demonstrated that while the pellets were
essentially isothermal an apparent gas phase 'light-off' was detected
under some conditions. This effect was attributed to a heterogeneously
induced gas phase reaction, similar to the mechanism suggested by McCain

(1964) for propene oxidation.

Lam (1975) and Yeung (1976), thus, studied the gas phase reaction
using catalytic and stirred tank reactors in series. These workers
found that addition of acetaldehyde did not enhance or induce the
homogeneous reaction, in contradiction of the batch reactor results
obtained by Blundell and Skirrow (1958). Temneratures of 475°%¢ (i.e.
50°C hotter than those encountered industrially, McCain (1976)) were
required before an appreciable homogeneous reaction occurred. Yeung
(1976) resolved this conflict by suggesting that free radical chains
induced by aldehyde, either produced heterogeneously or injected into
the gas line between the reactors, are quenched at the tube walls before

reaching the jet stirred reactor.

Lozano (1973) and Corrie (1972) carried out tubular reactor and
single pellet studies, respectively, under laminar flow conditions. The
use of these results to either obtain kinetic data or verify Gabbay's
(1969) reaction scheme is complicated by the dominating importance of
heat and mass transfer resistances. Holton (1975), however, attempted a
modelling study of the latter system, in the absence of any gas phase

phenomena, and this study will be reassessed in Section 5.3.

The present work thus aims to complete this long term study by
comparing the results of a detailed reactor model with pilot plant data.
This enables the accuracy of Gabbay's (1969) kinetic scheme and the
presence of a homogeneous effect to be evaluated. As the kinetic scheme
involves a large number of fractional order reactions analytical effect-
iveness factor results éannot be utilised. A pellet model is thus

developed, in the next section, to provide this information for reactor
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modelling calculations.

5.2 Procedure for effectiveness factor evaluation

The catalyst pellets employed industrially are finite cylinders
of height and diameter 0.0032m. The available information (Satterfield,
1970) for pressed and extrudedbpellets and for this catalyst in particular
(Orhon et al., 1971) suggests that anisotropic diffusivities may occur.
Various pellet size transformations, to enable one dimensional models
to be used, have been suggested (Sorenson and Stewart, 1973; Gorliek

et al., 1973) but none of these include the possibility of such anisotropy.

To accommodate this possibility a two dimensional model was pro-

posed, for which a balance equation takes the form:

2
9 Ci D aCi .
r 9 _ . . _
oDzaz + _r-é?(r—a_;- = R(CJ) j =1, N (5.1)
z
with boundary conditions
(a) Ci = Cio . r=Rp, ~LgLzgKL

- (5.2)
(b) 9aCi T aCi = 0
or _ 9z |__
r=0 z=0
-L<z <L 00gr <R

Although the reaction network is complex only five species (oxygen; the
butene isomers and butadiene) are involved in the reactions and the pellets
can be considered isothermal (Corrie, 1972). The five concentration .

balance equations (equation 5.1, above) can be recas: in dimensionless

form using

).

=2 (R —5 =B Ry j-1,n - (5.3)

with:
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(a) X, =1.0 R=1 -1 ¢Z2g1

(b) —— =fJ. = 0
R=0 9 lz=0

-1 <Z <1 . O0ER<1

These equations have the same structure ac equation 2.1, except for the
absence of a bulk flow term, and the same solution procedure can thus be
used (Appendix A.1). The effectiveness factor (or the average rate,
which is used directly) can be rapidly obtained using the collocation
quadrature formulae. Some general results of this model are presented
in Section 5.4 and the model has also been used to reassess the results

presented by Holton (1975) (section 5.3).

5.3 Evaluation of Holton's (1975) single pellet model and Corrie's
(1972) experiments

Corrie (1972) carried out experiments, using trans —but -2 - ene
as feed stock, in order to measure temperature effects. The experimental
system consisted of a single cylindrical sealed end pellet past which
the gases flowed (see Fig. A.3.2). The flow rates were such that film
diffusion of mass and heat to and from the pellet were the dominating

resistances (see Appendix A.3.3).

Holton (1975) modelled this system utilising a simplified scheme
for the reactions of n-butene and butadiene. The experimental results
were fitted by changing the gas—pellet heat transfer coefficient (by

1
C.Ree/3 ) until the

modifying the parameter C in the equation Nu
experimental and predicted film temperature rises agreed. This yielded
values of C about six times the theoretical value for a smooth annulus

(see A.3.3). Pellet roughness or disturbances in the flow pattern due

to the thermocouple wires canndtzexplain these differences (McAdams, 1954).
The results in Table 5.1 indicate the effect on C of changing the kinetics.
It is thus not necessary to arbitrarily increase the film heat transfer

coefficient if the correct kinetics are employed.

It would also be possible to use Corrie's (1972) published con-
version and selectivity results to either obtain a kinetic model or verify
the reaction scheme proposed by Gabbay (1969). Neither of these alter-
natives has been pursued because both would require the introduction of .
further arbitary parameters to account for the various uncertainties in

the experimental system. These problems would have been avoided if either
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the pellet had been suspended in a jet stirred reactor or a recycle

configuration had been used.

Table 5.1 - Effect of kinetic scheme on the

predicted heat transfer parameter (C)

Feed: 02 : 1.15

= Lo e
[Hg ¢ 0.67 Kmol m “(x 107)

C4H6 : 0.091 J

Temperature: 715.5 K

Feed C AT (K)
Experimental (trans-but-2-ene) 7.5
butene-1 -~ 5.0 30.9
butene -1 15.7 8.7
cié-but-Z—ene 3.2 5.6
trans —but — 2 - ene 5.0 4.2

5.4 Single pellet results

(a) Different isomer kinetics:

It is clear that the kinetic schemes for the isomers are
significantly different. For example, under similar conditions to
section 5.3, but with a pellet of diameter and length 0.0032m, the
heat release rates for n-butene, cis —2 - butene and trans -2 -butene
are respectively 117.0, 69.8 and 69.8 kW m-3 of catalyst. Relatively
more over oxidation occurs with n —butene than with the other two isomers
and the reaction is more strongly diffusion controlled (effectiveness

factor about 0.77 compared to 0.90).

(b) Consideration of pellet characteristics:

Variation of the ratio of axial to radial pellet diffusivities in



the range 0.5 to 2.0 has a less than 107 effect on the butadiene yield

for the industrial size of pellet. It is thus clear that anisotropic
diffusion effects are unimportant. In this study pellet hollowing

effects have not been considered as the effectiveness factor was generally
high (greater than 0.65) and the catalyst material is.prone to crumble
(Gabbay 1969).

(c) Consideration of the homogeneous reaction:

Lam's (1975) results for the homogeneous reaction of butene - 1
were utilized (see Appendix A.3.2). These were applied to all three
butene species as it was not expected that major differences between
the isomers would be seen in the gas phase reactions. Using a simple
stirred tank analogy to a section of an industrial reactor the conver-—
sion and selectivity of the combined heterogeneous —homogeneous scheme
was compared to that of the heterogeneous reaction. The feed conditions
of Table 5.2.b are typical of the industrial reactor. It is only with
artificially oxygen rich conditions and a less heterogeneously active

isomer that any effect is apparent (Table 5.2.a).



Table 5.2 = Comparison of heterogeneous and homogeneous rates

Simple cell model, cell volume = 0.01 of industrial reactor

(a) Cell Feed (Wt %)

Oxygen : 15.0
c—but-2-ene ¢ 5.3
butadiene : 16.8

T Conversion Selectivity CO Selectivity
(K) (B ' (%) (%)
Het + Het + Het +
Het Hom Het Hom Het Hom

700 3.68 3.68 | 20.71 | 20.71 | 16.19 | 16.19

800 | 12.6 12.6 5.29 5.18 | 15.74 | 15.80

(b) Cell Feed (Wt %)

Oxygen : 10.0
n —butene : 10.0
butadene : 6.0

T Conversion " Selectivity CO Selectivity
(x> (%) (%) (%)
Het + : Het + Het +
Het Hom Het Hom Het Hom

700 8.98 8.98 | 88.71 | 88.71 1.27 1.27

800 | 27.10 | 27.10 | 85.33 85.31 1.43 1.43
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5.5 Pilot scale reactor modelling

The data, kindly provided by B.P. Chemicals International (McCain,
1976), is presented in Appendix A.3.4 and the conditions summarized in
Table 5.3a.

A one dimensional-one phase plug flow model of this reactor was
employed. The heterogeneous reaction rate was evaluated using the
pellet model introduced in Section 5.2. Model parameters were obtained,
a priori, using the methods discussed in Chapter 3. The results of
this exercise are presented in Tables 5.3-5.6 and Figs. 5.1 to 5.3.

Typical central processor times were about 200 C.D.C. seconds per run.

The model results overestimate butadiene and carbon monoxide
yields in all cases.. Predictions of peak temperature rise are poor for
runs one to three but are relatively good for the second set of results
(runs four to seven) where the catalyst used was prepared in the same

way as that over which the kinetic scheme was obtained (Gabbay, 1969).

Obviously, the comparison between the ekperimental and simulation
results could be improved by modifying reaction or heat transfer para-
meters. This would, however, be an unsound approach because of
deficiencies in the experimental information which may be more signifi-
cant. For example, despite the very different reactivities of the three
isomers (see section 5.4) the mixed butene feed was reported as 6n1y
approximately equimolar. Despite these reservations, the correspondence
between the simulation and experimental results for runs four to seven
is sufficiently close to suggest that the main cause of the poor fitting
of the other results is changes in catalyst activity with changes in

preparation temperature.

. Tables 5.4-5.6 contain some supplementary results,

(a) The negligible effect of the homogeneous reaction on the
predicted results.

(b) - The need to utilise the complete kinetic model to obtain
reasonable correspondence with experimental results.

(c) The effect of changing the orthogonal polynomials (computer
times are about 307 greatef when w*=1-x2). This provides
an estimate of the numerical reliability of the computed

results.



Table 5.3.a2 - Summary of experimental conditions
Catalyst s
Run | Preparation Initial bed Temperature
Temp
No. Temp Measurement
() (K)
1 _ 683 Single thermo-
1073 688 couple withdrawn
along well
708
4 659 ’
Array of thermo-
3 1123 684 couples in single
6 695 well. Less com-
7 695 plete results.

o

?



Table 5.3b = Pilot scale data (Tables A.5.1/2) compared to simulations

(Note: w =1 in collocation equations)
- Run Max Temp* Outleg Temp* Hotspot position C,Hg out C4Hg out CO out
No. (°c) o (m) (W% w) W% W) (wZ w)
Expt | Theory Expt | Theory Expt Theory Expt Theory Expt Theory Expt | Theory

1 15.0 | 29.43 8.0 | ~ 6.6 247 .234 11.0 14.08 6.26 3.86 .1 .359
2 19.0 ] 32.26 10.0 6.68 .247 234 11.7 14.36 6.44 3.42 .13 .380
3 33.0| 42.6 10.0 6.68 <247 234 12,30 | 15.13 4.40 2.63 .21 .433
4 - 20.7 - 6.27 - .300 11.6 12.95 7.20 7.30 .08 .205
5 29.0| 33.5 - 7.06 .35 234 12.15 | 14.60 5.3 5.45 .125 .285
6 36.0 1 40.6 - 6.65 410 .268 12.6 15.16 4,30 4.74 .187 .316
7 36.0( 30.59 - v8.05 494 .300 11.5 13.53 6.5 ‘6.56 .135 «240

*¥ Difference from inlet temperature

£l

,
L T
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Table 5.4 - Effect of homogeneous reaction and subcooled feed

(Conditions as run 1, Table 5.3a)

3
€3]

ATpos ATmax ATout C4H6 out CAHS out CO out
(m) (%) (°c) (W% w) (W% w) (wZ w)
Base case
4

(Table 5.1) 0.234 | 29.427 | 6.6 14.082 3.857 0.3593
Homogeneous
reaction 0.234 29.429 6.65 14.076 3.857 0.3596
included
Feed
subcooled 0.267 | 28.993 | 6.6 | . 14.082 3.868 0.3585
to 677 K ‘

Inclusion of the homogeneous term reduces the n-butene

%4 to 0.30.10°% but

outlet mass fraction from 0.61.10
this is not reflected in the total butenes value.

ATpos, ATmax, ATout are differences from the inlet value.




Table 5.5 - Comparison of different isomer kinetics

(Conditions of run 3, Table 5.3a)

Reactant Exhausted at

tration reduced
by factor of 3)

Butene Species A Tmax
' (°c) (% of bed)
cis —but —= 2 ~ ene 247.7 23.3
n - butene 314.52 5.6
cis ~but -2 - ene
(but concen- 38.95 58.0

4]

©



Table 5.6 - Comparison of results for different approximating polynomials

w=1 w=1- x2
Run
No. ATmax Agout ATpos | C4Hg out | C4Hg out | CO out Agmax Agout ATpos | C4Hg out | C,Hg out | CO out
(°c) ("C) (m) (%) (2) (2) o (0 (m) (2) 1A (2)
1 29.43 | 6.6 0.234 "14.08 3.86 .359 31.6 6.84 0.238 ‘14.11 3.70 .360
4 | 20.7 | 6.27 | 0.300 | 12.95 7.30 .205 21.34 | 6.42 | 0.305 13.15 7.19 .205

"

4]
)



5.6 Discussion and Conclusions

It is clear, from the reactor simulation results, the the homogeneous
oxidation of butene and butadiene does not have an appreciable effect on
the reactor outlet conditions. The effects seen by Lam (1975) are
consistent with the homogeneous combustion of butene and butadiene,

without catalytic initiation.

The simulation results presented above have been obtained without
recourse to parameter fitting. Some of the deficiencies in the experi-
mental information have already been considered and these could contribute
to the poorness of the comparison between the simulations and experiments.
The results for runs four to seven are sufficiently close to the experi-
mental values, except in over estimating butadiene yield, to suggest
that a more significant error lies in the kinetic modelling of the buta-
diene degradation reactions. The differences between the accuracy of
the predictions for the two different groups of runs can probably be
attributed to alterations in catalyst activity caused by changes in -
catalyst preparation technique (i.e. different calcining temperatures).

(Gabbay, 1969) and the amounts of diluent steam used in the feed.

The heterogeneous and homogeneous kinetic schemes presented by
Gabbay (1969) and Lam (1975) have been found to be consistent with the
pilot plant results obtained by B.P. Chemicals. It has also been
established that no significant gas phase effect occurs. The '"light-off’
observations reported by Corrie (1972) imply the presence of some form
of heterogeneous —homogeneous coupling; which may have been able to
develop in the low surface to volume ratio experimental apparatus
employed, but will not occur in a packed bed enviromment or the reactors

in series configuration used by Lam (1975) and Yeung (1976).



CHAPTER SIX

MULTIPLICITY PHENOMENA




6. MULTIPLICITY TIIENOMENA

6.1 Introduction

In this chapter a detaiied model of a single catalyst pellet and
its surrounding fluid is proposed from which multiplicity information can
be derived. Use is made of a number of limiting cases of this model to
relate the present work to that reported in the literature. These
limiting results also apply to other reaction systems of possible inte-

rest (viz. slurry reactors, catalyst gauzes).

Multiple solutions of the equations describing the rate of pro-
duction of some species (heat or mass) and its rate of removal is best
illustrated by the diagrammatic treatment of a one phase system. The
essential requirement for multiplicity is that the generation function

(G) should have the sigmodial shape shown.

4

X

In thermal systems this is caused by a combination of activation energy
(G increases with rising temperature) and reactant depletion (G decreases)
effects. Similar behaviour can be caused by concentration variations, in |
isothermal systems, where the kinetics are sufficiently reactant or

product inhibited (Matsuura and Kato, 1967).

Multiplicity and stability studies of chemical reactor systems have
recently been reviewed by Schmitz (1975). Uppal et al. (1974) have
presented a thorough consolidation of the previous work concerning a
single exothermic reaction occurring in a continuous stirred tank.

The more directly relevant contributions dealing with complex reaction

schemes consists of the following studies:



(a) A two phase system and concurrent reaction scheme (Schmitz
and Amundson, 1963).

(b) - A one phase consecutive reaction scheme (Hlavacek et al.,
1972). |

(c) A oune phase concurrent reaction scheme (Luss and Chen, 1975).

