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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 reaction, 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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NOMENCLATURE 

A 	Coolant group (-) 

Ap 	pellet surface area (m2) 

a
v 	

Specific pellet surface area (m 1) 

C 	Constant 

Ci. 	Concentration of species i (kmol.m 3) 

Cp 	Specific heat (W kg 1K-1 

dC) 	Diffusivity (m
2
s
-1
) 

Da 	Damkohler number (-) 

Dt 	Tube diameter (m) 

dp 	Pellet diameter (m) 

dp 	Equivalent sphere diameter ( s-11P) (m) 

E 

Ap 

Activation energy (kcal.mo1-1) 

g Weight fraction (-) 

Gs 	Superficial mass velocity (kg m-2s-1) 

, 	2 hp 	Contact resistance kW m K 1) 

h Film heat transfer coefficient (W m 2K 1) 

H Film heat transport group (-) 

(-AH) 	Heat of reaction (J kg 1) 

kf 	Gas phase thermal conductivity (W m-1s-1) 

kg 
	

Film mass transfer coefficient (n2s-1) 

ko 	Arrhenius constant 

ks 	Solid phase thermal conductivity (W m-1s-1) 

K Film mass transport group (-) 

Ka 
	

Biochemical constant (mol k 1
) 

Keff 	Effective pellet thermal conductivity (W m K ) 

Ks 	Biochemical constant (mol Z 1) 

Axial distance (m) 

L Reactor length (m) 

Ls 	Thermal capacity ratio (-) 
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Unit normal vector 

Nu 	Nusselt number (-) 

p 	Emissivity (-) 

Pe 	Peclet number (Gsdp/d)eff) (-) 

Pr 	Prandtl number (-) 

Prm 	Radial mass transport group (-) 

Prt 	Radial heat transport group (-) 

r 	Radial distance (m) 

R 
	

Gas constant (cal mol-1K-1) 

Dimensionless radial distance (-) 

R(X,Y) Rate group 

Re 	Reynolds number (-) 

Ree 	
Effective Reynolds number for annulus (-) 

Rep 	Pellet Reynolds number (-) 

Rep 	Pellet Reynolds number based on dp' (-) 

Rp 	Pellet radius (m) 

Rt 	Tube radius (m) 

S 
	

Specific reactor interphase transfer area (m 1) 

Sc 	Schmidt number (-) 

So 	Specific reactor coolant surface area (m
1
) 

Temperature (K) 

1 
Overall heat transfer coefficient (W m 2K ) 

Volume flow rate (m3s-1) 

System volume (n3) 

Pellet volume (m3) 

W 	Wash out rate (-) 

X 	Dimensionless reactant concentration or weight fraction (-) 

Y 	Dimensionless temperature (-) 

z 	Dimensionless axial distance (-) 

Z 	Dimensionless product concentration (-) 

T 

U 

V 

Vp 



Greek Symbols  

a 	Dimensionless pre-exponential factor (-) 

Pellet hollowing (-) 

ars 	Coefficients used in effective radial 

ary J conductivity calculations 

aw 	Wall heat transfer coefficient 

Dimensionless adiabatic temperature rise 

Pellet length to radius ratio (-) 

v 	Parameter in conductivity equation 

Dimensionless activation energy (-) 

Parameter in conductivity equation (-) 

c. 	Voidage (-) 

Effectiveness factor (-) 

Ar 	Effective radial thermal conductivity (W m-1K-1) 

Az 	Effective axial thermal conductivity (W m-1K-1) 

As 	Dimensionless diffusion group (-) 

u 	Dynamic viscosity (kg m-1s-1) 

p 	Density (kg m 3) 

a 	Stefan -Saltzman constant (W m 2K 4) 

T 	Dimensionless time (-) 

0 	Parameter in conductivity equation (-) 

Subscripts  

c 	Continuum 

eff 	Effective 

f 	Fluid 

i 	Species i 

o Inlet 

✓ Radial 

s 	Solid 

1 4 



t 	Temperature 

z 	Axial 

Superscripts  

o 	Static term 

Steady state 



1G 

CHAPTER ONE 

INTRODUCTION 
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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 reactions, 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). 

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 
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further balance equations, adds to the numerical complexity of the 

design problem and may also modify the system's allowable operational 

range. Or, 

(b) 	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: 

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 

phase 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 



phenomena, so that the above complexities may he avoided. 

1.2 Types of coupling  

Of the three possible locations, in a catalytic reactor where a 

gas phase reaction can occur, i.e. the reactor voids, catalyst pores 

' and the riser space, only reactions in the voids will be considered in 

detail. Clearly, reactions in the riser space do not introduce a 

coupling phenomena and can be handled by conventional methods. Simple 

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 catalyst 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 femur 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 

kinetics 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. Finally, 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. 



2 1 

CHAPTER TWO 

REACTOR MODELLING I : MODEL DEVELOPMENT 
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2. REACTOR MODELLING I - MODEL 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. 1a 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 phase. 

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, caused 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: 

2 
agfi fOr 	a , 

3g
fiN 	

3gfi 
a 	r 	f 3r 	ar Gs 	- 	. p 	k r 	+ 	z. pf DR,  

+ kg.av  (gsi -gfi) + R(g .,Tf) 	(2.1) 

(b) Solid phase: 

kg.av  (gsi - gfi) = Rs  (gsi,Ts) 
	

(2.2) 

Energy balance: 

(a) Fluid phase: 

	

3Tf Xrf 3 	aT
f 	a2T

f GsCp a z  =  r ar (r  ar)  + Az f 
at

2 

+ h. av -T
f
) + R 	(Tf,  g .) tf  (2.3) 

(b) Solid phase: 

Ars 	3Ta  
h.a (T 	 T ) - 	(r

r.' 	- 
R 	(T 	) 

V 	s- f 	r ar 	ar) 	' °si' 
(2.4) 
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where Rf 
and R

s 
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 R
s 

and 

R
ts 

would generally involve the use of effectiveness factors. 

The boundary conditions for these equations are 

1) Mass balance (for all i) 

 

agfi 

 

= agfi = 0 
r=0 	ar Ir=Rt 

(2.5a) 	0 ; k L 

 

3r 

 

   

(2.5b) 0 r Rt  
agfi  
Q 2,=L 0 

oo agfi 
z' @SZ, 	z=0  = go 	gfi 

2) Energy balance  
3T 

(2.6a) 	0 	L : 
Dr 1 r=0 = 

aTf — Xrf 	= awf(Tf  - Tw) 
r=Rt 

(2.6h) 
aTf  0 	r 	Rt : 	az 	= 0  I t=1,  

aTf  Xzf  . 	= To - Tf 2=0 

  

aT  

  

(2.6c) 	0 , k L : 

 

= 0 
r=0 

ar 

 

     

3Ts  
ors  • ar I 	= aw s  (T -Ts 	w  ) r=Rt 

These equations can be cast into dimensionless form using  the 

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



Table 2.1 - Parameters of generalized model  

Parameter Definition Description 

Ys 
E /RT 
s 	o 

Activation energies 

Yf Ef/RTo .. 

S
s 

(-AH) s  g  o 
 /CpT o 

Adiabatic temperature 

13f 
(-AH)fgo/CpTo 

Da
s 

kos.(g
0pf)

n-1
L/Gs 

Damkohler numbers 

Daf kof'(gopf)
m-1

L/Gs - 

H h.aL/CpGs v Interphase heat and mass 
transfer groups 

K kg.avL/Gs 

Prts 
GsCpRt2Ars.L 

Radial heat transfer groups 

Prt
f 

GsCpRt2arf
.L 

Prm 

Pzm 

Pe r • 
,
- 

,  ,
-p, 

 

L Pe 
z
.(--) 
 dp 

Radial fluid mixing group 

Axial fluid mixing group 

Pzt  L GsCp/Xzf  Axial heat dispersion group 

Nus 
cm

s
.Rtars 

Wall heat transfer groups 

Nuf 
awf.Rtarf 

M 
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R= 	Y= T To  and X= g/go, 

whence: 

.1 v 2 axfi 	1 	

3 (R 
 axfi) 	v 

aZ 	Pm' 3R ‘- aR 	Pzm 3z2 

+ K(Xsi-Xfi) + R (X 	Y ) 
f fi' f (2.1') 

K(X -X ) = R (X , Y ) 	 (2.2') si fi 	s Si s 

ay
f 	1 	a 

(R 

aY
fN 4. 

 1 a2 Yf 

aZ 	Prt -aR ' 3R/ 	Pzt 
az2  

	

+ 11(Ys  —Yf) 	Rtf (Xfi9 Yf)  

aY 
H(Y -Y ) = 1 3 — (R 	+ R (X 	Y ) 

	

s f Prt 	aR 	ts si' s 

where R
f 

= Da
f
.exp (- 

Yf/Yf) 
 . X

fi 

R
ts 

=
s
.Da

s
.exp (- Ys  /Y 

s 
) .x m

.n 
si 

and n = f(JDeff, dp, Ys, Xsi) 

With boundary conditions: 

(2.5'a) 

	

axfi 	axfi 	
= 0— aR 

R=1 
0 	Z 	1 : 	aR  1 11=0  - 	 

f  

	

(2.5'b) 0 R 	

3X 

1  : 	3Zi 	0 
 

	

Pzm. 	 
aXfi  

= 1 - 
aZ 	

Xfi 
Z=0 

(2.3') 

(2.4') 



(2.6'b) az I0 	R 	1 : 
ayf  

3Yf  
(2.6'a) 	0 	Z 	1 : 	aR  I 	=0 

IR=o 

ayf  
- aR. 	= Nu

f (Yf-Yw) 
R=1  

• 

2 

ayf Pzt. az --- 	=1-Y
f Z=0 

(2.6'c) 
aYs o z 	: ,p 	= o 
-- 1 R=0 

ay 
s 

= 	 (Y -Y ) - aR 	Nu  s s w R=1 

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 suggested design criteria to help in deciding whether 

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 (2E2P) 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 00 Ys  = Y, 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) 



'2D - 2P axial dispersion' 

(Eqns 2.1 - 2.6) 

H >> 1 

axial Pe no. 
large 	Nu << 1 
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Table 2.2 - Relationship between Models  

2D2P 0-,  2D1P 
H >> 1 

Nu << 1 Nu << 1 

1D2P 'am 1D1P sel 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 

Prt 1 +  1 
A
s 

Nu
s 
 4 

This generates three one dimensional models: 

(a) one dimension-one phase (H co), 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). 
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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. In 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 

includes 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 equation (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 
phase 

a)  

b)  

c)  

d)  

Wall transfer coefficients 

Radial conductivities 

Radial Peclet group 

Film transfer coefficient 

- aw s 

- etwf 

-.Xrs 

- Xrf 

- Per 

- 	h 

Two dimensional-one 
phase 

a)  

b)  

c)  

Wall transfer coefficient 

Radial conductivity 

Radial peclet group 

- awc 

- Xrc 

- Per 

One dimensional-one 
phase 

Axial dispersion 
model. only 

a)  

b)  

Overall heat transfer coefficient 

Axial dispersion Pe group 

- 	U 

- Pe 
 

One dimensional-two 
phase 

a)  

b)  

Overall heat transfer coefficient - 	U 

Film transfer coefficient 	- 	h 
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Table 3.2 - Sensitivity of model predictions  

to parameter values  

The changes below correspond to a 

variation of ± 15% in the parameter 

and were obtained for a two phase-two 

dimensional model (Holton, 1975) 

Parameter Effect (%) 

h 

aws  

awf  

Arf  or 

Ar
s 

< 10% 

< 10% 

up to 140% 

up to 	80% 
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ary - c 1-p (1+ 2(1 - c) 	p 

o- T3  

Table 3.3 - Effective conductivity models  

1) De Wasch and Froment, 19 71  

Ar
s  = Y 	1  

ks kf/q) + hp.dp + arsdp 

Arf = c(kf + 31.7dp.ary + pf Cp •Dr) 

2) Yagii and Kunii, 1957 

Arc = Arc
o 

+ C.RePr 

	

13v(1-c) 
	

 + 0...dp.ary 
Arc

o  
Y 	1  
ks 	kf/cP + dp.ars 

where for 1) and 2) ars = al --11— 1 T3  2 - p 

v(1- e) 

kf 

3) 	Argo and Smith, (Smith, 1973)  

(1-c) h'.dp.ks 	where h' is total 
Ars - 

2ks + h'dp 	'parallel' contributions 

= e(kf + 	dpT3 	CpGsdp.., 
2-p 	Per 



Table 3.4 - De Wasch and  Froment's  

conductivity model - Parameter values 

Parameter. Comment Value 

(1) = 	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- a 

P.v 
= 	Effective void size/pellet 

diameter 

Solid materials 1.0 
Yagii and Kunii 

(1957) 
hollowed pellets 0.72 

hp Contact resistance 

Smith, 1970 23.2 

De Wasch and Froment, 1971 ] W m
-2
k
-1 



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: 

aw
c 

= awc 
+ C Rep. Pr 

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, awc  

and C. 

Beek ( 1962)reviewed the available correlations and suggested, 

for Rep > 40, the following equations: 

aw dp 

f 

P
k  c  - 2.58 RepihPrih  + 0.094 Rep.8Pr.4  Cylinders: 

Spheres: - 0.203 Rep1hPr1d(3 + 0.220 ReP
.8  aw

c
dp 

kf 

as the static contribution was negligible under these conditions. The 

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



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: 

Nu
s 

= 2.12 for spheres, 

and Nus 
co 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: 

aws = Ars  /Arc  . awc 

Holton (1975), using the same reasoning, considered that the Yagii and 

Kunii (1959) correlation applied to aw
f 

and obtained aw
s 
by subtraction. 

This made (awf/aws) strongly Reynolds number dependent as it subtracts 

two correlations of the same basic data. In 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) 
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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). 

CO 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 

' 	 1 	 2 h dp  
-  

kf(1-e) 	
(0.5 Rep' 2  + 0.2 Rep' 3) Pr 

where dp' 
6.Vp 
Ap 

and Rep, - GS.dp t  ( e ) 
1 - e' 

This equation covers the experimental data, with a maximum scatter of 

30%. 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 (Pe
r) 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). 

Per  = 8.0 [19.4 (dp/D02  + 1] 

Froment (1972) has however shown that simulation results are insensitive 

to variations in 'Pe
r. 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, f3 = 2, ks.=1.11 W m 1  k-1  

Operating Conditions 2D - 2P 

. 

1D - 2P 1D-1P 

Gs 

kgm-2s-1 
dp 

m 

Dt 

m 
Arf Ars awf  laws 

(h.a) v
6 

x 10 
Arc awc U 

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 14.1 

0.50 .006 .06 .95 .64 95.6 64.3 .052 1.59 159.9 91.2 

1.70 .004 .05 1.36 .64 234.2 110.0 .188 2.00 344.2 165.7 

0.90 .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 



Table 3.6 - Effect of Geometry, solid conductivity and temperature  

(Conditions : Gs : 1.80 kgm 2s-1 ; dp : 0.001 m, Dt : 0.03 m) 

2D-2P 2D-1P 1D1P 

Geometry ks T(K) Arf Ars  awf aws 
) (h.av6 

x 10 
Arc awc  U 

F 
 

Cylinders 

f3 	: 	2 1.11 1075 .41 .63 302.4 472.6 .141 1.04 775.0 204.0 

Spheres 1.11 1075 .41 .63 136.2 212.8 .141 1.04 349.0 154.4 

Cylinders 

f3 	: 	2 

a : 2 

1.11 1075 .38 .56 313.0 462.0 .175 .94 775.0 190.1 

Cylinders 

R 	: 	2 
1.11 383 .25 .63 113.3 286.0 .813 .88 399.3 149.0 

Cylinders 

13 	: 	2 
0.7 383 .25 .41 151.3 248.0 .813 .65 399.3 121.4 

Cylinders 

: 	2 
0.3 383 .25 .18 232.6 166.6 .813 .43 399.3 

1 

89.5 



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: 

a .5 .75 .85 0 

Pez  1.2 1.5 1.2 2.0 

(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 

4% 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 1K 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 important 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. 

(c) 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- 



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 number 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 is 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 kinetic 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 
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the rate of gas phase 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 problens 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 20% 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 

Ys 

less than 40 

14.0 - 28 

10 - 30 
(hydrocarbon oxidation) 

10 - 40 
(hydrocarbon oxidation) 

Wiesz and 
Hicks 	(1962) 

Van den Bosch 
and Luss 	(1977) 

Hlavacek 	(1970) 

Firth 	(1969) 

Yf 

20 - 35 

14 - 30 

Shtern 	(1964) 

Examples in 
this study 

as 

1.2 - 0.04 

1.2 - 0.16 

Van den Bosch 
and Luss 	(1977) 

Hlavacek 	(1970) 

(3f 

• For hydrocarbon oxidation, the 

homogeneous reaction is unselective 

and thus 	8f > as 



Table 4.2 - Kinetic Effect 

Primary Reaction 
Reaction 
parameters 

for 2nd reaction 

Damkohler No. for 
2nd reaction 

(I) 

	

Da 	: 	.35 

	

0 	: 	0.2 

	

y 	: 10.0 

Overall conversion: 
'1, 40% 

0 y Concurrent Consecutive 

.2 

.2 

.2 

.2 

0.5 

0.7 

1.0 

10. 

20. 

30. 

40. 

40. 

40. 

40. 

.061 

.042 

.024 

.015 

.0090 

.0070 

.0055 

.275 

.145 

.08 

.04 

.03 

.022 

.018 

(II) 

	

Da 	: 	.40 

	

13 	: 	.5 

	

y 	: 	10.0 
Overall conversion: 

ft,  95% 

.5 

.5 

.5 

.5 

1.0 

10. 

20. 

30. 

40. 

40. 

.080 

.013 

.00096 

.70.10 4 

.47.10-4 

.032 

.0015 

.60.10 4 

.33.10 5  

.18.10 5 

(III) 

	

Da 	: 	.4 

	

13 	: 	.2 

	

i 	: 20.0 
Overall conversion: 

'I, 95% 

.2 

.2 

.2 

.5 

1.0 

20. 

30. 

40. 

40. 

40. 

