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ABSTRACT

A structural model has been formulated to describe

general non-catalytic heterogeneous gas-solid reactions

where there is no gaseous product. The main feature of the

present model is that it accounts for volume change within

the sample. The mathematical equations have been developed

in a universal form by using dimensionless groups. The

dimensionless groups are formed by the structural parameters

and physical quantities characteristic of the system, such

as grain size, porosity, diffusivity, mass transfer coeffi

cient, etc. Examination of the asymptotes which describe

the limiting behavior of chemical control and diffusion con

trol indicated a maximum error in conversion time of

approximately 20% greater than that for no volume change.

This error was considered not large enough to warrant the

added complexity which would be required to solve the

equations for the general case. The testing of the model

was therefore carried out assuming no volume change. A

special n\americal technique has been developed to solve the

differential equations describing the process. Asymptotic

(limiting) cases have been used to test the numerical solu

tions. Graphical results are included showing the influence

of the various dimensionless groups on the behavior of the
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system. Experiments with activated manganese oxide and

sulfur dioxide have been used to test the predictive capa

bility of the model. The limited experiments carried out

have demonstrated the success of the model. However, the

system studied proved to be more complex than was originally

anticipated. The qualitative observations made during the

course of the experiments should prove valuable in assessing

the use of this material as a sorbent for sulfur dioxide

removal from flue gases.
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Chapter 1

INTRODUCTION

Non-catalytic heterogeneous gas-solid reactions are of

considerable importance in the metallurgical and chemical

industries. Examples are the reduction of metallic oxides

with carbon monoxide or hydrogen, the roasting of sulphides

and chlorides, the oxidation of metals, removal of pollutants

from the gases using metal oxides, just to mention a few.

Systems which involve these types of reactions are in general

very complex and difficult to analyze, because of the great

n\imber of variables to be considered.

1.1 Scope

The^ gas-solid reactions can be classified into three

main groups according to the phase combination of the reac-

tants and. products;

A(solid) + B(gas) = C (solid) (I)

A(solid) + B(gas) = D(gas) (II)

A(solid) + B(gas) = C(solid) + D(gas) (III)
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Several different physical and chemical processes can

occur during these reactions. The reactant species in the

gas mixture diffuses through the gas phase boundary layer

surrounding the solid pellet, and then continues to diffuse

on through the pores of the solid material and within the

grains which are forming the solid phase, finally being

adsorbed onto the reaction surface. The gas dissociates to

allow the chemical reaction to proceed. The chemical reac

tion itself may be quite complex. It may occur by the

growth of one solid lattice from another, a process which

may involve the movement and interaction of crystalline

imperfections such as vacancies, and interstitials once

sufficient nuclei have been formed for the new lattice. The

gaseous product formed by association will then diffuse out

following the reverse steps as the gaseous reactant until it

reaches the bulk gas stream, where it will be swept away.

In addition a temperature gradient may be set up between

the reaction zone and the surroundings of the reacting

pellet due to the heat of the reaction. Thus, the tempera

ture of the gaseous reactant in the bulk gas stream will be

different from the temperature at the surface of the reac

ting pellet. In addition, the temperature within the pellet

may be non-uniform depending upon its thermal resistance.

The rate of the reaction will be chemically controlled

if the chemical processes within the pellet, such as
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gas dissociation, adsorption, nucleation, occur least readily

compared with the mass transfer and diffusion processes. On

the other hand, the rate of the reaction will be diffusion

controlled if the mass transfer and diffusion processes occur

least readily compared with the chemical processes occurring

within the pellet.These are limiting cases, in practice a

competitive situation may arise so that it is not possible

to choose a controlling step. Sometimes the system is

chemically controlled during the first stages and diffusion

controlled at the end.

In general the rate of heterogeneous reactions is

affected by environmental conditions, such as gas composition,

temperature, pressure; chemical and physical constants such

as reaction rate constant, diffusion coefficients of gaseous

species, and structural parameters of the solid phase such

as porosity, grain size distribution and crystalline mor

phology.

In spite of the industrial importance of non-catalytic

heterogeneous gas-solid reactions, there have been rela

tively few studies available on the chemical kinetics and

transfer rates of mass and energy relating to these systems.

1.2 The Present Work

The present work is concerned with the formulation of

a mathematical model describing the kinetics and mechanism

of non-catalytic heterogeneous gas-solid reactions of the
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group I type. The model considers chemical and physical

properties such as reaction rate constant, diffusivity co

efficient of gaseous species, heat and mass transfer coef

ficients, and structural parameters such as porosity and

grain size distribution. Perhaps, the main feature of this

model is that it accounts for the change in volume of the

pellet as the reaction proceeds, a parameter which has been

considered constant in previous investigations even though

this change can be quite appreciable in almost all the pro

cesses involving this type of reaction.

Since the differential equations which describe the

system are non-linear and cannot be solved analytically, a

numerical technique has to be used. The numerical solution

can be accomplished more easily by expressing the governing

equations in dimensionless form; also the solutions obtained

are independent of a particular system of this type and are

in fact universal. The dimensionless groups which result

allow the various types of limiting behavior (chemical or

diffusion control) to be identified. Once a particular

regime has been identified it is possible to determine

whether a simpler model can be used.

The reaction between manganese dioxide and sulfur

dioxide has been selected to test this model experimentally.

This system offers some promise for removal of sulfur diox

ide from flue gases, a problem facing the metallurgical
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industries as a result of stricter guidelines on effluent

discharge. Also, this reaction is of interest in processes

for the recovery of manganese from low grade ore reserves

in the U.S.

The investigation is presented in Chapters 2 to 7 which

follow. In Chapter 2 a literature survey is presented which

includes recent advances in the general area of non-catalytic

gas-solid reactions as well as a review of thermodynamic and

kinetic investigations of the Mn-S-0 system. In Chapter 3

the theoretical development of the model used in the inves

tigation is presented together with numerical solutions

which are tested against asymptotic (limiting) cases. Also

included in this chapter are results showing the influence

of the various dimensionless parameters on the process.

Chapter 4 covers the methods available for parameter evalu

ation such as, mass and heat transfer coefficients, effec

tive diffusivities, chemical reaction rate constants and

other general transport properties. Details of the experi

mental procedure are given in Chapter 5, while the experi

mental and computer simulated (theoretical) results are

offered in Chapter 6. In the final chapter (Chapter 7),

the work is concluded with discussions and relevant con

clusions as well as suggestions for future work.
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Chapter 2

LITERATURE SURVEY

The review of the literature in the area of non-

catalytic gas-solid reactions presented in this chapter has

been divided into two sections. Section 2.1 deals with

contributions in the general area concerned with the mathe

matical modelling of these reactions whereas section 2.2 is

confined to studies dealing with the Mn-S-0 system.

2.1 General Non-catalytic Gas-Solid Reactions

Most of the studies on non-catalytic heterogeneous

solid-gas reactions have analyzed the experimental results

using the "shrinking core model" . This model, described

r21
by Levenspiel , asstimes that the solid reactant is

separated from the solid product by a sharp interface. The

chemical reaction converting solid reactant into solid

product occurs at this interface which thereby progresses

through the solid body in a topochemical fashion. External

gas film resistance is assumed to be negligible — diffusion

of reactant gas through the product layer being the main
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resistance and the chemical reaction taking place very

rapidly at the reaction front. From this model three impor

tant types of behavior have been described;

1) The type of behavior which occurs when the diffusion

and mass transfer processes occur at a slower rate

than the chemical processes at the interface. This

is the case of physical diffusion with a moving

rsiboundary, which Crank^ solves for a common gas-

solid reaction — that of the metal tarnishing,

f41 fsi
described previously by Booth and Danckwerts .

Kawasaki, Sanscrainte and Walsh found that the

reduction of porous hematite pellets, with hydrogen

and carbon monoxide is controlled by the counter

diffusion of reactant and product gases between the

reaction front and the bulk gas stream. Weisz and

[71
Goodwin studied the combustion of carbonaceous

deposits within porous catalyst pellets and they

found that at a sufficiently high temperature and

large pellet size the rate of reaction is controlled

solely by a diffusion process.

2) Behavior which occurs when the chemical processes

at the reaction front are assumed to occur at slower

rates than the mass transfer and diffusion processes,

which is the so called chemical control mechanism.

McKewan^®^ studied the reduction of iron-oxide
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pellets with hydrogen over a range of 0.07 to 0.97

atm and 400°-1050®C. He found that the rate of

reduction was controlled by the chemical processes

at the oxide-metal interface. Satterfield and

rgi . .
Feakes also found that the thermal decomposition

of calcium carbonate is chemically controlled.

3) The more general type of behavior which occurs when

it is not possible to choose the case by which the

transport processes and the chemical processes occur,

so that they both affect the rate of the reaction

(mixed control). Lu^^^^ derived a general rate

equation for the system where the rate of diffusion

and of the chemical reaction have the same order of

magnitude. He showed that the reaction should be

chemically controlled at the beginning of the process

when the solid and gaseous reactants are in direct

contact as no diffusion problem is involved, and it

should be diffusion controlled at the other extreme

as the reaction front moves further into the solid

and the diffusion path becomes greater. Warner

studied the reduction of cylindrical specimens of

artificial hematite with hydrogen, over a range of

total pressures between 0.1-1.0 atm and temperatures

between 650®-950®C. He reported substantial par

tial pressure gradients in both the gas film and
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the reduced iron layer, the results were consistent

with a mixed-control mechanism involving an inter

action of gaseous diffusion effects with a first-

order reversible chemical reaction at the iron/

[13]
wustite interface. Spitzer, Manning and Philbrook

have developed a mathematical model describing the

mixed-control mechanism with special attention to

the hydrogen reduction of dense spheres of hematite.

The oxidation of zinc sulphide spheres in a stream

[141
of air was studied by Denbigh and Beveridge

The rate of reaction was found to be chemically

controlled in the lower part of the temperature

range (500°-1440°C), but in the upper part there

was predominant diffusion control. St. Clair^^^^

derived an equation for the rate of reaction of a

sphere of metal oxide in a restricted enclosure

through which a reducing gas was flowing; he took

into consideration the reaction rate coefficient,

transport through the gas film and through the

porous shell of a reduced oxide, the rate of gas

flow and the volume of space surrounding the sphere

available to the reducing gas.

A rigorous mathematical treatment of the unreacted core

model would consist of solving a non-steady state diffusion
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problem with a moving boundary which only have analytical

solutions for cartesian coordinate systems. Since most re

acting systems consist of approximately spherical particles,

this solution is not directly applicable. One of the most

common justifiable assumptions which alleviates this problem

is the so called pseudo-steady state approximation v;hich

assumes that the rate of movement of the reaction front is

very much lower than the rate of diffusion. The reaction

interface can then be taken to be stationary at a given

instant in time and a steady-state diffusion problem is

solved to find the concentration profile. Bischoff^^^^ was

the first to study this problem. A critical review by

Bowen^^^^ resulted in Bischoff^^®^ correcting his previous

work. In this later work he concluded that the accuracy of

the pseudo-steady state approximation for this type of system

was acceptable. Luss^^^^ also verified the accuracy of the

pseudo-steady state approximation by finding upper and lower

bounds on the exact solution and comparing these with those

values given by the approximation.

Lacey, Bowen and Basden^^®^ developed a model describ

ing the absorption of gas into a solid to form a solid pro

duct, assuming that the over-all rate of absorption is

mixed-control. They used dimensionless groups to simplify

the equations describing the system, which were then solved

by using the finite difference form for non-linear
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[21]
differential equations suggested by Dufort and Frankel

It should be pointed out that this is the only work where

pseudo-steady state assumption is not used. Also, the sharp

interface characteristics of the shrinking core model was

replaced by a reaction zone which allowed the reactant gas

to diffuse past a point in the solid where reactant solid

was still present. Finally, they assumed an irreversible-

second-order reaction (first order with respect to both the

gas and the solid).

All the investigations discussed previously considered

isothermal systems which is actually erroneous since heat

transfer processes between the sample and the surroundings

must exist in addition to the mass transfer processes con

sidered. Very few gas-solid reactions have a zero heat of

reaction. In general then, the reacting pellet will not be

at the temperature of its surroundings, and there could exist

a temperature gradient within the pellet itself. Cannon

and Denbigh have observed two distinctive forms of

thermal instability. The first arises because of the

crossing of the curves which represent the rate of heat

generations by reaction within the solid and the rate of heat

loss from its surface. The second case is concerned with

localized regions of the reacting solid, under conditions

where the temperature of the reaction interface becomes

higher than that at the gas-solid interface. Shen and
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Smith have derived models for both isothermal and non-

isothermal conditions for which mass and energy transfer as

well as reaction resistances were considered important. They

assumed first-order, reversible reaction, and allow for

change in pellet size. They observed that for an exothermic

reaction, there is a region of unstable operation bounded at

the upper temperature level by a stable diffusion-control

regime and at the lower level by a stable kinetic-control
[251

regime. Themelis and Yannopoulos have studied both the

mass- and heat-transfer phenomena in the reduction of cupric

oxide by hydrogen. The temperature on the surface of the

reacting sample was measured by attached chromel-alumel

thermocouples. They reported a constant rate of reaction up

to 30% reduction of the particle. This behavior was explained

on the basis that the reaction was controlled initially by

gas film diffusion and chemical reaction rates. However, as

the reduced layer increased the interparticle diffusion

resistance also increased, until finally it became the con

trolling mechanism. They also observed rapid increase in

temperature of the reacting pellet from 250® to 950®C which

proved that the temperature of the particle does not remain

equal to that of the surroundings or gas stream during the
r 2 61

process. Luss and Amundson^ investigated the maximum

temperature rise in a diffusion controlled gas-solid reaction

in a spherical pellet using the shrinking core model to
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describe the reaction mechanism. Two models were proposed.