Interparameter plots are more difficult to obtain for two phase
systems because of the greater parametric complexity and thus Schmitz
and Aris (1963) considered only a few specific reaction conditionms.
Luss and Chen (1975) demonstrate the presence of five steady states for
Daf/DaS N\ 10-‘7 with very disparate activation energies. It should be
noted that these parameters are not characteristic of two competing
catalytic reactions. For the examples listed by the authors, of two
desired reactions, the practically more important phenomena is ‘the

extinguishing of multiplicity at higher Da_ to Das ratios. Hlavacek

f
et al. (1972) considering a consecutive mechanism discuss the case
Ys’ Ye > ® s for algebraic simplicity, although the phenomena demonstrated

are not unique to these conditions.

For these multi-parameter systems a number of different presentations
have been used. The use of Damkohler number plots,in this study, was

governed by

(a) The principal aim of showing that an extra reaction could
make the parameters necessary for non—uniqueness less extreme.
(b) The ability of these types of plots to demonstrate areas not

detected by other workers.

Liu and Amundson (1962) have shown that the conditions for overall
reactor multiplicity can be determined by studying the conditions under
which a single pellet has multiple solutions. This approach has been
utilised by McGreavy and Thornton (1970) to establish graphical bounds
on the uniqueness zone for catalytic reactions. In the same spirit, in
the presence of a homogeneous reaction, a reactor will exhibit multiple
solutions if somewhere in the reactor a pellet and its immediate environ-

ment has non-unique solutions.

The experimental support for the very large body of theoretical
knowledge in this area is extremely meagre. The correspondence between
theory and experiment is qualitative rather than quantitative because of
the difficulty in accurately determining kinetic data. Stirred tank

experiments have been restricted to studies of the reactions between
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(a) Sodium thiosulphate and sulphuric acid (Schmitz and Vejtasa,
1970).

(b) . N-decane and gaseous chlorine (Luss et al., 1974).

Schmitz (1975) summarizes the single pellet studies, most of which have
been poorly characterized. No systems exhibiting more than three steady

states have been reported.

This study seeks to demonstrate that a homogeneous reaction can
significantly expand the parameter range under which non-unique solutions
are obtained. Reactor design and optimization may thus be restricted,
as such areas of non-uniqueness must be avoided in order to obtain stable
operation. This effect may also make experimental verification easier by

making the phenomena less sensitive to parameter variation.

6.2 Model development

The conceptual model consists of a catalyst pellet bathed in a
perfectly mixed reactant fluid. A chemical reaction is considered to be
occurring in each phase. The pellet behaviour can be described by a

distributed pellet model.

First order mass action kinetics and adiabatic conditions have been

assumed to simplify the development.

6.2.1 Mathematical treatment

Both consecutive and concurrent reaction schemes will be considered

in this chapter. For the consecutive kinetic scheme, A c,

>..B ~»
solid gas
the following describing equations are obtained:

(1) Pellet mass balance for species A, where kos is defined
on a total volume basis (i.e. gas and pellet):
e—ES/RTSCa

2 kos
v Cas - - S =0

D ere(l-€)

with the boundary condition

n. VCas l - ks (Ca

- Ca )
b Deft s

f

where_l indicates evalutation at the pellet surface.
b
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(2) Pellet heat balance:

. -ES/RTs
9 - (-A'H)S ko e Ca, =0
VTS+
Kegg(1—8)
with boundary condition
- h '
n. VT = — (T, - T)
sy Keff £ s

(3) Pellet mass balance for species B:
Ca_ - Ca = (b - Cb.
£ s s i
b
(4) Fluid phase mass balance for species A:

0— - - -
v (Caf _Caf) kg.S.V(Caf Cas b) o}

(5) Fluid phase heat balance:

vCp.pf(Tz - T) - hS.V(T, - T_| )
b

. -Ef/RTf
+ (- AH)f.kofe .be =0

(6) Fluid phase mass balance for species B:

v(Cbg = Cbg) = kg.V.S(Cb. = Cb_ | )
' b
~E_/RT
£50 _
kof.e .be =0

These equations constitute a non-linear coupled set, in temperature
and composition, the solution of which would be complex indeed. Fortunately,
under normal conditions a catalyst pellet can be considered isothermal and

subject to this assumption equation (2) can be replaced with an overall



Note:

Table 6.1 - Dimensionless variables

- o » o
YS : Ts/Tf Xs : Cas/Caf
(o] (]
Y. Tf/Tf Xg Caf/Caf
(] (]
Zs : Cbs/Caf Yo : To/Tf
(]
Zg = be/Caf
Table 6.2 - Dimensionless parameters
hsSvV
K kg SV
v
Cag_lv
as : ko
S v
CaI:—lV
af : kof .
v
\ Dere(l -V
s szv
p.Cp
s 's
LS » C
PePg
, USo ¥
Plpe v

All parameters are defined on a total reactor volume basis

20

-1



heat balance, viz.

2') n s V(Tf - Ts) = (- AH)s kg S V(Caf - CaS b)

Introducing the dimensionless parameters and variables defined in

Tables 6.1 and 6.2 gives:

(1) v?x -5 = o
s As

with-boundary condition

- K
n,vx = — (X, - X )
] b m AS f s b
where m depends on pellet geometryv(m = 3 for spheres,

m = 2 for infinite cylinders)

() B -Y) =BK (X - X | )

b
(3 Xe = X, =2z, - I
"
(%) 1—xf—1<(xf—xs|b)=o
‘Yf/Yf
(5) 1—Yf-H(Yf—Ys)+afoe Z, = 0
' -Y /Y
o f'°f _
(6) Ze - 2p - K(zg zsl ) —oge Z. =0

b

For spherical pellet geometry equation (1) can be solved analytically

to yield:

X (r) = £(Y_, X, a_, A, K, m)
A pellet effectiveness factor could be calculated from this expression
(as was done in Chapter 4) but it is more convenient to work in terms of

the surface concentration:

(7 X . = X; F(Ys)
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K tanh (—q—)
3\s As

. where F(Ys) =

a a K _
e trah e (53 1))

=Y /Y
. s . . .
with q = S S . The use of spherical geometry is not a severe res-

triction on the generality of the method as Sorenson et al. (1973) have
shown that using a suitably defined pellet size parameter the behaviour
of other geometries can be approximated. The set of equations for the

concurrent scheme are somewhat simpler and consist of equations (1) and
(2), above, plus a pair of expressions similar to equations (5) and (6)

but in terms of Xf.
The limiting cases of the model are:

(a) As + o : "perfectly mixed' solid
(b) H and K + < : one phase model

() op = 0 : solid phase reaction only

These limiting cases enable the model to be related to the previously
published results. Applying all three of the above limits reduces the
equations to the set:

‘YS/Y
8 1-X- ase . X

L]
o

-YS/Y
@ 1-Y+ asBSe X

0]

the behaviour of which has been studied by numerous workers (see Uppél
et al., 1974). Similarly, invoking limits (a) and (b) generates the
systems of equations studied by Hlavacek et al. (1972) (Consecutive

reaction) and Luss and Chen (1975) (Concurrent reaction).

6.2.2 Numerical method

A sufficient condition for uniqueness is that O (say) is
monotonically increasing or decreasing in the permissible interval of
Ys’ for given values of the remaining parameters. Those cases for which
analytical criteria can be obtained are discussed in the next section
but generally a simple grid search procedure for obtaining all the

stationary points in the curve of 0. versus YS was employed (see appendix
A.5.2). |



For each model a subroutine was written which provided e and
derivative values for any given Ys' After approximately locating the
turning points, their location was refined, using a finer grid, and

the number of steady states interpreted.

6.2.3 Analytical results

The general model can be manipulated analytically when As > ©

and only one reaction is occurring. Two cases are considered:

(a) Solid phase reaction under adiabatic conditions:

This outlines the procedure carried out numerically for the more
complex models and relates the work to the results of Liu and Amundson
(1962). Under these conditions the describing equations can be manipu-

lated to yield:

(Ys - DK _ —Ys/Ys K(1 + H)
Tima ° =Y * B g w) = °©
(1-!-K)0Ls
A necessary condition for non—uniqueneﬁs of solutions is that %g— <0
. + ..
somewhere in the range 1 < Ys <1+ E%—-%%—;—%% . Thls'ls anal%gous to

the more conventional treatment, which renders the pellet equations
dimensionless in terms of the fluid conditions. Both approaches yield

a necessary condition for multiplicity of the form:

L] -
B" (yg -4 >4
for OL1<0L' < o

2

but where the symbols have the meanings:

(1) Liu and Amundson (1962):

Bl

KBS/H

L. :
o as/K

<

o



(2) This study:

K(1 + H)Bs
BY = H(1 + K)
o' = o (1 + K)/K.

Clearly, when K = H both modelspredict the same results, but when K < H
the model developed here predicts that under practical conditions (i.e.

H < 1.0) non—uniqueness phenomena would be easier to induce.

(b) Single reaction, non—adiabatic conditicns:

In Table 6.3 results for a non—adiabatic model for either the fluid
or solid reaction alone are given. This enables the combined reaction

studies to be classified as initially unique or non-unique.

6.3 Results and discussion

For numerical convenience the effects of the various reaction and
transport parameters have been investigated using the 'well mixed pellet'

limiting case (i.e. As =+ ),

6.3.1 Simple model

(a) Steady state results

With equal mass and heat transfer parameters variation of the
activation energies and heats of reaction leads to four distinct cases
(Table 6.3).

(1) Both reactions unique separately.

(2) Both reactions non—-unique separately.

(3) Gas phase reaction unique.

(4) Solid phase reaction unique.

Generally, within these groups, increases in activation energies
and heats of reaction yield multiplicity'phenomena at lower Damkohler

numbers.

(1) Under these conditions the concurreﬁt scheme is trivially unique.
However, the consecutive reaction scheme can show multiplicity phenomena
when interphase transport is sufficiently.fast (i.e. H and K > 0.1)

(See Fig. 6.1). For Das and Daf large .enough the reactions then behave

as A > C with some effective overall B value.

-—



Table 6.3 = Multiplicity criteria

Generally: B'(Y' - 4A') > 4 A'Z

(a) Solid phase reaction only

BS'K (1L + H + A)

B' =

(1 +K)H
Y=+ Ay
A =(1+AY°)

(b) Fluid phase veaction only

B' = 8
Y''= (1 +°4) Ye
A' = (1 + AYO)

(For the gas phase reaction in the consecutive

°=1.0)

scheme this analysis applies for Zf
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Fig 6,1 Both reactions uniaque scparatelv

Consccutive reaction scheme
Parameoters: YS: 20,0 H: 10,0
Xf: 20,0 K: 10,0

Bs: 20
BfJ 20

This behaviour apparently persists
for H, K>0.10 '

Note: Numbers on plot (and on
subsqdentvfigures)'refer te
number of steady states in

each zone

or
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Fig 6,2 Both reactions non-unique separately

Concurrent reaction scheme

Paraimeters: XS: 20,0 H: 1,0

DGf
Kf: 30,0 K: 1.9
BS= 050
- Rt «50
024 £’

Daf;

0.59,10"3
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Fig 6.3 Doth renctions non-unique sopnarately

Conseccutive reaction scheme -

Parameters:§_: 20,0 H: 1,0

Xf: 30,0 K: 1,0
ﬂs: ‘SOA
/gf: «50

DGf_
(x10%)
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(2) The characteristic plots for concurrent and consecutive reaction

schemes are shown in Figs. 6.2 and 6.3 respectively.

For the concurrent scheme purely gas phase multipiicity is inde-
pendent of changes in the transport parameters. With H and K +
the system behaves as one reaction with an augmented Damkohler number
but as H and K decrease multiplicity is induced for values of the combined
Damkohler number less than for the single reaction. The example in the
figure exhibits an area of five steady states. Luss and Chen (1975) have
demonstrated a similar phenomena for a one phase system but only under
more severe reaétion conditions, which are uncharacteristic of two cata-

lytic reactions.

Turning to the consecutive reaction scheme variation of transport
parameters has little effect on the shape of the multiplicity diagram
apart from moving it to lower Damkohler numbers as they decrease. The

areas of multiplicity to note are (Fig. 6.4):

(a) The area of three steady states at low solid Damkohler numbers.
(b) The cusp of 5 steady states outside the solid phase multiplicity
zone.

(c) The area of 3 steady states at high Damkohler numbers.

These areas extend multiplicity across the solid phase Damkohler
number range. Uhen the gas phase reaction parameters are less extreme
the behaviour shown in Fig. 6.5 is obtained, where the gas phase effect

is more modest but still extends the range of multiplicity.

(3) For the concurrent scheme the plots are similar to those for
case (2) but the area of multiplicity does not extend to Da_ = 0.
Similarly the consecutive reaction scheme exhibits behaviour analogous

to Fig. 6.5 except that the shift to lower DaS values is less pronounced.

(4) Fig. 6.6 demonstrates the phenomena under these circumstances for

the concurrent scheme. The area of five steady states persists for

H wvalues in the range 7.0 to 15.0 and is thus a two phase artefact.

The behaviour of the consecutive reaction is shown in Fig. 6.7 and 6.8.

In the latter case the solid phase reaction is made unique by the effect

of cooling.

In all these cases multiplicity phenomena are being induced or

extended by the presence of very small extents of gas phase reactiomn.

A further group of reactions, which can be included with those of

type (4),,is the combination of an endothermic solid phase reaction
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Fig 6.5 Both reactions non-unique separately
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Fig 6,6 Solid phase rcaction uninue
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with an exothermic gas phase one. Fig. 6.9 shows the typical
behaviour for a concurrent reaction scheme. For the consecutive scheme
the fluid phase Damkohler numbers needed to cause an effect are similarly

increased by the presence of the catalytic reaction.

When the two transport parameters differ the conditions under which

the above results occur are modified but no new phenomena are introduced.

(b) Dynamic¢ behaviour

o0 Cp
For a gas-solid system the parameter Ls (?éa—i), which represents

the ratio of the temperature time constants, has a value of about one

thousand and the transient equations are thus 'stiff'. This problem can
be by-passed by considering that the transient response of all the variables,
except solid temperature, is so rapid that these variables are in a

pseﬁdo—steady state.

The stability of the steady states can be established by applying
the Hurwitz criteria to the characteristic matrix A of the linearized

perturbation equation (Friedly, 1972)

%ﬂ
3t - A-L
*
X, -Y_ )
s s
where n = %

This analysis yields:

(a) Det A < 0, tr A > 0 : unstable saddle point
(b) Det A >0, tr A =0 : centre : (limit cycle behaviour)
(c) Det A >0, tr A < 0-: locally asymptotically stable solution.

It is apparent that for large values of Ls limit cycle or periodic
phenomena cannot occur as all the system eigenvalues cannot simultaneously
have zero real parts (Ray et al., 1974). The characteristic transient

plots (Fig. 6.10) thus contain only nodes and saddle points.

(c) Comparison to other work

Some of the results obtained by Luss and Chen (1975) have been
mentioned above.SchmitzznuiAmundson (1963) similarly detected five steady
states under rather contrived conditions {Fig..6.11). The present
formulation exhibits these phehomena over a wider range of less severe

conditions.



Fig 6.9 Endothermic solid phase reaction,

exotlhiormic gas phase reaction
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Fig 6,10 Transient bchaviour(continued)
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Fig 6,11 Comparison of Schmitz's{1963) work
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Fig 6,12 Comparison with Hlavacek's(1972) plots
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Fig 6,13 Hlavacek(1972) type plot
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The presentation of results adopted by Hlavacek et al. (1972), which
only applies to one phase systems, is compared with the diagram employed
here in Figs.6.12 and 6.13. For cases where the activation energies of
the two reactions do not tend to infinity diagrams of the former type
are difficuit to construct and a large number would be needed to encompass

the range of behaviour exhibited on Fig. 6.12.

6.3.2 Extension of simple model

(a) Distributed pellet

The parameter As describes the extent of diffusional resistance
to reaction. Fig. 6.14 demonstrates the effect decreasing this parameter
has on the multiplicity phenomena of the concurrent reaction scheme. (For
clarity the 5 steady state zone is omitted but this is extinguished below
As = 0.1). This diagram illustrates that although sdlid phase multiplicity
is rapidly extinguished by decreasing As very small extents of gas phase
reaction can reintroduce multiplicity. For the consecutive scheme the

results are similar, in that multiplicity is retained at low Da_ values.

f

(b) Imperfectly mixed fluid phase

It is to be expected that the fluid phase phenomena would be extin-
guished if that phase was in plug flow past the pellet. Whilst the
fluid around each pellet in a packed reactor is not ideally mixed the
mixing is quite intense. Matching variances of apulse input disturbance
(Levenspiel, 1962) yields that Pe = 2 is equivalent to 1.75 stirred tanks
in series. Thus, although no exact treatment of the actual system is
possible, the pﬁenomena described in previoﬁs sections would be expectéd

to persist.