.10 

.040 

.014 

.010 

.0054 

.05 

.013 

.0033 

.0019 

.0010 

Note: 	(1) Reactor is adiabatic 

(2) Interphase film effects are neglected 

' (3) Both reactions are first order 
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Table 4.3 - Influence of reaction order 

Primary 
Reaction 

Reaction 
Parameters 

Concurrent 
Da 

Consecutive 
Da 

N1= 1 N1 =2 N 1 =1 N1 =2 
Y 

N2=2 = N2  N2 =2 = N2 

0.5 10.0 .0213 .10 .044 .15 
Reaction II 

0.5 20.0 .038 .020 .0019 .019 
(Table 4.2) 

0.5 40.0 .37.10-  .31.10 .3.10-5  .16.10-3  

1.0 40.0 .22.10 3 .11.10 3 .18.10 5 .10.10-3 

(IV) 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 

(3 : 	0.20 1.0 40.0 .0055 .0065 0.21 0.33 

Overall 
conversion 

..,‘, 30% 

Note: 	(1) 	Reactor is adiabatic 

(2) 	Interphase resistances are ignored. 
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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 

requireti for an effect, as the greater solid phase temperature 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 makes any 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 Concurrent  
Da 

Af = As A B C 

Reaction I (Table 4.2) 

0.0 .061 .024 .016 

A : 	$f: 	.2 1.0 .075 .046 .032 

yf: 10.0 5.0 .084 .074 .064 

B 	: 	$f: 	.2 10.0 .086 .080 .075 

yf: 30.0 20.0 .087 .084 .081 

C : 	$f: 	.5 50.0 .088 .086 .085 

yf: 	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 

Primary 
Reaction H = K 

Consecutive 
Da 

Concurrent 
Da 

Reaction Reaction Reaction Reaction 
A B A B 

Reaction II 103 .15.10 2 .18.10 5 .012 .43.10 4 
(Table 4.2) 

A : 	8 : 	0.5 102 .14.10 2 .14.10 5 .012 .42.10 4 

y 	: 20.0 10.0 .11.10 2 .11.10 5 .0098 .30.10 4 

B 	: 	8 	: 	1.0 5.0 .95.10 3  .11.10  5 .0078 .22.10-4 

y 	: 40.0 3.0 .10.10 2 .14.10 5 .0060 .15.10 4 

Reaction IV 
(Table 4.3) 

103 .148 .037 .0195 .0047 

A : 	8 	: 	0.2 102  .145 .037 .0195 .0046 

y 	: 	30.0 20.0 .141 .032 .0195 .0044 

B 	: 	8 	: 	1.0 10.0 .141 .027 .0196 .0041 

y : 40.0 5.0 .105 .020 .0198 .0036 

2.0 .041 .006 .029 .0039 



Table 4.6 — Effect of differential cooling rates  

(i.e. Xr s  /Xrc  ratio) on results 

Case As Af 
Concurrent 

Da 

Case I (Table 4.2) 

and af 	: 	0.2 

0.0 0.0 0.072 

yf : 10.0 
20.0 0.0 0.085 

H 	: 	10.0 
10.0 10.0 0.089 

Overall Conversion % 407 

0.0 20.0 0.094 

Da: 	0.4 s 

f3s 	: 	0.5 

ys 	: 20.0 

4 

5 

6 

5 

0.072 

0.080 

Of 	: 	0.5 

yf  : 30.0 
6 4 0.077 

H 	: 10.0 8 2 0.069 

Overall conversion rt,  90% 



Table 4.7 - Film transport effects  

Das : 0.35 
	

Ss : 0.2 
	ys  : 10.0 

K = 106 
	

f3f  : 0.5 
	yf  : 40.0 

H Heterogeneous only 
Concurrent 
Daf = 0.009 

Consecutive 
Daf = 0.03 

Con Max Con Max Con Max 
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 - - 

Das  : 0.4 

K = 106 

: 0.2 

f : 1.0 

ys  : 20.0 

: 40.0 

H Heterogeneous only 
Concurrent 
Daf = 0.0054 

Consecutive 
Daf = 0.0005 

Con Max Con Max Con Max 
% Change % Change % 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 

it 3 
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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-adiabatic 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), 

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  

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

decomposing both catalytically and in the gas phase: 



t' 
e.! t.) 

Table 4.8 - Kinetics  

Reaction 	Model 

1 	r = Ki(gnpf)
2/(1 + K2gnpf) 

2 	r = K3 (gnPf)2 

3 	r = K4 Aa gnpf 

where gn  = mass fraction of nitrous oxide 

Rate constant 	1°g10 A  

K1 	
16.48 

K2 	
6.99 

K3 	
13.88 

K4 	
3.35 

EA 
Kcal/g mole 

81.8 

28.4 

72.4 

34.6 

K = A e
-EA/RT 

Heats of Reaction 

(- AH)1  = 1.98 10
6 J Kg

1 (N20) 

(- 6E02  = 1.05 10
6 J Kg 1  (N20) 

(- AH)3  = 1.98 10
6 J Kg 1 (N20) 

Roughness factor: 

Rg. = 1000.0 dp 
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1. N2
0 	N

2 
+ 1/20

2 	
Homogeneous 

2. N
2
0 + 1A0

2 	
NO
2 
+ IhN

2 	
Homogeneous 

3. N20 	
N
2 
+ 3120

2 	
Heterogeneous 

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 - Cor,parison of models 

Nitrous Oxide oxidation 

T: 1125K 	inlet mass fraction of N2
0:0,667 

Spherical pellets 

Note: Tpos is expressed on a fractional bed basis 

Tiax is maximum temperature expressed as differences 

Tout is outlet 	temperature from the inlet value (it) 

Conditions 1D1P 2D-1P 2D-2P 

Cs dp Dt L 
Re- 

action 
Con 
(%) 

SeI 
(7) 

Tmax 
Tpos 

Tout 
Con 

(Z) 

Sel 
(%) 

Tmax 
Tpos 

Tout 
Con 
7. () 

Sel 

(7) 

Tmax' 
Tposs  

Tmax 
Tpos

f Tout 

1.70 .004 .05 1.0 

Het 53.35 0 
124.0 
.3111 

113. 66.31 0 
296.6 
.9198 

181.0 87.91 0 
495.0 
.8025 

473.9 
.8204 

226.0 

Het 	+ 
Uom 

71.43 8. 	;5 176.1 
.8111 

143. 95.48 15.26 
531.9 
.6963 

160.0 98.16 16.20 
613.5 
.5704 

5911.5 
.51:,27 

108.0 

2.10 .004 .04 2.5 

Het 55.68 0 
49.7 

.2667 
20.3 56.47 0 

75.2 
.2889 

20.7 57.58 0 
81.77 
.2821 

77.94 
.2864 

20.0 

Het + 
59.09 3.,5 55'2  19.6.  60.23 3.93 ' 	85'7  

.2889 
19.4 61.30 3.85 

93.10 

.2833 

89.10 
.2877 

18.7 

1.10 .003 .04 1.0 

D et 66.22 0 
117.2 
.5222 

45.0 74.69 
232.2 
.5741 

48.6 80.13 0 
283.7 
.5574 

275.2 
.5642 

42.0 

Het + 
Ho;a 

78.17 7.23 
161.2 
.5222 

32.8 93.44 12.23 433.0 

.4951 
20.1 201 95.68 '2.88 439.5 

.4469 
484.5 
.4525 

15.1 



Table 4.10 - Comparison of models  

Nitrous Oxide oxidation 

T:1075K 	Inlet mass fraction of N20:0.667 
Cerv!itiors: 

Spherical pellets 

Conditions 1D1P 2D-113  2D-2P 

Cs Dt dp L 
Re- 

action 
Con 
(7.) 

Sel 
(Z) 

Tmax 
Tpos 

Tout 
Con 
(Z) 

Sol 
(7.) 

Tmax 
Tpos 

Tout 
Con 
(Z) 

Sel 
(Z) 

Tmax
s 
s 

Tpos 

Tmax 
f 

Tpos 
Tout 

1.70 .05 .002 1.0 

Het + 
Hom 

20;31 2.32 
48.56 
.9778 

48.5 20.98 2.51 
92.42 
1.0 

92.42 21.15 2.49 
93.71 
1.0. 

92.91 
1.0 

92.91 

Hot H 19.02 0 
45.63 
.9778 

45.5 19.46 0 
84.11 
1.00 

84.11 19.61 0 
85.50 
1.00 

84.52 
1.00 

84.52 

1.10 .04 .003 1.0 

Het + 
liom 

28.68 2.11 
40.09 
.5667 

34.0 29.23 
,6136 

2  

36.2 29.54 2.15 
61.81 
.6086 

60.54 
.6148 

36.2 

Het 27.14 0 
38.00 
.5667 

33.0 27.55 0 
56.78 
. 6136 

34.8 27.87 0 
58.15 
.6086 

56.85 
.6148 

34.7 

2.10 .04 .004 2.5 

Hot 	+ 
H em 

30.29 1.70 
22.28 
.300 

16.3 30.44 1.72 
32.15 
.3173 

16.6 30.78 1.69 
33.55 
.3136 

32.20 
.3185 

16.5 

H Het 29.18 0 
21. 44 
.  300 

16.0 29.31 16.4 29.66 0 
32.26 
.3148 

30.90 
.3198 

16.2 

1.80 .03 .001 2.2 

Hot + 
[tom 

29.52 1.61 
17.42 
.2444 

12.8 
29.70 

4  

13.1 29.72 1.63 
28.54 
.2765 

28.44 
.2/78 13.1 

Het 0 
16.82 
.'7444 

12.6 28.68 12.9 28.70 0 
27.74 

.2778 
27.36 

.2790 
12.9 

0.75 .06 .'YS  0.31 

Hat + 
Hon 18.34 3.25 

103.5 
1.0 

103.5 18.56 3.43 
150.46 

1.0 
s  

150.46 

131.52 

23.77 3.75 
264.41 
1.) 

216.25 
1.0 

171.1i'1 
1.0 

216.25 

Het 16.53 0 • 
93.12 
1.0 

93.12 16.61 0 
131
'
52 

1.0 
20.32 0 

"'01.28 
1.0 

171.76 



Table 4.11 - Comparison of predicted homogeneous effects  

Case Das Daf Max. predicted % effect 

Table 4.10 
1 

.126 .013 

1D1P 2D1P 2D2P 

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 .009 11 17 25 

Table 	4.9 
1 .255 .039 42 44 26 

2 .516 .079 37 87 76 

3 .394 .067 11 11.5 11.5 

with 	ys  = 16. 	yf  = 32. 

= 	.87 
	

f3f. = 	.47 

cz 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 2sec 1 

L: 0.380 m, 	Mass fraction N20 at inlet: 0.667 

Thermal conductivity: 1.11 W m 1K 1 

Conditions 2D-2P 

Pellet 
Geometry 

Re-  
action 

Con- 
version 

Selec- 
tivity 

Tmaxs 

Tposs 
Tmaxf  
TposL  Tout

f 

la 

lb 

Spheres 

Het 	+ 
Hom 

65.03 17.38 648.9 
.9531 

648.1 
.958 

412.0 

Het 32.87 0 333.9 
1.0 

320.6 
1.0 

320.6 

2a 

2b 

Cylinders 

S.2 

Het 	+ 
Hom 

29.47 5.74 258.7 
1.0 

252.6 
1.0 

252.6 

Het 24.08 0 183.4 
1.0 

179.5 
1.0 

179.5 

3a 

3b 

Cylinders 

S.2 

a: 0.2 

Heitiom+ 87.97 19.95 798.3 
.8272 

798.8 
.8321 

291.0 

Het 48.66 0 	_ 786.5 
1.0 

786.8 
1.0 

786.8 

4 Cylinders 

1  

Het 	+ 
Hom 

94.80 16.83 724.8 
.6963 

723.3 
.7000 

338.0 

5 
Cylinders 
a: 1 
a: 0.2 

Het 	+ 
Hom 

99.03 20.14 919.2 
.5667 

916.2 
.5704 

280.0 

6 Cylinders 
(3: 1.5 

Het 	+ 
Hom 

53.69 12.13 596.0 
.9778 

595.2 
.9827 

290.0 

7 
Cylinders 

f3: 1.5 
a: 0.2 

Het 	+ 
Hom 

96.45 19.83 845.1 
.7160 

844.4 
.7198 

410.0 
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cannot be attributed to either greater homogeneous or heterogeneous 

rates of heat release caused by changes in voidage ('l,  4%) or surface 

area (% 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 transfer coefficient is low, unstable (i.e. continually 

increasing axial temperature profile) for both heterogeneous and com-

bined reaction schemes. No cases of the phenomena, reported by Holton 

(1975), of heterogeneous stability combined with homogeneous instability 

have been found. However, Holton's results correlate with excessively 

high awf  to aws 
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 % 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 

CH3OH + 1/202 -4- HCHO + H2O 

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: 

ko
s
. (pfg

ric) kg m 3 sec-1 

where g = mass fraction of methanol 



Catalyst 

Mn02/Mo03  : 

(250-460°C) 

V205/Mo03 : 
(300- 470°C) 

ko
s 
 (sec 1) 

8.64 . 107 e-17.43/RT 

2.69 . 10
6 
e
-10.8/RT 

2 

The heat of reaction is 

(- ")298 
= 4.9 .106  J kg-  ( 	OH) 

Catalytic over oxidation of formaldehyde proceeds at a much lower rate 

than the initial oxidation (Sibin and Popov, 1969). Mann et al. (1969, 

1973) failed to 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. 

n  - tanh  

where (f) = Lp. 
khet  

and Lp = Rp/3 

Rp(1 -  
2(1 -a-f.8) 

(sphere) 
Surface area to volume 

ratio 
(cylinder) 

A lumped parameter homogeneous kinetic model for formaldehyde 

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

Rf = 2.10
8 e-22/RT[

ECHO.'
12 	 3 

kg m 	sec-1. 

(a) 	Comparison of different catalysts and homogeneous kinetics  

The result of carrying out simulations using the homogeneous 

kinetics proposed by Holton (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 Mann et al. (1969). 

Clearly, use of the low temperature catalyst avoids any homogeneous 

complications and would thus be preferred. 

00eff 



Table 4.13 - Comparison of homogeneous kinetic schemes  

Conditions: 	Mass velocity: 	1.80 kg m 2 s-1  

Tube diameter: 	0.03 m 

Tube length: 	0.265 m 

Pellets (cylinders): Diameter: 	0.001 m 

Aspect ratio: 2.0 

Mass fraction of Methanol: 0.038 

Homo- 
geneous 

Kinetics 
(K)  

Con-  Con.: 
version 
(7) 

Selec- 
tivity 
(7) 

Tmaxs 

(K) 
Tmax

f 

(K) 
Cata-
lyst 

Holton 

(1975) 

403 
Het. 
+ 

Hom. 
43.5 33.8 206.1 202.6 

Mn02/ 

Mo03  
403 Het. 32.7 93.75 34.6 34.4 

Appendix 
2 

403 
Het. 
+ 

Hom. 
32.7 93.75 34.6 34.4 

673 Het. 99.48 93.75 125.4 125.0 

V2  05  / 

Mo03  673 
Het. 
+ 

Hom. 
99.50 92.18 127.0 126.7 



Table 404 - Comparison of models  

Methanol partial oxidation 

Conditions 
(T : 573K) 2D - 2P 2D -1P 10- 1P 

Case 
Red 

Lengt1 
, (m, 

Pellet 
Geometry 

Con 
( 7. ) 

Sel 
(7) 

Tmaxs 
Tposs 

BX 
Tpos Tout Con 

(70 
Sel 
(7.) 

Tmax 
Tpos Tout Con 

(7.) 
• 

Scl 
(%) 

Tmax 
Tpos Tout 

Cs 0.7 
p : 0.004 
Dt: 1.16 	(b) 

.46 

Cylinder 
Het + Hom 94 .80 82.45 350:6 

1.0 
347.8 
1.0 347.8 92.97 85.54 320.4 

1.0 320.4 92.96 84.94 314.6  314.6 

Cylinder 
Het 

_ 93.49 93.75 278.7 
1.0 

276.0 
1.0 276.0 91.05 93.75 269.0 

1.0 269.0 91.68 93.75 265.6 
1.0  265.6 

Cs : 1.80 

dp :0.001 

Dt :0.03 

1.06 
Cylinder 
a 	= 0.2 
Het + Hom 

99.86 92.15 219.6 
.1222 

219.2 
.1247 .51 99.85 92.22 214.2 

.1284 .52 99.86 92.64 130.7 
.1222 .41 

1.01 Spheres 
net + 11.m Het + 

92.13 203.2 
.1333 

207.8 
.1358 .81 99.86 92.19 204.4 

.1407 .81 99.88 92.44 139.9 
.1333 .60 

1.30 Cylinders 
Het 	+ Htri 99.88 92.55 192.4 

.100 
191.8 
.1012 

.35 99.87 92.59 187.5 
.1049 

.36 99.88 92.82 175 ' 7  .1000 .32 

Gs : 1.1 
dp : 0.003 
Dt :0.04 

1.70 Cylinders 
Het + Hom 99.80 92.13 138.2 

.1025 
135.3 
.1074 .64 99.79 92.16 133.7 

.1123 '.64 99.78 92.3 86.6 
.100 .64 

Cs : 1.7 
..:p : 0.004 
Dt :0.05 

3.42 Cylinders 
Het + Dom 99.75 91.95 124.6 

.1000 
120.7 
.1037 .70 99.73 91.98 117.9 

.1086 .71 99.72 92.1 76.5 
10C  .71 

Gs :2.10 
dp :0.004 
Dt :0.04 

4.62 Cylinders 
flet + Dom 

99.73  92.35  80.0 
.074 

76.4 
.077 .45 99.72 92.36 75'7 .079 .45 99.71 92.4 . 511 

.078 .45 '  

Cs : 0.5 

	

1 : 0.006 	(a) 
:t 	:11.06 

1.10 Cylinders 
li -et 	+ 	H.::1 99.64  89.07  . 

172.1 167.9 2.5 99.60 89.21 165.9 2.5 99.59 89.82 113'5  .1667 2.3 

44. 