The first assumed that the temperature inside the reacting

pellet is uniform, and is appropriate in those cases where

the thermal resistance of the pellet is very small compared

to the heat transfer resistance between gas and solid. The

second model is a non-uniform temperature model which in

cludes the effects of the thermal resistance of the pellet.

Ishida and Wen^^^^ described the mechanism of the solid-gas

reactions and examined the problem of thermal instability by

using the effectiveness factor concept used in catalytic

reactions (defined as the ratio between the actual reaction

rate and the reaction rate obtained when the surface of

reaction is at the same concentration and temperature as that

existing in the bulk gas stream). Based on an unreacted-

core model, constant pellet size, irreversible chemical

reaction and pseudo-steady state, they obtained equations

describing the behavior of the system. Similarly, they

assumed pseudo-steady state approximation of temperature

distribution within the pellet due to the fact that the heat

capacity of the solid is sufficiently smaller than the heat

of reaction. The temperature dependency of the reaction rate

constant and the effective diffusivity were considered to

be of an Arrhenius type. With these main assumptions they

analyzed isothermal and non-isothermal systems and concluded

that the effect of heat of reaction could be quantitatively
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determined. Instability could be attributed to system

geometry, thermal behavior because of temperature transients

and sudden transition of the rate controlling step during

the course of the reaction. They erroneously found geometri

cal instability for isothermal systems, which was corrected

later by Nelson

Lu and Bitsianes have derived a rate expression for

a one-dimensional gas-solid system considering concentrations

of gaseous reactant and product at the reacting zone where a

reversible-first-order reaction is taking place. The gaseous

reactant and product are allowed to diffuse through the solid

product layer because of a concentration gradient as well as

pressure gradient between the reacting interface and the

outer surface which is in contact with the main gas stream.

In this system equimolar counterdiffusion has been assumed

so that the net diffusive flux, J, is zero. They also

assumed the quasi-steady state assumption to be valid so the

rate of diffusion of gaseous reactant to the reacting inter

face is equal to the rate of gas consumption by the chemical

reaction at the interface.

A mathematical model developed by Spitzer, Manning and

Philbrook describes the reduction kinetics of porous

hematite pellets by considering chemical reaction at three

different advancing interfaces; Fe/Fe^O, Fe^O/Fe^O^,

intermediate product layers were



T 1534 15

assumed to be sufficiently permeable to allow reducing gas

to penetrate beyond the Fe/Fe 0 interface to form wustite

and magnetite by removal of oxygen as a gaseous product rather

than by a solid-state reduction.

[311
Lahiri and Seshadri derived an equation for the

rate of the reaction of a porous spherical solid with a gas,

the shrinking-core model in this case is divided into two

zones. Zone I, formed by solid completely reacted and very

porous (product layer), and Zone II, referred to as the

reaction zone (core), where the reactions will take place

from the interface, inwards. The quasi-steady state approxi

mation is used as well as a constant specific surface area

for reaction. The porosity and tortuosity factors vary with

the extent of the reaction.

[321
Recently, Wen presented a critical survey on non-

catalytic gas-solid reactions. He suggested a phenomeno-

logical grouping based on the phase combination of the

reactant and product, and on the manner by which a reaction

progresses. Pseudo-steady state solutions for the shrinking-

core model with constant and with decreasing pellet size

were included. He introduced a general model for solid-gas

reactions and showed that the unreacted-core model and the

homogeneous model are special cases of this general model.

Finally he examined the effect of diffusion in solid-gas

reactions introducing the effectiveness factor used in
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catalytic reactions and applied previously by Ishida and

Wen^^^^.
[331

Tartarelli, Morelli and Capovani studied the vari

ation of the activation energy with apparent order and extent

of reaction due to diffusional phenomena, by considering an

nth order irreversible reaction with respect to gas concen

tration surrounding the solid. Various regular shapes —

flat plate with sealed ends, cylinder with sealed ends, and

spheres were investigated.. Again an unreacted-core model

was used for an isothermal system with allowance for change

in pellet size with extent of reaction.

[34 351
In 1970, Calvelo and Cunningham ' published two

papers dealing with gas-solid reactions. In the first paper

an expression for the effectiveness factor taking into account

the contributions of the internal and external surface areas

of the solid was developed. They related the consumption

rate of reactants to the reaction parameters and expressed

the final solution in terms of the effectiveness factor used

extensively in heterogeneous catalysis but not yet applied

to non-catalytic heterogeneous gas-solid reactions. Finally

they studied the effect of the external surface area on the

enhancement of kinetic parameters due to diffusional effects.

The second paper deals with the influence of the sur

face area and effective diffusivity profiles in the kinetics

of the isothermal reaction between a gas and a porous solid.
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The conversion-time relationship for the solid is calcu

lated for an irreversible first-order reaction with respect

to the gaseous reactant and takes into account the dif-

fusional resistances of the gas film and ash layer. Two

models were investigated. One model considers the pellet

as being a compaction of small non-porous particles which

was called the "dispersed-solid model" while the other model

treats the pellet as being made up of cylindrical pores

randomly interconnected and had been originally developed
rogl [42]

by Petersen . This paper has been analyzed by Evans

who discovered gross mathematical errors which invalidated

the development used to obtain analytical solutions to the

differential equations describing the systems.

Except for the investigation presented in the previous

paragraph, a general scheme, termed "shrinking-core model"

or "unreacted-core model" has been adopted by investigators

in dealing with non-catalytic gas-solid reactions. Szekely

and Evans have analyzed the shrinking-core model and

concluded that this model has been successful for the inter

pretation of a given set of experimental data, but it had

major shortcomings in that the sharp interface where the

chemical reaction is supposed to take place was not always

supported by experimental evidence. From metallographic

examinations of partially reduced iron oxide specimens. Gray

and Henderson^ were able to show that the reacted and
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unreacted regions of the specimen were separated by a

transition zone which contained totally unreacted grains as

well as partially reduced grains. Szekely and Evans also

pointed out that no explicit allowance could be made for

the effect of structural parameters (porosity, pore and

grain size distribution) on the parameters characterizing

the heterogeneous chemical reactions. They have proposed

two different models to describe reactions of this type,

where the structural parameters are incorporated explicitly

into the reaction scheme and which have been described in

reference [37]. These models are the "pore model" and the

"grain model". The "pore model" assumes that all pores

within the solid lie perpendicular to the free surface of

the solid and are of equal size. The reactant gas diffuses

up the pore and reacts with the solid initially at the pore

walls, but subsequently reaction will take place at a front

which moves radially outwards with respect to the center of

the pore. Radial diffusion of gaseous reactants and reaction

products through the product layer occur by solid state

diffusion. The following general assumptions were made:

resistance due to gas mass transfer is neglected, semi-

infinite porous solid with a macroscopically unidirectional

movement of the reaction zone, irreversible first-order

chemical reaction involving either equimolar counter diffusion

or reactants at low enough concentration levels so that the
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bulk flow due to diffusion is negligible, temperature effects

neglected, thus the system was considered to be isothermal,

the structure was unaffected by the progress of the reaction.

In the "grain model" the solid body is considered to consist

of uniformly sized spherical particles, with the centers of

adjacent spheres being spaced apart by some distance. The

gaseous reactant, the concentration of which is maintained

constant at the gas-solid interface, diffuses in the radial

direction through the intersticies, and then reacts with the

spherical particles forming the solid product layer in each

one. The reaction between the gas and the solid grains then

proceeds in accordance with the shrinking-core model with the

reacted zones forming a progressively increasing concentric

shell through which the reactant gas has to diffuse (in the

solid state). Recently the same authors have published a

series of papers , based on Evans' Ph.D. thesis

where the structural model (grain-model) is described in

more detail. They analyzed the effect of grain size, poros

ity and temperature on the reaction of a porous pellet made

up of a large number of grains where the overall rate of

reaction is computed by summing the contributions of all the

individual grains. In reference [40] they reported experi

mental results on the rate of reduction of nickel oxide

pellets with hydrogen over the temperature range 200°-9G0°C.

Physical measurements, such as pore size distribution of
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the reacted and unreacted specimens and size of the individ

ual grains, were made and used to predict reduction rates by

applying the "grain model". It was reported that the trends

predicted by this structural model showed promise both for

the interpretation of experimental data and for the semi-

quantitative prediction of experimental behavior.

2.2 Mn-S-0 System

Extensive investigations have been reported on the

thermodynamic properties of manganese and its compounds.

r43 44 45 461
Kelley published a series of papers / t ' giving valu-

[47]
able thermodynamic data for this system. Shomate ,

Southard , Coughlin^^^^ and Miller^^^^ also gave values

for heats of formation and free energy of formation for

[51]
several manganese compounds. In 1960 Mah published a

paper summarizing the basic thermodynamic data for manganese

and its compounds including heat, free energies, equilibrium

pressures, and equilibrium constants for metallurgical

[52]
reactions of manganese. Matsushima and Thoburn^ studied

the dissociation of Mn02 and Mn202 using differential thermal
[531analysis. Hahn and Muan studied the Mn202-Mn20^ and

Mn^O^-MnO equilibria at selected temperatures and oxygen
[541

partial pressures using a thermal balance. Otto studied

the equilibrium pressures of oxygen over Mn202-Mn20^ at
[551

various temperatures. Kellogg reviewed available high-

temperature equilibrium measurements and other thermochemical
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data for the decomposition of manganese sulfate. More

recently Ingraham^^^^ discussed the thermodynamics of some

of the reactions involved in the Mn-S-0 system at normal

f 571
roasting temperatures. Fuller and Edlund studied the

conditions for producing manganese sulfide during the re

duction roasting of manganese sulfate.

However, very little of the work published on manganese

has been related to the kinetics and mechanism of the reac-

[581
tions. Voitovich studied the manganese scaling in air

at 400®-900°C range reporting three stages in the process

associated with change in phase composition and in protec

tive properties of the scale. He also observed parabolic

behavior of the reaction rate in the initial period and

reported an equation for the temperature dependence of the

oxidation rate with activation energy of 23,900 cal.

[591
singleton et al. studied the rates of reaction on the

MnO-C and Mn^C2-3MnO systems reporting linear and parabolic

kinetics respectively. Pechkovsky investigated the

thermal decomposition of manganese sulfate free of additives,

and also when mixed with reducing agents. The influence of

carbon in the reaction rate was reported. Ingraham and

Marier^^^^ studied the kinetics of the formation of MnSO^
from Mn02f Mn202/ and Mn^O^ and its decomposition to Mn202

or Mn^O^. They reported activation energies for the thermal

decomposition of Mn02 to Mn202 and Mn202 to Mn^O^ of 39 and 47
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kcal. respectively. Values 62 and 51 kcal. were reported

for the thermal decomposition of MnSO^ at 900°C to Mn202 and

Mn^O^ respectively.

The U.S. Bureau of Mines has carried out intensive

research on the feasibility of recovering manganese from the

extensive low-grade ore reserves in the U.S. Of the wide

variety of processes which have been proposed, the most popu-

r 621
lar involves compounds in the Mn-O-S system. Davis

observed the effect of SO^ on manganese oxides heated at
r 6 31

different temperatures {600®-1000°C). Lewis and coworkers

described a high-temperature differential sulfatization of

the manganiferous iron ore from Cuyuna district (Minn).

Prasky and coworkers , continuing Lewis' investiga

tion, developed a bench-scale process to test the response

of both coarse and palletized manganiferous materials to

[671
sulfation. LeVan and Bauder demonstrated on a laboratory-

scale that low-grade Georgia umber ore could be differentially

sulfatized with sulfur dioxide-air mixtures reporting that

the sulfatization reaction occurred rapidly at 670°C and could

be carried out in the absence of atmospheric oxygen. Joyce

[681
and Prasky continued the investigation of the extraction

of manganese from low-grade manganiferous ferruginous

materials by a high-temperature differential sulfatizing

process, reporting that groups of manganese minerals —

oxides, carbonates, and silicates — responded to sulfation
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in accordance with thermodynamic predictions. Fuller

studied the recovery of manganese sulfate crystals from solu

tions by submerged combustion evaporation and by thermal

crystallization. Henn and coworkers reviewed ten pro

posed processes for the recovery of manganese from domestic

resources as a high-grade oxide product. The tenth

process utilizes sulfur dioxide to sulfatize the ore at 600®

.  [711
to 850°C before water leaching. Brooks and Martin

studied the sulfatization'of the Pacific manganiferous

modules, reporting the effects of roasting time, temperature,

and fluidizing-gas composition on the conversion of metallic

oxides to soluble sulfates. They also reported that the

formation of sulfur trioxide, catalyzed by iron oxide present,

aided sulfation of cobalt, copper, and nickel oxides.

Today the emission of sulfur dioxide and other sulfur

gases into the atmosphere is the major source of air pollution

throughout the developed countries. Flue gas desulfurization

is expected to take a place alongside fuel desulfurization

as an important air quality control process for power plants,

hydrocarbon processing and other heavy fuel-consuming

industries. Many processes have been proposed to clean up

the flue gas, some of them are described in references [72,

73,74,75,76]. However, selection and design of flue gas

desulfurization processes are now confused by uncertain

economics, a proliferation of unproved processes and
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compelling needs. The DAP-Mn process which involves re

actions in the Mn-S-0 system is described by Uno and co-
r 771

workers in a final test on a semi-commercial plant.