(c) Other applications

The simple lumped parameter models used in the bulk of this work
apply rigorously to non-porous cétalyst pellets or catalytic wires. Ray
et al. (1974) have demonstrated that flickering phenomena observed with
catalytic wires (Edwards et al., 1973) cannot be attributed to non-unique-
ness of the solid phase steady state solutions. Similarly, the characteristic
transfer resistances for this system (Shah and Roberts, 1974) and the low

residence time preclude any gas phase phenomena.

The steady state results developed in previous sections apply
equally well to liquid-solid systems such as trickle bed and slurry reactors.

As the thermal response of the two phases is more nearly equal in these
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Fig 6.15 Biochemical example
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Fig 6,16 Biochemical example

Parameters:

Insert shows

low wash=out

K: 10

Ks: 0,04

Ka: 0,01

detail at

rate

Note:_Bound enzyme

is unique alone

/

141

DOS —

Y]
N
b



4 cx N
A e

cases more complex dynamic behaviour could be anticipated.

(d) Biochemical systems

As was mentioned in the introduction product or reactant inhibited
rate laws can lead to concentration multiplicity under isothermal con-
ditions.

0'Neil et al. (1971) demonstrated this phenomena for a bound enzyme
system in a backmix reactor. In general the specific activity of tue
enzymerdrops with time as enzyme is washed out of the reactor (Aiba et
al., 1973). The model of O'Neil et al. (1971) is extended to include
eluted enzyme, which remains active, and a mass transfer resistance

between the solid and fluid phases (see Appendix A.4).

Typical results, presented as plots of washout rate (W) versus
Damkohler number, are given in Figs. 6.15 and 6.16. For an enzyme
reaction system to be of practical importance the wash out rate must be
low so that high specific activity is retained. The results indicate
that under realistic wash-out conditions (say W < 0.01) the range of
multiplicity phenomena is extended or non—uniqueness is introduced.
These types of system are also novel in that the Damkohler number decreases
with time. Thus, design is restricted to initial Damkohler numbers smaller

than the lower multiplicity limit.

6.4 Conclusions

This study has shown that the introduction of a gas phase reaction
into a fixed bed reactor system can introduce effects which are not present
in the absence of either the extra reaction or phase segregation. Apart
from, in some cases, increasing the number of possible steady states the
region of solid phase parameters over which mulitplicity phenomena occur
is greatly extended. This has important implications in the design and
optimization of chemical reactors.as it broadens the area of multiplicity ‘
and thus restricts the operational range. Experimental verification

of non-uniqueness phenomena may be made easier as the phenomena are less

sensitive to variations in experimental parameters.
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. DISCUSSION AND CONCLUSIONS

This study was initiated with the primary aim of elucidating
when and if any important heterogeneous—homogeneous effects occur in
packed bed chemical reactors. A digression from this main theme has
shown the inadequacy, for design purposes, of the available heat
‘transfer estimation techniques. Fortunately, the practical values of
film heat transfer resistance generally makes a two phase model
unnecessary, thus circumveating the unsatisfactory allocation of

continuum parameters between the separate phases.

A generalised study of heterogeneous—homogeneous reaction schemes
indicates that the changes in reactor performance are not facilitated
by the introduction of an interphase resistance. However, for an
initially neglectable reaction to significantly modify the observable
reactor behvaiour the activation energies of this and the main
reaction must be very disparate. This behaviour is not typical of two
catalytic reactions, but would be more readily exhibited by a two phase
reaction scheme. Case studies support these findings in that initially
neglectable reactions, with similar activation energies to the main
reaction, have a negligible effect on performance. It can be antici-
pated that the necessary parameters would be exhibited by the oxidation
of alcohols and hydrocarbons wiﬁh higher molecular weights than those
considered here. The results obtained differ from those reported by
Holton (1975) in predicting different kinetics for the gas phase oxi-
dation of formaldehyde and in not detecting instabilities due to gas

"phase reactions. The presence of a concurrent gas phase reaction
leads to more even heat release thus lowering the film temperature

difference and improving stability.

The comparison of reactor simulation results for the butene-

butadiene system with pilot plant data indicates that gas phase oxidation

occurs to a negligible extent. Catalyst preparation temperature was,

however, found to be an important and largely unexplored variable.

Multiplicity studies using an idealized model of a single
catalyst pellet and its fluid enviromment have shown that the presence
of a gas phase reaction can significantly increase the range of para-
meters over which non-uniqueness of solutions occuré. Phenomena
dependent on the presence of interphase iesistance and the division of
the reactions between the phases have also been established. As an

aside, the conditions under which multiplicity of solutions occurs for



supported enzyme systems have been extended by considering the possibility

- of active eluted enzyme.

work:

(D

(2)

(3)

(4)

Three areas have been identified as requiring further experimental

(a) Clarification of heat transfer correlationms.

(b) Investigation of the effect of catalyst preparation
temperature on the activity of tin-antimony oxide catalyst
for butene oxidative dehydrogenation.

(¢) Practical demonstration of theoretical non-uniqueness pheno-
mena. A contribution has been made to this largely neglected
area by showing that these effects could be more relevant to
actual systems and are less sensitive to parameter.unceftaiﬁty-

than was known hitherto.
In summary the following conclusions can be drawn:

As two phase models are generally unnecessary, for design purposes,
the inclusion of a gas phase reaction adds only to the kinetic
complexity of the models.

For a small extent of an additional reaction to significantly
modify reactor performance its thermal parameters must be much
larger than those of the main reaction. A condition more charac-
teristic of a gas rather than a solid phase reaction.

Of the case studies considered, the methanol and butene systems

did not exhibit any change in performance when the gas phase
reaction was introduced. The two concurrent schemes, nitrous

oxide and carbon monoxide oxidations, did, however, demonstrate
that gas phase reactions can significantly modify reactor behaviour.
The presence of fluid phase reactions can increase the parameter
ranges over which non-uniqueness of steady state solutions are
predicted by models of a single catalytic pellet together with its

surrounding fluid and a biochemical slurry reactor.



APPENDIX A.1 - NUMERICAL METHOD

Holton (1975) employed finite difference methods for the solution
of the two dimensional reactor models; whilst being generally satis-—
factory these methods required about 100 secs of central processor time
(CDC 6400) per simulation. In this study the more rapid method of

orthogonal collocation has been applied.

A.1.1 Collocation procedures

Orthogonal collocation is one of the family of weighted residual

methods in which an approximate solution is sought by requiring that the
'residual', obtained by substituting an approximating polynomial into
the original differential equation, is zero at some specified points.
In orthogonal collocation the collocation points are taken as the roots
of the approximating polynomial. The choice of the latter is, however,
largely a matter of numerical experience. For boundary vaiue problems,
this has been overcome by employing trial functions which satisfy the

boundary conditions (Villadsen and Stewart, 1967).

Orthogonal collocation can either be applied directly across the
whole integration field, as in this study, or the integration range can
.be broken into a series of finite elements over which the ﬁethod is
applied separately (Carey and Finlayson, 1975). This latter approach
has been applied to effectiveness factor calculations for cases where
" most of the reaction occurs in a small effective reaction zone of the

pellet (Paterson and Cfesswell, 1971).

The approximation can be expressed in terms of the values of the
variable at the collocation points, rather than as functions of the

polynomial coefficients, making a simple matrix solution possible.

-l

Accurate quadrature formula are also available to enable the abstraction of

properties requiring integration. Orthogonal polynomials are defined by:

(A.1.1) f 1w.Pj(u) . Pi(u).xa'-1

0
where j =1, 1

dx = Di.dij

Pi is the polynomial
w(x) is the weighting function
u is a function of x
§ij =1, 1i=3j
=0, 1i+#]j

and Di is some constant.
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Table A.1.1 - Polynomial types .
Name Dafinition Comment
. 2 .
Jacobi w=1-x Symmetrical about
u = x2 origin. Applied to
Application: y(1)==y(x)‘+(1-x2). effectiveness
9 factor calculations
(8) zaiPi--l'(x ) etc.
Legendre = As Jacobi, but
u = x2 often more rapid
Apﬁlication: as Jacobi
Shifted w=1 No special
Legendre - .
=X symmetry properties.

Application:
y(x) =b +ex +x(1 - x) ZaiPi_l(x)

Applied to axial

dispersion problem.
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EQuation (A) (Table A.1.1) is a polynomial of degree N in xz and

can be expressed as:

+
: 2i -2
yoo = 1 py #2t

where p; are constants.
Differentiating this and evaluating the expressions at each collocation

point (i.e. j = 1, N + 1) gives:

N+1

2i -2
y(x.) = ) x D,

S t
¥ N'fl N
ax | . . X ?i

X i=1 X

] J

Expressing this in matrix form, with P and Y the vector of ] and y(xj)

respectively, yields:

Y = g:. P and 3;: = 2;' P
' 2i~2 .
where qij = Xj (an element of matrix Q)
aXZi -2
and 8. . = — (an element of matrix S)
1] Ix % =
h|

Eliminating P gives:

"
>
|

Matrix A thus replaces the differential operator g%. A similar treatment
is followed for the second derivative. Finlayson (1974) has reviewed the
method and presents tables of poiynomial zeros. In the absence of published
values polynomial roots were obtained by successive application of Graeffe's

root squaring (Carnham et al., 1969) and Newton's methods.

In reactor simulation problems orthogonal collocation lowers"
computer time by drastically reducing the number of 'grid' points required
for a given accuracy, compared to finite difference techniques (Ferguson

and Finlayson, 1972). The time involved in solving the resulting matrix
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equations may exceed that needed for a finite difference scheie but mvch
less kinetic information has to be calculated and herein lies the com-

putational saving.

A.1.2 Application to present models

All the equations used in the steady state simulations have the

general form:

2 .
A3 zz + Bay. + Clo (RBy) + R =0
oz

whereRsis the kinetic term, and A, B, C are constants.

(a) For initial value problems in z (i.e. A = 0), e.g. fluid phase
equations for the two dimensional.reactor, the remaining second derivative
can be removed by collocation and the resulting set of ordinary differential
equations (one for each radial grid point) can be solved by some simple

integration method (e.g. trapezium rule).

(b) For boundary value problems, such as the pellet model in Chapter
5, application of orthogonal collocation, to replace all the derivatives,

yields an equation like (A.1.2).

nz . nz
A.1.2 A bz._ . . V. + B .. e Y.
(A.1.2) -Zl jz,5 * 7i.ke -Zl jz,5 " Vj.kr
j h
nr ’
+C k‘Zl Tkt V5ot R =0
for kr = 2, nr - 1

jz=2, nz -1

i =1, m

where nr = number of radial collocation points

nz = number of axial collocation points
"m = number of species
az etc. are elements of the collocation matrices A etc.

iz, =
and Y3k denotes the value of y at grid point j,k.

Boundary conditions of the form

-}

oR F (y)

R=1



where F is some function of y, are expressed as:

nr

) arnr,k ' yjz,k = F@y

) jz =1, nz (A.1.3)
k:]_ .

jz,nr

This set of non-linear algebraic equations can be solved by a

- ‘Newton-Iterative Scheme (Young and Finlayson, 1973) Eut the Jacobian
matrix can become quite large for modest polynomial orders if a number
of reacting species are invclved. Inspection of equations A.l1.2 and
A.1.3 shows that coupling between the different species only occurs via
the reaction expression. The resulting Jacobian structure was exploited
by removing the reaction rate derivatives and thus obtaining a smaller

constant Jacobian for each species

N

N

o
|

The sparse diagonal matrix, D, can be more compactly stored as the set
of vectors gij’ where Eij is the vector of rate expression derivatives

for species i with respect to species j at each grid point.

A full Newton alogorithm would consist of

where § =J " . F
and £ is an iteration parameter.

Using the Jacobian structure described above a sequential solution

procedure for each species in turn can be obtained:

_ {for i = 1, m)
where F and § have each been broken into m fragments (£;, §;), one
for each species. As_ii.is constant, throughout the iterations, only one
inversion is required ;ér solution. The procedure increases the nﬁmber
of iterations required but was found to be up to five times faster than
the Newton technique. Unlike a Newton scheme, convergence from some

neighbourhood of the solution cannot be proved but no problems were



encountered during the study reported here.

A.1.3 Convergence of solutions

The numerical method outlined above was tested for convergence
using Jacobi polynomials with weighting functions w = 1 and w = 1-x2.
Finlayson (1974) has suggested that the first type of polynomial is more
rapid in chemical engineering applications as the zeros are nearer the
boundary r = 1, where gradients are steepest. The alternative polynomial

normally gives more accuratc results.

The convergence of the reactor models was tested using an extreme
Nitrous oxide reactor example (see Table A.1.2). The results of radial
and axial convergence tests are summarized in Tables A.1.2 and A.1.3
respectively. The two phase model was also compared to the results of .
DeWasch and Froments (1971) simulation for hydrocarbon oxidation.
Within the limits of the data and results presented by the authors the
two fomulations agree in their predictions. Convergence results fcr the

single pellet model from Chapter 5 are summarized in Table A.l.4.

The numerical methods can be seen to be converging to a definite
solution, independent of the polynomial used. Reactor results have
generally been obtained with NR = 5 and w = 1. The single pellet model
has been utilized in reactor simulations with NR = NZ = 2 which is accurate

enough (% 10%Z) for this purpose.



Table A.1.2 - Radial convergence of 2D2P model

Conditions: Gs: 1.10 Dt: 0.04 m AL: 1.0 m
Dp: 0.03 m T: 1125 K
X: 0.667 NZ: 810
NR w=1 w==1--x2
Tmax, 3 470.42 476.31
Conv 97.20 94.10
Tmax 4 488.77 490.42
Conv 95.72 96.00
Tmaxg 5 489.52 490.15
Conv 95.68 95.70
Tmax g 7 489.69 490.15
Conv 95.68 95.72
Table A.1.3 - Axial convergence of 2D2P model
Conditions : As above with NR =5, w=1
NZ 450 630 810 1260
Tmaxg 490.31 489.72 489.52 489.54
Conv 95.85 95.70 95.68 95.66

>
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Table A.1.4 - Convergence of single pellet model solutions

Effectiveness factor

. . NR =
Species
NZ 2
w=1 =1-x

1 . 7565 .8198

3 2 .6540 . 7456
Cp time 1.71 2.1
(secs)

1 . 7936 .7950

3 3 . 7073 .7100
Cp time 3.71 3.91
(secs)

1 L7972 . 7966

3 4 - . 7124 .7118
Cp time 7.36 6.84
(secs)

" Note: Species 1 = Oxygen

Species 3 = Butadiene

&)
o
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THE KINETICS OF GAS PHASE FORMALDEHYDE OXIDATION

Formaldehyde oxidizes in the gas phase via a free radical chain

reaction.

The reaction has received considerable study because of its

importance in more complex chain reactions and the reactants and products

simplicity.

In this appendix the steps necessary to obtain the overall

kinetic expression used in section 4.4.2 are described.

A.2.1 Reaction scheme

Hessam (1971) carried out a mass-spectroscopic study of this

reaction and postulated the following'kinetic scheme:

(L
(2)
(3)
(4)
(5)
(6)
(N
(8)
(9)

HCHO + O, - HCO + HO

2 2

2 > HCO3

HCO3 + HCHO - HCO3

HCO + O

HCO,H -+ OH + products

3

HCO + O, -+ HO, + CO

2 2

OH + HCHO - HCO + H20

HO

2
H02 + HCHO - H202
2HO2 -+ termination.

H + HCO

+ HCHO - OH + products

+ HCO

This scheme involves only gas phase terminations, although gas-solid

terminations have been proposed (Vardanyan et al., 1974).