Table 4.15 - Effect of pellet geometry and thermal conductivity  

Conditions: 	Temperature : 650 K 

Tube diameter : 0.03 m 	Pellet diameter : 0.001 m 

Reactor length: 0.590 m Inlet Methanol mass fraction : 0.065 

Conditions 2D-2P model 

Pellet Reaction 
Thermal 

Conductivity 
Conversion 

% 
Selectivity 

7. 
Tmaxs  

Tposs  
Tmax

f 

Tposf 
Tout 

Cylinders 
Het + 
Hom 

1.11 99.99 87.29 
248.2 
.1376 

248.7 
.1401 3.5 

Cylinders 
Het + 
Hom 0.3 100.00 77.73 330.7 

.2296 
331.7 
.2309 26.2 

Spheres 
Het + 
Hom 

0.3 100.00 . 73.94 
344.8 
.2512 

345.9 
.2519 

38.4 

Spheres Het 0.3 100.00 93.75 
271.5 
.1536 

271.0 
.1568 

17.8 

Cylinders Het 0.3 100.00 93.75 
2 69.1 
.1500 

2 68. 
.15316 12.7  

Spheres 
Net + 
Hom 

1.11 100.00 84.70 
261.8 
.1494 

262.6 
.1525 7.5 

Cylinders Net 1..11 99.99 93.75 
235 
.12 2 2

.2 

e. 

234.44 
.127 1.7 
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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. 



Table 4.16 - The effect of axial mixing  

on reaction selectivity  

Conditions: 	Temperature: 573 K 

Pellets: Cylinders (1 =2) 

A 	: 3.5.109 nom 

Case* 
t 

Len gt 
Op
h m 

Plug flow Akial mixing 

Con Sel Con Sel 
(%) (70 (%) (70 

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 'California' 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 

flawrate 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 

a 



Table 4.17 - Carbon Monoxide Oxidation 

Kinetic expressions  

Heterogeneous 
	r = A

het 
e-Ehet/RT.x 

CO 

for X02›.02 

6.35.10".  
Ahet 	T kg/m2/sec 

Ehet = 17.6 kcal g mol
-1 

Homogeneous  
-E /RT hom r = A, 	e 	. X 0.27 

nom 	CO 

A,
OOM 

= 1.09 105 . kg/m3/sec 

Ehom = 28.2 kcal g mol
-1 

The heat of reaction (- AR) for 

CO + Ih02 	CO2 

is 10.1 .106 J/kg CO  



Table 4.18 - Car exhaust examples  

Conditions: 	Bed diameter: 	0.17 m 

Bed length: 	0.30 m 

Feed mass fraction of CO: 	0.05 

Pellet diameter (spheres): 0.003 m 

Mass flow 
(kg m 2s)  

Inlet 
Temp K 

Conversion 
(%) 

Tmaxs 

(K) 
Tmaxf 

(K) 
Tout 
(K) 

1.0 1000.0 Het. 
only 29.7 169.0 164.6 164.6 

1.0 1000.0 
Het. 
+ 

Hom. 
43.2 294.6 291.2 291.2 

5.0 1000.0 
Het. 
+ 

Hom. 
7.8 42.8 40.9 40.9 

1.0 900.0 Het. 12.8 67.6 65.8 65.8 

1.0 900.0 
Het. 
+ 

Hom. 
14.8 80.1 78.2 78.2 

7 0 
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negligible extent. This reaction does not, however, affect the reactor 

behaviour as yf/ys = 1.0. The generalized results obtained earlier in 

this chapter do, however, indicate that for y
f
/y
s suitably large such a 

phenomena may occur. The predictions of the extent of a homogeneous 

effect differ between the various reactor models (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 neglected (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 

Symbolic A-4-13 4. C 
x B 

A 
x B 

A 
Representation -* 

C C 

Typical 
Temperature (K) 600 1000 1000 

Typical Reaction 
parameters 

$
s 

.55 .87 .50 

f3f 
1.05 .47 .50 

Ys  14.0 16.3 8.9 

yf  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 



freedom not previously considered. 

(e) A concurrent gas phase reaction will tend to stabilize, 

not destabilize, a reaction system. 

(f) The kinetic model of gas phase formaldehyde oxidation 

developed by Holton (1975) is 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. 

(g) The gas phase oxidation of carbon monoxide may contribute 

significantly to automobile exhaust clean-up in catalytic 

muffler systems. 



CHAPTER FIVE 

MODELLING OF THE BUTENE - BUTADIENE 

SYSTEM 



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. Chemica]c.) . 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). Temperatures of 475°C (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 cannot be utilised. A pellet model is thus 

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



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 extruded pellets 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: 

D
2
CiD 	aci 

diz 2 	+ 
r 
— 3r — (r 	= R(d 	j ) 	= 1, N r D 	3r 	- (5.1) az   

with boundary conditions 

(a) Ci = Cio 
	r = Rp, 	L 

z = ±L, 0 < r < Rp 

- (5.2) 
(b) 3Ci DCi 

3r I
r=0 	

3z I
z=0 

- L ;z < L 	OR r < 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 recasz in dimensionless 

form using 

R = r/Rp; 	Z = z/L, Xi  = Ci/Cio  

a 	ax. 	1)z 	R2 	X. 
	R 2  

aR( 
R

)
+  (--) (-2) - = -IL- R(X.) j = 1, N 00r  L az2 Gor  - (5.3) 

0 

with: 
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1.0 

R=0 

R = 1 

Z = 1, 

9X. 

-1 <Z 	1 

0 < R < 1 

Z=0 
0 

iaZ' 

(a) X. = 

ax. 
(b)  

aR I 

-1 < Z < 1 	0 < R < 1 

These equations have the same structure as 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 feedstock, 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 

modifying the parameter C in the equation Nu = C.Ree
' ) until the 

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 cannot explain 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 



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 

C
4  H8 

 : • 0.67 Kmol m 3
(x 103) 

C
4H6 : 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 

cis - but - 2 - 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 

8 



the range 0.5 to 2.0 has a less than 10% 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 - 	- ene : 5.3 

butadiene : 16.8 

T 
(K) 

Conversion 
(%) 

Selectivity 
(%) 

CO Selectivity 
(%) 

700 

800 

Het 
Het + 
Hom Het 

Het + 
Hom Het 

Het + 
Hom 

3.68 

12.6 

3.68 

12.6 

20.71 

5.29 

20.71 

5.18 

16.19 

15.74 

16.19 

15.80 

(b) Cell Feed 	(Wt %) 

Oxygen : 10.0 

n-butene : 10.0 

butadene : 6.0 

T 
(K) 

Conversion 
(%) 

Selectivity 
(%) 

CO Selectivity 
(%) 

700 

800 

Het 
Het + 
Hom Het 

Het + 
Hom Het Het + 

Hom 

8.98 

27.10 

8.98 

27.10 

88.71 

85.33 

88.71 

85.31 

1.27 

1.43 

1.27 

1.43 

8 C: 
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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 experimental 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 only 

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 30% greater when w= 1-x2). This provides 

an estimate of the numerical reliability of the computed 

results. 



Table 5.3.a - Summary of experimental conditions  

Run 
No. 

Catalyst 
Preparation 

Temp 
(K) 

Initial bed 
emp 
T(K) 

Temperature 
Measurement 

1 

2 

3 

1073 

683 

688 

708 

Single thermo-
couple withdrawn 
along well 

4 

5 
6 

7 

1123 

659 

684 

695 

695 

Array of thereto-
couples in single 
well. Less com-
plete results. 



Table 5.31: - Pilot scale data (Tables A.5.1/2) compared to simulations 

(Note: w = 1 in collocation equations) 

Run 
No. 

Max Temp
* 

(°C) 
Outlet Temp

* 
 

(°C) 
Hotspot position 

(m) 
C4H6 out 
(w% w) 

C4H8 out 
(w% w) 

CO out 
(w% 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 40.6 - 6.65 .410 .268 12.6 15.16 4.30 4.74 .187 .316 

7 36.0 30.59 - 8.05 .494 .300 11.5 13.53 6.5 6.56 .135 .240 

* Difference from inlet temperature 
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Table 5.4 - Effect of homogeneous reaction and subcooled feed  

(Conditions as run 1, Table 5.3a) 

LTpos 

(m) 

LxTmax 

(°C) 

Tout 

(°C) 

C4H6 out 

(w% w) 

C4H8 out 

(w% w) 

CO out 

(w% w) 

Base case 
(Table 5.1) 

Homogeneous 
reaction 
included 

Feed 
subcooled 
to 677 K 

0.234 

0.234 

0.267 

29.427 

29.429 

28.993 

6.6 

6.65 

6.6 

14.082 

14.076 

14.082 

3.857 

3.857 

3.868 

0.3593 

0.3596 

0.3585 

Inclusion of the homogeneous term reduces the n-butene 

outlet mass fraction from 0.61.10 4 to 0.30.10-4 but 

this is not reflected in the total butenes value. 

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



Table 5.5 - Comparison of different isomer kinetics  

(Conditions of run 3, Table 5.3a) 

Butene Species A Tmax 
(°C) 

Reactant Exhausted at 
(% of bed) 

cis - but - 2 - ene 

n-butene 

cis - but - 2 - ene 
(but concen-
tration reduced 
by factor of 3) 

247.7 

314.52 

38.95 

23.3 

5.6 

58.0 



Table 5.6 - Comparison of results for different approximating polynomials  

Run 
No. 

w = 1 w = 1 - x
2 

ATmax 
(°C) 

ATout 
(°C) 

tTpos 

(m) 

C4H6 out 

(%) 

C4H8 out 

(%) 

CO out 

(%) 

AT 
(°C) 

ATout 
(°C) 

ATpos 

(m) 

C4H6 out 

(%) 

C4H8  out 

(%) 

CO out 

(%) 

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 



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 environment or the reactors 

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

6.1 	Introduction 

In this chapter a detailed 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 ics 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. 

Y 

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 one 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 conditions. 

Luss and Chen (1975) demonstrate the presence of five steady states for 

Daf/Das (1,  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
f to Das ratios. Hlavacek 

et al. (1972) considering a consecutive mechanism discuss the case 

y
s
, y

f 	
, 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 scheme; will be considered 

in this chapter. For the consecutive kinetic scheme, A + B 	C, 
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): 

koe-Es
/RTsca 

s  
V
2
Ca 	- 0 
S N 

e f f 1 c)  

with the boundary condition 

n- VCas 	
kg  (Ca

t - Ca s) b cr) eff 

where] indicates evalutation at the pellet surface. 
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(2) Pellet heat balance: 

-E /RT 
2T + (-A H)s  kos  e 

S Scas 0  

s  

with boundary condition 

n.VT
s 	

(T
f 
- T

s
)

b 	Keff 

(3) Pellet mass balance for species B: 

Ca
f 7 

Ca
s 	= Cb

s 	
- Cbf  

(4) Fluid phase mass balance for species A: 

v (Caf - Caf) - kg.S.V(Caf  - Cas  1) = 0 13   

(5) Fluid phase heat balance: 

vCp.pilf(Tipf  - Tf) - h.S.V(Tf  - Ts  l b) 

-E
f
/RT

f 

	

(- AH)
f
.ko

fe 	.Cb
f = 0 

(6) Fluid phase mass balance for species B: 

v(Cb°  - Cbf) - kg.V.S(Cbf - Cbs I ) 

-E
f
/RT

f - ko
f.e 	.Cbf = 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 

Keff(1- e) 



Table 6.1 	- 	Dimensionless variables 

Y
s  
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Z
s 

Zf  

: 
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: 
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T 
s 
 /T°  

f 

Tf/ef  

Cbs/Cacf)  

Cbf/Caf  

X
s 

Xf  

Y 
0 

: 

: 

: 

Ca 
s  /Ca° f 

, 	o Caf/Caf  

T /T°  o 	f 

Table 6.2 - Dimensionless parameters  

H h S V  
• pCp v 

K 	kg S V  
v 

Ca
n-1V 

V 
as : kos 

Cam-1V V 
of  : kof 	 

Xs 
Rp2v 

p 
s 
 Cp 
s  Ls • 

PfCPf 

U.S0   V 
• pfCpf  v 

eff  (1 - e)V 

Note: All parameters are defined on a total reactor volume basis 



heat balance, viz. 

(2') h S V(Tf  - Ts) = (- AH)s  kg S V(Caf  - Cas  l b) 

Introducing the dimensionless parameters and variables defined in 

Tables 6.1 and 6.2 gives: 

a x 
(1) V2X
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- s 

X 
 s 

s 
0 

with boundary condition 

n. 	m X (X
f 
- X

s I 
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 Ib  
VX
s  

(2)  

(3)  

(4)  

(5)  

(6)  

where m 

m = 2 for 

H(Yf  - Ys) 

X
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- X

s 

1 - X
f 
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o 
zf  - zf  

depends on pellet 

infinite cylinders) 

= 13sK (Xf  - Xs  

I 	= Z
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f 
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s
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- K(z
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geometry 

I 	) 

b 

-Yf/Yf 
f 
e 

-yfA[f 
af  e 

= 3 for spheres, 

f 
= 0 

Zf  = 0 

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

to yield: 

Xs(r) =fY
s
,X

s
,a

s
,A

s
, 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) Xs 	= Xf  F(Ys) b 

t..77 8 



K tan h ( 

where F(Y ) - 	 3As 

s  
-3- + tan h -q -- (KS  
As 

	
as  

-Ys s 
with q = a

s  e 
	. 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  4  W : 'perfectly mixed' solid 

(b) H and K co : one phase model 

(c) of 
= 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 - a
s
e 	. X = 0 

-Ys/Y  
(9) 1 - Y + asf3se 	X = 0 

the behaviour of which has been studied by numerous workers (see Uppal 

et al., 1974). Similarly, invoking limits (a) and .(b) generates the 

systems of equations studied by Hlavacek at al. (1972) (Consecutive 

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

6.2.2 Numerical method 

A sufficient condition for uniqueness is that of (say) is 

monotonically increasing or decreasing in the permissible interval of 

Y
s
, 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 of versus Ys 
was employed (see appendix 

A.5.2). 
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For each model a subroutine was written which provided o
f 

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 00 

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 
- 1)K 	-Ys  /Y- e 	 s 	K(1 + H)  (1 - Y

s 
+ s 	+ K)) - G (1 + K) as 

A necessary condition for non-uniqueness of solutions is that -ci dG  f- < 0 
0 
 H (1 + K) 

K (1 4. H) 
somewhere in the range 1 < Y

s 
< 1 + s  	This is analogous 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: 

13i (Ys 4) 	4  

for a1 < a' < a2 

but where the symbols have the meanings: 

(1) Liu and Amundson (1962): 

= Kf3s/H 

a' = a
s
/K 
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(2) This study: 

K(1 + H)% 

H(1 + K) 

a' = as (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 conditions: 

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 4  °D). 

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 concurrent scheme is trivially unique. 

However, the consecutive reaction scheme can show multiplicity phenomena 

when internhase 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 S value. 

' = 
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Table 6.3 - Multiplicity criteria  

Generally: 	fr(yl  - 4A') > 4 102  

(a) Solid phase reaction only  

as  '1( (1 + H + A) _  

(1 + K) H 

y' = (1 + A) ys  

= (1 + A Yo) 

(b) Fluid phase reaction only 

13' =13f  

y' = (1 + A) yf  

A' = (1 + A Yo) 

(For the gas phase reaction in the consecutive 

scheme this analysis applies for Zo = 1.0) 
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Fig 6.1 Both reactions unique separately 
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Fin 6.3 Both reactions non-unique son:Irately 
Consecutive reaction scheme. 
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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 multiplicity is inde-

pendent of changes in the transport parameters. With H and K -4- 00 

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 reaction 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. When 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 Das 
= 0. 

Similarly the consecutive reaction scheme exhibits behaviour analogous 

to Fig. 6.5 except that the shift to lower Da
s 

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 values 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 reaction. 

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-unieue separately 

Consecutive reaction scheme 
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Concurrent reaction scheme 
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Fib 6.8 Solid phase reaction unique 

(Unique due to reactor cooling) 

Consecutive reaction scheme 

Parameters: ys: 20.0 H: 10.0 
yr: 30.0 K: 10.0 
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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 
PsCps  

For a gas-solid system the parameter Ls 
(c=)fCpf), 

 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 

pseudo-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) 

d 
= A . d T 

where a = Ys*)  ) 
(Yf - Yf*) 

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. Schmitz and Amundson (1963) similarly detected five steady 

states under rather contrived conditions (Fig. 6.11). The present 

formulation exhibits these phenomena over a wider range of less severe 

conditions. 
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Fig 6.10 Transient behaviour - phase plane plots 
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Consecutivtl reaction scheme 
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Fig 6.10 Transient bchaviour(continued) 



Fig 6.11 Comparison of Schmitzts(1963) work  
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Fig  6.12 Comparison with Hlavacelct s (1972 ) plots 
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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 difficult 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 diffusionalfresistance 

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 solid phase multiplicity 

is rapidly extinguished by decreasing As very small extents of gas phase 

reaction can reintroduce multiplicity. For the consecutive scheme the 

result's are similar, in that multiplicity is retained at low Daf  values. 

(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 a -pulse innut 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 phenomena described in previous sections would be expected 

to persist. 

(c) Other applications 

The simple lumped parameter models used in the bulk of this work 

apply rigorously to non-porous catalyst 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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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. 

O'Neil et al. (1971) demonstrated this phenomena for a bound enzyme 

system in a backmix reactor. In general the specific activity of the 

enzyme drops with time as enzyme is washed out of the reactor (Alba 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. 

4 c♦ 
A. I.. 
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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 circumve,lting 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 with 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 environment have shown that the presence 

of a gas phase reaction can significantly increase the range of para-

meters over which non-uniqueness of solutions occurs. Phenomena 

dependent on the presence of interphase resistance 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. 

Three areas have been identified as requiring further experimental 

work: 

(a) Clarification of heat transfer correlations. 

(b) Investigation of the effect of catalyst preparation 

temperature on the activity of tin-antimony oxide catalyst 

for butene oxidative dehydrogenation. 

(c) 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 uncertainty 

than was known hitherto. 

In summary the following conclusions can be drawn: 

(1) 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. 

(2) 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. 

(3) 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. 