This process is designed to remove sulfur dioxide from flue

gases using activated manganese oxides as absorbents and

recovering ammonium sulfate as a by-product through the re

generation of spent absorbent. Finally/ it can be seen from

this survey that the Mn-S-0 system is presently of consider

able industrial importance. A better understanding of a

particular process can come only through a study of the

kinetics and mechanisms of the reactions relevant to that

process.
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Chapter 3

THEORETICAL

The theoretical formulation presented in section 3.1

of this chapter is based on the original "grain model" de

veloped by Szekely and Evans. However, the formulation has

been extended to allow for change in volume as the reaction

proceeds. In addition the governing equations are made

dimensionless which then serves a two-fold purpose. The

first is that the numerical solution can be more conveniently

accomplished in this form. The second is that dimensionless

groups which now appear in the equations, reduce the number

of variables which need be examined in order to predict

trends in the reaction behavior. The solutions (numerical

and analytical) thus obtained are in fact universal since

a particular system need not be chosen. In section 3.2,

theoretical results obtained by numerical solution of the

governing equations are presented graphically together with

analytical asymptotic solutions. These theoretical curves

are used to demonstrate the effects of the various system
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parameters (expressed as dimensionless groups) on the behav

ior of the model. The dimensionless groups can then be used

to identify a particular type of asymptotic behavior. This

procedure also serves an additional primary purpose in that

it allows the numerical scheme for obtaining solutions to

be checked.

3.1 The Structural Model

The "grain model" will be used to describe the kinetics

and mechanism of reactions of the type:

aA(s) + bB(g)—^cC(s) (3-1)

[39]
In this model, proposed by Szekely and Evans , the sample

is considered to be a spherical pellet of solid reactant A,

made up of a large number of spherical grains of uniform

radius r^, and certain porosity P. The sample is brought

into contact with gaseous reactant B, with which the solid

reactant A reacts to produce a solid C, with no gaseous

material formation, according to reaction 1. Fig. 3.1 shows

a typical representation of the "grain model".

In order to be able to formulate mathematical expres

sions describing the system, the following assumptions are

made which do not cause any major deviation from the actual

situation:

1) Due to the low temperature at which the process is

performed, sintering and agglomeration of the solid

product formed is negligible, allowing the initial
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9SX'n

grain partially reacted.

gas film.

(NOT TO SCALE),

FI6.3.I-SCHEMATIC REPRESENTATION OF THE

GRAIN MODEL.
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physical structure as well as a constant porosity

to be maintained throughout the process.

2) The chemical reaction occurring at each grain pro

ceeds from the outside toward the center in a topo-

chemical fashion, as in the shrinking-core model;

the rate of this heterogeneous reaction being pro

portional to the surface area of the reaction

front at any given time.

3) The chemical reaction occurring within the pellet

accounts for the major part of the molar flow rate

(by diffusion) of reactant gas within the pellet.

Thus, the part of the flow rate required to bring

about concentration changes (accumulation) of

reactant gas within the pellet is negligible by

comparison. This is another way of expressing

the quasi-steady state approximation, the accur

acy of which has been verified by Bischoff^^^^ and
Luss^^^^ for diffusion within a porous medium.

With this assumption the accumulation term in the

diffusion equation is neglected.

4) The effective diffusivity of the reactant gas

depends on Knudsen as well as molecular diffusion,

since the pore size is of the same order of mag

nitude as the mean free path of the gas. Thus

the collisions of gas molecules with the pore
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wall (Knudsen diffusion) will be equally as impor

tant as the molecular collisions within the free

space of the pore (molecular diffusion).

5) Diffusion within the grains is negligible compared

with that between the grains. This assumption is

reasonable for small grains since the diffusion

path through each grain is very much smaller than

the diffusion path between the grains in the bulk

of the porous pellet. Then the gas concentration

at the reaction surface within a grain can be

considered to be the same as that in the inter

stices at the same radial coordinate.

6) Irreversible, first-order chemical reaction (with

respect to the gas or the solid reactant) is con

sidered taking place at the reaction front within

each grain.

7) The effect of bulk flow due to diffusion is con

sidered negligible, thus this term can be ignored

in the equation describing the diffusion of the

gaseous reactant between the grains. This is

valid only when the concentration of the gaseous

reactant is small.

The problem can be formulated by considering the general

equation describing the diffusion of the gaseous reactant

between the grains, and its consumption by the chemical
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reaction within the grains. A molar balance of gaseous

reactant on a control volume within the pellet, yields the

following expression:

Ir(^ Pml-"g-^ =
R

0<R<f(t)

where

D_ = effective diffusivity of gaseous reactant in
B

the interstices between the grains

R  = radial coordinate

C„(R,t) = gas concentration

t  = time coordinate

P  = porosity

= true molar density of solid reactant

n  = stoichiometric factor — number of moles of
^  gaseous reactant per mole of solid reactant

(= 1 for the system studied)

G  = rate of disappearance of gaseous reactant per

mole of initial solid reactant

The reaction term G is related to the concentration of

the reactants and products and the rate of progress of the

reaction front within the grains at a particular radial

position, as follows:

1
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where

r" = heterogeneous specific reaction rate

S  = surface area at the reaction front

dN

= rate of consumption of moles of gaseous reactant

by the chemical reaction

k  = chemical reaction rate constant

A molar balance of the gaseous reactant on a control

volume within a grain gives the following expression:

.  2 ^^i .p ,.n (3-4)
at- = "'"'i — =

where

r^^ = radial position of the reaction front within each

grain and is a function of radial position and

time.

Replacing equation (3-4) into equation (3-3) and re

arranging gives:

ml

which describes the rate of progress of the reaction front

within each grain.

The reaction term G is related to the advancement of

the reaction front as follows:

_  rate of disappearance of gaseous reactant
~  number of moles of solid reactant initially
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then,
dN /dt

G = - 4 ̂  3 (3-6)
Pml

where

= radius of the grains initially.

By replacing equation (3-4) and equation (3-5) into equa

tion (3-6) and rearranging the following is obtained:

3kri^ C
G = B (3-7)

Pml^o

On substituting equation (3-7) into equation (3-2) the

resulting equation is obtained:

0<R<f(t)

The physical constraints of the system are expressed by

the initial conditions associated with equation (3-5) and

equation (3-8) and the boundary conditions associated with

equation (3-8) .

Initial Conditions:

r.(R,t=0) = r (3-9)
X  ' o

Cg(R,t=0) = 0 (3-10)

Boundary Conditions:

a) 9C,
'B

R=0 = °
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b) Dg ̂
3R

where

R=1I(t) (3-12)

Do = effective diffusivity of gaseous reactant

h  = mass transfer coefficient between the bulk gas

stream and the solid sample

= bulk concentration of the gaseous reactant

1l(t) = radius of the pellet which is a function of

time, f(t)>R
o.

In order to compare the experimental results with the

theoretical predictions it is necessary to define a quantity

which bears a direct relationship to experimentally measured

weight change of the specimen. This is the "extent of the

reaction"; defined as the ratio between the number of moles

reacted and the number of moles of solid reactant initially.

The local extent of reaction a, and the total extent of the

reaction e, correspond to this ratio applied within grains

at a certain radial position and to the whole pellet,

respectively. Then the local extent at a given radial posi

tion and instant in time is given by:

|-Trr^p , - l-irr .^p ^ ^
a(R,t) = 3 o ml 3 l ml = i ^ > (3-13)

4  3
:rirr_ p , .
3  o ml

The total extent can be determined by estimating the vol

ume between concentric shells within the pellet separated by
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a distance 6R as follows;

-  /6N \ /6N^-6N \
(1-P) 4TrR 6R =(77-^) n +(— -] (3-14)

\Pm2/ ® \ Pml /

where

6N = moles of solid reactant converted to solid
c

product within the volume

6Nj = moles of solid reactant in the control volume

initially

oichiomet]

per mole of solid reactant (= 1 for system studied

n  = stoichiometric factor — moles of solid product
s

p _ = true molar density of the solid product
mz

6N^
By definition a =

thus «Nj - - 1)= 6N^(i - 1) (3-15)
o

On rearranging, equation (3-14) becomes

2  I (~~^)
(1-P) 4itR 6R = 6N

^ ̂  ̂ m2 ^ml

/n (=-l)\

(7^ + -g ) (3-16)
\ m2 ml '

The total extent at a given instant in time is given by:

Jve(t) =V—§ (3-17)
3.7rRo^l-P)Pmi

where /.TdN is the summation of 6N over the entire pellet.
C  C

Taking the limit of equation (3-16) and on substituting in

(3-17) we obtain:

t  ■= ^ I < (3-18)r ' R^dR

)"o' ° n + i"m2
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where

= the radius of the pellet initially

H(t) = the radius of the pellet and some time t.

Also, an overall volume balance when the total extent of the

reaction is e, gives:

4  3
.  o e-rirR p 1 n a4 3 ̂  3 o ml s ^ (l.e)<„R 3 (3-19)
5  "ml 5 °

On rearranging we obtain:

^  o 'e = (3-20)

('- S"-)
Thus, the total extent of the reaction and the radius of the

pellet at any instant in time is obtained from the simultane

ous equations (3-18) and (3-20). It is worthwhile pointing

out that for = Pj^2 volxame change on reaction)

equation (3-18) reduces to the equation obtained by Szekely

and Evans for the total extent of the reaction. Equation

(3-20) becomes indeterminate, but is not needed since an

additional equation for H(t) is not required.

A complete description of the system is given by equa

tions (3-5) and (3-8) together with the initial and boundary

conditions equations (3-9) to (3-12) as well as equations

(3-18) and (3-20). However it is desirable to obtain more

general expressions for the system which would be independent
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of any particular reaction and would thus be universal.

Also, these equations are non-linear and cannot be solved

analytically. The numerical technique which has to be used

can be accomplished easily by transforming them to a non-

dimensional form. This transformation is carried out by

using the following dimensionless parameters and coordinate

transformations;

*  CC  = ̂  dimensionless concentration of (3-21)
o  gaseous species

p

V  = ̂  dimensionless radial coordinate (3-22)
o

ri = ■JT,. . transformed radial coordinate (3-23)1I(t) which brings the outer surface
of the pellet to rest.

C  = P dimensionless radius of the pellet (3-24)
P  ̂o

dimensionless radius of a grain (3-25)

T  = —^ dimensionless time (3-26)

^o

R
u) = —2. ratio of pellet size to grain size (3-27)

o

kR
X, = jr—^ dimensionless group expressing (3-28)

B  the relative effect of chemical
reaction rate to the diffusion rate
within the pellet
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hR

X2 = g— dimensionless group expressing (3-29)
B  the relative effect of convective

mass transfer to the diffusion rate

within the pellet

C

Y- = ratio of the gas phase reactant (3-30)
%1 concentration to solid reactant

molar density

Pmi
Y2 = ratio of molar density of solid (3-31)

^m2 reactant to solid product

Equation (3-8) and (3-5) become:

^ llf) - (3-32)
P

and

35
® = -X^wYi C* (3-33)

ax

with initial and boundary conditions as follows:

5Q(n,T=0) = 1.0 (3-34)

C*(ri,T=0) = 0 (3-35)

3C*
3n

3C*

n=o = °

-l' (3-37)n=i 2 p |n=i3ri

The local and total extent of reaction and the dimensionless

radius of the pellet are given by:

a = 1-5^^ (3-38)

-dv (3-39)

)
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Equations (3-32) to (3-40) are now the dimensionless equa

tions which describe the general behavior of the system.

Analytical solutions have been obtained for the asymptotic

cases when the rate limiting step, in the overall sequence

of steps by which the reaction proceeds, is:

a) The diffusion of gaseous reactant within the

pellet

b) The chemical reaction rate

c) The convective mass-transfer rate of the

gaseous reactant from the bulk gas phase to

the pellet.

These solutions are presented in Appendix A and have been ob

tained for conditions when the pellet volume is constant and

also when the pellet volume changes as a result of chemical

conversion. The solution to the general set of equations

was obtained by a special numerical technique which is

described in Appendix B.

The formulation presented thus far has the assumption

of isothermal conditions implicit in its development. How

ever, heat can be generated or absorbed as a result of the

chemical transformation and the temperature of the pellet

will then be different from the gaseous reactant flowing

past the pellet. The net result is that the pellet
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temperature changes as the reaction proceeds. It is also

possible that a significant temperature gradient can exist

in the pellet. It is possible to correct for non-isothermal

behavior in the system by assuming that the temperature is

uniform throughout the pellet. This assumption can be jus

tified when the thermal resistance of the solid is relatively

small compared with the heat transfer resistance through the

solid-gas interface. Also, at low temperatures radiation

effects are small. The unsteady state heat balance for the

system can then be expressed by:

g = ^ (T-. ) ,3-41)

with initial condition:

T(t=0) = Tg

where

AH = heat of reaction

Cp = molar specific heat of sample

h2 = heat transfer coefficient

T„ = temperature of bulk gas stream

T  = temperature of the pellet

Equation (3-41) can be solved simultaneously with equations

(3-8), (3-9), to (3-12) where the temperature dependent terms

such as the reaction rate constant k, can now be expressed

as a function of T.
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3.2 Testing of the Theoretical Model

In this section the effects of the various dimensionless

groups on the behavior of the model is examined. Solutions

to the general equations which describe the behavior of the

system under isothermal conditions and with no volume change

are presented graphically. Included on each graph is the

asymptotic solution for the limiting case. The variable

chosen to represent the behavior is the extent of the reac

tion e, and is plotted against a dimensionless time appro

priate to the type of asymptotic behavior to which the

solution is being compared. The asymptotic solution for the

case of volume change is also presented graphically and is

contrasted to the case when the volume does not change. The

curves presented are only intended to demonstrate trends in

the behavior of the system. The large number of dimension

less groups which characterize the system would require a

large number of solutions in order to cover all the various

combinations. A change in a certain dimensionless group is

interpreted in terms of a change in the relative magnitude

of the property values contained in that group.