Applying

the usual steady state approximation to the intermediate radicals gives:

2
For k2 small and k7

3 [nano] =

: !
[acHo]? .
ot ‘

-

2.2
(k7+k8) k2

2
(kS - k2) kg

k2k7 (k7 + k8)

+

' 2
. (k7+k8) k,

k9 (k5 - k2)

= k8 this reduces to



Table A.2.1

Kinetic data for formaldehyde oxidation

. E
Reaction LoglOA (t2al/mol/k) Source
2 3.9-4.2 0 (see analysis which
follows)
5 7.78 0 Vardanyan et al. (1974)
7 10.06 11.0
Vardanyan et al. (1974)
8 10.06 11.0
and Hessam (1971)
9 8.78 0.0
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_ 3 [memo]  _ 6k2kf3 [HcHO) 2

at
kg (k5 -k

)

Hessam suggests that reaction (2) competes unfavourably with reaction
(5) and hence k2 << kS' No data for the value of k2 is available in
the literature; Holton associates reaction (2) with the analogous

reaction for the acetyl radical

' -
2" CH3C0 + O2 > CH3CO3

5"y - -+ CO + CH3CO2

However, the ratio kz'/k5 = 3 in contradiction of Hessam's results.
A more correct approach would be to associate the ratio (kZ/kS) with
(kz'/ks') for the acetyl scheme, rather than using an odd pair of

reactions.

.As no published data is available (Hochstim, 1969; Ratajack, 1967
and 1969; Kerr, 1972) a method of estimating either k2 or-ks' was
sought. As, however, ks' pertains to an exchange reaction no estimate
is possible. An estimation method is, however, available for the
association reaction (Benson, 1968)

X
(2) =~ HCO + 0, &= HCO

2 3
y

This consists of:

(a) Obtaining the standard entropy change for the reaction.
(b) Hence obtaining the equilibrium constant for the reaction
AS/R

e ).

(¢) Considering the-decomposition (reaction y) postulate an

(RKeq =

intermediate which forms slowly, but decomposes rapidly
and its rate of formation is thus the limiting step.
_ekT AS+/R
(ky =5 e
moving to the complex, k is Boltzmans constant and h is

, where AS+ is the entropy change in

Plancks constant).
(d) Finally evaluating kx’ the required result.
Benson (1968) contains extensive tables of group and bond entropy

contributions, necessary for the estimation.

~1

oy



-l
ay
£4]

Working through this analysis gives k2 in the range

(0.85-1.57) 104 m3 kmol—lsec—l.and thus (k5lk2) lies between 3.81 and

7.12 x 103 in line with Hessam's (1971) experimental findings. Intro-

ducing this data into the overall kinetic scheme gives

-2 P;S__]_HO = (0.61-1.14) 108.e'22/RT[HCH0]2

Hessam (1971) obtained the follcwing results for this decomposition

in a glass sphere with an initial formaldehyde pressure of 30 mm mercury.

Temperature Max rate (x 107)
(K) (kmole/m?sec)
623 23.8
643 36.62
658 49.37
673 , 54.55
693 99.40

Fitting these results using the model

-a[ncho] _ , e—22/RT[HCHO]2

ot

gives ko = 1.96. 108. The agreement between this result and the

theoretical prediction is quite good considering the approximations
involved in the latter. This result should be contrasted with a value
for ko of 3.9 .10%obtained by Holton (1975), using the incorrect
(k2/k5) ratio. Holton (1975) obtained an overall value for the heat of
reaction, using Hessam's (1971) product spectrum,-of'(-AH)298 =

9.3. 106 J kg_l HCHO. This value has also been used in this study.

A.2.2 Effect of surface area to volume ratio and nature of surfaces

The scheme discussed above involves only a gas phase termination
reaction and thus the surface to volume ratio of the reactor or the
nature of the surface are not parameters. Various surface terminations
have been proposed (Vardanyan et al., 1971), involving H202 and HO,,

radicals, where doping‘of the reactor walls had a profound effect on



the rate. Lewis and Von Elbe (1961) reviewing earlier results for

this reaction conclude that:

(a) The rate is independent of vessel size and hence chain
termination and initiation must be either gas phase or
surface effects.

(b) 1Inert gas inhibition of the rate precludes surface termin-
ations (and thus surface initiatiom).

(¢) The activation energy is 21 kcal/mole at 325 -370°C rising
to 39 kcal/mole at 450 -470°C due to an increase in radical

chain length.

Most experimenters use total pressure rise as a measure of extent of
reaction but many intermediate steps are isobaric; Most experimental
results in the field of free radical kinmetics have been obtained at low
reactant pressures in vessels with a small surface to volume ratio
(Mulchahy, 1973). The applicability of these results to a reactor
environment, where the surface area to volume ratio is much larger, is

open to doubt.

i}
2
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APPENDIX A.3 - BUTENE - BUTADIENE KINETIC MODELLING

A.3.1 Heterogeneous kinetics

Gabbay (1969) obtained the following kinetic information for the
oxidative dehydrogenation of butene to butadiene over a tin—antimony
oxide catalyst (Sm:Sb = 1:4), supplied by B.P. Chemicals (International).
The reaction scheme is summarized in Figure A.3.1. Table A.3.1 contains -
the stoichiometric equations and Table A.3.2 summarizes the kinetic

parameters.

Table A.3.1 - Details of Butene — Butadiene catalytic reaction scheme
| Reaction
1 C/Hg + 1&02 + C,H, + H,0
2. C;Hs + 60, = 4CO, + 4H,0
3 C4H8 + 40, > 4CO + 4H,0
4 CHg + %0, + C,H,0 + 2H,0
5 CHg + %@02 + CgH,0 + CO, + 2H,0
6 . CHg+ 'h0, - C.H,CHO
7 CHg+ 0, > 2CH;CHO
8 CyHe + 10, + 4CO, + 3H,0
9 C,H * 3&02 + 4CO  + 3H,0
10 CH, + 0, -+ CJHO +HO
11 c,He + 20, > CuH,0 + H,0 + CO,
’ 12 c4ﬁ6 +H,0 > C,H.CHO
13 C,H + 30, - CH,CHO + 2CO, + 2H,0

476 2 3 2 2

Reactions 14 — 19 are isomerizations between the various butene species.



Fig A.3.1

- Schematic of Butene -~ Butadiene heterogeneoué

kinetics

Oxidation productgs

<

t=2~-butene

’n-butene

\\<;;\\\c-2-buté;:/

Butadiene
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Table A.3.2

~ Kinetic parameters for

butene — butadiene catalytic scheme

Rates are expressed as:

Source

¢ n-butene

N W N

14
16

Product
(Principal)
C4Hg
CO2
Cco
C,H,O

44

C3H40

C3H7CHO

C3CHO

¢ - 2 -butene
t - 2~butene

0.44
1.15
1.6

0.85

1.2
1.0
1.0
0.74
0.74

Source : c¢=- 2-butene

N oY e WN

15
18

Product
CAH6
Co

2
co

CéHéo

C3H40

CBH7CH0

| CH3CH0

n — butene

t - 2 -butene

0.50
1.15
1.45
0.85
0.83
1.0

1.0

0.25

A

kmol (kg cat)_lsec

0.44
0.80
0.90
0.33

0.75

1.0
1.0
1.1
1.1

0.63
0.8
0.8
0.33
0.50
1.0
1.0
1.27
1.0

e-E/RT

[0,1%[c,Hg]" [c,1,1°

0

logloA

1.813
5.352
6.801
3.884
5.000
1.265
2.550
- 2.5229
- 2.6271

logloA'

1.6628
6.65
7.31
3.27
3.83
0.72
3.23

- 3.5528

- 2.1938

-1

17.4
23.8
26.3
27.5
25.0
15.0
17.5

E

16.8
29.0
30.5
26.5
27.0
15.0
21.0

0.0

7.4

et

¢d



Table A.3.2 continued

Source ¢ t-2-butene
Product a
1 ChHﬁ 0.45
2 -COZ 1.15
3 co 1.45
4 CAH4O 0.85
5 C3H40 0.83
6 C3H7CHO 1.0
7 CHBCHO ‘1.0
17 n - butene 0.25
19 c - 2 -butene 0
Source : Butadiene
Product a
CO2 0.57
Cco 0.75
101 C4H40 1.7
11 C3H40 1.5
12 ) C3H7CHO 1.0
13 CH.,CHO 1.0

0.59
0.80
0.80
0.33
0.50
1.0
1.0
1.27
1.0

(¢]

1.0
1.0
0.1
0.55
1.5
1.0

1°g10A

1.7404
6.8325
7.28
3.29
3.83
0.72
3.23

- 3.5528

- 3.1221

logloA

2.602
2.021
4.539
3.973
1.342
2.954

17.5
29.5
30.5
26.5
27.0
15.0
21.0

0.0

4.0

17.0
15.7

25.0 -

21.0

. 10.0

21.0

[
\n
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A.3.2 Homogeneous Kinetics

Lam (1975) postulated the following network of reactions involving

the principal products he identified.

CHg + 0, = CH. + CO + Hy0 -1
C,Hy +'1/zo2 > Gy, + €O . -2
Cjig + 0, > CH, +CO+H)0 -3
C,H, + 202 > 200 + 2H,0 - 4
co + 'R0, > co, -5

The following kinetic constants were obtained by linear regression,

the rate being expressed as

_ -E/RT, Mi_ To02
r, =Ae C. Cy g mol/ml/sec

where n, and n,, are the stoichiometric coefficents in the above

equations.

Table A.3.3 - Butene -Butadiene homogeneous kinetics

Reaction A keal Zmol_l n, n,,
1 6.3 . 10" 9.78 1 1.0
2 3.94. 107 62.3 1 0.5
3 1.37.10%7 913 1 ‘1.0
4 5.68.10°1  167.0 1 2.0
5 3.76 . 10" 38.3 1 0.5

This is a complex reaction scheme and in a reactor model would
require that two extra species, ethene and propene, were accounted for.
The amounts of these materials produced during Lam's experiments were
always several orders of magnitude smaller than carbon monoxide production,
and considerable uncertainty must be associated with these results. As
the available industrial data takes no account of alkenes production a

simplification of the scheme was used which:



(1Y
-

(a) overstates the actual degradation rate
(b) provides an estimate of the extent of the homogeneous reaction
in terms of an industrially detected by-product (carbon

monoxide).

The relative reaction rates at 700 K are:

Reaction Relative Rate
1 57.0
2 0.40
-3 0.34
4 0.01
5 10.0

Assuming reactions (3) and (4) are rapid compared to the initial
oxidations clearly overstates the actual rate of carbon monoxide formation

and reduces the reaction network to:-

1. C4H8 + 402 > 4CO + 4H20 '

+ 31/202 -+ 4CO + 3H.0

2. 2

C4H6

3. ¢+ 'ho, > co,

A.3.3 Physical parameters

(1) Heats .of formation at 298 K . ‘
(-BHE) g o (KT /Kmol) | -‘sburce

CH, 1.016 . 102 b
n- C,Hg 1172 . 10 b
-2-CHg - 5.699 .10 b
t-2-CH,  -10.06 .10° b
co - 1.106 .10° b
. co, - 3.938 . 10'; b
1,0 (g) - 2,412 .10 b
0, ) )
C,H,0 - 6.195 .10 ‘a
C4H,0 - 8.568 . 10" b
C,H,CHO - 2.196 . 10° b
CH., CHO - 1.6632. 10° b

a - Kirk - Othmer (1967) b - Perry (1963) + - Furan, boils at 304 K

and this value is for the 'theoretical' gas at 298 K.



(2) Specific Heats

~For most materials these were available as polynomials of the
absolute temperature (Hougen et al., 1954). A polynomial for furan was
estimated using the method of Bennewitz, Rosiner and Dobratz, while
functions for acrolein and n~-butylaldehyde were obtained ﬁsing Rihani

and Doraiswamys group contribution method (Reid and Sherwood, 1966).

Cp = a + bT + T’ cal/g mole K

a b . c

furan 5.13  5.262.102 - 1.914.10°

acrolein 3.80 4.402.10°% - 1.304.10°

n-butylaldehyde 4.92 7.36 .1072 - 2.60 .10 °
(3) Catalyst pellet properties
(a) Catalyst bulk density : 4881 kg/m3
(b) Effective thermal conductivity : -

-3 -2 .
Keff = 0.0952.+0.44.10 TS W m (Corrie, ;972)

(c) Effective gas diffusivities : Corrie (1972) measured the temperature

dependence of the diffusiVity of oxygen and butadieme. This data is
adequately fitted over the industrially important range (380-—43000)
by an equation of the form (Knudsen flow):

o 2
"Deff = C, Tf/Mw m /sec

3.3, 1077
where CD(02) = 3.3.10

- 4 - -7
CD(C4H6) =4,2.10
and Mw = molecular weight.

In this study the value of ¢ pertaining to oxygen was used for
carbon monoxide and carbon dioxide while that pertaining to butadiene

was used for butene.

(4) Film transfer coefficients

The procedure for the estimation of the gas film transfer

coefficients follows Holton (1975). The mass and heat transfer coefficients



are related by the Chilton - Colburn analogy:

h %

2
Pr /3
Cp.pf

= kg. Sc

and the heat transfer coefficient was estimated using the corrélation

given by Kern (1950) for pipe flow.

(5) Corrie's (1972) experimental arrangement

Figure A.3.2 - Corrie's (1972) apparatus

Gas flow

é?gzgz?Z%é%Z Instrumented %i:///// t
JO0Tm, {//, piece g ellet T / ', 004 5m
Ui %/% |

- .0085m

Annular reactor

Kern (1950) gives for tube flow:

) 1 .

. - 1, ov =/ 1

h ve _ Nu = 1.86 Re /s (£¥) Pr £
: e De

kf

where De is the equivalent diameter of the annulus and %' is a mixing
.length. The ratio (£'/De) has a relatively small effect on h and

Holton (1975) associated %' with the pellet length. Holton also included
a parameter to allow for the effect of surface roughness (C'), recasting

the equation as,

1
Nu = CRe’
e . .
where C = 1.86 PI’A c' . (,Q,'/De)/3 and used as a starting value
c' = 2.33, giving C = 3.12
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A.3.4 Pilot scale data

These results were obtained, by B.?. Chemicals (McCain 1976), in
a single tube pilot plant reactor operating under normal industrial
conditions. The tube was cooled by an air-stirred bath of molten salt
and the wall temperature can be considered axially constant. As discussed
in Chapter 5 the description of the experimgntal apparatus and procedure
is not comprehensive. The data is summarized in the accompanying tables.
The axial temperature profiles for the runs in Table A.3.4 are much more
complete than those for Table A.3.5. In both sets of runs the feed
contained approximately equimolar amounts of the three butene isomers,

n - butene, cis —2-butene and trans — 2 —butene.

Table A.3.4 - Pilot plant results

Catalyst: Sb/Sn : 4/1 treated at 800°C for 16 hrs.

Feed: 107 butenes, 307 steam, 607 air, by volume.

Reactor: 10" x1" i.d. mild steel tube with 0.3" 0.D. thermocouple
pocket down the centre.

Wt7 Inlet: C4H8-: 20.1 H20 : 19.4 Air : 60.5 (of which 12.7% is 02)

Bath Inlet » ‘ Wt %Z outlet Cc
Run Gs
No. Temp | Pressure 2 - Balance
(X) (atm) kg/m" /sec C4H8 C4H6 CO2 co pA
1 683 1.26 0.76 6.26 | 11.0 1.5 .1 95.0
2 688 1.26 0.76  |6.44 | 11.7 | 1.65| .13 | 100.6
3 708 1.25 0.795 4.40 12.30 2.5 .21 99,2




Table A.3.5 - Pilot plant data

.Catalyst: Sb/Sn : 4/1 heat treated at 850°C for 16 hours

Feed:

Reactor:

107 butenes, 407% steam, 507 air

10' x1.136" i.d. stainless steel tube.

A 0.3" o.d. thermocouple pocket extended down the centre
of the tube.

WtZ inlet: C,H. : 22.0 H.O : 26.4 Air : 51.6 (of which 10.857 i

48 2

s 02)

Bath Inlet Wt 7Z outlet C
Run Gs
No. Temp | Pressure 9 - Balance
(X) (atm) kg/m” /sec b4H8 VCQH6 LOZ co A

4 659 1.22 0.795 7.2 11.6 .795 .083 102

5 684 1.22 0.815 5.3 12.15 1.02 .125 97.8

6 695 1.22 0.812 1 4.3 12.6 1.49 .187 98.4

7 695 1.22 1.171 6.5 11.5 1.19 .135 100.4
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APPENDIX A.4 - BIOCHEMICAL REACTOR MODEL

The rate of the bound enzyme reaction is given by:

k Es 1
r = .

v (1-+Ka/Cs-+Cs/Ks)

where Ka and Ks are constants (mol/f), while the fluid enzyme reaction

rate is:

. 1
.o kE 1

v (l-fKa/Cf

)

where E'f = the amount of enzyme in the effluent (Aiba et al., 1973).