(4) 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. 
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APPENDIX AA - 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 procedureQ  

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 value 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 method 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 Cresswell, 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. 

Accurate quadrature formula are also available to enable the abstraction of 

properties requiring integration. Orthogonal polynomials are defined by: 

(A.1.1) 	1 w.Pj(u) . Pi(u).xa-1  dx = Di.6ij 
0 

where j = 1, i 

Pi is the polynomial 

w(x) is the weighting function 

u 	is a function of x 

Sij = 1, i = j 

= 0, i # j 

-and Di is some constant. 
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Table A.1.1 - Polynomial types  

Name azfinition Comment 

Jacobi w = 1 - x2 

m = x
2 
 

Application: y(1) =y(x) + (1-x2). 

(A) 	Ia.P. 	(x2) 
1 1- 1 

Symmetrical about 

origin. 	Applied to 

effectiveness  
factor calculations 

etc. 

Legendre w = 1 

u = x2  

Application: 	as Jacobi 

As Jacobi, but 

often more rapid 

Shifted 
Legendre 

w = 1 

u = x 

Application: 

y(x) =b + cx + x(1 - x) 1 a.1P.1 -1  (x) 

No special 

symmetry properties. 

Applied to axial 

dispersion problem. 
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Equation (A) (Table A.1.1) is a polynomial of degree N in x2  and 

can be expressed as: 

N+1 
2i-2 y(x) = 	p X 

1=1 1  

where pi  are constants. 

Differentiating this and evaluating the expressions at each collocation 

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

N+1 
21-2 

y(x.) = 1 x. 	P. 
i=1 

N+1 	21 - 
aax 
 = L ax  
x. i=1 

 

 

Expressing this in matrix form, with P and Y the vector of D. and y(x.) 

respectively, yields: 

3X.  Y= Q. P and 	= - S . P  

where q.. = x.
2i-2 

j 	3 	(an element of matrix. Q) i 	 = 

ax
2i-2 

and 	s• • = — 
ax 	(an element of matrix S) ij 

	

	 = 
x. 
J 

Eliminating P gives: 

ay  
§- • —1 . Y 

= A. Y 

Matrix A thus replaces the differential operator 4. A similar treatment 

is followed for the second derivative. Finlayson (1974) has reviewed the 

method and presentstables of polynomial 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 'scheme but much 

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: 

Aa
2
y + Bay 	C 1 a (Ray)  + R 	0  

az2 az 	aR 

where Rs is 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 X bz. 

J.1 	Jz,i • y ,kr 	B 	az. 	y. Y 
j=1 Jz,j j 	 ,kr 

nr 
+ C 	brkr,k  . yjz 	+R

s 
= 0 

k=1 

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.. 	are elements of the collocation matrices A etc. jz, 
and 37J,k  denotes the value of y at grid point j,k. 

Boundary conditions of the form 

s ay 
aR 	= 

R=1 	
F (y) 



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

nr 
ar
nr 

k=1 	
,k • Yjz,k = F  • (3Y z,nr)  jz = 1, nz 	(A.1.3) 

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

Newton-Iterative Scheme (Young and Finlayson, 1973) but the Jacobian 

matrix can become quite large for modest polynomial orders if a number 

of reacting species are itiNclved. Inspection of equations A.1.2 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 

31 

J 

The sparse diagonal matrix, D, can be more compactly stored as the set 

of vectors d., where d.
sj  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 

k 
Yk+1 = Y - 6 

where 6 = J 1  . F 
= 

and k is an iteration parameter. 

Using the Jacobian structure described above a sequential solution 

procedure for each species in turn can be obtained: 

	

k 	
m 

1 
= j.1 •. (f. - 	15!) 

	

—1 	=1 	di 

(for i = 1, m) 

where F and cS have each been broken into m fragments (f., Si), one 

for each species. As j, is constant, throughout the iterations, only one 

inversion is required per solution. The procedure increases the number 

of iterations required but was found to he 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 accurate 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 for the 

single pellet model from Chapter 5 are summarized in Table A.1.4. 

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%) 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 

Tmaxs  

Conv 

NR 

3 

w = 1 

470.42 

97.20 

w = 1 - x2 

476.31 

94.10 

Tmaxs  4 488.77 490.42 

Conv 95.72 96.00 

Tmaxs  5 489.52 490.15 

Cony 95.68 95.70 

Tmaxs 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 

Tmaxs  490.31 489.72 489.52 489.54 

Cony 95.85 95.70 95.68 95.66 



Table A.1.4 - Convergence of single pellet model solutions  

Species 
NR = 
NZ 

Effectiveness factor 

w = 1 w = 1-x2 

1 .7565 .8198 

3 2 .6540 .7456 

Cp time 
(secs) 

1.71 2.1 

1 .7936 .7950 

3 3 .7073 .7100 

Cp time 
(secs) 

3.71 3.91 

1 .7972 .7966 

3 4 .7124 .7118 

Cp time 
(secs) 

7.36 6.84 

' Note: 	Species 1 = Oxygen 

Species 3 = Butadiene 



APPENDIX A.2 - 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: 

(1) HCHO + 0
2 
+ HCO + HO2 

(2) HCO + 02 + HCO3 

(3) HCO3 + HCHO + HCO3H + HCO 

(4) HCO3
H -+ OH + products 

(5) HCO + 02 -+ HO2 + CO 

(6) OH + HCHO + HCO + H2O 

(7) HO2 + HCHO -+ OH + products 

(8) H02 + HCHO -4- H202 + HCO 

(9) 2H02 + termination. 

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 2 
9 [maw] = Nctio]2  . 	(k7 +k8) k2 
at (k5-k2) 2 k

9 

k2 k7 (k
7  + k8  ) 

k
9 (k5  - k2) 

(k
7 
 + k8)

2 k
2  

k9 	5  (k -k
2 
 ) 

2 
For k2 small and k

7 
= k8 

this reduces to 
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Table A.2.1 - Kinetic data for formaldehyde oxidation  

Reaction Log10A E 
(kcal/monk) 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 



a [HMO] 	
2 r 6 k

2
k
8 

04CH0J 2  
- 	_ 

at k9 (k5-k2) 

Hessam suggests that reaction (2) competes unfavourably with reaction 

(5) and hence k2  << k5. 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') - CH3CO + 02 
4- CH

3
CO
3 

(5') - 	CO + CH3CO2 

However, the ratio k2'/k5  = 3 in contradiction of Hessam's results. 

A more correct approach would be to associate the ratio (k2
/k
5
) with 

(k2i/k5
1) 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 k5
' was 

sought. As, however, k5' pertains to an exchange reaction no estimate 

is possible. An estimation method is, however, available for the 

association reaction (Benson, 1968) 

x 
(2) - HCO + 02.= HCO3 

y 

This consists of: 

(a) Obtaining  the standard entropy change for the reaction. 

(b) Hence obtaining  the equilibrium constant for the reaction 

(Keq = e
AS/R

). 

(c) Considering  the decomposition (reaction y) postulate an 

intermediate which forms slowly, but decomposes rapidly 

and its rate of formation is thus the limiting  step. 

(ky - 
e k T AS+/R e 	, where AS+ is the entropy change inh  

moving  to the complex, k is Boltzmans constant and h is 

Plancks constant). 

(d) Finally evaluating  kx, the required result. 

Benson (1968) contains extensive tables of group and bond entropy 

contributions, necessary for the estimation. 



Working through this analysis gives k2  in the range 

(0.85 - 1.57) 10
4 
m3 kmol

-1
sec 1.and thus (k5/k2) lies between 3.81 and 

- *CHO]  .e-22/RTr 	12 - (0.61-1.14) 108 	LHCHOJ at 

Hessam (1971) obtained the following results for this decomposition 

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

Temperature 
(K) 

Max rate Kx 107) 
(kmole/m sec) 

623 23.8 

643 36.62 

658 49.37 

673 54.55 

693 99.40 

Fitting these results using the model 

-*CHO]  - ko e-22/RTr OiCH0.1 2  
at 

gives ko = 1.96 . 10
8. 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 . 1014obtained 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 
= 

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 HO2 
radicals, where doping of the reactor walls had a profound effect on 

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

ducing this data into the overall kinetic scheme gives 

9.3. 106 J kg 1 HCHO. This value has also been used in this study. 



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) Inert gas inhibition of the rate precludes surface termin-

ations (and thus surface initiation). 

(c) 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 kinetics 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. 
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APPENDIX A.3 - BUTENE - BUTADIENE FINETIC 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 (Sn: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 

	

2 	C
4
H
8 
+ 602 	

4C02 + 4H20 

3 8 
 + 40

2 
4- 4C0 + 4H

2
0 

	

4 	C
4
H
8 + 3/202 	

C
4
H
4
0 + 2H20 

	

5 	C4H8  + 5/202  4- C3H40 + CO2  + 2H20 

	

6 	C
4  H8 

 + 1/20
2 

	C3H7CHO CHO 

	

 

7 	C4H8  + 02 	
2CH3CHO 

	

8 	C4H6 11/202 4- 4C02 + 31120 

	

9 	C
4
H
6 
+ 70

2 	
4C0 + 3H

2
0 

	

10 	C
4
H
6 
+ 02 

4- C4H40  + H2O 

	

11 	C4H6  + 202 	C3H40 + H2O + CO2 

	

12 	C4H6  + H2O 4- C3H7CHO 

	

13 	C4H6  + 302  4- CH3CHO + 2CO2  + 2H20 

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

1/ 202 	C4H
6 

+ H2O 



lits,Ns\N\  

t -2 -butene 

Fig A.3.1 - Schematic of Butene - Butadiene heterogeneous 
kinetics 

Oxidation products 

1 

'n-butene 

It)\ 
c -2 -butbne 

Butadiene 



Table A.3.2 - Kinetic parameters for  

butene-butadiene catalytic scheme  

r 	Oro  
Rates are expressed as: Ae-E  

ART 
L
o 
21
l aro 

 4H 8J L 4H 0
lc 

 

kmol(kg cat)
-1
sec

-1 

Source : n-butene 

Product 
a 

(Principal) 
b c log10A 

1 	C
4
H
6 	

0.44 0.44 - 1.813 17.4 

2 	CO
2 	

1.15 0.80 - 5.352 23.8 

3 	CO 	1.6 0.90 - 6.801 26.3 

4 	C
4
11
4
0 	0.85 0.33 - 3.884 27.5 

5 	C
3
H
4
0 	1.2 0.75 - 5.000 25.0 

6 	C
3
H
7
CHO 	1.0 1.0 1.265 15.0 

7 	C
3
CHO 	1.0 1.0 - 2.550 17.5 

14 	c- 2 -butene 	0.74 1.1 - - 2.5229 0 

16 	t-2-butene 	0.74 1.1 - - 2.6271 0 

Source : c-2-butene 

Product 	a b c 
1°g10A 

E 

1 C
4
H
6 

0.50 0.63 - 	1.6628 16.8 

2 CO
2 

1.15 0.8 	- 6.65 29.0 

3 CO 1.45 0.8 - 	7.31 30.5 

4 C
4
H
4
0 0.85. 0.33 - 	3.27 26.5 

5 C
3
H
4
0 0.83 0.50 - 	3.83 27.0 

6 C
3
H
7
CHO 1.0 1.0 0.72 15.0 

7 CH
3
CHO 1.0 1.0 - 	3.23 21.0 

15 n-butene 0.25 1.27 - 	- 3.5528 0.0 

18 t - 2 -butene 0 1.0 - 	- 2.1938 7.4 



Table A.3.2 continued  

Source : 	t - 2 - butene 

c 1°g10A 
E Product a 

1 C4H6 0.45 0.59 1.7404 17.5 

2 CO2 1.15 0.80 6.8325 29.5 

3 CO 1.45 0.80 7.28 30.5 

4 C4H40 0.85 0.33 3.29 26.5 

5 C3H40 0.83 0.50 3.83 27.0 

6 C3H7CHO 
1.0 1.0 0.72 15.0 

7 CH3CHO 1.0 1.0 3.23 21.0 

17 n-butene 0.25 1.27 - 3.5528 0.0 

19 c - 2 - butene 0 1.0 - 3.1221 4.0 

Source : Butadiene 

Product a b c 1°g10A 

8 CO2 0.57 - 1.0 2.602 17.0 

9 CO 0.75 - 1.0 2.021 15.7 

10 C4H40 1.7 - 0.1 4.539 25.0 

11 C3H40 1.5 - 0.55 3.973 21.0 

12 C3H7CHO 1.0 - 1.5 1.342 10.0 

13 CH3CHO 
1.0 - 1.0 2.954 21.0 
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A.3.2 Homogeneous Kinetics  

Lam (1975) postulated the following network of reactions involving 

the principal products he identified. 

C4  H8  + 02 	C3H6 
+ CO + H2O 	- 1 

C4H6  + 1/202  4. C3H6  + CO 	- 2 

C3H6  + 02 	C2H4  + CO + H2O 	- 3 

C2H4  + 202  -+ 2C0 + 2H20 	- 4 

CO + 1/202  -* CO2 
	- 5 

The, following kinetic constants were obtained by linear regression, 

the rate being expressed as 

1 
-E/RT 

1  n
i nO2 

r. = A e 	C. C
02 	

g mol/mk/sec 

wheren.
1 
 and n

02 
are the stoichiometric coefficents in the above 

equations. 

Table A.3.3 - Butene-Butadiene homogeneous kinetics  

E 
Reaction 	A 

	

kcal gmol
-1 n. 	n

02 

1 	6.3 .104 9.78 	1 	1.0 

2 	3.94 . 1017 

	

62.3 	1 	0.5 

3 	1.37 . 1027 

	

9.13 	1 	1.0 

4 	5.68 . 1051 

	

167.0 	1 	2.0 

11 
3.76 . 10 5 	 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: 



(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 	4C0 + 4H20 

2. C4H6  + 31/202 	4C0 + 3H20 

3. CO + 1/202 	CO2 

A.3.3 Physical parameters  

(1) 	Heats of formation at 298 K  

(-AHO
298(KJ/Kmo1) - Source 

C
4
H
6 	1.016 .105 b 

n-C4H8 	1.172 .103 b 

c- 2 - C
4
H
8 	- 5.699 .103 b 

t - 2 - C4H8 	-10.06 .103 b 

CO 	- 1.106 .105 b 

, 	CO2 	- 3.938 .105 	b 

H2O 
(
g) 	- 2.412 . 10

5 
b 

02 
C4  H4  0 	- 6.195 .104 .a

+  

CH
3CHO 	- 1.6632. 105 

	

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

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

C3H4
0 	- 8.568 . 104 

C3H7
CH0 	- 2.196 . 10

5 



(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 using Rihani 

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

Cp = a + bT + cT
2 

cal/g mole K 

	

a 
	b 	 c 

furan 	5.13 	5.262 . 10-2 
	

- 1.914 . 1C5 

acrolein 	3.80 	4.402 . 10 
2 	

- 1.304 . 10 5 

n- butylaldehyde 	4.92 	7.36 . 10 2 	- 2.60 . 10 5 

(3) 	Catalyst pellet properties  

(a) Catalyst bulk density : 4881 kg/m3  

(b) Effective thermal conductivity : 

Keff = 0.0952.+0.44.10
3Ts W m 2 	(Corrie, 1972) 

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

dependence of the diffusi'Vity of oxygen and butadiene. This data is 

adequately fitted over the industrially important range (380-430°C) 

by an equation of the form (Knudsen flow): 

	

eff = CD  jTf7:7 	m
2
/sec 

where CD(02) 	= 3.3. 10-7  

C
D
(C
4
H
6
) = 4.2. 10 7  

and Mw = molecular weight. 

In this study the value of CD 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 



Gas flow 

.001-1-5m 

Annular reactor 

are related by the Chilton- Colburn analogy: 

h 	2/3 	
2/ 

Pr 	= kg. Sc /3 
Cp.pf  

and the heat transfer coefficient was estimated using the correlation 

given by Kern (1950) for pipe flow. 

(5) 	Corrie's (1972) experimental arrangement  

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

Kern (1950) gives for tube flow: 

1/ 
1/ 	r 	/ 3 	1 / 

Nu = 1.86 Re '3  (--) 	Pr '3  e De 

where De is the equivalent diameter of the annulus and V is a mixing 

length. The ratio (V/De) has a relatively small effect on h and 

Holton (1975) associated V with the pellet length. Holton also included 

a parameter to allow for the effect of surface roughness (C'), recasting 

the equation as, 

Nu = C Re
e 

where C = 1.86 Pr1/3  C' . (V/Der and used as a starting value 

C' = 2.33, giving C = 3.12 

lips 
kf 



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 experimental 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 -butane. 

Table A.3.4 - Pilot plant results  

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

Feed: 	10% butenes, 30% steam, 60% air, by volume. 

Reactor: 	10' x 1" i.d. mild steel tube with 0.3" 0.D. thermocouple 
pocket down the centre. 

Wt% Inlet: C4H8  : 20.1 	H2O : 19.4 	Air : 60.5 (of which 12.7% is 02) 

Run 
No. 

Bath 
Temp 
(K) 

Inlet 
Pressure 
(atm) 

Gs 

kg/m
2
/sec 

Wt % outlet C 
Balance 

CO  C4H8 C4H6 CO2 

1 

2 

3 

683 

688 

708 

1.26 

1.26 

1.25 

0.76 

0.76 

0.795 

6.26 

6.44 

4.40 

11.0 

11.7 

12.30 

1.5 

1.65 

2.5 

.1 

.13 

.21 

95.0 

100.6 

99.2 



Table A.3.5 — Pilot plant data 

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

Feed: 	10% butenes, 40% steam, 50% air 

Reactor: 	10'x 1.136" i.d. stainless steel tube. 

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

Wt% inlet: C4H8 
: 22.0 H2O : 26.4 	Air : 51.6 (of which 10.85% is 02) 

Run 
No. 