The model is tested by first generating a solution

aes of the dimensionless groups which produce so

xed control (in the sense that it is neither diffu-

qhemical control). One dimensionless group is now

zreased then decreased) while the others are kept

using val

called mi

sion nor

varied (in
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constant and the tendency of the model to change towards

one or the other of the asymptotes is observed.

3.2.1 Effect of on the System

This dimensionless group defined as;

X, = ̂  (3-37)
B

can be considered as a measure of the relative rates of

chemical reaction to gaseous diffusion. An increase in X^^

can be interpreted as an increase in the chemical reaction

rate relative to the gaseous diffusion rate. If the value

of is increased continuously to some large value it can

be appreciated that the diffusion will not be able to supply

the gaseous reactant at a rate commensurate with the intrin

sic rate of the chemical process. The overall process will

then be controlled or limited by the diffusion process

(diffusion control) . Conversely, if X^^ is now decreased to

some small value, the chemical reaction rate will not be

able to cons\ime the gaseous reactant at a rate commensurate

with the intrinsic rate of the diffusion process. The

overall process then becomes chemically controlled.

Fig. 3.2 shows two different graphs of plots of the

total extent of the reaction.e, obtained for four different

values of the parameter X^^ obtained by solving the general

equation for no volume change (y2=1)• fhe independent

variables for the plots are the diffusion dimensionless
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time Tjj and the chemical dimensionless time These

dimensionless times are selected from the analytical solu

tion to the limiting cases associated with the diffusion and

chemical steps respectively. The feature offered by their

choice is that under limiting conditions they are equal to

1 when the reaction is complete (i.e. e=l) as can be seen

from the dashed curves.

It is observed that as increases the behavior tends

towards diffusion control'as can be seen when 1^^=10. De

creasing Xj^, on the other hand, causes the system to become

chemically controlled as indicated by the curve for Xj^=0.01.

From these plots it can be concluded that the behavior of

the system observed is qualitatively correct. The order of

magnitude values of X^ at which the system becomes limited

towards one or the other of the asymptotes can be used in

determining whether the simpler asymptotic solutions would

be valid or not.

3.2.2 Effect of 0) on the System

This dimensionless group is defined as the ratio between

the radius of the pellet and the radius of the grains:

0) = (3-38)

An increase or decrease in co can only be interpreted in terms

of a decrease or increase respectively, in the grain size

r , if the other dimensionless groups are to remain constant,
o
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By decreasing the size of the grains the diffusion resis

tance increases, thereby affecting the rate at which the

gaseous species are supplied to the chemical process.

Fig. 3.3 shows the plots of total extent e, versus

diffusion dimensionless time and total extent of reaction

e, versus chemical reaction time respectively. It can

be seen that as u increases, the system tends towards dif

fusion control while as co decreases, the system becomes

chemically controlled. This last effect can be explained

by the fact that in the formulation it was assumed that the

diffusion resistance within the grains was negligible com

pared with that within the pellet. In other words, the

process within a grain was considered solely a chemical step.

For the limiting case, therefore, when w=l the pellet becomes

a single grain and the process then has to be controlled by

the chemical reaction rate only. Of course, the model will

no longer be realistic since the assumption is invalidated.

3.2.3 Effect of Porosity on the System

The effect of the porosity of the pellet on the behavior

of the system is shown in the plots of Fig. 3.4. The poros

ity is allowed to change while the other dimensionless groups

remain constant. It is obvious that the porosity must affect

the diffusion of the gaseous reactant between the grains.

On decreasing the porosity,the rate at which the gaseous

reactant is supplied to the chemical process will decrease
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due to the increase in the resistance to diffusion, with a

tendency for the system to become diffusion controlled.

Increasing the porosity on the other hand, will produce a

shift towards chemical control.

3.2.4 Effect of on the System

The effect of y^^ on the system is shown in Fig. 3.5(a).

This dimensionless group is given by the expression

Y, = "f- (3-39)
ml

-3 -5It can be seen that for y^^ in the range 10 -10 , this

dimensionless group has no effect on the behavior of the

system. The dashed line represents the limiting behavior of

gas-film (convective mass-transfer) control. The values

chosen are those consistent with a system operating at a

total pressure of 1 atm.

The variable can be considered as a measure of the

relative molar densities at which the gaseous and solid reac-

tants are present in the system. It would appear that in

creasing or decreasing this dimensionless group affects both

the diffusion and chemical processes in an identical manner.

This is probably due to the linear (1st order) kinetics,

since with the accumulation term absent from the diffusion

equation the behavior of this equation would also be linear.

This does not, of course, mean that the time required for

the reaction to go to completion does not change. The
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dimensionless time x^, is directly proportional to the pro

duct of and real time, thus, increasing will produce

a decrease in the real time required for complete conversion.

This is consistent with a relative increase in C or a rela-
o

tive decrease in (since increasing increases the

driving force for both diffusion and chemical reaction while

decreasing increases the rate at which the grains are

converted — see equation A-2).

3.2.5 Effect of X2 on the System

The dimensionless group provides a measure of the

relative rates of the gaseous convective mass-transfer and

gaseous diffusion within the pellet. The definition is

hR

X, = (3-40)
B

In Fig. 3.5(b) plots of the total extent of the reaction e

versus the gas-film dimensionless time x^ are presented.

The dashed line represents the behavior of the system when

gas-film diffusion controls the overall process. As X2

increases, the convective mass-transfer rate increases rela

tive to the diffusion rate within the pellet, and the

concentration difference between the bulk gas stream and the

surface of the pellet tends to zero. The gas-film resis

tance then has negligible effect on the system. Decreasing

X2f on the other hand, results in a decrease of the convec

tive mass-transfer rate relative to the diffusion rate in
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the pellet. The concentration difference in the gas phase

now has t ncrease in order to be able to supply the gas

eous reactant at a rate which matches the diffusion within

the pellet. The limiting case occurs when the concentration

difference is the maximum available (i.e. the concentration

af the free surface of the pellet is essentially zero).

Under these conditions the system is now controlled solely

by gas-film diffusion and is in fact the maximum overall

rate possible for the process. These effects can be seen to

be bourne out by the curves in Fig. 3.5(b) as X2 varies from

.1 to 10.

3.2.6 Effect of Change in Volume

The mathematical model formulated in section 3.1 takes

into consideration the change in volume of the sample due to

the difference in density of the solid product and reactant.

The three different asymptotes for diffusion control, chemi

cal control and gas-film control have been described in

Appendix A. Since the change in volume of the sample only

affects the diffusion resistance within the pellet, then the

maximum effect should be experienced in the particular case

of diffusion control. Fig. 3.6 shows a plot of the total

extent of reaction e versus diffusion dimensionless time x^,

which contrasts the difference in behavior between the case

of no volume change (Y2=1) volume change (y2=2.7). The

difference in the time required for the reaction to go to
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completion is approximately 20% longer for the case when

the volume change is considered. It may be concluded that

the effect of volume change in the general case of the grain

model may be neglected in this preliminary study in the

light of the increased mathematical complexity introduced.

However this is not intended to mean that the solution to the

case where the volume change is accounted for should not be

attempted eventually; the experience gained with the case of

no volume change should prove valuable.

3.2.7 Conclusions

The general behavior expected has been bourne out by

the tests carried out, on what might be called, the computer

simulation of the system. It should be pointed out that the

dimensionless times chosen as independent variables (t^, t^,

and T_), merely provide convenient representation of the

behavior of the system. However, it should be cautioned

that their relation to the real time process is not always

immediately apparent from these plots. By way of an example,

consider the lower graph of Fig. 3.2, where it might appear

that decreasing from .1 to 1 causes an increase in the

time for the reaction to go to completion. In fact the

real time decreases, and can only be seen by considering the

definition = X^Yj^wt, where t is directly proportional

to real time. It is then immediately apparent that to obtain

a certain conversion (e.g. 0.1), increases by a factor of
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approximately 4 whereas increases by 10. The net result

is a decrease in the real time by a factor of approximately

2.5 between the two cases. This also demonstrates the sen

sitivity of the behavior of the system if one compares the

change in from 0.1 to 1 and from .1 to 10. In the first

case the decrease in real time for a total extent of .1 is

approximately a factor of 4 while in the latter case it was

only 2.5.
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Chapter 4

PARAMETER ESTIMATION FOR THE MODEL

Some of the physical quantities which form the dimen-

sionless groups can be measured directly or are readily

available in the literature. However, there are some physi

cal quantities such as diffusivity, heat and mass transfer

coefficients which have to be estimated theoretically by

using proved empirical relationships.

4.1 Heat and Mass Transfer Coefficients

Heat and mass transfer coefficients between single and

solid spheres and fluids have been studied intensively dur

ing the past two decades Empirical correlations

between the Nusselt, Prandtl and Reynolds number in the case

of heat-transfer and between the Sherwood, Schmidt and

Reynolds numbers in the case of mass-transfer have been used

successfully. The functional dependence of the heat and

mass transfer coefficients may be expressed in terms of the

dimensionless groups mentioned, as follows;
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NuaRe'^Pr"^ (4-1)

where

Nu = Nusselt number = h^D /k*2 p'

Fr = Prandtl number = C'y/k'
P

Re = Reynolds number = G^Dp/y

n,m = exponential constants

h2 = heat transfer coefficient

Dp = diameter of the sphere

k' = thermal conductivity of the fluid

y  = viscosity of the fluid

= mass velocity of the fluid

Similarly, the mass transfer coefficient can be expressed as

follows:

Sh a Re'^'sc"'* (4-2)

where

Sh = Sherwood niamber = hD /D„„
p

So = Schmidt number = y/pD^^

Do- = molecular diffusivity of gaseous reactant
jdC

p  = fluid density

n'm' = exponential constants

In the absence of natural convection and as Re-^0, it can be

shown, based on fundamental analysis, that both the Nusselt

and Sherwood numbers have a limiting value of 2, thus:

Nu = 2 + BRe^Pr"* (4-3)
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Sh = 2 + B'Re^ Sc"^' (4-4)

where B and B' and constants.

Ranz and Marshall studied the simultaneous heat

and mass transfer to spheres and were able to correlate

their experimental results by the following expression;

Nu = 2 + 0.60 Re°*Sr°*^^ (4-5)

The same data were recalculated for mass transfer and they

found that a similar correlation could be used:

Sh = 2.0 + 0,60 Re°*^°Sc°*^^ (4-6)

4.2 Effective Diffusivity

Diffusion in porous media can occur via three paths —

through the pore volume, along pore surfaces and through

the solid matrix material. The relative importance of

these paths depends on many factors. At ordinary and high

temperatures the major contribution to the overall diffusion

will occur in the pore volume unless the porosity and per

meability of the medium are very low. Two limiting cases

of diffusion through the pore volume are usually identified -

Knudsen diffusion and ordinary diffusion. In Knudsen diffu

sion, the limiting mechanism is the collision of the gas

molecules with the solid walls of the medium; the collision

between gas molecules having negligible effect. In ordinary

diffusion it is the gas-gas collisions which are important

and the gas-wall collisions are negligible.

If the gas density is low, or if the pores are quite

small, or both, the gas molecules collide with the pore wall
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much more frequently than with each other, then Knudsen type

diffusion will predominate. According to the "dusty gas"

model, proposed by Mason and coworkers , the porous

medium is visualized as a collection of spherical particles,

very large in size compared to a gas molecule, considered to

be fixed in space by the experimental conditions. The

Knudsen diffusivity of a gaseous species within a porous

medium is then given by:

/ 8R T

Veff = ?(-%) "=0
where

R  = the universal gas constant
g

= molecular weight of the gaseous species i

Kq = characteristic constant of the porous medium

defined through the expression:

-1 128
K {^) ('.} ■o >)

where

= number of solid particles or grains per unit

volume

T' = tortuosity factor

P  = porosity

r^ = radius of the grains

= scattering factor
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The number of grains per unit volume can be approximated

by:

n, = (4-9)
^  4„r ^

o

Ordinary or molecular diffusion occurs when the collision of

molecules with the pore wall are unimportant compared to

molecular collisions in the free space of the pore.

In the present study it will be assumed that both molec

ular and Knudsen diffusion contribute to the mass-transport

rate within the pore volume. This is justified by the fact

that in a given pore there is a range of molecular concen

tration in which both types of collisions are important.

The following expression has been proposed by Evans and

coworkers ;

"b = TT::HAr ^

where = molar fraction of gaseous species B and is

related to the ratio of the diffusion rates of gas B and gas

C by:

a, = 1 + (4-11)1  Ng

In this particular case, gas C is assumed to be stagnant,

then = 0 and = 1. Also it is assumed that Xg << 1.
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Then expression (4-10) becomes:

The effective Knudsen diffusivity (D^^) can be

estimated according to equation (4-7) and the effective bulk

diffusivity (molecular) is calculated by the expression:

(4-13)

The bulk diffusivity can be calculated by using the well

[821
known Chapman-Enskog formula

(— + -
\l/2

D  = 0.0018583T^^^V^B (4-14)
^t**^BC '^BC

where

T  = temperature ®K

M„,M_ = molecular weight of gas B and gas C respectively
D  C

= total pressure of gas mixture, atm

= constants in the Lennard-Jones potential-energy
BC BL

function for the molecular gas pair BC

4.3 Reaction Rate Constant and its Temperature Dependence

It is well known that if the logarithm of the chemical

reaction rate constant is plotted against the reciprocal of

the absolute temperature, an almost linear relationship is

usually obtained. When this is not possible, then the

reaction mechanism is not simple and may change as the tem

perature is changed. An "activation energy" can be defined
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by the relation:

d In k ^ (4-15)
d(l/T) Rg

If it is assumed that E, the activation energy, is constant

then equation (4-15) can be integrated to give:

k = Ze'^'^^g'^ (4-16)

This is an Arrhenius type equation which has been found to

be consistent with molecular theories of chemical kinetics,

[821
such as collision theory and transition state theory ,

where the frequency factor Z is proportional to the collision
—e/rt

rate of molecules at unit concentrations, and e ' repre

sents the fraction of these collisions which are energetic

enough to lead to reaction.