Clearly E% = Ke.Es, where Ke is some elution rate. Using the nomenclature

of Chapter 6 the following describing equations for a stirred tank

biochemical reactor can be developed; where Cao is the inlet concentration

(mol/ %)

Fluid phase mass balance:

X
Lo X~ Da W Gy v ~ K = %) =0
o f
Solid phase mass balance:
Das XS
K(Xf-Xs)— = 0

(Ca X -kKa-+Ca2X2/Ks)
o's o's
with

Da
s

]
C o~
'm
~

=
il

'washout rate' = (% Ke)

The values of Ka, Ks and Ca (= 0.1 mol/%) utilised in this study are
drawn from O'Neil et al. (1971).
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APPENDIX A.5 = COMPUTER PROGRAMS

The computer programs written in the course of this study can be
divided into two groups concerned with steady state modelling and

multiplicity analysis.

A.5.1 Coding for steady state modelling

This group can be further subdivided into programs solving the
reactor models themselves and service routines prdviding kinetic and
other input information or outputing results. Of the five reactor models
developed only the coding of the two dimensional - two phase example is
included, the other cases use similar techniques and can be considered
generic. A list of computer symbols and their equivalent in the text is
given in Table A.5.1. The names and functions of the various service

routines are given in Table A.5.2.

The logic of the reactor (subroutine RE2DP) and pellet model
(subroutine PELL3) should be clear from the flow diagrams (Figs. A.5.1

and A.5.2) and associated listing.



Table A.5.1 -

List of variables for reactor and pellet models

Computer. | Common pesinicin sayiveten:
DP ] pellet diameter dp
DT tube diameter - Dt -

— SYSTEM
AL reactor length L
GS J mass velocity Gs
THI 1 voidage £
T temperature T
P | TpIMD pressure P
X() Gés composition vector -
PF d ) fluid density Ps
ALS ] Effective radial Ar
ALF conductives for solid, Arg
ALC ] fluid and continuum Arc
PMR2 Radial heat peclet no. -
ALPHAS — PHASE 2 Wall heat transfer o
- ALPHAF coefficients for solid, N ¢
ALPHAC fluid and continuum oW
HV i film heat transfer coefficient h
CP ) ' specific heat . ~¢p
—~ PROPS. .
AMU dynamic viscosity il

)

ok




Table A.5.1 - Continued

Computer Common . e Equivalent
Variable | Block Def}nltlon in text
AKF i Fluid thermal conductivity kf
SET 1. I>z/J)r -

BETA Pellet length to radius ratio B
ALPHAP — PELL 2 hollowing o
AKS Solid thermal conductivity ks
PB ] pellet deﬁsity P
ARS,BRS,
AZS
BZS,XRS, ~ collocation matrices ar etc.
WS
QP,DER )
PR( ) Peclet numbers Pe
R solid phase rate groups RS and R ¢
RG fluid phase rate groups Rf and Rtf
' Dimensionless continuum
XC . : X
concentration c-
XG Dlmen31on1es§ gas X
: concentration £
XGA -
XS Dimensionless solid ko
- concentration s
F.FS Function vector _
e (solution procedure)
Solid phase centreline
TS -
temperature
DRT Derivative vector _

(solution procedure)

[

Loy}




Table A.5.1 -~ Continued

a

Computer

concentration

. Variable Defiﬁition quivilzzt
NSPH Pellet shape parameter -
NDEC( ) Sequential bed packing vector -

TB Wall and inlet temperature To/T
NGMAX,NSMAX Location of hotspot (grid number) -
TGMAX, TSMAX Hot5pot:v31ue. | | -
TGPOS , TSPOS Location of 'hot's'goé' -

TAV Radial average tempeféture -

XAV Radial average concentration -

TC Centreline temperature -

DHET,DHOM. Heats of rggctiqn | (—AH)S,(—AH)f

SAV Surface area/vélumef%atipft -

,.for‘pel}eps;{‘ .
B Effective conducti&ity éérameter Bv
AV Specificvsurfacevarea a,
NSTART Matrix controlling pellet solution. N -
DIR Effective diffusivity oD eff
XB Bulk or inlet dimensionless Xo

E



(a)

General

(b)

PRINT1 ]
PRINT2

PRINT3 [
PRINT |

DRAW1 ]
DRAWZ
DRAW3
DRAWS

HEAD2 -

PROPS* -

HTMT*

Chapter 4

0CL2 -

Table A.5.2 =~ Service Routines

Various Tabular output
options

Various Graphical output
options

Qutput of inlet conditions and heat tramsfer
parameters
Calculation'ofvfluid properties

Calculation of heat transfer coefficients

Calculates collocation matrices us1ng a small
library of subroutines

Three sets of subroutines were written to provide kinetic

information, only those for nitrous oxide oxidation are

tabuiated below:

RAELY  —
DERAE1* —

RAGAS1* —

RAT1 -

Heterogeneous rate calculation
Calculates derivative of heterogeneous rate
Homogeneous rate calculation

Combines output from RAEI .and RAGAS1 for one
phase models - : -



(e)

Table A.5.2 - Continued

Chapter 5

OCLPEL - As OCL?

*
RAE7 - As RAEL

* .
PELL3 - Isothermal pellet solution (called by RAE7)
*
ATMPNEW Subroutines used by PELL3 in
. -
F21S0 Newton solution scheme.

Thirteen further subroutines (dccupying 2500 words of store) were

also used to manipulate and evaluate the kinetic information.

Note:

* - Documented coding of program is included.

[T S

.g
Py



Fig A.5.1 = Logic diagram for 2D2P reactor model coding

Inlet conditions, heat
lEntnr ZHQPI transfer parameters
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Solve solid phase boundary
conditions

Set J = 1
Yes
Print
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paramoters

No

. ?

A et(trapozinm rile)

Integrate gas phase equation

Solvo solid phase balance

L N2

A ' age axial
s R [EEEEEE] Returns average a
profiles,max, temps, and

locations, conversion
and solectivity
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Fig A,5,2 = Logic diag'ram for butene pellet coding

{Enter PELL3|

1

[call SETUP]

Evaluates all kinetic
constants and loads them

into common blocks

|

Solve for split Newton

procedure for one reactant

species

JACC

P

[Erint profiles

<ACC

Effectivenc

ss factor

calculations

' I RETURN I
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FSILR V1D FSOLRVIIaARSEI R eXS{HRLaNT) 22 00ALS/0T = 1S=TAH
ANZTeUNeAnS T 1Y e, 000 8/0T

(WS

4

i~



s RaRaNaNalal

[z Rala)

ann

a0

noo

LR

93

92
91

14

om,

30
3

33

X' Eez= FRIIw 11 70N
THAASILH 1M T EU.NL0) GO TO 110
CELT ANSIIXUEn=XSI1R Y iT)I/XS(NIaYNT))
IF VS LT, TESTY TrsTs OEL
CO Tl uE .
¥ ReleaThs XitESA
IFLTEST (T, ACCY GO TO 80
€0 UF SULlD PHASE SOLOTIOM
T5(a13= 0,0
TAv(l41)z Q. C
C0 o J= 14..R
TSHLalds TSUleldd UPEUYRXS{Ue1 NTY
TAVETa1d= TaVilelde XS(JelNT)eWS(U)
cot Tluag

1P 1TIALTZATION COMPLETFE

ILTERVEPIATE OUTPUT

251 .
IFCIPRIET (1) ,00F ,0) GO TN 93
CALL PRITTLIIXG TR eMSPLCWJ2)
CALLPHRTIRTRINS R JHSPEC (JZ o HT)
coOLTINUE

COMMEHCE INTEGRATION ALONG REACTOR

DO 19 J2= 2+N2+: .
NCOUT= BERItTSY .
TFIHCQUBT JEJIFREQY GO TO 91

JS= JS s 1

FACILITY FGR SFQUENTIAL BED PACKING

TFLNUECIUS) LER.NNSTY GO TO 92
TFINDEC(JIS)EQ.D) CALL SUBRA(NSPHY
IFINULCIUS) JEQ.1) CALL SUBARBINSPH)
CALL MTNT(NSPI)

LRSI MO CLUS)

coLyInig

cot:T1nog

tTRAP=D

cOLTINUE

HETERNGENECOUS KINFTICS
CALLNAE (XS R4 HSPEC MR
TFLLIIETEL,0) GO TN 28
HOMOGENECHS KINFTICS
CALL NATEAS(XG4RGNSPEGNR, 1)
G0 TU
conTlhug
DO 3U n= 1.YMSPFC
00 50 JR=z 1,NR
HGEUHRelohi}= D0
cohtIkyg !
cor TINUE :
SCLUTioN OF GAS PMHASE FQUATIONS

HMETHOU USEN COUTROLLED nY TAVOID
00 3 UR= l.hli=1 -
NOo 33 1z 1.1SPEC
Fludlel oDz (FolGIJHsL NI+ (1,0-EIeR(JR 1 eNIISAL/RS
CONTILUE .
FOURetelIT)E (F(JRWIWNTI=(1~EVsR(UR1«NTISAL/GS)/CP
FIOIRLeNTIE FLORaL NTIoHVOAL® (XSIUR LW NTI=XGULURV1INT) I /GS/7CP

. DO 3 J=1.HH

- 32

0 34 nsz 1WNSPEC

FlURstel )z FLIHeIeNIIARRSIURIJIOXGIUe 1M} /PRENI®ALY
co'tinue
coOrTlmiE

IF(ITHAP NELDIGN T 9

DO SRRz 1eMH=1
D0 A Nzl LSPEC

XGAIJH 1 o) XG(JR1IWNY ¢ NZ2sF(UR1eN) /2.0

XGlUNe ) e M)ZAGIIR e eI INZeF (JRe14N)
cotrInug
COLTINUE

0 1 H=z1.NSPEC

F(likelet)= 0.0

DO 4 Jz1 . HR
FAFHoLaN)ISF(NRea1T NI *ARS (NRyJIEXGLJs14NI/ZPRIN) #ALT
COMTENUE

FrRedalTI= Feitk s 2aiT)=yyF s TR/XX

DO 32 n= {,nSPCC

FOMRoeloMds 'R ¢ o) =ARSUUR e MRI®XGINIRs 1o N} /PRIN}*ALT
AAS =ARS(NH N )9 ALT/ZPR(N)

IFtNEQeT) ARz AA=UF/xX

XGINR LelN)= FUMReTONIZAA

conrtinue

courlinue

IF(ITRAP.EN.0) 6O TO 10 .
TEST=0,0

NO 33z 1 vMR=]

D0 11 =) HISPET

XNEEWS XGAL e 1aM) & D2ertaneat /72,0
IF(XG{ IR} eFR.N,0) G0 TD &3 :
NEUs ARS{(XDEN=XG (IR 1eM) IZXCEIR1TN) )

et
)



[2X2X2)

[aXa NaXe)

[aNsKal

63
11
39

43

130

L1
10

4n

61

L}

42
62

“1

120

12

IF(NEL.GT,TEST) TEST=DEL

CONTINGE
XGULJHL Lotz XMEW
conTINUE *
BOUHDANRY CONDITTON
coUTINLE

DO -4 Nz 1+HSPEC
FIMRv1oN)= 0,0
DO 45 J= 140N
FihiRelsN1= r:nn.1.N|¢Au<(nﬂ.d)'xctu.1-u)/PR(Nl sALT
cotTInugE
FILReL4MTIZ FUMP+1NT}=UF&TB/XX
B0 44 =z 1 nSHrC
FANRO LMYz F{MR 1M} =ARSIHRNRISXG(MNR1sNI/PR(N)*ALT
ARS=ARS (LR e ALT 2PN
IF{NEQWMT) AAZ AA=UF/XX
YHEWs= F{MR,1,H)/7AN
TFIXGINR1 MY eFGeNa0) 50 TO 130
DELE ADSUIXMEW-XGINRe1NPI/XG(HRy1 N )
IF(DEL.GT,TEST) TEST= DEL
CONTINUE
XG{HRe1oN)= XHFEW
COMNTINYE
CONTINLE

SOLVE SOLID PHaAaSE EQNS RY NEWTONS METHOD

CALL DERAFIXS+R,ORTNSPFCsNRe14HT)
D0 40 JUR= 1.MRe1
FSIURWIIS (1. n-FltR(JR'I'NT)-HVt(XS(JR'1|NT)-XG(JR'1-NT))
N0 40 U= 1.0R
FS(UR1)s FS{JUR1144400ALS/{DT**2)sRRSIJReJI=XS{Js14NT)
CONTIMNE N
NO 6l U= 1,HR
STORE{JYI= 0,0
CONTINUE
JEST2=0.0
DO 42 Uz 1.NR=1
CoOk{JIz 0.0
NO 43 K= 14MR=1
COR(J)= COREI+ nER(J'K)'(FS|K 1)=DRT{K)I®STORE(K)®(1.~E))
XS(Js1eNTI= XS(Us14HTIaCOR(U)
DEL= ARS(COR(JIZXS{JeloNT))
THADEL T, TEST2) TESTI=DEL
corTlnvE
00 82 Jz 1.MR=
STORE (U= COR(U)
coLTINUE . .
FSthr,I)= 0,0 -
N0 41 o= 1.1
FSUMeldzs FSUNRLL1) ¢ ARSENReJIoXS{JeleNT) €2,08ALS5/0T
COLT LHE
FSENRITIZ FSUNR 1D =AHSIHRWIIR)I 6XSINKRe 1 enTI*2,00A S/0T « USsIR
AAZ=US-ARS(HR,NP )82, 0eALS/NT
JFE(XSINRGI,NT)Y)EQLDL0) GO TO 120
XMEW= FR(HNHG1) /AR :
OfLzs AUST(X Ed=XS{HNR«IHTIIZXSINRLWMNTY)
IF(DELLGT,TEST2Y TEST2= DEL
COLTYLiUE
XS(NReLaNThz XHEW
IF(TLST2,.6T.ACC) GO TO 10
€0 OF SCLID PHASE SOLUTIONM

CONVERGENCE TFST

IFLITRAP.FU,N) GO TO 17
IF(TEST.L TL.ACCY GO TO 13
COLTINUE
IFLInVOIP,FN.0160 YO 13
JITHAPZz)

G0 TO tu

13

38
37

22
23

L2

COMNTINUE

no 37 Rz 1,.hR

TSY¥=z  XS(JR«1MT)

N0 36 iz QusPEC
XSTJHe 1ol )z XGUgeY M) ¢
XS{JURs 14Tz TST

CHECK FORt HEGATIVFE CONC

N0 22 n= 1,HSPEC

IFi{NeEQ'T) RO TO 22

LO 22 Uz 1R
IFaGlUsl ) LT,040n) GO TO 23
IFEXS{Jel M) LT,040) GO TO 23
conTinuE

6O TO 29

cohTinuc

L0 01 nz 1 OSPFE

IFtL.E0.nT) GO TO AL

ne ar gz g.un

TF (G0 Y o) LT, 0.0) XG(JelaN)=
TFUXS {014 LT, 040) XS(JelsN)z
conftuue

IFtJltnnt,n) Gn TO 80
WRITL(RelnnN)Y

WIITE (hel0OLY a7

aR1TLLRe1000)

0.0
0.0

(22



a0

[xNalal

s00

neoo

oMmn

(s Xa Ny

La NN,

100

82

16
24

17

21

13

4

18

20
26

1000 FORMAT({21X 4 S0H rmcmmr e e racccnrrcncnar s cvnanr S s aaccnasnunce, /

1}
1001 FORMAT (21X 26HREACTANT FEXHAUSTED AT JZ =+I3410X+417THCONC. SET To 2ZE
180+ /) :

Jrkas 1
conTInue

EVALUATE AND STORF CENTHE LINE TEMPERATURES
coni tve o

Gx= 0,0

sSX= 0.0

H0 500 Jd= 1,40R

GAz GX40P(JISXN(JTvNTY
SX= SXe LP{J)sXSIJ1eNT)

IF (SX . GT, TAMAX ) HISMAXz J2

IV (S GY, TErrax) TsMakz X
IFIGXCT,TOPAX) HAMAXT J2
IHIGX . GT.TOHMAX) TGMoX= GX
no 100 J= 1l.nk