Bath 
Temp 
(K) 

Inlet 
Pressure 
(atm) 

Gs 

kg/m2/sec 

Wt % outlet C 
Balance 

CO  C4H8  C4H6  CO2  

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 4.3 12.6 1.49 .187 98.4 

7 695 1.22 1.171 6.5 11.5 1.19 .135 100.4 

i 
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APPENDIX A.4 - BIOCHEMICAL REACTOR MODEL 

The rate of the bound enzyme reaction is given by: 

k E
s r - 

V 	(1 +Ka/Cs  +C s/Ks) 

where Ka and Ks are constants (111 1/k) , while the fluid enzyme reaction 

rate is: 

rT  
• k E 	f 	1  

	

V 	+ Ka /C f 

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

Clearly Etf  = 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 

(mo1/2.) 

Fluid phase mass balance: 

X
f  

1 - Xf - Das 
W (

CaoXf +Ka
) K(X

f 
- X

s
) = 0 

Solid phase mass balance: 

Da X 
K(Xf  - Xs) - 	

s s  
2 2 • 

(Ca X +Ka +Ca o  Xs 
 /Ks) 

o s  

= 0 

with 

k E 
Da - ( 	s) 
s 	v 

W = 'washout rate' = (! Ke) 

The values of Ka, Ks and Cao  (= 0.1 mol/Z) utilised in this study are 

drawn from O'Neil et al. (1971). 

1 



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 providing 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. 
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Table A.5.1 - List of variables for reactor and pellet models  

Computer 
Variable 

Common 
Block 

Definition Equivalent 
in text 

DP pellet diameter dp 

DT tube diameter Dt 
- SYSTEM 

AL reactor length L 

GS 

THI 

_ mass velocity 

voidage 

Gs 

E 

T temperature T 

P -- TDIM2 
pressure P 

X( ) Gas composition vector - 

PF - 
_ 

fluid density p
f 

ALS 

ALF 

ALC 

, 

_ 

Effective radial 

conductives for solid, 

fluid and continuum 

Ar
s 

Arf 

Arc 

PMR2 Radial heat peclet no. - 

ALPHAS - PHASE 2 Wall heat transfer 	. aw 
s 

ALPHAF 

ALPHAC 

coefficients for solid, 

fluid and continuum 

awf  

aw c 

HV film heat transfer coefficient h 

CP specific heat Cp 
PROPS 

AMU dynamic viscosity P 



Table A.5.1 - Continued  

Computer 
Variable 

Common 
Block Definition Equivalent 

in text 

AKF 

SET 

BETA 

ALPHAY 

AKS 

PB 

ARS,BRS, 
AZS 

BZS,XRS, 
WS 

PR( ) 

R 

RG 

XC 

XG 

XGA 

XS 

F,FS 

TS 

DRT 

_I 

— PELL 2 

_ 

_ 

QP,DER  

Fluid thermal conductivity 

dOz/cOr 

Pellet length to radius ratio 

hollowing 

Solid thermal conductivity 

pellet density 

- collocation matrices 

• 

Peclet numbers 

solid phase rate groups 

fluid phase rate groups 

Dimensionless continuum 
concentration 

- 	Dimensionless gas 
concentration 

_ 

Dimensionless solid 
. concentration 

Function vector 
(solution procedure) 

Solid phase centreline 
temperature 

Derivative vector 
(solution procedure) 

f  

kf 

- 

a 

ks 

Ps 

ar etc. 

Per 

R
s 
and Rts 

Rf and Rtf 

X c 

X 

- 

xs 

- 

- 

- 
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Table A.5.1 - Continued  

Computer 
. Variable 

Definition Equivalent 
in text 

NSPH Pellet shape parameter - 

NDEC( ) Sequential bed packing vector - 

TB Wall and inlet temperature T /T 
o 	w 

NGMAX,NSMAX Location of hotspot (grid number) - 

TGMAX,TSMAX Hotspot value - 

TGPOS,TSPOS Location of hotspot" - 

TAV Radial average temperature - 

XAV Radial average concentration - 

TC Centreline temperature - 

DHET,DHOM Heats of reaction (-AH) 	,(- 	)f 

SAV Surface area/volume ratio - 

B 

. for pellets , 

Effective conductivity parameter av 
AV Specific surface area a

v 

NSTART Matrix controlling pellet solution - 

DIR Effective diffusivity 
Opeff 

XB Bulk or inlet dimensionless 
concentration 

X 
 



Table A.5.2 - Service Routines  

(a) 	General 

  

PRINTI 
PRINT2 
PRINT3 
PRINT4 

DRAW1 I_ 
DRAW2 
DRAW3 
DRAW4 

Various Tabular output 
options 

Various Graphical output 
options 

• HEAD2 	- Output of inlet conditions and heat transfer 
parameters 

PROPS* 	Calculation of fluid properties 

HTMT* 	

- 

Calculation of heat transfer coefficients 

(b) 	Chapter 4  

OCL2 	

- 	

Calculates collocation matrices using a small 
library of subroutines 

Three sets of subroutines were written to- provide kinetic 

information, only those for nitrous oxide oxidation are 

tabulated below: 

RAE1*  - 	Heterogeneous rate calculation 

DERAE1* 	Calculates derivative of heterogeneous rate 

RAGAS1*  - 	Homogeneous rate calculation 

RAT1 	Combines output from RAE1 and RAGAS1 for one 
phase models 



Table A.5.2 - Continued 

(c) Chapter 5  

OCLPEL - As OCL2 

* 
RAE7 - As RAE1 

* 
PELL3 - Isothermal pellet solution (called by RAE7) 

AIMPNEW 
	

Subroutines used by PELL3 in 

* 
F2ISO 
	

Newton solution scheme. 

Thirteen further subroutines (occupying 2500 words of store) were 

also used to manipulate and evaluate the kinetic information. 

Note: 	* - Documented coding of program is included. 



Yes Print 

Solve solid phase boundary 

conditions 

Sot J s 1 

Yes 

flrint I 

el(trapezium rule) 

[

Integrate gas phaso equation 

Solve solid phamo balance 

15.77.47.  

<ACC 

Yes 

.0 NZ 

=NZ 

  

Returns average axial 

profiles,max. temps, and 

locations, conversion 

and selectivity 

['Return 

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

 

Inlet conditions, boat 
transfer parameters 
and collocation matrices 
sot externally 

'En ter 	211211 



Solve for split Newton 

procedure for one reactant 

species 

Enter FIELL3 

Call SETUP Evaluates all kinetic 
constants and loads them 
into common blocks 

N = NSPEC 

Yes 

Output Yes 

Print profiles 

)ACC 

<ACC 

Effectiveness factor 
calculations 

Pig A.5.2 —  Logic diagram for butene pellet coding  

IRETURNI 



• 
1 •'z. 

SUPkUUTIIT RE2O7P7 	PR,XS,AKSOIHS.XMC.mS.NR.N7.NSPEC.HAE.RATGAS. 
1 ORAAt.ORA402.TC.RoRG'XGOCGA2FOCAVINS.FS.XS.TAVoTS.DER*DERAE.ONT.NR 
22) 

C 

	

C 
	SoivES 20:2P RED HODri_ FOR HETEROGENEOUS 	ImmOGENEOUS REACTION 

C 
nirruslov npTtvq) 
niLEN%le” Apsif,u.NRIO3Ps(NR.mR),XRStN111.wStNui 
Dipuision 	 .NSOFF. .F(Nli INsPEC ) .XAVINSFEC INS) 
(110ENrIeN xoWIR.I.Nspic) 

ntpinsieN o('.R.1,NcPEC).RG4NR.1.NSPECI.PR(NRPEcl 
olriNsION Sit(5) 
OVE,ISTON NviNspECi 
olwrISTON 	TS(1.NS).FS(NR111.XS(NR.1.NSPECI 
01"*U1SIO,' TAvt101S) 
OP,EnSIOP Tcti.ns).x(In) 
DS L'IStcl. nrRom2.NR2) 
01PLINInH crOuE12n),CoRt2A) 

DIPZilSION IPHINT(2).10RAw(2) 
ultRON/SHAPviNCrtl 

COM"ONP:HAHP,A420) 
Cr.witiN/CTL..erfr.Nr,04 

CO`MUN/TFTP/T.P.W.OSP.PFI 
C0P'00N/PFLL? ,  floSii,AKS.SET.RETA.ALPNA 
CD"'IN/SYSTrP./RPIUTeALIGS.THI 
CO"")11/wALL/OCR,YR 
COkmON/HFT/DIFT 
COPRON/Ppopc#0,,AmuoRr 
COvIvoN/CoqPi/lAvOln.(Pq1NT.IPRAw.I0IAG 
COPPoN/PlAsiwAtS.ALF.ny.PPR2,ALPNAS,ALMAF 
CO'voN/TwEinnfcAln) 
CW•m71N/P2rw/smAx.TGmAx.TsPOS.TGPOS 
ExTEHhhi iFI'SAF 
ExTEHHAL 17nuoixTr.x.x.0Rxw1.PRAw2 

	

C 	COOpuL VARI/W.CES 

	

C 	lAVOILI=0-FULER METHOD 

	

C 	=1 ..TRAPFillim RULE 

	

C 	Ir9tHT=0 - PRINT OuT 

	

C 	roktin=o - GRAPHS 

	

C 	/H0:0- HET*HOm 

	

C 	=1,. NET ONLY 
C 

us= ALPHAS 
UF= ALPHAF 
HOST= 
JS= 1 
NT= 3 
IrINsPrC.E0.5) NT= 4 
jnE(2=0 
Ext TH1 
ACC: 0,06S 
NFREU= tums-1) 
nu= 2.04, AunT 

2.o.nP/nT 
ALT= xiDaPrn 
xX= os.cp.nT/AL/2.n 
DO 19 J= 101-2 

STORLAJ)= 0.0 
00 19 H.= 1.NSPEC 
xs1J41.14)= xn(H) 

19 461.2.1.N): xE,(14) 
NCLUIT= P 
JT= 1 
02= 1.(aFLoAT1N7) 
TCI1.11= XPiNT) 
N2 27 N= 1.NSPEC 

27 XAY(4.11= YO(N) 
C 

	

C 	. 0E. TAIN sOLin PHASE' TEHe.pROFTLC AT INLET 
C 

	

C 	SOLVE snLril PHAsE EUNs BY NEwTONS METHOD 
51 Co'T1Nt.E 

CALL (NE9Ar(xs.9.0HT.NSTTC.TIR$1.NT) 
CO sl jp= 

FSIOH.1)= 11.0-FII.RIJR.I.NT)-Hvg, (XS(JR.1.01-XG(JR.1.NT)1 
no 51 J= 1.HR 
rS(J9.1)= Fst.29.11.9.w.xLs/CDT$ 4,21saRs(JH.J)*xstJ.1,NT) 

st cowriwiE 
TEST= n.c 
r0 bj u= 1.NR-1 
CORIJ1= 11.0 
ro 54 Km 1,fl11i 

54 COR(J)= CORIJ)* VERI.J.R14, (FS(K.11-O4TIKIoSTOkE(101, (1.-E)) 
451.1•1.%71= xS(.J.1.NT)-COR(J) 
PEL=..0s(C1,1?(J)/xc(.2.1.1171) 

Tr(vEL.GT.TvcT,TEsT= orL 
53 Cn:Ttifle 

CC,  5,1  J= 10. 9-1 
cycl.g:(j1= CAR(J) 

57 cr,.TUI,JE 

	

C 	vOQNOARY rW,PITTOPI 
is('Lq.1)= 11.0 , 	• 

^C td J= 
FSII.k.11= FS(f:1,11 	ANSINn...1).xS1J.1.NT182.04xLS/OT 

52 Cc".TrtvE 
Ts(r.q.1)= 1szir.P.1).A(SvIR.NR)sxsCult.l.NT),2.0•ALS/OT 	i,ssmn 
AA=-4..s-A..stm+Onl•2.1'xIS/Or 



f c1. 

)0(.= Fc(r...11/AA 
1P1h:5.1...Tp.EN.9.0) GO TO 110 

CU.= A:IS((xHEb-xs(HR.I.NTI)/xs(NO.1.NTII 
yFIcEL.61.Usi) TrsT= DEL 

111 CF0:TIE 	• 
ys(,.R.1.0T)= yi ,Ew 

1F(TEKT.c-T.KCC) CO To Kn 
C 	E"C.0F Sal') PHASE sOLnTIOm 

TS(1.i)= n.0 
TA•11.11= 0.0 
CO be J= 

T5(1.11= TS41.114. UP(J1,10(9CJ.1.NT1 
TA1.11.11= TAv(1.1). xs(J.I.NTI•KS(JI 

43 Co1 il0HE 
C 
C 	101TIALT2ATIoN cOwPLETF 
C 
C 
C 	myLA.forATE ()LIMIT 
C 

42= - 1 	• 
IFIIPKirq11).nF.nI CO Tr) 1:4 
CALL Pi< 	T. xc; . ,,p.•PISPEr 	/ 
CALLPItTras(.K.na.NcPEC.j2,nT) 

93 coralooE 
C 
C 	COOILOCC TNiEGRATI0N ALONG REACTOR 
C 

DO 15 ..17= 2.02.1 
NCWIT= PTG6NT41 
IFANCOuNT.NERE01 GO TO 91 
49= JS • 1 

CI 
C 	FACILITY FOR SFoOENTIAL 8Eo PACKING 
C 

1F(NoEcIJKI.E0.NnSTI Go TO 92 
IFIN0117(Js).10.0) CALL soORAmspo) 
IrINDICIJS).E0.11 CALL sUEB1INsFH) 
CALL HTuT(nsPn) 
nDsT= HOF c IJS) 

12 CMTInnE 
91 CoTINIJE 

ITPAP=0 
14 CONTINoE 

C 	HEiLlinGENEnlis KINFTICK 
CALL1hE(iK.R.NsPEC.NR.1) 
IFIP(LT.NE.0) Gn in 28 

C 	HOoe:EnUns KINETICS 
CALL RAT6As(xG.RG.NSPEc.NR.1/ 
GO TO31 

. 28 coNT1NoE 
no 30 Nr. 1.NSPrE 
DO JO JR= 1.NR 
HOIJR.I.m)= 0.n 

30 CONTINa 
31 COrTINA 

C 	SOLUTION Or GAS PHASE FoUATIONS 
C 
C 	KETHOO USES) cOnTKOLLE0 nY /Avow 

DO 3 JR= 2001.1 
DO 33 P: losspEc 
F(.1H.1et11:4roPnIJR.1oN).41.0'EloRWRo1oN71 1, AL/(S 

33 COP.TINUE 
FIJA.1.07)= IF(JR.1.HT1-(1.-E).R(JR.1.NTIsAL/GS)/CP 

rtJ14•1.07)= F(JP.1.NT)•HVeAL*(XSIJR11.MT)-XGIJR.1iNT))/GS/EP 
00 3 J=1.114 
00 34 0= 10SPEC 
r(JP.I.r)= F(.14.1.N)4RRS(JH,J1eXG(J.1.0)/PRINPDALT 

34 CONTINUE 
3 COrTINuE 

IF(ITRAP.NE.01G0 To 9 
DO 3$0111. 101,1.1 

DO P N=1.NSPEC 
xGAIJR.1.N1= iG(..111.1.N) • oZ•F(JR.1.N)/2.0 
KG(JR.1.n)=x6(JR.I.N1sn2•Ff.M.1.N) 

I coNTINHE 
38 CONTINUE 

nu 1 u.1.NsPcc 
Foaq.I.N)... 0.0 
DO 4 J=1044 

4 FirK.1.NI:FtNR.1.NI.ARRINR.J)1(GIJ.I.N1/PRINI *ALT 
1 CONTINLJE 

FIrn.1.NTI= F(o..1.011-nr•T1/xX 
DO 3R n= 1.nsPrr 
FIrn.104)= FINR.I.o1-ARsINR.nR)*XG(NR.I.N)/PH4N1*ALT 
AA= -ARS(no.no).RLT/pR(n) 
IFIN.Eo.ni) AA: AA.UF/xY 
XGIUN.1.N)= F(NR.1.N)/AA 

• 32 CONTINUE 
C 
C 

9 CONTINUE 
IFIITHR(`.E0.01 Go TO In 
TEST=0.0 
no 3/JK= 100R-1 

DO 11 N=1.11KREC 
xnrw= yGAIJQ.I.n) • 02.r4JR.l.n)/2.0 
1F0o.(JK.I.o).re.n.01 Gn To 63 
DILI? AnS100,1w-1(G(JR.1.m))/X6(JR.1.N)1 



I I r 

• 

IIAHEL.GT.TEST1 TEcT=DEL 
63 couTiw,T 

xG(J11.1.r1= xNEw 
11 CoNTIuuE 

C 	DOuNDAHT nouOITTON 
39 CONTINuE 

DO 	N= 1.NSPEC 
F1hn.I.N1= 0.0 
DO 45 J= 1.NR 
Fl(Ri.1.N)=F(NR.1.N1+ARS4NR.J)*X6(J.1.n)/pR(N) *ALT 

45 cof.TiuuE 
FINR.1.NT1= FINP.1.NT1-UF$TD/XX 
DO 44 N= 1.NSITC 
FINI2.1.141= r(NR.1.m1-ARS(NR.NR14(G(NR.1.M/PR(WeALT 
AA=-ARs(NR.NO1eALT/PRIN1 
IFIN.Lo.1 1) AA= AA-Ur/xx 
Yfl_w= FIN1t.1.N1/00 
ic(xu(NA.I.N).r(D.o.0) a0 TO 130 
OEL: ADs(txNEw-xn(NR.I.N))/XO4oR.1.N)) 

IFIDEL.GT.TEST) TEST= OEL 
130 CONTINUE 

xs(m.I.N)= xnEw 
44 CONTINUE 
10 CONT10uE 

C 
C 	SOLVE SOLin PHASE EONS BY NEWTONS METHOD 
C 

CALL 0E0AFIXSO.ORT0NSPFCIN4.1,MT) 
00 40 J4: 1.(IR-1 

FSIJR.11= 11.0.471*RIJR.1.NT)-Uv.IXS(JR.IINTI-XG(JA11.NT11 
00 40 J= 1.IIR 
FSIJH.11= Fs(JA.1)44.0•ALS/IDT*4.2)*RAS(JR.J)*xS(J.1.NT) 

gn CONT1wHE 
DO 61 J= 1.NR 
SIORL(J)= 0.0 

61 C0NTEN9E 
TEsT2=0.0 
00 42 J= 

COE(J)= 0.0 
no 43 K17 1.044-1 

43 C00(j)= C0011).4. OCA(J,K)*1F-Stm.11-ORT(K14STORCLA)4(1.-E11 
AS(Jtl.NT)= xS(J.1.NT1-cOR(J) 
On= AnS(COH(J)ixs(J.I.NT)1.  
IlinEE.GT.TEsT21 TEsT?=0El. 