Since it is sometimes difficult to obtain previous

experimental values for the chemical reaction rate constant

and almost impossible to find an acceptable equation which

relates this rate constant with temperature, then in the

present study the reaction rate constant and its temperature

dependence are considered as undetermined parameters, to be

adjusted in the mathematical model so as to fit the experi

mental data.

4.4 Transport Properties

[821
The Chapman-Enskog theory gives expressions for the

transport coefficients in terms of the potential energy of

interaction between a pair of molecules in the gas. These
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expressions have been found suitable for evaluating the bulk

diffusivity (molecular), viscosity and thermal conductivity

at moderate temperatures and pressures. The bulk diffusivity

can be evaluated by using equation (4-14) given previously.

The coefficient of viscosity at absolute temperature T

of a pure monatomic gas of molecular weight M is given in

terms of the parameters a and e, as follows;

y = * lO^v^ (4-17)
o "u

where

y[=] gm.cm ^sec T[=]°K, a[=]®A, and is a function
kT

of the dimensionless temperature —.

The following correlation has been found to represent,

with a reasonable degree of accuracy, the viscosity of

multicomponent gas systems, at low pressures.

ZX.y.(M.)^/^
y  . = ——TO— (4-18)

EX.(M.)^
1 1

where,

- mole fraction of gaseous component i of viscosity

^i

As in the case of bulk diffusivity and viscosity pre-

(821
dictions using Chapman-Enskog theory , it is possible to

predict the thermal conductivity using the following expres

sion for monatomic gases:

-4 T 1k' = 1.99 X 10 ^(i) ^— (4-19)
°BC "y
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where

k't=] cal.sec'^cm ^

For polyatomic gases, the following expression has been

suggested by Eucken^®^^ for the estimation of the thermal

conductivity:

5R/  5R \
k'

where

= (Cp - -J#)p (4-20)

Cp = specific heat of gas at constant pressure

Finally the thermal conductivity of a gas mixture can

be evaluated using a similar expression as for the viscosity

of a gas mixture.

ZX.k.(M.
k  . = ^ ̂  (4-21)

1  1

Knowing the transport properties, the Prandtl and

Schmidt numbers can be estimated for the gas mixture and

hence the heat and mass transfer coefficients by using

equations (4-5) and (4-6).
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Chapter 5

EXPERIMENTAL SYSTEM DESIGN

5.1 The Reaction

The Mn-S-0 system, specifically the sulfation of mangan

ese dioxide using sulfur dioxide, was chosen to experimentally

test the mathematical model formulated in the previous chap

ters. Since this particular reaction does not produce any

gaseous product, it appeared to be suitable for studying this

special type of non-catalytic heterogeneous gas-solid reaction,

Also, this system is certainly one of the more promising to

be used in the removal of sulfur dioxide from flue gases.

5.2 Thermodynamic Considerations

The conditions for the thermodynamic stability of the

different manganese compounds are shown in Fig. 5.1. This

stability diagram has been drawn for two different tempera

tures, 400®K, solid lines, and 700°K, dotted lines, using

data given by Mah^^^^ and Ingraham . From the fact that

the boundary between the areas of stability of Mn02 and

MnSO^ at 400®K is parallel to the abscissa, it is evident
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that Mn02 should react with SO2 to produce MnSO^, provided

the oxygen partial pressure is greater than 10 atm which

would be smaller than that obtained under practical con

ditions.

If the source of sulfur dioxide were from waste gases,

it is likely that the oxygen content of the gas stream

would be more than enough to oxidize any Mn^O^, or even to

convert any Mn202 to Mn02, prior to sulfation. Ingraham and

Marier^^^^ studied the decomposition of manganese sulfate in

a nitrogen atmosphere, at different temperatures and found

that the decomposition is possible at reasonable rates only

at temperatures over 600°C. From the thermodynamic consid

erations presented previously, the sulfation of manganese

dioxide should be possible according to the following equa

tion:

Mn02(s) + S02^gj (5-1)

with

AG® = -43,870 + 25.3T (5-2)

where the free energy equation has been obtained from

experimental data given by Mah^^^^ and Ingraham assuming

linear temperature dependence between 400 and 700®K. For

the above reaction Ingraham and Marier^^^^ have reported an

activation energy of 12 kcal, with a reaction rate given by

the expression:

Log rate = 4.588 - 2.587(10^/T) (gm/cm^.min) (5-3)
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They also found that the reaction virtually ceased

when the thickness of the MnSO^ layer exceeded 0.001 in.

As mentioned previously, very little of the work published

on manganese and its compounds has been related to reaction

rates. In addition, there is practically no information

available on the kinetics and mechanism of the sulfation of

manganese dioxide.

5.3 Equipment and Procedure

The equipment used for the present study can be divided

in three main components as follows:

5.3.1 .Weighing System

An AINSWORTH TYPE 15 recording balance was used to

record the weight change of the sample during the reaction.

This instrument operates on an electronic null-restoring

(servo) system. Beam motions are detected with an audio

frequency variable inductance transducer. Its signals are

amplified, rectified and supplied to special coils attached

to each beam end. The coils move in a permanent-magnetic

field, the electromagnetic forces thus developed restores

the beam to its initial null position and the coil current

becomes a measure of the weight on the balance pan. The

sensitivity can be changed at any time during a run. Its

electronic controller permits limited tare adjustment on

the sample at the start of a run. The main features of this

recording balance are:
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Weighing capacity 200 gm.

Sensitivity 3 micrograms

Readability depends on output equipment

Reproducibility +0.1%

Accuracy

Linearity in recording range +0.05%

Maximum arm-length error 10.p.p.m.

Speed response <0.5 sec.

The output of the recording balance was connected to a

multi-range Honeywell Electronik 194 Lab/Test recorder. A

photographic view of the weighing system is shown in Fig. 5.2.

5.3.2 Reaction System

A Vycor-brand tube 31.0-mm-ID, by 26-in long was used

as the reaction tube. The lower 10 inches of this tube were

filled with 3/16 in diameter silica beads, to provide good

mixing and also adequate surface area for preheating the gas

mixture.

The reaction tube was placed inside a specially designed

tubular furnace. This furnace was built using a high-purity,

recrystallized-alumina tube. 1-3/4 in ID, by 20 in long,

14 gauge-nichrome wire as heating element and Fiberfrax as

insulating material. The furnace was mounted on a suspension

system provided with ball bushings and supported by a

counterweight, completely independent of the weighing system.
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Fig.5.2 PHOTOGRAPHIC VIEW OF THE WEIGHING SYSTEM
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which allows the furnace to move freely along the shafts

without disturbing the recording balance. The supporting

framework was fabricated from UNISTRUT.

The power was supplied to the furnace by a single phase

SCR power amplifier type Phase/Amp model LN-1 supplied by

Halmar Electronics, Inc. The DC signal to this unit was

provided by a 6432 Electromax high-precision solid—state

controller supplied by Leeds and Northrup Company. An

Inconel sheathed ungrounded thermocouple Omega type SCAIN

-032U-15 was placed close to the heating element which pro

vided the signal to the controller.

The temperature inside the reaction tube was measured

using an Inconel sheathed and ungrounded thermocouple Omega

type CAIN-116U-18 placed into the silica beads about one

inch below the sample.

The temperature on the surface of the pellet was measured

using a 0.002 in diameter chromel-alumel thermocouple. This

thermocouple was attached to the surface of the sample by

drilling a very small hole and using Thermcoat HT, a high-

temperature adhesive, supplied by Omega Engineering. The

junction was allowed to dry for one hour in air at room

temperature and for 1-1/2 hours at 430®F. This procedure

proved to be very effective in recording the temperature on

the surface of the sample continuously during the run. The

thermocouples, extension wire and adhesive were supplied by
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Omega Engineering, Inc. With this arrangement it was pos

sible to control the temperature of the furnace to within

+1®C, and to also estimate the temperature during the

reaction.

5.3.3 Gas System

This system consisted of a special train to purify the

gases and a set of flowmeters provided with pressure gages

upstream and high precision valves downstream to accurately

control the gas flow rate.

The purification train consisted of a drier tube filled

with phosphorus pentoxide to remove the moisture from the

sulfur dioxide. The moisture from the nitrogen was removed

by passing this gas through a drier tube filled with magne-

sivim perchlorate and silica gel dessicant. A Vycor-brand

reaction tube filled with copper turnings placed inside a

tubular furnace maintained at approximately 500°C was used

to remove any oxygen present from the nitrogen stream.

There were two nitrogen supplies — one was used to

dilute the sulfur dioxide to the desired partial pressure

and the other was used to protect the recording balance by

flushing it counter-current with respect to the reactant

mixture.

The gas flow rate was controlled very accurately using

a set of capillary type flowmeters filled with dibutylphtha-

late colored with p-nitrobenzenea-zoresorcinol and provided
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with scales which allowed level readings to within 0.5 mm,

and a maximum displacement of 500 mm. The diameter of the

capillary was chosen according the the range of the desired

flow rate and based on utilizing the maximum fluid displace

ment with a ratio of 10 to 1 between the maximum and minimum

reading. A corrosion-resistant regulator model 71A supplied

by Matheson Gas Products was placed upstream in each line

in order to maintain a constant pressure to the inlet of

the flowmeters. The effect of back pressure on the flowmeter

calibration was eliminated using a N.R.S. high-accuracy valve,

model 4173-1505 (brass) for nitrogen and model 4173-2505

(stainless steel) for sulfur dioxide, both of which were

located downstream. These valves also were used to adjust

the desired flow rate. The gas pressure from the cylinders

was controlled, using a corrosion-resistant regulator, model

12-240, for sulfur dioxide and one Oxweld-type regulator for

nitrogen, supplied by Matheson Gas Products and Linde Company

respectively.

The gas purification train as well as the gas flow rate

control system are shown schematically in Fig. 5.3, and a

photographic view is shown in Fig. 5.4. The flowmeters were

calibrated according to the soap-film technique described by

Annamalai . The calibration curves for nitrogen and

sulfur dioxide are shown in Fig. 5.5 and Fig. 5.6 respectively,

A schematic representation of the overall system is shown in
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Fig. 5.1, and an overall photographic view of the apparatus

is shown in Fig. 5.8.

5.4 Materials Used

Three different types of manganese dioxide have been

used in the present study:

a) Mallinckrodt analyzed reagent No. 6133

b) Sargent-Welch native No. Sc. 13379

c) Activated manganese dioxide

The activated manganese dioxide was prepared in the

laboratory by oxidation of freshly precipitated manganese

hydroxide, according to the procedure described by Copeland

and coworkers .

The three different types of manganese dioxide have been

recognized by X-ray diffraction and spectro-chemical analysis,

The sharp patterns obtained from the (a) and (b) samples

confirmed these to be pyrolusite (3-manganese dioxide) whose

main characteristic is its well-crystallized structure.

Silica and iron oxide were the main impurities in the native

sample while alkali (sodium) was present in the activated

one. The pattern obtained from the activated sample indica

ted it was 6-Mn02/ ^ non-stoichiometric type of manganese

oxide whose main impurity is alkali (sodium or potassium)

and with a degree of oxidation which corresponds to the for

mula MnO where x can vary from 1.5 to 1.8. Also this type
IK

of oxide is characterized by its high surface area compared
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r 8 51
with other species. Kolta and coworkers have reported

2
values of surface area of the order of 200m /gm for 6-Mn02

2
while only 10-4Om /gm for other species.

Refrigeration-grade sulfur dioxide and commercial-grade

nitrogen, supplied by Warren-Douglas Chemical Co., Inc. and

U.S. Welding respectively, were used.

5.5 Sample Preparation

The method chosen for preparing the spherical pellets

was axial pressing using a 0.5 in. diameter die. Prior to

pressing, the manganese dioxide pov/der was mixed with an

equal volume of ammonium carbonate powder, and a very small

amount of bentonite. The ammonium carbonate was used to

obtain suitable porosities while the bentonite acted as a

binder. After some trial operations it was possible to

determine the right amount of mixture needed to produce a

fairly spherical sample under 20,000 psi total pressure,

allowing the spherical caps forming the mold to be as close

as possible . A small hook made of 0.002 in. diameter

nichrome wire about 0.4 in. long was located into the mold

before the mixed powder was poured into it. This hook was

used to hang the sample in the reaction chamber. After

pressing, the pellets were rounded by paring off the excess

of material pushed out in the space between the two halves

of the mold, using a sharp blade. Finally the samples were

left for 48 hr. in a muffle-type furnace at 100®C in order to



T 1534 80

eliminate the ammonium carbonate and water added in the

previous mixing operation. After this time no odor of

ammonia was detectable. All of the spheres so produced were

reacted without further treatment.