IFIXGUJe1.HT) GT  TGMAX) HGMAX= 2
IFCXStUel o MT) aTaTSMAX) KSEAXZ 92
IFUXUCIV1 4T ) oGTeTGMAX) TOMAX= XG(Je1eNT)
IFEXStUel v HTI.GTLTSMAX) TSMAXS XS(JeleNT)
CONTLIHNE

TFINCOUNT JME SNFREGY GO TO 24
VTs JTel
HCOUNTz ©

STORE ANP EVALUATE AVERAGE VALUFS

TCtleuTi= 0.0
TSCledT)= 0,0
TAV(1,JT)= 6.0
00 82 g = 1,

TCIL4JTI= TC1eJTIHEP (N eXG(JeloniT)
TS{leuTliz TSC14JTY¢ CP(UIsXSTJelonT)
TAVILWUTIS TAVI14OT) 4 WS(JIeXS{Je14MT)

cONTINUE

RO 1o M=) NSPEC

XAV(HedT)= 0,0

Nno 16 g=31 .M

XAVIN o UT)I= XAVINeJT) + wSIJIeXGlJr1eN)
coNTINYE

COMTINVE

INTERHMECTATE OUTPUIT OPTIONS

IF(NCOUNT,IF,0) GO TO 17
IFUIPRINT 1) NF.O) GO TO 17
CALL PRIGTLI(XG MK MSPECLJZ)
CALL PRIETI(XSRKIVANSFER,JZ4NT)
COMTINUE

IFCHCOUNT HF ,0) GO TO 21
IFCIDRAWI1Y NE.O) GO TO 21
CALL DHAx1(XG+XRSNRMNSPEC)
conTItiUE

IFLIULAG.EQ,0) RO TO 15

CALL PRINTLIXGHRNSPECJZ)
CALLPRIOTI(XS e HR«SPEC ¢ ZWNT)
CONT INUE

COMPLETION OF INTFGRATION
D0 46 N= 1.MSPFC

XRENI= XAV(M NS}

CONTINUE

FINAL OUTPUT OPTIONS

CIFCIPRTNT(2) ,MFL,0) GO T 18

CALL PHIFT2(XAV,TC.HSenSPEC)
CALL PRINTH(TAV,TS, IS}
conTINUE

IFCIORAW{2),HELN) GO To 20
CALL DRAW2(TC + XAV eNSeNSPEC)
conTitine

coOrTINUE

TGPDS= FLOAT(NGMAX=1)%N12
TSPOSZ FLOATINSYAX=113%0D2

RETURN
END

[0
IV
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SURRCUTTHE RAC1EXCRMSPLCMR MY
MITROUS OXIDE OXIDATION

RE TEROGENEQUS  TERMS :
SPECIFES..... .

1 =.NITh0U< OXTNE(H20)

2

MITHOGFM DIOXTDE (NN2)

3 = TE#FTRATURE

RATE - EVALUATED OM KG/M3/SFC / MASS FRACTION RASIS

DIFEHSTON  REURGeMSPEC) e XCINR N eNSPEC)

COFMMIZPELL2 /PR SH AKS e SETBETAGALPHA
COMOMZF IL A /7NCPNT 6K

COFMOM/SHAPE /1ISPH

CO* MUNZSYSTF 1T/0P «DT AL LGS THIT

COMMON/PROPS/CP o RMI s AKF
COMMUNZTLIVI /TP o X (ISP L,PFT

NIFEMSTION X(1N) SISt

DATA AHE (FUHETWNHET/3:35¢34+64198E406/

REAL HuETY
AHET= 10.0%+AHF
RCHE 1000.0eDP

FOR A SPHERF,
IFLHSPHL.EN 1 SAVE 6.0/DP

IFINSPINLEQe=1) SAVZ 4o/DPe(le=TUII/THT

IFINSIIFQ.N) SAV=L .0 (], =ALPHASBETA)/DP/ (1 ,«-ALPHA)/BETA

RR= 1.9RF =013

F0 1 Jz1l4NKH

co 1 K=1.0t

PPz PFIZ(1.0¢ XC{JdeKe30)

TT= (XC(VKe2) ¢ 1,0)e7

KRET=2 ADETeCXP(=-ENWFT/RR/TT)
IF(NCOINIT.EN.1) FRC=]

IFLHCUNT WFQA,0) FACE GHZIKHFTSREH4GK)

RIJeK 1) =SAVEXC{Jexo 1) apPFsKIET
REJiKsldz R{JeKal1®RGH
TFLLCONTLEQ.0) RiJeKe11z RiJoK1I%FAC
RtJefoe2)=0,0

R{JsKe3)=DHET=R{JsKel) /T

RiJeKel)zeR{J1KL1)

COMTINUE

RETURN

END

SUBROUTIMEDERAFIIXC +sR«NRT«NSPEC+NReNZ «NT)

BITROUS OXTDE OXIDATInN

HE TEROGENEOYS NERIVATIVE TERM
SIECIFSeeaas

1 = MHITROUS OXIDE(N20)

2-2 NITROGEN NIDXTDE(NOZ)

3 = TIMPERATURE

CRATE  FVALUATEN OM KG/™3/SFC ¢ MASS FRACTION BASIS

DIMENKICHN NRA(10)
DIFEHSTON XCUER 2, uSPFE)
DIFEHSTOU REER G2 G uSPECHDRT(HR)
COVYMUNZSYSTE /0P DT o AL« GS o THI
COMMOI/ZE L /UCNNT 4 GK
COMMULIZTLIM/T P e X o HISP W PF Y
COM MOUZSIIARE ZLiSPH
COFMINZPILL2/PN ,SH JAKS 4 SET ,BETA ALPHA
DIFEHSTON XU10) (SHIS)
REAL RUET k4

OATA AUE JCHETePHET/5¢35:3Ueb64198E+06/

AL T= Y0.nsenNE

RGH=E 100LD,0eP
HR= 1,98k 03

FOR A SPMf L
IFtSPH.N, 1) SAvE 6.0/DP

IF INSEMFQ.N) SAVZL.08(1.~ALPYASBETA) /Dp/ (1, =ALPHA) ZDETA

NO 3 JH=1eut
o 1 J2F 12
TTT (XCIUted2e8) ¢ 1,07
TAS (AC (U eU?+3)ela010LonlnY
TH(7C(JUReUZ e 31011, 0e0) TA= TTe1.001
aAz fast .
KHETS A Tef YD (=EHET/HA/ZTT)
IFLNCOUT U M) FAl=z GR/Z(KHFTeHRUAGK)
IWinCn:T.ro.tt FAC=Y
KAZ atih Tebap <l TZRR/ZTAD
PES PFI/78 Tt o XC LRk d))

103



[aNaXal

aAOANAARNNANONOO

PFfz PFL/AA
R{JReJZe1 )= KNWFToreXCIJgRs J2Ze1)eSAVERAGN
RAZ K eDT AeXCi.i70d201)e8SAV #RGH
T8 LIICOT LE L 01 A= RAKCAC
IF(UCONTLEN.O) R{IHeUZ41) = R(JRcJZ-llOFAc
RIJReJZ e 51205tk TeR (R eJZ 4 1)
RAZ DHETeRA
PRY (U= (HAR{JRIZ«311/7(TA=TT)
HiJited/e3)= HEJNReJ2e3) /T
penTs Avtr-rqu-ruFT/nRITT)'EHETInR/TTtOZ
DEACURYIT NKNTerF oxCluN J2s11sSAVINHE TeRGH
IF CUICONTE,0) DRA(JRI= DRALJRI®FAC
COLTINUE :
NC 200 Jnz= 1.MR .
DRT{UK)= DRALUR)

200 CO NTINUE

RETURD
END

§UbROUYXrE RAGASTIXCVRAEWNSPEC R eN)
NITROUS NXIDE OXIDATION
HOMOGEMNEQUS TERMS
SPECIES..
1 = NITROUS OXIDE(M20)
2

NITHOGEM DIOXTIDE(NO2)
3 = TEMRFERATURF
RATE EVALUATED ON KG/M3/SFC , MASS FRACTION BASIS

DIMEHNSTON RA(IHR ¢HoMSPECY o XCIT'R4MeNSPEL)
COMMOH/SYSTEM/OP DT AL «GSHTIHT

COMMIILSPRAPS /CI? o AN AKF . ' -
COrMI/THIV2/TeP o XIS RFT
DIVENUSTON X(1M)

CDATA ALIDY JAHOM AANOBR/16,4844,99+13,887

DATA EHO™1 b 1IOMIAGFIHONMI /AL B 28, 4,472,647/

CATA UMD LePHOND /1 .98E406+11.05C+067 .

REAL KHOM] ¢®UCIZTA WKIIOMD

AHOMLIZ 10, ,0senbn®

AHCPLIAS 10,00 s AHOMA -

AHOMZ2=10,0+ e AHOMED .

RR= 1,495 =03

00 3 J=1,0K

D0 1 K=laN

PF= PFIZ(1.00¢ XC(JeKe3YV)

TT= (XClJeKa3) + 1.0)T

KHOML= AHOM]sEXP (~FROM /RR/TT)

KHEMIA= AHOATASF X f=EHONLA/RRZTT)

KBONZ2z AIIOMIeEXP I ~F QM2 JRR/ZTT)

RETJUKe 1IN o (PFRaXCrJeKel))ee2/101, vKHOMIA'PF-XC(Jokcl))QKHON?t
T(PFeXClJuKoel))en2

RGLJW K 2)=KHOM2 0 (PFSXCIJKel) hnu2

RE(J K eII=ROIJeK s 21 2TTHOM2 ¢ (RG (UKo 1) = RG(JQKQZ’)‘UHOMI
REMIIKe1I==RG(JsKe 1)

RGEJrKe 32 RGIJeKoRI/T

1 CONTINUE

RETURN -

- END
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SURROUTIEE nTMT (HSPIG) .
PROVIDES HEAT THANSPORT PARAMETERS 7O MOUELS

DIFENSTOD X(10)

DIMEHSIOr SHIS)

COMMUNIZTUTMA /T P X HSPPF ]

COP VULZPELL2Z PR LSHAKSSETWEETAALPHA
COMMUNZSYSTI /DD (DT AL LOSTHT

COFAONU/ZCEHUTZALC P¥R (U AL PHAC

COMRON/PHASF2/ALS s ALF o HMVAVY, PMRz.ALPHAs.ALPHAF
COVMMON/PROPS/CP AMif, AKF .

MP eI GAY S THE FROM YAGTT4+KUNI1/DEWASCH4FROMENT
HP IS COMTACT COFFFaIW/M2/K)
NSFHNZ1,SPHERICAL PFLLETS
DFs PELLET DIAMETFR
DFP= FOUTVALENT SPHERF DIAMETER
£2 0.5
IF (HSPULENDLYY GO TnS

AVE (1.0-ALPHA » BFTA)-M,OI(I N=ALPIINY /D0P/BETA
DPPz 6,0/7AV :

cOLTINUE
HPz 23,2
9=1,u

IF (ALPHA ,NE,0,0) B=0,72
GAt= 1,0=-ALPHA
THL= 0,0%0
PRz CPoAVUZAKF
S0z 2,20K-n7
REFPsLIPeGS2AM0
RACIAL PECLET MiMReR S
PMESH DO (19,6 (NP/NT)sed+1,0) ° :
V=HEPee 332ePHee0,333
Y=REPs a0 BNsPHesN 40
CONTINUALS MODEL WALL HEAT TRANerR COLFF,
IFIHSPIEQ 1) GD T 1
CYL [LDERS
ALFHACE AKFe(2.580y40.0948Y)/0p
REFz HEPSNPP 0P
60 Tu 2
COLTRNNE
SPHERLES
AvVs &,0/0P
ALPHACE AKFe(0,203sy40.028Y)/0P
nprz 0P
CONTINUE
VECPPeTHE/Z (1,0=THE ) ZAKF
REPzHEPOTHE/Z1Y . N=THT)
SCLTO/ZFLULD FILM HFAT TRAWSFER
HVZ(0,50KEP 00,5 +N,2*REP*+0.667)PR/V
T3=Tes3
VECPeGSeNP/PMR
= ¥/TH]
Y=SIG8T3/(1e08THTI/(1.=THI/2.0%(1a=C) /)
EFFLCTIVE FLOID EARTAL rONRUCTIVITY
ALF= THlegArTsveYensDpPy
ARSZL®TAsS G/ 12,.0=F)
CFFECTIVE SOLTD RANIAL COMNUCTIVITY
ALQ—N-(I.-THIb/cGAVIAKQOI.Ill.ITNEOHP-OP/RKF#ARS'OP/AKF))
ALC= ALFaALS
pVvhk 2= pen
us lel/7(2,0/8LPHAC ¢ DT/78.07ALC)
HVAVE 1IVsAve(l,0=Tuly
S=l'HASE PARAMFTERS AFTER DEWASCH4+FROMENT(1971)
ALPHASS ALS/ZALCeALPHAC
ALFPUAF = ALF/ZALCALPIAC

- RETURNK

[ 4108
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CACFI2)z ACP(2)#10NN.0u,180/18,0

SUBROUTINE PROPSITWP e 1SP)
EVALUATES PHSYTCAL PROPERTIES AT INLFT CONDITIONS

THIS ROUTIHE ASSUMES THAT FEED IS MIXTURE OF NITROGEN AND
STEAM .
X(I) IS MOLE FRACTION OF 1

Aq1) = NITROGEN
X121 H20(VAPOUR])

HETHOD . o

CP FHOM HOUREN+ RAGATZ POLYMOMIALS,

VISCOSITY CORRFLATED AY SUTHERLAND EQN. USING DATA OF PERRY
KE=ASSUNMES PHANDTL NO, I8 MOT FIT)

RIXTURE FILFSeease

cPs CPITYeXIT)+ CPEUIX(J)4 *

VISCOSIfY« wlLKE FOUATTLH

KF* BHROVLEY EQuaTION
REFERENCE, « s REID#SHERWOOD

HOTE o, IN AROMLEY EQN, Al IS ASSUMED INVARIAT WITH T

UNITSenesee
CP= J/KG/K
AMUE Ko /M/SFC
AxFz wsM/SEC

HOM eose

HCLTUH1979) USFD

KF=0.04 CP= 100n,0
AVMUZL,0SFE=0% ¢ 3.0RE-08+7

AND THIS GIVES PR= 0,5625 AT 400K

DIYENSTON XINSP) .
DIVENSIOH ACPL2)KF(214012)
REAL K¢

COMMOLI/PROPSy CPeAMUAKF

$3s 2)1.48

£2= B8H.%0

PRI 0,74

rF2s Q.78

Ales 1,0%34n3
A21z D,87543

TT=z Teel.5
ACP{1)= £,.903~n,3753E-n34T4+041930E~05+Txe2
ACPI2)= 7,7n40.4%90E=0%T+1,2521E-05+Te»2
CP= (ACPI1)ox(1) +ACPI2)*xX(2))/(28,0%x({1)+1R,0ex(2))s4_184%1000,0
ACPLl)= ACPI1)#100Nn.0su,T8u/28,0 ' ’ .
U112 0,1702€=05+TT7(S1+T)

U212 NG21RIE=0LSTT/I824+T)

KF{1)= ACP(1)=U(1)/PRY

KFi2)z ACPI2)e11(2) /PR

IFix{1).FQ.1.0) GD TO 1

AKF= KF1)/11,04A128X(217X(1)) & KFL2V/(1.0+A21eX({1}/X(2))
THIZ2= (1.4SCRTIULLIIZU(P))I*=0.895U424)1%42/4,521555

TH21= THI2#il(2y/UL1) 21,5556

AMLE UL1)/7(1,+4xX12)eTHIDO/XT1)D+ULRI 70T 44XC1)*TH2L1/XL2))

60 TO 2 . ‘

contINUE

APUZ U(1) T

AKF= KF(1)