42 CWIINJ'E 
O0 62 .17: 1.04.1 
S704E(4)= C041J) 

62 COkiiNUE 
FSIN0(,1): 0.0 
00 41 J= 1.um 
rSiNq.11= FN1NA.11 • Ans1N2.J).xS1.1.1.NTI*2.0•ALS/nT 

ml COMINHE 
FSIWigll= FR(N4.1)ARS1r4nollR) 4, XS(Nkie1th11 02.0.,ALS/DT 	Us*TO 
AA=-0S-A4Sfon.mn1•7.0•AisioT 
IftxSINI.I.NTI.EQ.n.0) GO TO 120 
xNEw= fs(No.11/An 
OEL: AoStiv,E.4-xS(NA.I.NT1)/xScNR.1.NT)) 
IF(NEL.GT.TEST2) TEST2= DEL 

120 cONTLiot 
vcoti . 1 ofT ) = xt!Ew 
IF4T1s12.GT.ACc1 a0 To 10 

C 	EH.) .of ScEln PHASE SOLUTION 
C 
C 	Myer/GE-NU TEST 
C 

IflITUAP.Fo.n1 a0 TO 17 
irtIEST.1T.ACC1 GO TO 13 

12 EMTINor 
Ir(lAvolp.ro.0)G0 TO 13 
ITRAP=1 

'GO TO 14 
13 CONTINUE 

no 37 JR= 1.NR 
iS1= x540R.I.NT) 
no 3h P= 10sPEC 

3n XSIJN.I,M1= YGIJR.1,11) 1  
37 xs(J44.1.%1T1= TsT 

C 
C 	CHFCK Fort nE6ATIvr CONC 
C 

00 22 Pi= 1.115Pcr. 
TrIN.Eno-T, ao TO 72 
CO 2? j: 1.118 
11,1xn(J.1.01.11.0.0) Go TO 23 
11-1gs(J.I.Ni.LT.0.0) GO TO 23 

22 CONTINuE 
60 To .'s4 

23 CONTINUE 
Co Al N= 1.0sPrr 
7rIN.Em.(l7) no TO Al 
U0 Al J= lott 
1r(4141J.1.N1.LT.O.A) xat.1.14:1= 0.0 
IF44s(J.1.NI.LT.O.n1 Xs(J.1.N)= 0.0 

Al COMuuE 
IF(JUEn.ur.ni GO To AO 

hortilt 1h.1401) .17 
aRriLlh.1000) 



JNE0= 1 
80 CONTINuE 

C 
C 	EVALUATE Ao0 STORE CENTRE LINE TEMPERATURES 
C 

25 Cen1INuE 
Gx= 0.0 
Sx= 0.A 
00 500 J= 1.NR 
GX= 6x.op(J)sxn(J.1.NT) 

500 sx= SA. ::PIJ)*xxs(J.1.NT) 
Tr(sx.GT.T,,r,Ax) NCMAX: JZ 
IIISA.GT.TcmAx) Tsmhx= SX 
IFI(A.Gr.TGmAx) qnmAx= JZ 
tFIGA.GT.TGMnx) T(;MAX= GX 

00 100 J: 1.01 
IFIXG1J.I.NT).GT.TGmAx) uGmAx= JZ 
IE(AS(J.1.NT).GT.TcmAx) Nst•Ax= JZ 
IF(AG(J.1.NT).GT.TGPAx) IG.AAx=  XG(JoloNT) 
Ir(XS(JoloNT).6T.TSMAX) TSmAx= ASIJ.1.NTI 

100 CONTINUE 
IF(NCouNT.NE.NFREN) GO TO  24 
JT= JT.1 
NCOuNT= 0 

C 	STORE ANP EVALUATE AVERAGE VALUES 
C 

TC(1.JTI= 	0.0 
TS(I.JT).= 	0.0 

TAVll,JT)= 	0.0 
00 62 j = 2,NR 

TC(loulT):: 	TC(1.JT)+0P(J)4,XG(Je1y1al 
TS(lejT)= 	TS11...1714. 	GPIJI4XS(J.10,T) 
TAV11.JT)= 	TAVfloJT) 	+ 	WS(J)*XS(J11.NT) 

82 cONT1NuE 
00 lb N=1,NSPEC 
XAV(II,JT)= 	0.0 
00 16 J=1.NR 
XAVIN.JT1= 	XAVIN.JT) 	ws(J1*AGI.J.11N1 

16 CONTINUE 
24 COPTINuE 

C 
C INTERoEVIATE OUTPUT OpTIONS 
C 

IF1NCooNT.I1E.0) 	Go 	TO 	17 
IFIIPRINT(1,.NF.01 	GO TO 	17 
CALL pRINTT(AG.nRoISPEr.JZ) 
CALL PRINT3tAS.NR.NSPEr.JZ.NT( 

17 Eat'lluuE 
IFINCouNT.HF.01 	Go TO 21 
IF1IoRAwc1l.NE.n) 	r.0 	To 21 
CALL ORAkA(AG.ARs.NR.NspEC1 

21 CONTINUE 
IFI1OIAG.E0.0) 	GO TO 	Is 
CALL PRI1T1ixG.NR.NSPEr.JZ) 
CALLPRENT3(xs.nR.NsPEC.JZ.NT) 

15 CONTINUE 
C 
C COMPLETION OF INTFGRAT/ON 
C 

00 46 N= laISPFC 
ANN1= XAv(N.NS) 

46 CONTINUE 
C 
C FINAL OUTPUT OPTIONS 
C 

IFIIPRINT(2).1E.0) 	GO 	Tn 	14 
CALL PRItT21xAv.Tc.mS.NsPEE, 
CALL PRINT4(TAv,Ts.)Is) 

10 CONTINuE 
IFI1pRawi2).NE.nt 	GO 	Tn 20 
CALL OPAw2(Tc.xAv.NS.N5pEC) 

20 CONTIWE 
26 EOrTINuE 

TGPOs= FLOAT(NGmAx-11.0 OZ 
TSPOS= FLoATINsvAx-1)*0Z 

1000 FORRAT(21x.s0u 	  / 
11 

1001 FORmAT421X.26HREACTANT EXHAUSTED AT JZ =1I5110x.17)1CONC. SET TO 2E 
IRO./) 

RETURN 
END 

'. 2  



SNINWUTINE RAc1txc.R.NsNCC.NP.N1 

NITROUS oxrnE OXIDATION 

HETEROGENEOUS TERMS 

SPECIES 	 

1 = NITkOUs OXIOE(N201 

2 = NITRO6FH MOXIDE(N,12) 

3 2 TEPPCRATURr 

IRATE EVALUATED ON KG/M3/SEC / MASS FRACTION BASIS 

DItTHSION RtNR.N.NSPEC).Xo(NR.N.NSPEC) 
CrWMON/PELLP/OR.su.ARS.sET.RETA.ALPHA 
CUNON/FIL,/NURIT.GH 

cOrmOn/SPAPF/NSPH 
CO,RON/SYSTil,/nR.DT.AL.AS.THI 
COFMNII/PhoRS/CR.AN7H.ARF 
CO"mUN/T(112/T.P.X.NSP.PFI 
WINS)ON X(10).SH(5) 
BATA AHE .1-Nr.T.DNET/3.15.34.6.1.98C+06/ 
REAL 604E1.  
ANET= l0.n..AHE 

RCM= 1000.P.OP 

FOR A SPHERE. 
ir(NsPN.in.11 SAv= 6.0/DP 
IrtNSP11.10.-1) SAv= 4./DP*(1.-TNIUTNI 

IFINSPu.F0.0) SAV=R.O*(1.-ALPHA+RETA)/OP/(1.-ALPHA)/BETA 
AR= 1.'PF-01 
r0 1 J=I.NR 
cn 1 Kr..1.R 
Pr= NEE/11.n. xr(J.K.31) 
TT= (XCIJ.K.3) + 1.01•T 
KNIT= APET8EXPI-DIFT/RR/TT) 
/FINCOUT.E(1.11 rAC=I 
IrtricunT.Eu.0) FAC= 6K/ouirT+0r.u+Gx1 
RI.J.K.1)=sAvexCW.x.11..Nr•KNET 
R(J.K.11: RI.J.R.1)*RGH 
TFINCOMT.E0.0) R(J.V.II2 RIJ.K.1)*FAC 
RIJ.h.2)20,01 
RIJ.R.3)=011FT0R(J.K.1) IT 
R1.104.112■RIJ.R.1) 

1 CONTINUE 
RETURN 
END 

C 
C 
C 

SURROUTIVEDERAFI(XC.R.ORT.HSOEC.NR.NZ.NT) 
C 

	

C 	NITROUS OXIDE OxTDATIn11 
C 

	

C 	HETEROGENEOUS DERIVATIVE TERM 
C 

	

C 	SPECIFS 	 
C 

	

C 	1 = NITROUS OkIPFIN201 
C 

2.2 NITWIGEN nInXTDC(NO2) 
C 

	

C 	3 = TEMPERATURE 
C 

	

,C 	RATE EvALonTfri ON RG/m3/SFC / MASS FRACTION RASIS 

DIMENSION nuA(10) 
DIPENs101,  vc1N0.NZ.NSPrel 
DIPENST0v NWR.r:I.NsPic).ORT(NN) 
CE1m0N/sysTy4/np,uT.AL,rs.THI 
cDmmWvElL4/NrnnT.Gx 
Cnv4u:I/Tvw2/T.P.x.NSP.PrI 
CD'idoN/sNApriNsNN 
COPkqN/PULL2/Nri,su.AKs.s0.BETA.ALPNA 
DrE1ls10"x(In).SH(5) 
REAL KHEI.KA 
BATA ANL .PIET.nHET/3.35.314.6.1.38E.06/ 
/WIT= 10.1)..ANE 
RC.u= 20cP.A.rF 

RR= I.q0E-03 
FOR A C011fOr 
IrtNsvis.rn.1) SAv= 6.0/DP 

C 
IriNspu000) sAv=4.0.41.-Alp11A.BETAI/Dp/t1.-ALOIA)/DCTA 
BO I JR=1,,01 
00 1 J7= I.N1 
TT= 1,(C(Ja,J/0) 

TA= (ACIJR.J7.31.1.01.k.AloT 
TO 4YCIJR.J7.31.01.0.01 TA: TT.1.001 

AA= rA/T 
mtiolm A.41t.f,P(-ENrT/up/TTI 
IF(NOINT.ruow rAr= Gli/(100-7.0r.11.Gx) 
TEINrer,T.r0.1) rAC=I 
KA= AurTow(-ENET/Rii/TA) 
• vri/110,.xrtJR.J7.All 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 



prt: PFT/AA 
K1JR•J/.1)= mNrT.pr.x0J0.J2.1)*SAvoRn1l 
NA= KAWFA.PXCI.WoJ7.1) ,04AV .4iGn 
I/(fiCwIT.F0.0) 	nA.rAC 
Ir0utoNT.En.0) m(Jm.J7.11= R(JR.J7.11,FAC 

m(Jk.J1..1)=k4T.m(JR.J7.11 
NA= 0111T.RA 
ORTIjit)r. (RARIj1t.01.31)/(TA■TT) 
N(JH.J1.3)= miJn.J7.3)/T 
[WIT= IMET.TXPI-VIIFT/ 17R/TTI•Elier/RR/TTg"2 
lIPAWRI= nmni.pf.xCtan.J2.11$sAv.pNET.RGH 
IF(NCONT.E0.0) DRA(JR)= DRA(JR)*FAC 

1 COLTINuE 
DC 200 JR= 1.NR 
DmTIJmI= DRAIJR) 

200 CO NTINUE 
RETURN 
END 

C 
C 
C 

	

C 
	SUbROUTI(E mAr,AcItxC.mr.,NSpEC.NR.NI 

	

C 	NITROUS nxIPE OXIDATION 
C 

	

C 	HOMOGENEOUS TERMS 
C 

	

.0 	SPECIES.. 
C 

	

C 	1 r NITROUS OxIDE(N201 
C 

	

C 	2 = NITkOGEN PIOXTDECnO2I 
C 

	

C 	3 = TEmPERATURr 
C 
C 	RATE EVAL0ATED On mri/m3/SFC / MASS TRACTION BASIS 
C 

DINENSTON ml(NR,N.NSPEC).x[WR.N.NsPEC) 
CEP4UN/Sx5Tr:m/Dp.DT.AL.GS.THI 
CO0mON/PRopc/EV.Amu.Amr 
COPmON/TOTv2/T.o.x.NsP,FTI 
niPuistoo xtin) 
DATA AND" .ANnm A.Avomn/I(..4P.A.99.13.88, 
DATA E1IOvIoNomIA.Fuom2/A1.0.2R.4.72.4/ 
DATA OnrwlonNom,/1.981.n6.1.05E+06/ 
REAL m1Iou1.604o;,TA.R1lOm7 
AnOml= 111.0.*AllOm 
AnCm1A= 10.0..ANOmA 
ANOm2=10.0..Ano.ro 
RR= I.v9F-AA 
DO 1 J=I.Nm 
00 1 m=1.N 
Pr= PFI/11.0+ xr1J.m.3)) 
TT= (xc(J.m.31 + 
mtiOk1= APOmi.ExPf-rHoni/mR/TT) 
mIMIAIA= ANcrAtA.rxvt-CHnmIA/Rf:/TT/ 
mii0m2= Apom).Expt-rhom2/mm/TTI 
RCI(J•1(.11=munmi.(pr*xC(J.m,1)).1,2/(1.+KNOmiA*PFixCIJ.K.I)I,KNOm2i,  

ms(j.m.2)=p1I0m2.(p=sx[(J.m,1))..2 
ms(J.m.3)=Rn(J.m.2).0n0m2+(RGIJ.K.1)-RG(J.K.21)4,DNOm1 
mr.(j.m.1)=-mG(J.m.1) 
ABIJ.m.3)= NG(J.m.3)/T 

I CONTINUE 
RETURN 
END 



SUPROUTIVE “TMTMSPH) 
C 
C 	PROVIDES HEAT TRANSPORT PARAMETERS TO MODELS 
C 

DIPENSIOH xliA) 
DivoSIOt• S11(5) 
covvuR/Ttiv)/T.P.x.NSP.PFI 
COP 1-U;;/PFLL2/ PI.SH.AAs.sET.FETAIALPHA 
Cormou/sysTrt,/Pp.DT.AL.r.s.THI 
C0J'AD4/E(AJT/ALC.P.R0J.A1PHAC 
COPPOD/PF.ASF2/ALS.ALF.HvAv,Pmm2.ALPHAS.ALPHAF 
CommON/PPoPs/E.P.Amil.Arcr 

C 
C 	HPOIGAV.THE FROM YAGTIOCUNII/OEWASCH.FROMENT 
C 
C 	Hp IS cOhTACT COrrr.iii/m2/R) 
C 
C 	NSPH=1.SPHERIEAL PELLETS 
C 
C 	II': PELLET DIAMETER 
C 
C 	OPP= FOVIVALENT SPHERE DIAMETER 
C 

E= 0.5 
IfIHSPH.Fo.1)'6D Tn3 
AV= (1.0-ALpHA • BETA)1,4„.0/(1.0-ALMIA)/DP/RETA 
DPP= 6.0/AV 

3 Enr:TI , JHE 
HP= 23.2 • 
9:1.0 
IT(ALPHA.NE.0.01 O=0.72 
Gi0,= 1.0-ALPHA 
TM: 0.00 
Pk= CP•Amu/AvF 
sit= 2.20V-P7 
REP=DP.Gs/AmLi 

C 	RACIAL kir.1T rumnril 
pmpr.m.o.(19.4.(nP/rIT)**2+1.0) 
V=PEP090.733•Pk.*0.333 
yr-RFP**0.80.pRs.n.4o 

C 	CoDTINvnus mnDEL WALL HEAT TRANSFER CoEFF. 
1E1WiPu.Eg.1) GO Tn 1 

C 	CTLIHDURS 
ALPHAc= ARF•42.58ev+0.0q4•TI/0P 
REP= REP.OpP/DP 
GO 70 2 
CMJIHDE 
sPilmLS 
AV= 6.0/EP 
ALPHACi AKE•40.203•V+0.22oT)/DP 
npP= UP 

2 CONTlhoE 
v=EPp•TH1/(1.0-THI)/ARF 
REP=kLP•THI/(1.0-THI) 

C 	SOTTO/FLUID r1Lm HEAT TRAIISFCR 
Hy=10.50cp..0.5 4.11.2•REPs.0.667).PR/V 
T3=T 1,03 

V=EPer.S•OP/PMR 
V= V/THI 

T=SIGeT3/(1..0.THI/(1.-TuT)/2.0*(1.-Cl/E) 
C 	ErFIC1IVF ('tU1n PAnIAL ronDUET/VITY • 

ALF= Tr11.(A,..1'.v.T.n•DP) 
ARS=L.T.sI:./12.0-r) 

C 	EFFECTIVE Sn110 RAnIAL CONDUCTIVITY 
ALS=D041.-T4II/IGAm/ARs.1./(1./THE•HP•DP/AAF*ARS*DP/AKEI1 
ALE= ALF.ALs 
Pvk2= Pow 
U= 1.0/11.0/ALpHAC • DT/0.0/ALC) 
NVAV= HV•Avs(1.0-714f1 