5.6 Measurement of the Structural Parameters

The porosity and the grain size are the main structural

parameters involved in the mathematical model discussed in

previous chapters. Since the samples were quite spherical

the pellet size was measured directly from several micrometer

measurements, and then, knowing the initial weight of the

sample and from data available for the true solid density, the

bulk porosity was calculated.

r 871
The cvunulative sedimentation method was chosen to

estimate the average size of the grains which make up the

porous pellet. The AINSWORTH TYPE 15 recording balance

described previously and a Beckman particle sedimentation

accessory model LM 65 no. 196706 were used to carry out this

analysis. The experimental results and a description of

this method are given in Appendix B. Since the size of the

powder particles covered a wide range, it was decided to

narrow this range by screening and then taking the amount

left in a particular mesh as the material for preparing the

samples for the experimental runs. Particles below 325 mesh

were chosen for type (a) and (b) powders and particles be

tween 150-200 mesh for activated manganese.
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The other parameters appearing in the dimensionless

groups were estimated using the approaches explained in

Chapter 4, some also being readily available in the litera

ture.

5.7 Experimental Procedure

Before starting a run the mean diameter of the sample

was measured and a 0.002 in. diameter type K (Chromel-

Alumel) thermocouple was attached to the surface of the

pellet on the opposite side of the hook following the tech

nique described previously. Once the recording balance and

all the read-out devices were adjusted and calibrated, the

prepared sample was suspended from the right pan of the

recording balance, using a 0.002 in. diameter nichrome wire

about 45 in. long. The tubular furnace with the reaction

tube positioned inside of it was moved upward to the correct

position for operation. The length of the surface thermo

couple was adjusted to prevent alteration of the weight of

the sample. The bed thermocouple was placed in position and

the gas stream was connected to the bottom of the reaction

tube. After a final check, the system was flushed with ni

trogen and brought to the desired temperature, while main

taining a steady flow of nitrogen through the reaction tube.

During each run the recording balance was also flushed with

nitrogen countercurrent to the reactant gas. The run was

started by opening the sulfur dioxide to the desired flow
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rate. The actual experimental runs were continued until the

sample showed no appreciable weight change, and the tempera

ture at the surface of the sample was equal to the initial

temperature. Each run lasted about 2 to 3 hours. However,

the preparatory stages including the attachment of the sur

face thermocouple took about 6 hours. After an experiment

was completed the sample was sectioned and the structure and

actual state of the grains was observed under the microscope,

X-ray diffraction analysis was then used to identify the

compounds present.
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Chapter 6

EXPERIMENTAL RESULTS

This chapter is divided into three sections which deal

with the experiments carried out during the investigation.

The first section covers the exploratory tests which were

conducted to determine the experiments which would be best

suited to test the theoretical model. The second section

defines the gas composition and temperatures which appeared

most suitable to test the model. The final section reports

on the analysis of the experimental results in terms of the

model's predictive capability.

6.1 Preliminary Tests and Observations

All the experiments were carried out according to the

procedure described in section 5.7. After a series of

exploratory runs with analytical and native manganese dioxide

at different temperatures and gas compositions, it was found

that the analytical reagent manganese dioxide remained

practically unreacted. The native manganese dioxide was

somewhat more reactive than the reagent grade material. The

reacted samples observed under the microscope showed a small

amount of manganese sulfate distributed randomly throughout

the sample. This indicated that the reaction did not cease

as a result of the lack of gaseous diffusion, since no product

layer was detectable.
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A series of preliminary experiments using activated

manganese oxide indicated that this reaction proceeded at

reasonable rates even at temperatures as low as 80°C. Also,

it was found that the reaction was quite exothermic — a

temperature difference between the bulk gas stream and the

sample, of the order of 100®C being observed in one in

stance. Fig. 6.1 shows a plot of the weight change and

temperature at the surface of the sample versus time, for a

particular run using activated manganese with pure SO2.

After reaction these samples were also observed under

the microscope and analyzed by X-ray diffraction. The

samples which were allowed to go to completion presented two

different solid phases as reaction products — grains of

manganese sulfate, and a matrix formed by manganese oxide.

The matrix of samples reacted below 300®C was formed by

Mn202f and the matrix of those reacted above 300®C was formed

by Mn^O^. Fig. 6.2 shows a typical structure of a sample

reacted at 324°C, consisting of whiteish grains of manganese

sulfate in a matrix of Mn^O^as was described previously.

Samples heated in air or oxygen atmosphere showed an

increase in weight before the flow of SO2 was established.

This increase in weight was attributed to oxidation of the

activated manganese oxide to a higher oxide. These samples,

when observed under the microscope showed an external layer

of Mn02f perfectly defined from the rest of the sample.
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The layer was identified as Mn02(pyrolusite) by X-ray dif

fraction analysis. As a result these samples did not react

to the same extent as those heated in inert atmosphere.

Samples heated in nitrogen atmosphere were found to be more

stable than those heated in air. However, there was a

detectable decrease in weight during heating possibly due to

ammoniiam carbonate and moisture left from the preparation

stage, or some oxygen lost by decomposition of the activated

compound to a lower oxide such as Mn^O^, or Mn202.

The reaction rate of samples of activated manganese

oxide reacted in pure SO2 was extremely high. Consequently,

the temperature rise of the pellet was quite large and in

fact an appreciable temperature gradient within the pellet

could be expected. This was bourne out by examination under

the microscope where it was observed that the oxide present

with the manganese sulfate changed from Mn202, close to the

surface of the pellet, to Mn^O^, at the center of the pellet,

In the absence of thermodynamic data for the activated

material, the mechanism by which this reaction proceeds

becomes exceedingly difficult to establish.

6.2 Experiments to Test the Model

Based on the results of the preliminary tests, a series

of experiments were conducted at low SO2 concentrations and

temperatures of the order of 300°C, In most of these experi

ments, the reaction was allowed to go to completion. The
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same percentage change in weight was observed in these runs.

Due to the complexity of the system it was not possible

to formulate a reasonable sequence of steps to show the real

mechanism of the process. However an overall reaction is

proposed and it was used to analyze the experimental results

and to compare the theoretical predictions using the mathe

matical model formulated perviously. The overall reaction

proposed is;

YMnO^(s) + (8Z)S02(g) = ZMn^O^(s) + BZMnSO^(s) (6-1)

where x can vary between 1.5 and 1.8 and 3 is the ratio (molar)

of MnSO^ to Mn^O^. Y and Z are stoichiometric coefficients

which are related to 3 and to the weight change observed in

the reaction. This reaction assumes that there is no loss of

oxygen during the reaction and is based on the very low de

composition rate observed during the preheating carried out

in nitrogen prior to a run. The value of 3^ determined by

analysis of the product, was approximately 3.57 and the

observed percentage weight change during a run was approxi

mately 36%. This percentage weight change is in agreement

with the results of absorption studies carried out with this

system by AVCO Corporation^®®^. The value of x which fits

the above equation is then 1.70.

The activated manganese oxide is not a compound of

fixed stoichiometry, but one whose oxygen content can vary

[891
from X = 1.5 to 1.8, as was reported by DeLano . The
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appearance of the structure of the reacted material, as seen

in Fig. 6.2, indicates that a possible mechanism might then

be that in the presence of SO2/ the grains of material of

low oxygen content give up oxygen to the neighboring grains

which become sulfated - the oxygen transport between grains

occurring within the grains themselves.

The extent of the reaction was calculated based on the

observed weight change per cent (36%) as follows:

_  % weight change at some instant in time
^ ~ observed % weight change at completion of reaction

Tables 6-1 to 6-4 show the measurements and calculated

values for the four runs analyzed. The assumption has been

made that the overall reaction can be broken down into a

sequence of reactions (which do not necessarily indicate the

mechanism) one of which would be identical to the reaction

proposed in the development of the model viz:

Mn02(s) + S02(g) = MnSO^(s)

This reaction then is the controlling reaction in the se

quence .

6.3 Analysis of the Experimental Results - Prediction
Using the Model for No Volume Change

All the experiments were carried out with the same

batch of activated manganese oxide; preheating of the sample

carried out in pure nitrogen atmosphere. The size distribu

tion of this activated material with a geometric mean size

of 82 microns is shown in Table 6-5. Calculations were



T 1534 90

TABLE 6-1

RUN A3

Gas Composition;
Total Flow Rate:

Total Pressure:

Average Sample Diameter:
Initial Weight of Sample:
Furnace Temperature:

11% SOo, 89% N2
450 cc/min.(50 SO2; 400 N2)
620 mm Hg.
0.493 in.

1275 mg.
324°C (+ 0.5®C)

TIME

(min)

WEIGHT

CHANGE

(mg)

EXT. OF

REACTION

(e)

TIME

(min)

WEIGHT

CHANGE

(mg)

EXT. OF

REACTION

(e)

1 6 0.01 15 170 0.372

2 18 0.04 16 182 0.401

3 30 0.07 17 194 0.430

4 40 0.09 19 216 0.476

5 50 0.11 24 264 0.583

6 60 0.132 29 302 0.665

7 72 0.158 34 336 0.741

8 82 0.181 38 360 0.793

9 95 0.210 44 388 0.855

10 107 0.236 50 410 0.903

11 120 0.264 56 427 0.940

12 133 0.290 60 434 0.956

13 146 0.320 66 440 0.972

14 158 0.351
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TABLE 6-2

RUNI  A4

Gas Composition: 19.6% SO 9 f 80.4% N,
Total Flow Rate: 450 cc/mxn.(88.2 SO2; 361.8 Nj)
Total Pressure: 621.6 mm Hg
Average Sample Diameter: 0.5053 in.

Initial Weight of Sample: 1415 !mg

Furnace Temperature: 324®C

•

o

 +1

5®C)

WEIGHT EXT. OF WEIGHT EXT. OF

TIME CHANGE REACTION TIME CHANGE REACTION

(min) (mg) (e) (min) (mg) (e)

1 4 15 240 0.476

2 32 0.063 16 250 0.496

3 56 0.11 20 287 0.57

4 76 0.151 25 324 0.643

5 96 0.190 29 350 0.694

6 116 0.231 36 386 0.766

7 134 0.266 40 404 0.802

8 150 0.298 45 424 0.841

9 166 0.332 50 440 0.873

10 180 0.357 55 454 0.901

11 194 0.385 60 465 0.923

12 206 0.410 65 476 0.944

13 218 0.432 75 483 0.960

14 230 0.456
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TABLE 6-3

RUNf  A5

Gas Composition; 15.6% SOo, 84.4% N2
Total Flow Rate: 450 cc/min.(70.2 SO2; 379.8 N2)
Total Pressure: 617 mm Hg
Average Sample Diameter: 0.503 in.

Initial Weight of Sample: 1461 1mg

Furnace Temperature: 324°C

•

o

 +1

5°C)

WEIGHT EXT. OF WEIGHT EXT. OF

TIME CHANGE REACTION TIME CHANGE REACTION

(min) (mg) (e) (min) (mg) (e)

1 2 0.004 27 253 0.486

2 4 0.008 31 281 0.540

3 5 0.010 35 306 0.588

7 22 0.042 39 328 0.631

9 45 0.086 45 356 0.685

11 76 0.146 50 376 0.723

13 107 0.206 55 396 0.762

15 134 0.258 60 412 0.792

17 159 0.306 70 440 0.846

19 182 0.350 80 461 0.886

21 202 0.388 90 476 0.915

23 221 0.425 100 485 0.933

25 237 0.456
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TABLE 6-4

RUN1  A6

Gas Composition.: 8.9% SO2, 91.1% N2
Total Gas Flow Rate: 450 cc/min.(40.0 SO,; 409.9 N,)
Total Pressure; 608 ram Hg

Average Sample Diameter: 0.5001 in.

Initial VJeight of Sample: 1478.7 mg
Furnace Temperature: 324®C  (+ 0.5°C)

WEIGHT EXT. OF WEIGHT EXT. OF

TIME CHANGE REACTION TIME CHANGE REACTION

(min) (mg) (e) (min) (mg) (e)

1 5 0.009 50 281 0.533

2 18 0.034 55 298 0.565

5 45 0.085 60 314 0.596

9 75 0.142 65 329 0.624

13 104 0.197 70 344 0.653

15 117 0.222 75 357 0.677

17 130 0.247 80 370 0.702

21 154 0.292 85 382 0.725

25 175 0.332 90 394 0.748

29 196 0.372 98 412 0.782

33 214 0.411 108 433 0.822

35 224 0.425 118 452 0.858

39 240 0.455 128 470 0.892

43 256 0.486
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TABLE 6.5

Activated manganese oxide
Geometric mean size = 82 microns

SIZE DISTRIBUTION

TIME

(min)

0.367

0.4

0.433

0.467

0.5

0.533

0.567

0.6

0.633

0.667

0.7

0.733

0.8

0.9

1

1.133

1.333

1.5

1.67

1.9

2.17

2.73

INTERCEPT

10.7659

13.4919

17.7572

21.7329

24.9349

25.752

28.015

29.7182

31.0761

37.8722

37.5726

35.4652

40.6782

42.0001

45.7934

49.1952

52.3928

53.049

53.825

54.7

55.0305

57.5516

WT-PERCENT

LESS THAN

83.2307

78.9846

72.3409

66.1481

61.1606

59.8878

56.3629

53.71

51.5948

41.009

41.4757

44.7582

36.6383

34.5793

28.6708

23.372

18.3912

17.3692

16.1605

14.7975

14.2827

10.3558

DIAMETER

(microns)

107.494

102.964

98.9627

95.2921

92.0938

89.1973

86.4816

84.0698

81.849

79.7356

77.8335

76.0613

72.8066

68.6427

65.1202

61.1787

56.4028

53.1704

50.3915

47.2431

44.2064

39.4125
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carried out according to the procedure described in Appendix

C. The porosity of the sample was calculated based on the

solid density previously determined from the sedimentation

experiments, the calculated volume based on the pellet diam

eter, and the initial mass of the sample. The transport

properties were calculated according to the procedure

described in Chapter 4. All the samples were run at Reynolds

nximber in the range of 2.3 to 2.6 while the Schmidt number

for the system was close to unity. Due to the relatively

large grain size and high porosity of the samples Knudsen

diffusion was negligible compared to the molecular diffusion.