COMTINUE

RETURN .
END ' . S
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1

SUCROUTIHERAET(XCoR o NSPY s Rt oB)
HETCROGEHFOUS RATE FOR FULL DUTENE-BUTANIENE SYSTEM

PELLLT MODEL WITHOUT FILM EFFECTS
PELLLT IS tSnTupFHMal

DIMENSTICH XPUT)JRAVIT) (SIS)
NIMENSTICH XC (R Ne*ISPL)Y) JRENMR 1 45P1)
DIMENSTON X(10) .
DIMEOSTICH A (T .
DIMENSTICT XCP (252471 4RT(2¢2971eST12¢2¢7)eSTO(2¢2¢7)
DIMENSTON ASFTACT) GHSTARTI242)3F (13 0R124¢247)4RP(242)
COMMUN/ZATC/ACCD ACES
COMVLIN/SOLVF ZINTAG
COPMOL/MEACTZICH TNETA
COMMINZTOIN/TT
COVYPOU/DIFF/SETT
COMMONG/PLLL/PRR,OPD yulT
COVMINZTITTYD/TePeXaiSPewF ]
COMMOLZSYSTRM/NN 0T 4 3L GSeTHT
COMMI/ZPELL?/ P P oSHeAKSeSETIRETACALPHAP
COMMUI/PROPS /CP ,AMIL AKF
CO¥Mur. 7%f wT7ALPIIA s ALDPHAY . 3
COMMONIOC/ARSU2,2) e AZS(Pe2) eRZS 1242V 4ARSI202) 4 XRS(2)+WRS(2)4W2S5(2)
1e0ENIT 1)
COMA/BTFF2/ASH( T OTIR(T)
DATAZAN/32.045R 04554041, 0¢28,0:56¢0¢56.07
IPIAGS o
HSPEC= t P
ALFHAT 0.4
ALFIIALZ 0.7
NRE =2 .
NZF =2 ’ -
NRE 2=} ’ .
Ico=1
tNtTaz 0
ALTz BETASDP/2.0 .
ACC2z £.7 .
ACC3= Dou
SETT=s8¢ T
HETART(T.1)=1
ESTARTI142)z NARPeY
NSTARTI2.10= 1
NETART (D ¢203 NZP =Y
DPPz (IPe(1.0=ALPHAP)
PRL =13
e 11 K&z 1.5
ASH (us)s SH(NS)
ASHIBYIZ SH(?)
ASH(7)= SH(2)
00 1 JUs 14NN . N
TI= Teql,044C{UJelalt)) .
DIFFUSIVTIES
O (1) G 33F-0A*SARTITT/Z32.0)
DIR(2)= Q. 4rE=06*SARTITY/S.0)
NIKE3I= NJU2E-N6oSQRTITT/S6.0)
OIR{4IZ 0,9926-04 & 0, HUE=-06*TT
OIRED)I= N3 eNReSQRI(TT/2R.0)
NIR¢(b)= DIR(2)

Nth{Tr= CIHL2)

COMVERSKION NF ar 1GuT FRACTTON 'TO COMCEMTRAT IOM(KMOL/M3) aS USED
TH PELLET «0OREL
ASSUME AM2 JRESTDUAL) HAS A MOL. WT. OF 26.Nn{N2/H20)

Vv= 22.4417/273,0/0

AN 1,0-XCtUJel s t=XCeJJs1 e2)=XCtUSvle3)=XCiJUel:5) .

1oXC (el sa)=XCUIIe14 ) . i
SUPz AN2/26.06X0 (e 1o 1170 (1) 0CLJU T e 2070 (2 )4 XClUUv 1 3FZAM(3)
1+ XCOOUW LI /ZARISI4XC LI 196) ZAMTAD «XC (IS T T/ AMLTY)

D0 2 wK= 141591

XRIKK)2 xCtJUJe 3 KK)/VM/ZAM(KK) /SUM

XEfu)z T1/T-1.

00 w Jd= 1.1KP

00 6 K= 1,N7P .
00 & NS 1.NSPY .

XCVTJeK e S) S XRIMS)
D0 12 U= t . RP

00 12 K= 1e112P

NO 12 NS= 1Sy
STIJeK o NS)= 0.0
CALL PFLLBIPER«XRWANETA NSPEC e ARSeNRS s AZS1B2S e XRSeNRP o NZP e NRNZ «RAV
LaWRS WIS F o PRy RP e XCI e RT ST NSTART ¢ 4SPL1,5TO)

00 3 K= 1.i15P]

Ri{JJel K= BAVIKISAM(K)

COLTINUE

RE Tuthy

(4]

R
~}
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SURROUTIFE PELLAIDFRWXA,ANETAWNSPCCIARS+BRE«AZS+BZSeXRSeNR«NZWNRNZ
1 sHAVIMRS sWZ2SeF e DHeR WXL oRT 4 SToNSTART+MSPLSTOY
DIMEMSTON STA(NN N2 NSPFC)

0.Ce 2P ©FLLFT MADEL ~GEHERAL KINETICS.
WITHOUT FItM FFFECTS
SFVEH SPFCItS

DIFENSTION ARS(HN IR} +ARS(NRIMRI+WRS(HNR) ¢ XRS(NR)
QIFEUSTON A2S(H2+N2)+HZS(INZIN2) e WZSINZY

DIVENSION DERIMPIZURNZ)

DIMLNIISTON FLMRIZY

OIMEHNSION LR{MP 112 NSPFE) +RTINR«NZJNSPL )¢« XCINR«NZWNSPL)
NIVELSTAN Rt «11Z)

NIFENSTON XNR{NSP1) JANETA(NSPL)
DIMEMSTION RAVINSPY) -
DIMEMNSTION DIYE3)

DIXENSTON STIPRWHZHNSPFC)
DIVENSION MSTARTI2,2)

DIFENSION R&1141+7)eXCS(1e107)
COMMON/PELL/PR«NPyAL
COMMON/DIFF/SET

COMNONZTOIM/T !
COMMON/REACT/ZICOINETA
COMRMON/SGLVEZINTAG
COMMONZTHANS ZALT s AM(T)  TH
COMMUZRTIFF2/780¢ 7)), IRET)
COPMON/EATZALPNAGALPHAY
COMMONACC/ZACCD2 ,ACCS
COMMONI/ALTD/nRENI6) 18N L6)
COMBOLZTRPUTZAKRT(7),P0WT (6),HRT (7]
COVVONLCHUT/ANG LT ) WPOACIE) JHRCLT)
CAM SO /UL TIZAKT (T POWY (&) HRI(T)
COFuDLZATSOM AKTISTAY JHITRIG)
EXTERNAL RADER1 RPANER2 ,RARERS
E€xTLiAL RADERA «RACERTY
NSPEC=Y

KS2127
NS fispl

IDtR=(

ACC= 0,01

ALT= OP/AL

ALY22AL T2

D0 & =zl .NSPEC

TACHELelaM)= xALNH)

17

AM(NIZNP/SQRTINDIR(N)II/ZD2,0
COLTINGE

HNYE &

TH= SETeaALT2

SUNROUTINE SETUPIT) EVALUATES INFORMATION IN THE FOLLOWING
COVMOI BLOCKS
Z0UT0y
/TELT/
ZCEUTY/
80T/
ZAIS0N,

CALL SETUP(T)
HeounT=g
HTOF= 1%
COLTINUE
HCOUNTE HNCOUMNT+1

SOLUTINN OF SET OF EQUATIOMS FOR EACH SPECIES IN TURN

T€51=0,0

CALLATIVPELEW(RANIRI(140FR «ARS MRS L AZS ¢RZS s XRS MR ¢N2 F ¢ NRNZ 4 XC 4 0R, D
INHSPLC o TES TR e X aSToHNSTART 4 MSP14STO)

CALL LOUND3IIL (YL o XRGARS AZS R HZ HSPY )

CALLAIVP LA IRANFH2  24FiFH oARSINHSIAZS «RZSsXRS MR eNZ e FoNRNZ e XCaDRR4D
A0t SEECVTES TG H YR e ST HSTART 4 HSPLSTOD

CALL HOIB DRI XC o XB AR, AZS LR 4112 41S11 )

CALLAIYPIF wtRADNFH33.0Q sARSeRIRS o ALZSoRZS e XAS MR «N2sFoNRIIZoXC o 0P oD
10eESPLECATEST R o xR ST HSTART W SPLRTO) .

CALL BOREDIIB3 a0 s XRIARSJAZS R G112 1SHLD

CALLAI»PEFWIRANFP G, 640F0 sARS MRS o A2S ¢RZSeXRS 1R eNZoF ¢NINZ o XC 4 DR ¢ D
I HSPEC O TEST yRa X STaHSTART I HSPY eSTO)

CALL HOUI D314 XC o XAVARSoAZS s HRWNZ o 1SPT)

CALLAIYPLE W (RADFHT ¢ T20UFR S ANS RS sAn2SeNZS e XRS NReNZF(NRNZsXCsORD
10 SULC Gy TEST (R XN, STLLUSTART LHSPLSTO)

CALL IOULNI[T+XCoXRIARSsAZS tHHNZ4HSPL)

IFLIDIAG,CG,0) OTA 100

DIAGLOSTIC PRINTOUY

PRINT +ALPYIA

0D 101 Nz 1.MSPCC

[N

D

mn
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NnNno

(2 XaXz2]

101
100

19
23

200
18

30

22
23

28
29

2

-4

32
33

1F(H.€0.4) GO T 102

1IF(HEQ,5) GO Tv 1n2
PRINT(XC(Isketi) oK Tan7)

PEINT o (XC(Jelal)eud= 141R)
QLT IIIE
corY Inure
coLYlhuE ’
IF(TESTLLTLACC?1 A PIHA= ALPHAL ) .
IF(TEST.LT.ACC3) ALPHAZ 1.0 :
COMVERGE® CF TEST

IFCTEST.LTLACCY G0 TO 18

TF (HCOUNT.LT.MTUP) GO 10 17

APPLICATION OF BIKECTYAN RULE

L0 19 1= 1WNSPFC

IF(N.§0.4) GO TO 20

Ir(H.£0.5) GO TO 20 -

DO 19 U= HNSTART(1+1)+NSTART (142}

DO 19 K= (ISTART(2.1)HSTART(2,2)

XCUJeKoMI= XC(JeXeH)+RTO(JeK NI/ 2,0

IFIXClIek ol LT, 0.0) XC(JeKel)z 0,0

corTINUE

WRITE(64200)

FORMAT(11xX.~ BISECTION RULE OPERATEDD)
COrTINUE

MSTARTI1.10= )

NSTAKT(1+42)= 1

NSTART(2.1)= 1

NSTAKT(2.23= 1

EVALUATION OF FFFEFTIVFHESS FACTOR
USE WUADHATURT FORMULA TO OBTAIN AVERAGE RATE

CALL RATESIRS+XrSINSPEC 101 +NSP1NSTART)

NSTART1,2)= MR

NSTART(242)= 17

CALL RATESIRT+ X WHSPECINRIMZ sNSP1oNSTART)

N0 313 M= 14418

RS{1+1sN)= HS({1,1n)ePR

RSClelolidz RSUT1,140)/T7

DO 23 J= 1.HR ¢ .
DO 23 K= 1.NZ ) . -

00 22 1= 1418

RYUJ+K NIz RT(SKeMN)*PR

RTCIsK 43z PTISK I /T

00 27 nN= 118

H= 0.0

0029 K= 1.N2

G= 0.0

00 28 J= 14N

Gz G + RTIJeK«NI®WRS (J)

Hz H¢ GsWZS(K)

RAV ()= |

IF(INETALEQ.L1) GO TO 27

AMETAIM)I= RAVIMI/RS(1414N)

CONT INUE

RETURN

END

SUBROUTINE F2IS0 (FeAZSJNZS+ARSIBRSIXRS ¢ XCeRyNRWNZINSPEC «NeNRNZ XA

SETS UP FUMCTLON VFCTOR FOR EACH SPECIES.FOR NEWTON PROCEDURE

1eMSTART 1 SP 1)

DIFENSLOH FIRMZ) yARSTHRNR ) yBRSINRWNR) s AZSINZNZ) +82S (NZ+NZ)
DIFENSTICH XRS (MR}

DINEUSION X UMRNZLUSPT D oRIMRWNZY o XBINSPL) ’
DITEUSTION NSTARTI2,2)

COYMUOHZTHALS/ZALT AMET) o TH

COYMUN/DIFF2/SH(T)DIRY17)

DO 3 Jz= MSTARTI1+118ISTART(1412)

DO 3 K= MSTARTI241)NSTARTI2:12)

L2 (J=NSTARTUI 41141 )+ (K-MNSTART(2+1) )¢ (NSTART{1,2)=HSTART(1+1)41)
RAZ XHS(J) s
FILIZ AM(M14e29R(J.K) '

00 6 K2=1.4017

FILIZF(LY+TH CUZS(KeKZ) oXC{JKZ N

DD 7 u=l.0R

FALIS FILIAARS{SsJRISAC {JRKN)

CONTINUE )

‘RETURN ’ .

ENO

SUBROUTIME MOUNNSCNsXCoXBeARSAZS yMIRINZ ¢NSPL)

ACUNDARY CONDITIUNS

NIrEHSTION XC (MR HZ JHSP 1) o XREMSP1) ¢ AZSINZaMNZ ) o ARS (NI WNR)
DO 32 K= M2

XCINRWK Y= XBIM)

DO 33 Uz 14MR

XClJsMZ M)z XD

RE TUKNY

END

o)
t

9



an

BN s EaN,]

nAnN

SULROUT!NEAIVPHrw|nAnER.M.nERI.ARS.nRS,AZS.HZS.XRS.NR.NZ.F.NRNZ.xc
1eDRIUDWHNSPECSTEST +ReXBoSToRSTART ¢NSP14STO)

CARRIES QUT SPLIT MEWTNM 1TCHATION PRNCEDURE

NIMEHSION STO(HRWIZ2HSPFC)
DIMEHSTON ST(URGHUZLHSPEL) WHSTART(2,2)
DIMENSTON XA{NSPLY JXCHBeNZvhiSP1}WRINRN2Z)
DIMENSTON FAURNZ) yeERT{ORNIZPRUZIC0OD(NIRNZ)
DIMLISION DREGRGIZLISPFCY o XRS{UR) sARS(HRyNR ) yARSINR oNR) ¢ AZSINZ W MT
BRI A1 DT LIS B
CCOMMUN/TRANSZALT o AM{T) o TH
COMMUIIZOTFF2/511{ 7, NIR(T)
COMMBIZATSN /0K 1S (A ) W HTIS ()
COMMONIZRUTLIZAY1 (T ) POAYI6E) (HRLET)
COMPUL/CHUTZARC L T) dPTAC (6 IMCLT)
COMMIN/TAUT/AKT (7)) sPOATI6) JRTILT)
COMMONL/ZBDTN/ZAKIIN LG ) BN &)
COMMUNZTIIV/T
COMMUN/PELL/PIR NP, AL N
COPMOU/HE G T/ALPHALALPHAY

CALL OF KINFYIC AND FUMETION EVALUATION ROUTINES

cAaLL KAﬁEH("vnV!Yr'NSPrC'Hﬂ.HZ +HSP1NSTARTY
CALL F21SN (FeN251AZS+ARS RISy XRSeXCoRINReHHZoNSFECeHoNRNZ 1 XByNSTAR

1T.1'SP1)
DO ) U= PSTARTI14114liSTART(142)
001 K= NSTANT(2.11.HSTART (242} .

JIVs (0=t START{1+1341)asK=tISTART{2:1)10(NSTART(2+¢21=HSTARTI(2+1)21)
O0(JITy=E F(JIT)
DO 2MT=1,NSPEC '
2 NOLUITI=PN(JITI=NR(JIK, n!)o<1|J.K.uT|
1 COnTinuE
00 3 U= e STARTI111eSTART(142)
DO3 Xz MSTART(2,1)HSTART(242)
KiT= (J-!STARTII-1)01)0(K-HSTART(2|X|IG(NSTﬂRTl202)~NSTAWTl2|l)01l
nEL= 0.0
N0 4J2z PSTARTI1+13HETART (1421 .
DOLK2z NETART(241)4USTART(2+2)
JIT= (U2=-MSTART(1+¢3 )41 1e (K2=NSTART(241))1*({NSTART{2:2)=NSTART (2411
11)
q DELz DOIJITIABFRIIKITHUTIT) + DFL
XCCUeX o)z XClJsk e }=NEL*ALPHA
TF(XCLUeK et} 4 LT 04N} XC{JeKNI= 0,0
STOLJ K b )= DEL «ALPHA - o
TFIXCIUKM),,E0,0.0) GO TO 3 s
CYSABSIDEL/XCUUKeND) :
"IFL{YWLGT,TEST) TEST=2Y
3 CONTINUE
RETURN
END

N

=
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A.5.2 Coding for multiplicity analysis

Only the coding of the main search routine and one example sub-
routine are presented. The logic of the search routine should be clear
from the flow diagram (Fig. A.5.3) and list of important variables
‘(Table 5.3). The example subroutine was written for one of the

‘simplest models used but illustrates the general approach.