C I 	2-PHASE PAIIAMrTERS AFTER DEWASCH+EROmEhT11971) 
ALPHAS= ALS/ALC.ALPHAC 
ALP“Ar: ALE/ALC.ALPHAC 
RETuRN 
END 



.1 f.7 	• 

SUPNOUTIPE PnoPs(T.P0ouSPI 
C 
C 	EVALUATES PIISYTCAL PROnERTIES AT INLET CONDIT/GNS 
C 
C 	MIS ROUTINE ASSUMES THAT FEED IS MIXTURE OF NITROGEN AND 
C 	s1EAm 
C 	XII) TS MOLE FRACTION OF 	I 
C 
C 	X11) = NITROGEN 
C 
C 	X17)= 1120)vApoun) 
C 
C 	MET1400... 
C 	CP FROM POUnEN. RAnATZ POLYNOMIALS. 
C 	VISCOSITY CORRELATED AY SUTHERLAND EON. USING DATA OF PERRY 
C 	KF-ASSUMES PHANOTL NO. it NOT FIT) 
C 

MIXTURE vut.rs 	 
CP= CP11).X111+ rP(J),41J1+ 

C 	VISCOSITY- :JUKE FoUATion 
Kr- H140,,LET tOilflTTON 

NurnENCE 	REID+cHERwOOD 

C 
C 	NOT[... TN RROMLET EON. AI IS ASSUMED INVARIAT wITN T 
C 
C 	UNITS 	 
C 	CP= J/KG/K 
C. 	AmU= KraP/Srr 
C 	Ala= w/m/sET 

C 	NOlt.... 
C 	HCITON(10751 USrD 
C 	+0=0.04 	.CP= 100n.0 
C 	APU=1.05E-Os 4'3.08E-084T 

C 	AND IRIS GIVES PR= 0.5825 AT 40011 
C 

n/mENsION WISP) 
DIPENSION AcP(21.1m(21.N(2) 
HEAL 
COPmON/PRoPS, CP.Amu.AKF 
sl= 211.48 
S2= 088.50 
PRI= 0.74 
14'2= 0.74 
AUe= 1.0534N3 
A?1= 0.87543 
TT= T.41.5 
ACP111= F.403-n.3753E-n3.T+0.1430E-05474.2 
ACP(2)= 7.7n40.4 ,44E-nA•T•n.2521E-0547•42 
CP= (ACP(I).x(1) +ACPIP).x(2)),(2a.0sx(1)+1A.0sx(2)).4.184*1000.0 
ACP(11= Ac11(1)4180n.o44.184/28.0 
ACF12)= AEPI2)410nn.0.4.184/18.0 
U111= 0.17upE-0.0, Ty/1s1.7) 
U12)= n.21figE-05•TT/(SP.T) 
KF(1): AcP(1).00.)/pRI 
Kr12)= Acp().N(2),PR2 
irtx(1).ro.1.0) GO TO 1 
ARE= KF(1)/(1.n+Al2+X(2)/X(11) + KF(2)/(1.0+A21,X(1)/X(21) 
THIP= (1.4.soHT(0)1)/utp)lw0.895424)**2/4.521555 
11171= TH22+1112)/0(1).1.5556 
AMU= u(1)/(1.+x(2).TH1,/xtlI)flit2)/(1.+X(1)+TH21/xt2)) 
GO TO 2 

1 CONTINUE 
AMU= U(1) 
AKF= KF(11 

2 CONTINUE 
RETURN 
END 



I !.7 7 

SaROU T IVEMAE7 IYC.R.NSP1INO01 
C 
C 	HETEROGE,TOus RATE FOR FULL PUTENE-BUTAnIENE SYSTEM 
C 

PELLET mynEL w17mOuT FTEm EFFECTS 
C 	PELLET IS TSnTifFRMAL 
C 

plmiNs1e4 xn171.RAy(7).s11)5) 
nio,UnSiCt, xcl%m04.01SP1).RfoR.101Sm11 

• DTPENSIOn x(10) 
DImEnSluN A.(7) 
OlmEoslori YcP)7.2.7).ny(2.2.71.57t2.P.71.S70)2.2.71 
npiLnsioN 1v4TA17).NsTAn7(2.2).F(11.10R12.2.71.RP(2.21 

COPRou'ArciACC2,ACD.3 
CO`mou/soLyri1nTAG 
CO'mowafACT/Ic).1nETA 
COvmon/TPIR/rT 
COwmon/DiFF/sFIF 
c0.mnwpcLE/nmR.Omn.AE7 
CCvww/Tri.:1./T.n.x.Nsm.oF/ 
CrImmuN/sysTc./nn.OT,AL.ns.1H1 
CCwm4.4/PEEE2/ P,.S,I.AKs.sET)F,ETA.ALpimp 
COmwolirpHnpsicp.Amo.AKF 
CO"mdirwr/ALP,O.ALPHA1 
CO3•mon/0c/ARS12.2).ALs(P.2).112s(2.2).nRS12.21.1eRS121.MRS)21)AZS(21 

1.rER(1.1) 
Ccm"n4iTIFF2/A5om.0tn17) 

DATA/A./32.0.56.0.c4.0.1.0.28.0.56.0.56.0/ 
Mint,: 0 
NSpLC= 1sP1 
ALPHA= 0.4 
ALPoA1= 0.7 
koo=z 
N7F=2 
Nnti=1 
1C0=1 
META= 0 
ALT= HrTA.DP/2.0 
ACC2= 0.7 
Arr3= 0.4 
3r11=S6T 
USTARTl1.1)=1 
1;S7AR7(1.2)= MRP■1 
pS1AMT12.11= 1 

N7P-1 
nPP= 11P.4101-ALpPAP) 

P= NS: 1.5 
II As1.)..6)= SH)NS) 

ASo(6)= so(?) 
ASot71= S.'471 

00 1 JJ= 1.nR 
yy= T•tt.0...c)JJ.1.411 
DIFFuSlyriEs 
016)11= c.i1i-nA.SIRT(TT/32.0). 
0/6)/)= 0.4.7..7-04•Snmt(Ty/t4.n) 
ni)03)= no47E.06esoRT(TT/56.01 

0/1114)= 0.er121.04 • 0.44E-06 ,17 
DIRIb1= 0.31E-06•S0RT1TT:2A.01 
OIHtb)= 01R12) 
C/kiTi= UIM(?) 

C 
C 	CONVCR51n4 nF WFMHT FRexTTONTO CoNCENTRATION(Km0L/m3) AS USED 
C . 	TN PELLET ,nnri. 
C • 	ASSUME APp INECTO(AL) HAS A MOL. WT. OF 26.0(N2/H201 
C 

VP,= 22.4.TT/273.0/0 
An:: 1.n-xcluJ.1.11-xc(JJ.1.2)-xcw.J.I.3)-xccJJ.1.5) 

1-xct.1.1.1.4)-Yc(J-1.1.71 
Au2/2A.n.xelJd.1.11,6.0,(1),xc(JJ.I.2)/A.(p).xcLIJ.I.3rias(3) 

1 4. YCLIJ.100/Amt5)+XC(JJ,1.61/Am(61+xC(JJ.1.71/Am(7) 
DO 2 KK= 1.0Smi 

2 xow,k)= hc(JJ.I.HK)/vm/Am(KK) /SUM 
XF(4).= TT/T-1. 
CO b J= 
CO 6 M= 1.N7P 
00 6 ns= 1.n5n1 

6 XFV1J.K.OSli. xnins) 
00 12 J.= 1.nRn 
DO 12 1,(= 1.WP 
no 12 ns= 1.nso1 

12 ST(J.K.NsI= 0.0 
CALL PFLE3wER.xn.AnCJA.NSDEC.AR5.nRS.DzS.(125.yRS.uMP.N2P.NRNIZ.RAV 

1.mmS.w/S.F.oR.Rootr.P.RT,ST,NSTART.usPi.STO1 
DO 3 R= 

3 R(JJ.10()=. MAVtKl•AM(K) 
1 COtTIN0E 
REiuRN 
ENO 



SUBROUTIIE KLL3(Dr40(11,AUETA.NSPCCoARS.ORSeAn.BMIX4SIINRINZIN4NZ 
1 olAv.wits.wzg.ramol.xc.RT.sT.ustmr.Nspi,sro) 
DIPINsron 5ro(npol7.N5prc) 

O.C.
C  
C 	2P rTILFT r'OOEL -GENERAL KINETICS. 
C 	wIcHONT FItm FrFEETS 
C 	SFVE(! SMICIAS 
C 

carcusron AR51op,n14).FIRs(Nn.mR),witstNR).mis(rA) 
omustop Also17.N7).112s(N2.N2)..4ZSINZ1 
OIrEltS10 ofmtpriz.NRN71 
OIAINSION F1mv7t 
OIAINSION Np1rip.(t7.N5PFc).RTINR.NZ.NSP1 1.XCINR.NZ.NSPI1 
n/mEhsION Roto.NZI 
nvitictON xotNsp11.ANETAINSP11 
DIMENSION RAv(psPI) 
ElIvENS/ON Do(3) 
0IvENstON sTtPR.NzatsPFE1 
DIMENSION NsTART(2.2) 
OU'ENSIO0 Rs(1.1.7).xEs(1.117) 
COPKONimELL/Pn.nP.AL 
COAAION/DIFFisET 
COA"NON/ToIm/T 
COPmON/REAcT/IC0,INETA 
COPP.ON/SoLVF/IOTAG 
CO1'MUN/TRANc/ALT.Am(7).TH 
COAA,01:0TIFF?istft71.cIR17) 
COAmoNinidT/ALPHA.ALPHAI 
CO1'MON/AFC/.1EC2.ACr3 
COrmON/A1.To/AK1'nt61.“Fint61 
COmmoN/TruT/AKTO1.POwT(6).PRT(7) 
COA1,0%/CquT/AKC171.P0,.r46).PRE17) 
Co• u(ri/LN T1/AM11 ) •POwl (61 slIR1(7) 
cco,o,/nisowAKIs(f)stlic(6) 
cxuRNAL RANERI.PApER2.RAOER3 
FITIRNAL RADERA.RAGERT 

NSPEC=7 
• NSP1=7 
• usp1 
IP1k=o 

1C.Cf: 1XI  OP /AL 
ALT2=ALT•s2 
00.11 N=1.NSPEC 

' XCI■11.10,1= xRin) 
AmINI=oP/sQRTIOTRIN»/2.0 

8 CONTINuE 
NT= 4  
7F0= SET.ALT2 

C 
C 	sUomOuTINE sETuPIT/ EVALUATES INFORMATION IN THE FOLLOWING 
C 	COkmLIN BLOCKS • 
c • /TUTU/ 

C 	/111.1T/ 
C 	/CE-UT/ 
C 	/OUT', 
C 	/A/S0m, 
C 

CALL SETUP(T) 
NCOUNT=O 
NTom= 15 

17 COLTINuE 
NCOuNT= NCOWIT.1 

C 
C 	SOLuTIoN OF SET OF EQUATIONS FOR EACH SPECIES IN TURN 
C 

TES1=0.0 
• CALLA1vPrirm0AOrR1.1.0FR .ARS.Atts.AZS.R2SORS.NR.N2.F.NRN2.1(CORO 

lOO,SPLE.TEsT.A.mi.cT.NsTART.Nsni.sTOI 
• CALL 1,out ,o311.117.)1A,Auc,A2s.hm.NL.N5P11 

CALLAI,,w1.4(RAnvm2.2.firm .ACI.ARS.A25.117S.XIIS.NR.N2.F.NRNZ.XC.OR.0 
10.tsPLE.TisT.R.vO.sT.NsTART,NsPI.ST01 
CALL ilootrmp.xc.x0.ARs.A2S.t:R.N.I.NcP1) 
CALLAPNT.toApro3.3.0rn .Atts.nms.ALs.ru5IXOs.om.N2.F.NRNZ.xC.DP.D 

10.NsO.E.TEKT.K.x.sT.NsTARTo.SPIISTOI 
CALL 11110113(3.).r.xA.Am5,A15sr1t.NZ.NsPly 
CALLAP,AmFK(RArrP6.6.0rm .ARS.nRS.AZS.R7S.XRS.NR.NZ.F.NRNZ.XC.DR.D 

10.rispir 	S T 	•kri • ST NSTART 	.sro 
CALL m11tm3t.:.ir.401.Ams.A7s.rm.m2.015m1) 
CALLAIvm1 TwotAorm7.7.orA .A(Cs,pits.rasows.xps.NR.Nz'F.NRNz.xc.oR.o 

in ,usvir 'TEST 	Xn. 5T OoSTART olspi .STO ) 
CALL hOul,113(7.xc.xn.AMS.AZS.NR.UL.NSPI) 

r.orn loo 
C 	DIAGIOcTIc PRINTOUT 

PRINT 'ALPHA 
00 101 N: 1.NSPEC 



IfIN.10.41 GO TM 102 
IDIN,E0.5) GO Tn 1n2 
pnimi.(xr(1.K.m.ix: 1017) 
PEImT.(xc(J,l.nl.J= loin) 

.102 CINTINuE 
101 EOLTINLJD 
100 E01J114JC 	AlPHA= ALPIIA1 

/FITESTAT.ACE3) ALPHA: 1.0 
C 	EONVERGEPCF TEST 

/FilEsT.LT.ACC) Gn TO 18 
IFMCOUNT.LT.T,TOPI GO TO 17 

C 	APPLICATION OF NIcECTTON RULE 
TO 19 P= 1.NSPEC 

IF(N.TO.4) GO TO PO 
1r IN.E0.51 GO TO 20 

00 19 Jr. NSTART(1.1).NSTARTI1.2) 
00 19 K= NSTART(2.1).NSTART(2.2) 

XCIJ,K.N)= XC(J.K.N)asTO(J.K.N1/2.0 
19 Tr(xc(J.K.m).L.T.o.n) xcw.x.m).. 0.0 
23 CONTINUE 

WRITE(6.200) 
200 roPmAT(11i,-1 OTsECTION RULE OPERATE00) 
18 CONTINUE 

NSTART(1,11= 1 
NSTART(1.2)= 1 
NSTART(2.1)= I 
NSTART(2.2)= 1 

C 
EVALUATION Or rrFErTiVrriSS FACTOR 

C 	USE OUADRATURE FORMULA TO OBTAIN AVERAGE RATE 
C 

CALL RATES(IRS.XCSOISOEC.1.1 
NSTART41.2)= NR 
NSTANT(2.21= NZ 
CALL RATES(RT.XC.NsPEC.NR.N2 
00 30 N= 1e;1S 

30 RS(1.1.N1= 0s(1.1,11).P8 
Rs( 1 1 ,4 fr. RS11.1.41/I 
DO 13 J= 1.NR 
DO eS K= 1.N7 

00 22 N= 1.!Js 
22 RT(J.K.N)= RTIJ.K.0 4,PR 
23 11T(J,R,4)= RT(J.K.U)/T 

00 27 N= 1.0S 
H= 0.0 
0029 K= I.N2 
G= 0.0 
00 28 J= 1.NR 

28 G= G + RT(J.K.N)*NRS(J1 
29 H= 144. G*W?S(K) 

RAV(1l1= 14 
/FIINETA.E0.1) GO TO 27 
ANLTAtN)= RAVIN)/RS(1.1.N) 

27 CONTINUE 
RETUKN 
END 

.NSP1I(ISTARTI 

INSPieNSTAHT) 

SUBROUTINE F21S0 (F.AZSOZS.ARSORSIxRS.XC.RINR,NZINSFEC.N.NRN2.xR 

C 
C 	SETS UP rONcTION VECTOR FOR EACH SPECIES.FOR NEWTON PROCEOuRE 
C 

1,NSTARTO.SP11 
OIrENSION rt11RN21,ARSINR.NRIleRS(NR,NR),AZSINZ,NZIOIZ5(N2IN2) 
D/rENSIOh XI S(Nq) 
01',CISIOr xr1NR.N)OISPI ),R(140.NZ),Xq(NSPI) 
OmIlsTom NSTART(2.2) 
co.momiTuArs/ALI,Am(7).TH 
commum/n1FF7/sH(7).01(117) 
DO 3 J: NSTART(1.111NSTART(102) 
00 3 K= r.START(P.11.NSTART.(212) 
L= 1,1-0STARTC1.1 1 +1)+(K-NSTART(2.111*INSTART11.2/-NSTART(1.1)+11 
RA= XRS(J) 
FIL)= ANIM)**2*R(J.K) 
00 6 Kt=1.N7 

6 FIL)=F(L)+TH 	OLIZS(K.K7).1, YCIJ.K201) 
00 7 JR:11,11H 

7 F(Il= F(1)+ROS(J.JR).XCIJR.K.N1 
3 CONTINUE 

RETURN 
(rib 
sunnourivc mnumns(m.xc.xagAns.Azs.mn.mz.msni) 

C 
C 	BOUNDARY CoNOITTONs 
C 

DIMENSION x(•(mn.nz.nsnl).xn(msimi).Azs(mz.((z).Ans(mnoln) 
00 32 K= 1,112 

32 XC(NR.K.NI= xn(m) 
no 33 o= 1,1•NR 

33 XC1J.N2Imi= 10(14) 
. RFTUNN 

END 



I. 71:4 

C 
C 

SUEROUTINEAtmpNrwIPAUR.U.PERI,ARS.0RS.AZSOZSOMS.NR.NZ,FORNZ.XC 
1.0R.00.NSpEc.TEsT.RiXH.sT.NSTAKT.NSal.STO) 

C 
C 
	CARRIE% OUT SPLIT NEWT0N ITERATION pRnaDuRE 

C 
WENSION STOINN.07.NSPVC) 
DImEJlSIO1: SI4NR.:11.N5Prr).NSTART(2.21 
DIMENSION xr1INSPI).XCIN0.NZ./ISR1).R(NR.NZI 
DIMENSION F(N4N7)0,ERIINRN7.NRNZ).DOINRN1I 
DIMLNSIOr DRINR.NZINSITC/.YRS(NRI,ARSINR.NR),RRSINR.NR).AZSINZINZ 

'11,INZSO:Z.,17) 
•CW'M0N/TNANc/1LT,A,1(71.th 
CORRUu/0lrFp/sit(71.nutt7) 
c0.,KUN/AIcq.A/AKIstA).HIct61 
cO.RON/1oTI/AR1(7).PJA116),HRIc7) 
C0mPON/CI.ul/A0,r(7).PO4r(6),IIRC(7) 
COmmlN/TnuT/AKTIT).P0'.T(6).PRTiT) 
COmmON/DPTO/ AKNN14).HNn16/ 
cONMON/TrIm/T 
COrmUN/RILL/MN.NP.AL 
COmPO.i/N[40/ALR,4A.ALPNAI 