The effective diffusivity was therefore calculated based on

the molecular diffusivity only. Since there were no means

/ available to estimate the tortuosity factor, it was assxamed

to be unity,. '

It was pointed out in section 3.2 that the effect of the

change in volume was not considered significant enough to

warrant the increased mathematical complexity which would be

required to obtain a numerical solution for the general case.

The model for no volume change was then used to analyze the

experimental results. Also, since at low SO2 concentrations

the temperature difference between the bulk gas stream and

the sample was not very large then the system was assumed

to behave isothermally.
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Table 6-6 shows the physical quantities computed in

order to calculate the dimensionless groups which appear in

the mathematical model.

TABLE 6-6

PHYSICAL QUANTITIES

2
RUN R_ (cm) VI (am/cm sec) D„(cm /sec) h(cm/sec)

A3 0.626 2.82x10"^ 0.296 1.258
A4 0.640 2.78x10"^ 0.290 1.242
A5 0.640 2.87x10"'^ 0.281 1.250
A6 0.635 2.83x10"^ 0.261 1.260

Values for the reaction rate constant are not available

in the literature. It was therefore necessary to estimate

the value of k by assuming that Run A3 was chemically con

trolled ignoring diffusion effects. This rate constant was

calculated as follows:

From the mathematical model described in Appendix A

for the case of chemical control, the extent of reaction is

given by equation (A-44),

3
(6a=e = l- [1- -2)

or

(1-e)^/^ = 1 - Yi(^)t (6-3)
o

where

k = rate constant, cm/sec

t = real time, sec
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If the process is chemically controlled a plot of

1/3
(1-e) versus time should give a straight time with slope

k
equal to —/ and an intercept of unity. Fig. 6.3 shows

o

this plot for Run A3, which is in fact a straight line,

confirming the assumption made with only a small deviation

at the start of the process.

Then from Fig. 6.3:

-2 -1
slope =: 1.08 X 10 mm

= 1.81 X 10 ̂  sec ^

Thus

Y, ̂  = 1.81 X 10"^ sec"^ (6-4)
o

-4 -2
for Yi = 0.55 X 10 , and r^ = 0.41 x 10 cm.

1  o

k = 1.35 X 10 ̂  cm sec ^ (6-5)

Since all the experiments chosen to test the mathemati

cal model were run at the same temperature, the reaction rate

constant given by equation (6-5) was used to calculate the

dimensionless group Xj|^ in all the experiments. Table 6-7

shows the dimensionless groups calculated by using the pro

cedure previously described. These dimensionless groups were

used^ in the general solution of the grain model to calculate
the theoretical predictions and to compare them with the

experimental results.
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TABLE 6-7

DIMENSIONLESS GROUPS

RUN 0) P

A3 153 2.85x10"^ 0.8 5x10*"^ 2.66 0.55

A4 156 2.97x10"^ 0.98x10"'^ 2.74 0.53

A5 156 3.08x10"^ 0.77x10"'^ 2.86 0.52

A6 155 3.27x10"^ 0.436x10"'^ 3.07 0.47

Fig, 6.4 shows a typical plot of weight change versus

time and temperature at the surface of the pellet versus time.

It can be seen that the temperature difference between the

bulk gas stream and the surface of the sample was not as large

as for the sample reacted with pure sulfur dioxide shown in

Fig. 6.1. However, the system should really be considered

non-isothermal and the model corrected for this temperature

effect in order to get better results.

Fig. 6.5 to Fig. 6.8 show the comparison between the

experimental results and the theoretical predictions (dashed

lines) for four different runs.

Despite the complexity of the system and the assxmptions

made, the mathematical model seems to provide a good fit to

the data. The programs were run with the dimensionless

groups calculated according to the procedure described in

Chapter 4, and presented in Table 6-7, except in Run A3 where
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-4
the dimensionless group increased to 0.85 x 10 to

better match the experimental results. This indicates the

necessity to measure directly the main physical constants

and structural parameters in order to avoid any uncertainty

in the evaluation of the dimensionless groups.
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Chapter 7

CONCLUSION

Section 1 of this final chapter presents the conclusions

and discussion arising from the present work. Suggestions

for future work are then made in section 2.

7.1 Conclusions and Discussion

The conclusions deduced from the present study of non-

catalytic gas-solid reactions may be summarized as follows;

1) The mathematical model formulated has been shown to

be successful and offers considerable promise in the

study and better understanding of processes dealing

with chemical reactions of group I.

2) The dimensionless form in which this mathematical

model was developed is quite general and the re

sults may be used in the study of any particular

system related to chemical reactions of group I.

The dimensionless groups obtained provide a means

of delineating between the different kinds of

behavior of the system according to the rate con

trolling step.

3) The absorption of sulfur dioxide by using native

or technical manganese dioxide is not possible.

The samples reacted only to about 1% before the
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reaction ceased completely due to a chemical

phenomenon rather than resistance to diffusion

of the gaseous reactant.

4) The rate of absorption of sulfur dioxide by using

activated manganese dioxide was quite fast. The

reaction went to completion leaving two solid

phases as product — MnSO^ and Mn^O^, for sam

ples reacted above 300°C and MnSO^ and Mn202 for

those samples reacted below 300°C. The structure

of the reacted sample was formed by grains of

manganese sulfate embedded in a matrix of man

ganese oxide (Mn^O^ or Mn202).

5) Due to the complexity of the system and lack of

thermodynamic data it has been difficult to

determine the exact mechanism of the reaction.

However, the following mechanism has been pro

posed: Selective decomposition of some grains

of activated manganese oxide which produce a

lower oxide (Mn^O^, Mn202) and the diffusion of

the reactive oxygen to neighboring grains which

are then sulfated in the presence of SO2. This

mechanism was not confirmed, due to difficulties

in preparing suitable samples of low porosity,

however, the limited observations made tend to

support the mechanism proposed.



T 1534 108

6) The activated manganese oxide was oxidized to a

higher oxide in the presence of oxygen. On the

other hand, it lost oxygen, at a low rate, in

inert atmosphere at temperatures above 300®C,

forming a lower oxide such as Mn202 or Mn^O^.

7) The chemical reaction is quite exothermic —

temperature differences between the bulk gas

stream and surface of the sample of the order of

120®C for specimens reacted in pure SO2 atmos

phere were observed.

8) The total surface area of the sample seems to be

a very important property in the reaction mech

anism. Data given in the literature indicate a

large surface area for activated manganese

dioxide compared with values given for other

types of manganese oxides.

Attempts to make pellets of low porosity (small amounts

of ammonium carbonate) proved unsuccessful. These pellets

fractured about the plane normal to the die halves during

removal from the die. Isostatic pressing may be a means of

overcoming this problem. However a few pellets of smaller

porosity than the runs analyzed were made. The runs carried

out with these pellets produced rather interesting results

which could not be explained satisfactorily. It was ob

served that the rate of the reaction was slower than that
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for the samples of lower porosity and in addition the ratio

of MnSO^ to Mn^O^ was smaller than before. It would appear

that oxygen was lost due to decomposition of the activated

material and subsequent diffusion out of the pellet. A

possible explanation may be that the diffusion of SO2 within

the pellet is drastically reduced due to a decrease of the

pores within the pellet. The net result is that the oxygen

produced by the decomposition goes into the gas phase

(interstices between grains) since no SO2 is available for

reaction at grains close to the center of the pellet. The

oxygen then diffuses out of the pellet into the bulk gas

stream.

It should be pointed out that the original intent of

the present study was to develop a structural model for the

group I type reaction. It was anticipated that the sulfa-

tion of manganese dioxide would be a suitable system to

test the model based on work reported in the literature.

However, this system turned out to be more complex than was

anticipated. Many qualitative observations regarding the

sulfation of the various manganese "dioxides" have been

made. Nevertheless, many unanswered questions remain;

these can only be answered by continuing the investigation

to specifically determine the reaction mechanism. It is felt

that the model developed has been successful in the interpre

tation of the kinetic behavior of the system, in light of the

difficulties encountered with the reaction.
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7.2 Recommendations for Future Work

The main recommendation for future V7ork would be that

the mechanism of the sulfation of activated manganese be

continued, since the chemical reaction by itself is an

interesting problem identified in this work. Other recom

mendations are enumerated as follows:

1) Testing of the model using a more "ideal" system;

perhaps the sulfation of alkalized alumina.

v2) Direct measurement of the pellet porosity and

tortuosity factor.

3) Development of a suitable n\americal scheme to

solve the general equation for volume change.

4) The non-isothermal behavior should be incorpora

ted in the model.
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APPENDIX A

MATHEMATICAL ANALYSIS

The mathematical model formulated previously in Chapter

3 has been analyzed for two different cases. The first case

examined is that when the difference in density between the

solid reactant and solid product is small enough so that the

change in volume of the sample may be considered negligible

without introducing significant error. The second case is

when this difference cannot be considered negligible and

must be included.

Each particular case has been analyzed for the follow

ing limiting conditions:

a) The system is controlled by diffusion of gases

within the pellet.

b) The chemical reaction taking place within the

pellet.

c) The convective mass-transfer between the gas

phase and the pellet controls the process.

In addition, the behavior can be affected by both the diffu

sion within the pellet as well as the chemical reaction step

and this behavior is sometimes referred to as mixed control.

The system behavior can then only be described by the general

equations. It should be emphasized that the general equations
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also describe the limiting behavior and this fact is used

in testing the numerical scheme which has to be used to

solve the general equation. Fig. A-1 shows a schematic rep

resentation of three different types of behavior — diffusion,

chemical, and mixed control.

A.1 Grain Model for No Volume Change

In this case the density of the solid product is con

sidered to be equal to that of the solid reactant, thus, the

size of the sample as well the size of the grains remain

constant throughout the process.

The equations describing the system formulated in Chapter

3 are now recasted as follows:

^ B 3 / 2^^b\ ^i

"ml ®

with the following initial and boundary conditions:

Cg(R,t=0) = 0 (A-3)

r^(R,t=0) = r^ (A-4)

ilR=0 = °

(A-6)

where

R^ = radius of the sample which is constant.
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The pertinent dimensionless groups are;

C* = {§-) ; n = ;
.  o o

ca) "" T "" ( o) /

"o
kR hR

Xi = {-p—); X2 = (-^) ;

C  r.

Yi = (^ ); ?G " (A-14)
•^ml o

Since the radius of the sample remains constant and = p^2

then for this case equations (3-24) and (3-31) become:

5  =1.0 and Yo = 1.0.
P  2

Using these dimensionless groups to transform equation (A-1)

to (A-6), we obtain:

^(n^l^*) - 3(1-P)C(,^ Xj^wC* = 0; 0<n<l (A-15)
Hp *^ = -X^mYiC (A-16)

with initial and boundary conditions:

C*(ti,t = 0) = 0 (A-17)

5(n,T = 0) = 1.0 (A-18)

9n ,=0 =»

In general these equations have to be solved numerically,

however the limiting cases can be solved analytically.



T 1534 115

A.1.1 Diffusion Control

If it is assumed that the chemical reaction rate with

in the pellet is very fast compared with the rate at which

the gaseous species diffuse between the pores of the pellet,

then the chemical reaction takes place at a spherical sur

face within the pellet and the gaseous concentration at this

reaction front is practically zero. The second term in

equation (A-15), which represents the homogeneous consump

tion of gaseous reactant,'is then zero and the diffusion is

confined to the region between the surface of the pellet and

the reaction front. The equations describing this case are;

)  = 0; or i|'<ti<1 (A-21)

where

Rj = radius of the reaction front and

ip - ̂  = dimensionless radius of the
o  reaction interface (A-22)

with initial and boundary conditions:

C*(n/T = 0) = 0 (A-23)

C*(n=ip/T) = 0 (A-24)

C*(n=l/T) = 1.0 (A-25)

lw*|n=i =
Equation (A-25) is used when the resistance to mass-transfer

of the gaseous reactant from the gas phase is negligible.

Equation (A-26) is the more general expression for convective
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mass-transfer to the pellet. The analytical solution is

obtained as follows. Integrating Equation (A-22) once gives:

-i f,(T) (A-27)3n ^2 1

and on a second intergration we obtain:

C* = -fj^(T) .i + fjCt) (A-28)

where fj^(T) and ^2^^^ both functions of the dimensionless

time T. These functions can be obtained by applying the

initial and boundary conditions to equation (A-28). They

are:

f, (t) = — (A-29)

^  (fl)
and f~(T) = —— +1 (A-30)

(ri>
where boundary condition (A-25) has been used so that the

effect of gas-film resistance does not play a part in the

solution. Equation (A-28) becomes:

C* = -

which gives the dimensionless concentration of the gaseous

reactant as a function of the dimensionless radial coordinate

and position of the reaction interface.

To complete the description of the system, the motion

of the sharp interface as a function of time can be obtained

by carrying out a molar balance at the reaction interface



T 1534 117

as follows;
3C
B2

r=r/^^i'

or

dt
'ml

^'b
(1-P) * 8R R=R,

In dimensionless form, equation {A-32) becomes;

di|/ _ _ '1 3C
dT " (1-P) • 9ri

with initial condition:

Tj^(T = 0) = 1.0

*

n=i|'

Substituting
3n

into equation (A-33) gives

a = -k.4
dx li-ii

where

K =
TI^

(A-32)

(A-33)

(A-34)

(A-35)

(A-36)

Integrating equation (A-35) and using the initial con

dition (A-34) we then obtain:

- 3if;^ + 1 = 6Kt = Tp (A-37)

where

Tp = 6Kt = diffusion dimensionless time (A-38)

which describes the advancement of the reaction front as a

function of the dimensionless time.