Table A.5.3 - List of variables for multiplicity models
Compucer Fagivaten:
AF 1 Pre exponential factor for O
AS _- - each reaction ' o
BF ’b Adiabatic temperature rises Be
BS J for each reaction o Bs
GF : ~ Activation energies for _ ¢
GS . fluid and solid phases Yq
H Film heat transport group : H
AK Film mass transport group K
ET ' Voidage £
AL .External cooling group . A
Z0 : Product inlet concentration . Zg
YS Solid phase temperature YS
YF . Fluid phase temperature Y.
XS Solid phase concentration (reactant) XS
XF Fluid phase concentration (reactant) Xe
A Solid phase concentration (product) Z
ZF Fluid phase concentration (product) Zf
YO Coolant temperature YO

All parameters are dimensionless



Fiz Ae5.3 = Logic diagram for multiplicity search coding

lﬁntnr CALCSI Modol specified by

subroutine

Evaluate Y’ range
(depends on model)

Approximate location of]
turning points (coarss
grid)

o)

Rofinement of minimunm

(using finor grid)

Ropeat of refinement

for maxima

Sort out turnins points

into multiplicity ranges

Output as an

ranges and no,

of solutions

| RETURN I




008 8¢RI TSRT] SFC I EAREGAQINCPCIETERREATEINT S0P I EECEINOSEERITERNOQITEOOES

MUTE ’
ALL CaALC ROULTINFS NSE pPARAETERS DFFINEU oM A ? PHASFE RAQIS
TeEe VNINAGL IS anN ExpLICIT PARAMETER FUKR EVFHN ONE PHASE
rontLs,.
TH CONVERT  AS(1=PHASE IS AS(2-PHASE)e(1.ET)
AFI1=FHASE )2 AFJ2=PHYASEYSET
BAPSI62000¢0¢00[ 00200 ettt IRNRINRINENESIETRRLTLRRSETEREERESIOsROS
SURNQUTINE CALCS(CALC?)

PULTIPLICITY SEARCH PHOGRAM

USES CALC2 7O EVALNATE AF = FIYS)y THEN SEARCHES FOR TURNING
POINTS In TS FUNNTIOY

CONvOt/FATLY HFATL « IFATLSCRIY

CoOMYOH/CNNlT/EICO
COMMIIZAXTAL /PF

COVVOL/FLOA/DF L ToxTaY]

COMYUN/CONT/IOTAG

COR O IBELP /DAY
COPMUN/CUT/AS s GS o AK o RS AF yH 204 ET4GF AL TO
coO¥Mun/CrLC/tiCALC

CCwpn/nnu/Y DAMENL, DAVAX

COUMULIZAFACK/ZAOHD IS0 oM N

COMMUN/START JHSTART

DIMENSICH AAL1D)

DIVLNGICH ST(4.5012AT (6450}

DIMENSTON MC{1n) o TS(1n)

OTIELSION QTL2.5014PT(2450)

EXTEHIAL CALC2

ESTianRT=)

ACCT G,.01

psp

NST=4

rCo=0

L=0 .

*71=0 -

Mizn -
Wiz MgsuziD
BVAXE AP

oAAAN AYNAANNNNAAAR

EVALUATION OF YS RANGE FCR SEARCH

ann

JFINCALC.FO.16) YGN=TWn
IF(MCALC.FU.16) RI4CS «n,999

IF(MCALCLENJ1R) ATNCE pINC/ZFLOAT (MJ-1)
I} (UCALCF2.16) GH TO ROD
TF (IS, 51671 BrAXs 6GS
gItc= pvax :

A1HC= O¥AX/ZFLOAT [HU-1)

TF(HCALE ,EQ 4 GO TO S%

IF CUCALC.E€72.12160 T0 S5
TF (HICALr (E2 4) GO TO 5>
ATHCS (BF oS /FLONT(HU-T S
AlnCs Q\-AK/MI(I.o(1.-rT)'nK)¢tZocBFoAxoll.-ET)-(Bsoerl/l1.¢l1.-E

11)‘AK)9AL~£T¢YO¢1.|I(A|nET¢1 }e1a0
%3 CORTIMUE

B8ST= RINC
YOOHR= 1.0 RUC/2.0
Y&z 1,0+1L0C
CluCz BINC/ZY0.0

53 CONTTiniE
Y&= YSaf T
CALL CALCP(YSAF)

IFLUFATL,FOL,1) GO TO 1000
IFCYS,LTYrNRY LIMC= AST
TF(YS, LT, YCDRY GO TO 51
IF(CINC.L.T.0.NNI=RINCY GO TO S1
1 FUAT (LT.0,0) GO TO &0

LEAAF«GTaN,NY YS= YSe CINC

IF(AF BT 0,00 CINCE CTNC/Z20,0

IFIAF«GTL,0,0) LO TO Sn

51 COMTIINE
AINC= Y8e1,0 ‘
AINC= BIMC/FLOAT(MU-1)
52 CONTINMGE
NSTAKRT=O
YGt= 1,0
IFAAF L T0,0.ANN,NS,LT, N, 0) GO TO AOOD N
IFIGF LT 0.0) Y05 1,+RF
IF(RF . TN, 0) ALNGz AINC-RF/ZFLOATIMU-1])
IFAUSLTL040) YROZ 3 .4RS
IF(LS.LT.0.0) AINCz AINC=DBS/FLOAT(MU-1)
800 CONTLIHUE

COFMENCE SEARCH PRNCEDURE

[aMalal

N0 1 J= 1.MJ
Y&z Y604 FLOATIJ=1)¢ATNC
IFidetUe1) GO TO 7
AES=T AF
7 COnNTILIE
CALL CALC{YS AT)
IF(MFAILL.EN.T) U TO 1000



" onn

- 1FtJ.Fu,.3) GDTO 6B

IFtJeF0.2) GO TO 9
niz=2
pX=P2

9 D=4V =-AL

34

L L]

»

36

18

100

300

301

p2=i'} .
Al=AF .
Pi= DADY
IFlU.EN.1) GO TO 1
IFtJ«EN.2) 6O TD 1
22= P1/¥2
22= P1/P3 . ~
TIF (AT JLTaNeDaAlDLJIGT MM} GO TO 18
IFA{AFSLT.0.0) GO TO 35
IFI01.GTeN NaANA DI LTaNeNiANDLZZ.LT. 0,00 M= Msl
TURNING POINTS = MAXIMUMS .
IF(ULaRTe0a0ANN.02.LT N0 ANDLZ22.LT,0NaD) AT, M)z AFS
IFEDLnTe0e0eAHND2 LT N 0 AMNG2ZoLTo0.0}) STL2,MI= ¥YS=ATINC
JFID) 6T e0eNeANN02sLT Ne0.ANDJZZ.6GE.0.0! GO TO3H .
G0 TO 3%
COMTINUE
MT= MT+1
AT(3:MT)z 1,00+06#EXP(RF}
STE34iaTdz YS-ATNC
cOof YInug
TUH TG POTHTS « MINIMIBS
Il aLT e NaATNIaP2.0T 0. NeANNZ2.LTa0.0) L= g ol
IFEUlalT a0, 0er?DuN2.GT  NeNeAMBelZ.LT.0.0) AT({1sL)= AFS
I (Dl al T o0 aNa AN 6T, CeNaANL2Z.LTo0,0) STITLI= YS=AINC
TH (DI LTe0.0e0DeN2e6T.0e0eND.L2.6E.0.0) GO TO 37
GO TO 3«
corrInue
IREIT R
ATJ4 T Yz «1.0FN6EXP(GF)
STl4e7iT)z YS=AIrC
cOLTIiuE
COLTINNE
COLTTNNE
HYTz %Te o7
IF(LFONeNR. M EQ.0AMDNNNTEN.O0) OAMAXS =1,.0
TFAL.FO N 0N ER.0ANNMMTLED.O) HRITE(6410n)
FOYvaT (2 UDLISUF SO1UTIONS A)
DIAGHOSYIC PRINTOUT .
PRIGTaMel svT T
IFLINtAC ,EQ,0) GO TO 310
IFILEG.0) GO Tn 3n0
PHIUTCOISTU1LAD AT LA) DaLAS 1,40}
coOnTImIE
IFIv.EQ.0) 60 To 301
PRINTVEISTL2eLAIeATIZ2.LA) Yolaz 1,.M)
COETINUE -
IF("T,E0.N) GO TO 3n2
PHIMT(ESTI3vLA)«ATI34LA) }eLLAZ 14MT)

302 CONTInuE

IF (MT.EC.0) GD V0 303
PEIOTLCIST U LAYoATI4, LAY Delaz, 1,NT)

303 continug
310 COl.ThIE

500

21

29
22

301

IF(LLF2.0.0RM.EQ.DsANNNMTLEGLO) GO TO 2
CONTIHUE .
Stlic= atnrc

REF LHEVYENT OF TURNING POIMTSe USING FINER GRID

IF(L.FQ.0) GO TO 207
MINIMymMsg . o
DO 20 LAz 1.0
neosn
AlhC= SInC

T (1LAI LT, 0.0) GOTO 20,
NINC= AINC/I0.0
NCC = 1Cnaey

Y¥= STU1.LA)=ATNC

Y81 vy

CAMLL CALC2{YY AFST)

IFINFAILL.EQLT) GO TO 1000

no 21 uL= 1.20

Y¥= YYe+ O 10C

CALL CALC21YYAF)
IF(LFATL,EQ, 1) 6O YO 100
IFLAF LT AFST) YSTS TY

IF (AF LT AFST) AFST= AF
contlhug

DIFF= ABS((AFST=AT(14LANI/ZAT(1.LA)Y)
ST(3elAd=s YT

Adidal s nvsY
IFQUCh.GE.sT) 6O TO 20
COLVERGE)N CE TEST
IFINIFF LT, ACCY) GO TO w00
cobpingg

307 cONTIUNIE .

COLTtHuF
IF(M,£2,0) GO TO aAD6"
CHMAXMUMY
DO 25wz g
NCG=0
athcz sInG
I IATE24*4)aLY,0.0) GOTO 23
pInE= Alrc/zin.n

Fab

a3



ananonN

24

23
306

19

13

12
11
48

10

14

15
49
16

1

42
303

101

200

43

™

“3
L1
§7

NCO= NCO4t

YYZ STU2.M4m)=ATNC

YST= vY .

CALL CALC2(YYAFST)

IFtNFAILLFR,1Y GO TO 1000

ne 24 Jr= 1,20

YY= ¥Ys DINC

CALL LALC2IYYWAF)

IF(HFAILL.FOL1) RO TO LnnD
IF(AF.GT.AFST) YST= YY

IF{AF ,GT,AFST) AFST= AF
COLTINUE

DIFFS ARS(IAFST=AT(2.MM)IZAT (2, MM )
ST(2sMm)= YST

ATE2¢MM)= AFQT
IFLNUCO .GF ,NSTY GO TO 23
COMVERGENCE TESTY
IF(PIFFL.CTL,ACC) GO TO %501
ConTINuE

COMTINUE

COMPLETION NF SFARCH . .

SORTING OF TURNTHG POINTS INTO MULTIPLICITY 20NES

IFIM.FQ.D) GO TO &8
AVAXZ AT(241)
IF(M.FO.1) GO 7O &8 . .
NO 19 NB=z 2w
TFLAT(241R) GT.AMAY) AMAX=AT(2,ND)
cot TIMUE
DO 11 NR= 1M
IFCATL2R14GT.N.0Y GO TO 12
NC 13 KM= iRy Mel
ST{2¢kMIz= ST(2.KMs+1)
ATI2+RM)I= AT(24KM+1)
M= Mey
CONnLTINVE:
COrTINUE
CONTILUE . . - -
LM=0 -
D0 10 M= 1L
IF(AT(L14NR)LT.0.0) LNz LN+1
JFCAT(1sNB)LT4NN) NCELN)= N8
ITATE14nR) L TL0,0) TS(LMIZ ST(1,H0)
TFAATELNRI LT 0,0} ATEI400)= 040
PRI f 0. 0,0,t1eENGL) GO TO 14
TR QLEGL0) 6O TO 40
00 4u "ILs 1,LN-1
Lc= 0 ’
00 1% bz 1.m :
IFLSTI2 ') oGTeTS (ML)« AHOSTI2eNB) sLTTSINL41)) LC=LC+1
¢ TINUE .
TFILCFRL1) GO TO w0
00 15 Jz NC(nL) L=t
STleud= ST(1edel)
ATL1esJ)s AT(14Jel)
s L-1
COLYINUE
cot.1 IhiuE
NSz Vel
0O 81 J= 1.0
AMLI)E ATEI WD)
IFtn.gu.0) GO TO 308
DO 42 J=. 1,m
ARCJeL)I= AT(240) )
corTINUE R
PraAX= MNT
IFINT,GT ,MHAX) HMAYS mT
hl=z Mrax
IFthT£Q.0) G TN 200
IFINT.€0.1) TFATL=
IFiNT«t0e1) wRITF(64101)
FORMAT (A EHAOR o KT=1aE
IFANTEC.L1.ANN,ICN.ET,N) GO TD 200
HS=z MHS»)
ARLNS = 1.0ge06 o XPIGK) ¢
Mz My
convinug
MS= M, .
Hbz NS
M8z %}
[/ESS )
COhTIIME
h8T=1
ALK Y= ANLY)
TFINNL,EQ,LL) (D TO 46
00 w4 gz 2.1
IF (AR CJ) L LT AORDEINYY HNST= J
IHAACS) (LT ANKD(NY) AORDINIE AA(UY
corvinng
1 (HST.FQHH) GO YO 47
DO 4% U= HSTYLHH=)
ML= AN(JeLY
cehptuge
Mbz fittay
e Le)
IFtNN.NF.0) GO TO 43



a0

2 CONTIHUE

1000 cONLTINHUE .

HETURN
END

QUEROUTIUR CALCDP(YRWAT Y
SIMPLE TLO-TAI'ke MARCL FOR A TO 88 TO ¢
OETAINS AF AnD DaDy 00 GIvhr YS
COMPONZOUTZAS (02 (AKX (RS NF s HeZ0 ET 4 6F JALLYD
COMMONAFLUIN/ZF 4 YF 4 ZS
COMNRONZBIRL B DAY
2c= 20
P= Aﬂtrxr(-n</vci
XXZ CH/AR L1 .4 (la=FTisaKlep+H ) oYS~RSsP
YYZ H/AK® (1o (1l =ETIeAK Y sP el
YF= XX/YY
XXT YSell =T Tistl=YFe(l,¢(1.~ET)stl}+1.00
YYS YFa((l1o~ET)ohenF/tuReles(L1acETIoH) Y S®{1l~ET)IsHS(BF/RS410) 1,422
10eHF .
XX= XX~ ALSFETeYF+ALYET+YO
YYS YY=ALet'TeYOtN; sLTeYF
ZFs =YY/IF
Q= XX/YY
AF= MeEXPIGF/YFY/ET
PPz ASIFXP(«GS/YSIeGS/ySes2
XXz I/ARke{] e+ (Je=FTIonxteped
YY¥z XX4YSeMN/AKo {1, 4(la=ETI*AK) ¢OP=BSeNP=YF ¢ (H/AK® (1.4 1.~ET)sAN)»

10P)

NYF= YY/xX

YYS OVFO{Lletila=ETIOH¢{1e=FTI*l{+BF/RS2Q+11.~ET)tHQH+ALSETHCLALPETe
101~

1C0leeETiotiea(] o=t TISH*AF/AS=Ce(1e~FT)4H

XXSYSe(le=ET)eila (DF/BS+1.)1+Al sEToY0+1, *ZOOGF-YF'((lc-ET)tH‘(BF/RSO

11041 44AL oET)
DG= YY/xx
OADY= (DU~ HVFOAFOFT‘L!P(-Gf/YF)'GF/YF-‘2)IFT/EXP( GF/YF)
XSS HS(YF=YQ)e(1.4({1l.=FT)2AK})/RS/AK+]1 .0
252 ZF4(1e=X8)/711e+{1a=ET)sAK)
© RETURN o
(18]
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