C 
C 	CALL Or KINETIC ANTI FUorTION EVALUATION ROUTINES 
C 

CALL RAnuto.nsI t yr.NSprc00.N2 	.NSP1.NSTART) 
CALL F?IS'/ tr.A2m.AZS.Arzso 4S.KRS.xC.R.RR.NZINSREC.N.NRNZ.MINSTAR 
IT.rSPI) 
00 1 J= rCTART41,11.NSTARTI1,21 
001 M= NSTAPT(2.1/.NSTART(P.2) 
JIT= 1J-t.sTARTti.1)41).eK-NSTARTI2.11).(NSTARTt2.21-NSTART12.114,1) 
ortIJIT)= rtJIT) 
00 24T.I.NsPrc 

2 nDIJITI=POWITI-PRIJ.K.NT),STIJ.K.NT) 
1 C0NTINuE 

00 3 J= VSTART11.11.NSTAHIM21 
003 0(= tiSTA,ZT (J. 1 ) oiSTART (P .2 I 
KIT= 1J-1,sTART(1.11+1).(K-NSTARTI2.1)1e(NSTART(2.2)-NSTAWT(2,1)+11 
DEL= 0.0 
00 4Ji.= p.sTARI(1.1).NSTART(1.2) 
004K2= NFTAPT12.1).NSTART12.2) 

1j2-NSTART(1.1)4.11.(K2-NSTART(21111*INSTART(2,21-NSTART(2.1)* 
11) 
DEL= DOIJITI.OrRI(KIT.AT) 	01L 

xCiJ.K.6)-SFL•ALPHA 
IFI)C(J.K.N).L1.0.01 )CCIJ.K.N/= 0.0 
SIDIJ.K.LI= PEI.ALONA 
tr(xco.x.m.co.o.n, GO TO 3 
'Y=ARSIOIL/XCIJ.K.N)) 
IF(T.OT.IEST) TEST=Y 

3 CONTINUE 
RETURN 
ENO 



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  

Computer 
Variable 

Definition Equivalent 
in text 

AF  

1 	

Pre exponential factor for of 

AS each reaction a
s 

BF Adiabatic temperature rises 
(3f 

_ 
1 BS for each reaction f3s 

GF Activation energies for 

t 

yf 
 

GS fluid and solid phases Is 
H Film heat transport group H 

AK Film mass transport group K 

ET Voidage E 

AL External cooling group A 

Product inlet concentration 
ZfZ:0 Z
f 

YS Solid phase temperature Y
s 

YF Fluid phase temperature Y f 

XS Solid phase concentration (reactant) X
s 

XF Fluid phase concentration (reactant) X
f 

ZS Solid phase concentration (product) Z
s 

ZF Fluid phase concentration (product) Z
f 

YO Coolant temperature Y
o 

All parameters are dimensionless 



Output 

7 

Yes 

Approximate location of 

turning points (coarse 

grid) 

JeJ+1. 

lEnter CALC 5 

Fir A.5.1 - Logic diagram for multiplicity search coding  - 	 q• 2 

Model specified by 
subroutine 

(depends on model) 
Evaluate Y range 

Repeat of refinement 
for maxima 

Sort out turninr, points 

into multiplicity ranges 

Output as Daf  

ranges and no. 

of solutions 

IRETURNI 



C 

C 
NUT( 

• All C,LC RC/Lill/4'S uSE pARA.TTERS DEFINED oN A p PHASr RASIS 
C 	I.E. voInAGE TS AN EXPLICIT PAR AMETEK FU)( Ei/rN ONE PHASE 
• pOOrt.s. 
• 11) CONaRT Ascl-PHASrt= AS(2-PHASE1.11.ET) 
C 	AF/I-FmAstI. Ar/2-pHA5E/sET 
C 	 F 	  

SlnHOUTINE CALCS(CALC2) 
C 
C 	MULTIPLICITY SEARCH PkoGRAm 
C 
C 	uSES CALC2 To FvALuATE AF = FlySl. THEN SEARCHES FOR TURNING 
C 	POINTS In TIIIS FuNCTION 

EFF40WFATI/ nFAII .1FAIL,CRIT 
COP,,ON/coNr/lco 

cpEpoN/AxIAL/Pr 
C0Pv0N/F lo.inrI T.xl.11 
COm"UN/CONT/INTAG 
EOC..ON/NELP/PA,IY 

ED"OH/F0T/Dc.Nc.DR.SSOF04.20.ETIGF.AL.70 
COrWRI/EtLC/NGALE 

EC"OWWINPIJ.nDmT0.0AmAX 
CONMUU/AFAGR/AOHD(201.m.N 
CF"UN/START/HCTART 
DIPEHCICd AMID) 
COWLNsICN sT/4.5n/.A1/4.5n) 
OIPENgiol NE(In).T5(101 
ouo:NsIcN 01.(2.50),PT12.50) 
ExTLH.,AL CALC2 
EST/kr/T=1 
ACC= 0.01 
p=0 
NST=4 
NCuto 
lmo 
1+7.0 
0.0 
WE. Rjet./10  

IWI'X= Fur 
C 
• EVALUAT1oN Or YS RANGE FCR SEARCH 
C 

/FINCALC.F0.161 YGo=1.0 
IFINCALC.F(1.16) otiC= 
IFINCALC.En.1A) AINE= nINC/rLOAT(F4J-1) 
IIINCALE.1'1.16) Gn To A00 

P”Ax. (1N 
EmE= itmAx 
AMC= avAx/rLOATO/J-lt 
IF/HCAlr.E0.4) GO TO 5i 
Ir(NEALE.E1.12)60 TO 52  
IFINcALr.E, 04/ GO TO 5? 

AINC= 14FonSI/FLOATCMJ-1I 
RING= RSeAR/H/11..(1..FTP.AK)*(ZO*BF.AR*(1...E7) 0, (RS•SF1/(1.+11.■E 

11)4.AK).44,ET.YO.1.)/(AkeET+1.1-1.0 
53 CONTINUE 

BST= S1NC 
Yrov.= 1.0. p1Hr./2.0 
v!,r. 1.0+11IJ:c 

5.1 
ct;TrJr/In.n 

TS= Ys-tTor 
CALL cntrpurs.nr/ 
IFI1FAIL.F0.1) Gn TO loon 

Ir1TS.LT.YenR1 NINE= nsT 
IF{Ts.LT,YcoK) Go TO 51 
Ir(CINC.LT.n.nni.nirC) GO TO 51 
I E/Ar.LT.R.D1 NO TO SD 
IF1AF.C•T.n.OI YS. Is+ CINC 
1F/AF.1-T.0.0/ CIPC= CTNE/10.0 
IrIRr.GT•o.n) (A TO 5n 

51 COkTIMIE 
PINC= Xs-1.0 
AMC= RINC/FLOAT(m..)-11 

52 CONT1NoE 
NSTA04T=0 
l'(;0= 1.0 
ICIAF.LT.A.A.ANn.nc.LT.A.01 CO TO A00 
IFI(u.LT.0.0/ 1/.0= 1...np 
IrInr.ET.n.n, A/NC. Aloc-nr/FLOAT(mJ-11 
tr)us.LT.n.n) Tn0= 
Ir/US.LT.n.n) AiNcr. AINc-6s/FLOAT/Hj..11 

BOO CRNTINuE 
C 
C 	C0P14ENCE SEARCH PRoCEOHRE 
C 

no 1 Jr. I.MJ 
VS: YGO+ FLOATIJ-Il'ATNC 
EF/J.f0.11 Go To 7 
AF S= AF 

7 COTINI,E 	• 
CALL CALC2(YS.Ar) 
IFiNfAIL.E0.1) r.0 TO 1000 



GOTO 0 
g:T) 1-0.21 GO TO q 

P3=P2 
9 02=1.1.-A1 

p2=V1 

8 81=AF 
Pl= DAOY 

IF(J.E0.11 GO TO 1 
/F(J.10.21 GO T0 1 
22: PI/P2 
22= PI/r3 	• 
/F(Ar .L7.0.0.A00.J.GT.mmp GO TO 18 
IrtorS.17.0.0) 60 TO A., 

IF(01.GT.n.n.ANn.o.LT.o.0.An0.21.17.11.0) m= m+1 

C 	TURNING POINTS - moximumS 	• 
IFIL11.F,T.0.0.A00.0p.LT.o.O.Am0.22.LT.0.01.AT(2.m1= AFS 
IF(01.F.T.0.0.Ano.o=.1T.o.O.A60.2Z.L7.0.01 ST(2.m1= TS-AINC 
IF(01.6T.0.0.onn.D›.1T.n.O.AND.22.GE.0.o) GO T034 
CO TO 35 

34 COrTINUE 
MT= MT+1 
AT(3.mT)= 1.0r+06.ExP(GF) 
5I13.MT)= YS-AINC 

34 FOrTinue 
C 	TulnI4o. POP.TS 	miroimiws 

irlv1.LT.n.o.6ro.m2.67.0.0.A00.12.LT.0.0) l= (+1 
ATc1.1)= AFS 
ST(1.1)= YS-AINC 

It loi.LT.O.n.AND.n2.GT.O.r.foiD.LZ.GE.0.0) GO TO 37 
GO Tu 

37 COrTINUE 
N1= .11.1 
AT14.11T1= .1.0F06*EXPIGF) 

SI(4.70•1= TG-oT+C 
36 COLTINdE 
1 cOLTI:piE 

le C061100E 
NUT= N.T. my 

IFIL.FG.n.n1).m.E0.0.A.01.nmT.E0.0) 0AmAy= -1.0 
IF(L.F0.0.0n.0.10.0.A,In.mmT.E0.0) WRITE(61104) 

100 r(WesWili Uhlt:Ur SO1011005 m) 
C 	01bGhOci1[ PRIPITOUT 	• 

iFtIMAG.10.01 GO TO 310 
IF11.10.o) Go T0 300 
Pm10T.(isT(1.1.Al.ATt1.LA1 ).Lo= 1.1) 

300 CONTINUE 
irtm.10.01 Gn To 301 
P0INT.t(STt2.LA).AT12.LA) 1.14= 1.M) 

301 CONTINUE 
IF(mT.Go.n) Go TO 31)2 
pli1'iT.f(sT(3.LA).8TI3.1A) ).LA= 1.14 71 

302 COr.TIN0E 
IFINI.E0.0) GO 10 303 
PPI0T.CISTi4.LAIIATt4.LAI ).LA loNT)•

303 COt.i1NOE 
3/0 CO1T1NJE 

IFAL.E0.0.011.4.(0.0.AND.NuT.E0.0) GO TO 2 
30 CONTINUE 

SICK= AMC 

KEFillEmEnT OF TURNTNG poiNTS. USING FINER GRID 

IF(L.F0.0) GO TO A07 
minimums 

DO 20 LA= 1.L 
NC0=1, 
AMC= %INC 
1F InTl1.Ln1.LT.0.n1 GOTO 20, 

500 OlhG= olf.C/1001 
NCI: = f:c0.1 
Tl= 5T(1.1A)-ATNC 
YST= TY 
CALL CALC217Y.AFST1 
IFINFAIL.E0.1) GO 10 1000 

DO 21 JL= 1.20 
TY: /Y. OIOC 
CALL CALC7ITY.AF) 

IF(hFATL.E.0.1) 60 TO 11)00 
IF(Ar.11.oFsT) 1ST= TY 
IrtoF.LT.AFsT) AFsT= AF 

21 COn1INUE 
D1FF= APSIIAIST-AT(1.LA))/A7)1.LA)) 

41.( 141A)= 
Alt1.1A1: r,VST 
IriiiCn.(47.,icTI 60 TO 20 

C 	c(V:vFAIAItt UST 
ircofFF.FT.AcC) GO TO 500 

20 COh71No
307 CONTINUE 

r. 

22 COtJtql4 
irtm.c0.01 GO TO 306' 

C 	mAk/t.:UmS 
.00 ..!5 PP= 10 

cIt-C 
GOTO 73 

501 DinC= 

C 
C 
C• 



NE(t= mr041 
TY= STI7.mm)-ATNC 
YST= TT 
CALL CALCPITT.AFST) 
IrtIJrAIL.ru.1) Gn TO 1000 

no 24 Jv= 1.20 
TY= Yya NUT 
CALL cAtc2(TT.AF) 

IFANFAIL.r0.1) GO Tn 1000 
If(AF.GT.AVsT1 YST= Yr 
IfTAF.GT.AFsT) AFsT= Ar 

24 COLTINoE 
PIFF= Arsi(AFST-AT12.Mm11/AT(2.MMI) 

STI2.mm1= TsT 
ATI2.mmI= AFsT 
IfINCO.F.F.vsT1 GO TO 23 

C 	CONVERGEncE TEST 
IF(0IFF.rT.ACC) GO TO 501 

23 ConTINuE 
306 CONTINuE 

S 
C 	COMPLETION OF SFARrH 
C 
C 
C 	SORTING OF TuPNTNG POINTS INTO MULTIPLICITY ZONES 
C 

Tr(m.ro.n) no TO 48 
AVM= AT12111 
IFIm.r0.11 GO TO 48 

00 19 Ntl= 2.m 
IFlAT12.NftI,GT.AMAx) AMAX=AT12.NO1 

19 COrTIN(IE 
DO 11 NO= 1.m 

Tr(ATt7.Nn).GT.A.n) GO TO 12 
0C• IS K•'= 
5T(2.Km)= 5T12.KM+11 

13 AT(2.hm)= AT(2.KM+1) 
M= M-I 

12 CONTINUE 
11 COt,TlOOE 
411 CONTINUE 

LN=0 
DO 10 NA= 1.1. 
IF(AT41.NN).LT.0.01 LN= LN+1 

Nc(L4): Nn 
ITAA141.NNI.LT.0.n1 Tc0,N1= ST(4.001 

10 ICIAT(1.1.1.T.O.n1 AT(I.v0)= 0.0 
lFILv.f.J.O.M4.1.N.E0.1) GO TO 16 
If (m.1001) Gn TO 40 

00 4u •IL= 1.Lv-1 
LC= 0 
00 14  v0= 1.m 
IFTsT12.va).GT.TS(NLI.ANNST12.N01.LT.TsINL+11) LC=LC+1 

14 colTINur 
IFiLC.F0.11 GO TO 40 
00 15  J= NCINL).L-1 
ST1I.J1= 

15 ATII.J)= A7(1.J+1) 
L= L-1 

49 CONTIvuE 
16 CONTIVIJE 

NS= vat. 
rc. 41 J= 

41 Als(jI= ATtI.J1 
TF1 14 .cu.0) GO TO 5E18 
Po 4? J= 1.M 

42 AA(J.L1= AT(2.J1 
30a c0/41,111E 

max: NI.  
IrviT.GT.w■Axs NMAY= MT 
hi= /WAX 
Irtfirdo.n) Gn Tn 200 

Ir(1JT.co.1) IFATL=1 
114hT./0.1) ..RITF(6.1011 

101 F014mAT 44 EN4om 
/F(nT.EG.I.ANn.ICn.E0.01 GO TO.200 
MS= NC.) 
AAINS1= 1.0E406 •rXP(GF) 
m= N•1 

200 CONTINOC 
NS= mat. 
Nv= NS 
NS= NS+1 
N= 1 

43 COvII:ItiE 
NST=1 
ACItutfI1= Anti) 
IfINN.E0.1) GO TO 46 
00 44  .1; 2.NN 
IFIAAIJI.LT.AoRNINI1 NCI= J 
IIIAAt.11.LT.1nkO(v)1 AORDTN1= AAIJI 

44 CONTIt.NC 
IVVIST.10.Nn1 GO TO 47 
0(' 45 J= NsT.NN-1 

41 MALI): AAIJ.11 
46 CPNTINNF 
47 VN= vN-1 

N= N+1 
ITINNOW.01 GO Tn 43 

1. '';` 



2 CONT1NuE 
1000 CONTINUE 

RETURN 
END 

ciRNOuTIIT rALf2rk.Ai1 
C 	s1vm.t. Tvo TArr c mnOCL rOR A TO 0 TO C 
C 	of,TAINs AV An() pADy )01; GIvEr. YS 

Ccf,M1011/00T/As,r.c,Aw..0F.11.70,0",nr,AL.Y0 
CONMON/rLOIn/lr,TraS 

r(PmON/ITIP/DAVY 
7C= Zo 

P= AS,DEXP(...GS/YC) 
XX= tH/Aht(1.411....FT).AK).P.W)*YSRS•P 
YT= WAK.(1.+11.-EY) ,PAK).P411 
Yr= Xx/1-Y 
XX= YS*(1.-rT)401-Yroll,+(1.-ETIsil)+1.0 
TY: Yrol(1.-E.T)•Honr/os.1.+11.-0).101)-1.S4,11.-ET)*Helar/r4S+1.)-1.■Z 

le.PF 
X)i= XX- AL447T.yF+AL•ET.T0 
YY: Ty-AL.FT.ro*Al$ETwyF 

ZF: -TY/14-  
XX/YT 

AF: OsExr(GF/Yr)/ET 
ENV: AssrxP(.6sirS1•GS/rs..2 
Xx: 11ito, •11.4(1.-FT).AK)4T44. 
yym xx4ys.11/AK.11.+(1.-Eri*AK)euo-BWIP-YF, (N/AKs(1.4.11.-E11•Aw)s 

InP) 
Wf= 11/XX 
TT= 0Yr ,*( 1.1(1.-(T),11.(1.-rT)*04,Dr/f1S•0+11.-ET).H.O.ALeET404,AL,PET. 

10)- 
1(1.-ET)*N-u*(1.-17).N.Rrins-c.(1.-T)sN 
xx:rS.(1.-Er).m.tric/RS+1.)+Al.RET*Y04.1.4.70*GF-yr.4(1.-E7)*N.(BF/Rs+ 

11.14).+At.ET) 
DC= TY/XX 
DART= (PN-nYF+Ai•rToixp(-ArriT)vCF/TF.*2)/FT/ExP(-GF/1F) 
XS: No(Yr-Ys).(1.*(1.-rwRAK)/RS/AK+1.0 
.7=1.-xS)/(1.4.t1.-E714,AK) 

END 
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