The total extent of reaction for this case is given by:

e = 1 - (A-39)

Equations (A-39) and (A-41) were used to obtain the dashed

curves for the limiting case of diffusion control shown in

the plots of section 3.2.



T 1534 118

A. 1.2 Chemical Control

This limiting case occurs when the chemical reaction

rate within the pellet is slow compared with the diffusion

of gaseous species between the grains forming the pellet.

The concentration of the gaseous reactant within the pellet

is then essentially uniform. This system can be described

by the expression;

k  c
(A-40)

"ml

which describes the rate of advancement of the reaction

front within each grain as a function of the concentration

of the reactant gas within the pellet. This rate is now

independent of the radial position into the pellet, thus,

the radius of the reaction front is the same for all the

grains throughout the sample.

Integrating equation (A-40) and using the initial con

dition r^(t=0) = r^, the following is obtained:

o  ̂ml

where the concentration of the gaseous reactant Cg is con

stant throughout the sample and equal to that of the bulk

gas stream, if, as was assiamed before, the gas-film resis

tance is negligible. In dimensionless form equation (A-41)

becomes:

= l-Xj^Y^wT = 1 - (A-42)
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where

T  = XtYiWT = the chemical dimensionless time (A-43)
c  1' 1

The extent of reaction is given by:

a = e = 1 - = 1-[1-T^]^ (A-44)

The dashed line appearing in each plot of extent of reaction

(e) versus chemical dimensionless time in section 3.2 repre

sents the behavior of the reaction when its behavior is

chemically controlled.

A. 1.3 Gas-Film Control

In this case the rate of mass-transfer of the gaseous

species through the gas boundary layer (gas-film) surround

ing the pellet is very small compared with the rate of

diffusion of the gaseous species away from the solid-gas

interface and with the rate of the chemical reaction within

the pellet. The maximum concentration difference between

the bulk gas concentration and the gas concentration at the

surface of the pellet is then obtained. The concentration

at the surface of the pellet under these conditions becomes

negligible compared with that in the bulk gas stream. Then,

the molar flux through the boundary layer becomes constant

and only dependent on the magnitude of the bulk concentra

tion of the gas, C and the mass-transfer coefficient, h.
o

The molar flux for a convective process is defined as:

N„ = h(C -C^) (A-45)
D  O S
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Equation (A-45) states that the molar flux at the surface is

proportional to the concentration difference between the

surface and the bulk of the fluid, the constant of propor

tionality is the mass-transfer coefficient. In the limiting

case when C -*-0, equation (A-45) becomes;
s

= hC^ (A-46)
B  O

The rate at which moles are supplied is then given by:

moles of gaseous reactant _ 2^^^ (A-47)
time o o

If one mole of gaseous species reacts with one mole of solid

reactant, then in a time At, we may write the following molar

balance on the solid reactant:

4TrR ^hC At = Ae.n^ (A-48)
o  o T

where

Aen^ = number of moles of solid reacted
4  3n  = ̂ irR p , . (1-P) = niamber of moles of solid
°  reactant initially

Ae = the change in total extent of the reaction
in time At.

Rearranging and taking the limit at At->0, equation (A-48)

becomes:

ric 3hC^ = 2 (A-49)
dt R p .(1-P) ^ '

o ml

On integrating:

3hC

e = K-n—VT-TTx . t + C, (A-50)
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Since e = 0 at t = 0 then:

She

In dimensionless form equation (A-51) may be expressed as:

SXjYii
^ ■= -rfrr = •'g

where

3X2Y1T
Tq = = gas-film dimensionless time (A-53)

which then describes the behavior of the reaction in the case

of gas-film control. The dashed line appearing in each plot

of Fig. 3.6 represents the behavior of the reaction when it

is gas-film control.

A. 1.4 General Case

When all three effects, gas-film mass-transfer, inter-

granular diffusion and chemical reaction are equally com

petitive (mixed control) there is no rate controlling step

during the process. In addition the process may start off

being chemically controlled, then change to mixed control as

the reaction proceeds, and finally become intergranular

diffusion control at the end as the diffusion path becomes

larger. It can be appreciated that under these circxamstances

no single limiting equation can be used. This general case

is described by equations (A-15) and (A-16) with initial and

boundary conditions given by equations (A-17) to (A-20).

These equations have been solved numerically since an
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analytical solution is not possible. A special numerical

technique was employed which involves the solution of equa

tion (A-16) by a fourth order Runge-Kutta method simultane

ously with the solution of equation (A-15) using a tri-

diagonal algorithm. This numerical technique is described

in Appendix B.

A.2 Grain Model with Volume Change

In this case the density of the solid product is con

sidered to be different t6 the density of the solid reactant,

then the size of the sample as well as the size of each

particular grain change throughout the process. The general

formulation for this system has been described previously in

section 3.1. As mentioned before the change in volume only

affects the intergranular diffusion of the gaseous species.

Thus, the asymptotic behaviors described for the case of no

volume change will be identical except for diffusion control

which is now presented in the following section.

Diffusion Control:

The situation is identical to the case of diffusion

control with no volume change where the rate at which the

gaseous species diffuses between the grains forming the pel

let is very much slower than the rate of diffusion through

the gas-film and than the rate of consumption by the chemical

reaction within the grains. The reaction front is again a

sharp concentric interface and the diffusion of the gaseous
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reactant now takes place in an expanding region between the

outer surface of the pellet (whose radius changes with time)

and the reaction front. The diffusion equation for the

gaseous reactant in this region is given by;

2
3 C 3C

—^ ̂ I ̂  Ri(t)<R<11(t) (A-54)
3R

This equation may be transformed to a dimensionless form by

using the following dimensionless groups and coordinate

transformation:

C  = (;:r-) ; n =
c  '' ' TCW-RTTt)
O  I

IF (t)

f " (-R—) - 5p = '

T = A (A-55) to (A-59)

«0

where

Rj(t) = radial position of the reaction front

II (t) = radius of the pellet which is a function of
time

Equation (A-54) then becomes:

^  = 0; iJ;<Ti<l (A-60)
9n n +r

with initial and boundary conditions:

C*(n/T=0) = 0 (A-61)
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(A-62)

(A-63)

(A-64)

C''(n=0,T) = 0

C*(ti=1,t) = 1.0

n=i " ̂2^^"^111=1^
The rate of advancement of the reaction front through

the sample is found by making a molar balance at the reaction

interface which yields:

dRj(t)
dt

B

PmT^

9C

9T
B

R=Rj{t)

with initial condition:

Rj(t=0) = Rq

Equation (A-65) in dimensionless form becomes:

(A-65)

(A-66)

dif) _ '1 1 3C*
dT ■ (1-p) * * 3ri |n=0 (A-67)

and iJ;(T=0) =1.0 (A-68)

The local and total extent of the reaction are given

by:
r.. 3

(A-69)^i 3 3a = l-(^) = 1 - Cg'
o

and e = 1 - i|; (A-70)

respectively.

AlsO/ from equation (3-40) with have:

e = ̂  (A-71)
'2
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Combining equations {A-70) and (A-71) we obtain;

1 - C ^^ = (1 - Y2) (A-72)
1 - t|;

Equation (A-72) may be rearranged to give:

Y2+I (A-73)^ -\ ̂ „,3'I'"

On replacing equation (A-73) into equation (A-60) and equa

tion (A-67) the following is obtained:

=0 (A-74)

(n4)

where

0  -j - Y2+lj - 1 (A-75)

and

^ _ ^1 f 1 "\ ^
n=o

(A-76)

The system for this particular case is now described

by equation (A-74) and equation (A-76) with the initial

and boundary conditions expressed by equations (A-61) to

(A-64). Again, the boundary condition (A-63) has been chosen

so that the gas film resistence will not affect the process.

The solution to the above equations has been obtained by a

combination of analytical as well as numerical operations.

In addition, a starting solution has to be developed for the
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numerical scheme since at t=0, i|/=1 which makes the left side

of equation (A-76) indeterminate.

The analytical part of the solution is obtained by
*

solving equation (A-74) for C in terms of n and ip. This

solution is obtained as follows:

n' = n + K,

where

■^2=6 =

<T -
Equation (A-77) can now be transformed to:

32 * *"''C ^ 2 3C _ .
,2 n' 9n'

an

(A-77)

(A-78)

(A-79)

or

^  1^) = 03n

with initial and boundary conditions:

' ,T=0) = 0
*C  (n'=K2,T) = 0

c* (n'=i+K2,t) = 1.0

(A-80)

(A-81)

(A-82)

(A-83)

Integrating equation (A-80), the following is obtained:

C* = - ^ f^(T) + f;(T)-ivw . -2

where fj^(T) and f^^f) are functions of the dimensionless
time T, which are determined by applying the boundary

(A-84)
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conditions, given by equation (A-76) and (A-77) to equation

(A-84).

f|(T) = K2(1+K2)

f^(T) = (I+K2)

Equation (A-84) becomes:

(A-85)

(A-86)

C  = (I+K2) (A-87)

Equation (A-76) may also be transformed to give:

^1dtp
 *

^^2 9C_ _
dx (1-P) * ip

K

9n n '=K,

Also,

3ti

*

^ fl(T) = . K^d+Kj)
n' n'

(A-88)

(A-89)

then

9C

3ti' h'=K,
-

\ ̂ 2 /
(A-90)

Replacing equation (A-90) into equation (A-88) finally gives;

a = -K i(l+K,)
dx tp 2'

(A-91)

where

^ - JT=?T

Equation (A-91) cannot be integrated because of the

complex expression for K2. Also, numerical integration is

not possible immediately since at x=0, tp=l which makes ^2'*'"'

and in turn also infinite. This, incidentally is
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physically correct since at the start of the process the

diffusion resistance is zero and the chemical rate is infi

nite. The numerical integration, however, can be performed

if we can obtain an analytical solution, good for small

values of time, which would allow us to start the numerical

integration at a value of t greater than zero. This solu

tion may be obtained as follows:

Rewriting K2 as:

K  = T73—

where

x = Y,(4-i) <A-93)
^  ll)-^

then

^  (x+l)-^/-^-l l-(x+l)

(l+x)'-^/-^ = (1 - ix + ix^ + ...) (A-95)

also

-V3 = ,1 - . y

For small values of time, since 4' will be very close to

2
unity, then x will also be small. Retaining terms up to x ,

gives:

1+K- = (A-96)
X  x"^
J'J

From equation (A-93)

dx = -3y2 dip (A-97)
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Then equation (A-91) becomes:

, 5 2
I— (t - ̂ )<jx = KdT (A-98)
3Y2 3 9

using the substitution:

z =(^) (A-99)
^2

dz = — dx (A-lOO)
^2

and from equation (A-93)

5  , 1 %

By replacing equations (A-99), (A-lOO), and (A-101) into

equation (A-98), the following equation is obtained:

On integrating equation (A-102) and applying the initial

condition defined in equation (A-61) the final result ob

tained is:

3f2 ^^3

This expression is then used for starting the numerical

solution and is valid for short times only, t:=:0. Equation

(A-103) can be shown to reduce to equation (A-37) for Y2 ~

which is the expression when the volume remains constant.
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The corresponding computer program, written in BASIC,

in which a fourth order Runge-Kutta was used for the numeri

cal integration is attached in Appendix D.
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APPENDIX B

DEVELOPMENT OF THE NUMERICAL TECHNIQUE

The numerical technique used to solve the equations

describing the system for the general case (no volume change)

is described in detail in this section of the appendix.

Since the concentration only varies in the radial

direction, one line therefore represents the region in space

over which the concentration varies. This region is divided

up into M equal increments as shown in Fig. B-1. There are

therefore M+1 points in the domain in which two are on the

boundary. Equations (A-15) and (A-16) have to be satisfied at

every internal point within the domain. For a general point

i/ then equations (A-15) and (A-16) become:

*  * * * *

*^1-1,11+1 " _1_ °l+l,n+l " *^1-1,11+1
(in)^ "i

=  (B-1)

and d^. *

"dT~ " (B-2)

=  (i-l)Ari (B-3)

Rearranging equation (B-1) leads to:

^i.n+l '=1+1,n+1 = °
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FIG. B.I MESH SPACING USED FOR NUMERICAL
SOLUTION
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Equation (B-4) is only applicable for the interval

3<i^M-l, since if applied to the point 2, the concentration
*

at the boundary is involved, and similarly if applied to
*

the point M the other boundary involving is included.

By expressing the boundary conditions in finite difference

form the whole domain can then be defined.

Equation (A-19) which describes the boundary condition

at i=l can be expressed in terms of the concentration at

three points forward from the boundary as follows;

*  * *

-3C, + 4C, -

2An ^ °
then * *

*  ̂^2 ~ ̂ 3

Replacing equation (B-6) into equation (B-4) for i=2 and

rearranging gives:

n+1- Sn^An) =2,

°

which is the difference equation for the particular point

i=2.

In a similar manner equation (A-20) which gives the

other boundary condition (i=M+l) can be expressed in terms

of the three point backward difference as follows:

*  * *

3C„., - 4C„ + C„ , .

2An ^
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then ^ ^

*  ~ ^M-1 ̂  2X2^^1

'f
Replacing equation (B-8) into equation (B-;^) for particular

point i=M, and rearranging leads to:

n+1

/ 2njj - 4An + 2nj^AnX2 - 2An^X2\ *
\  (3+2AnX2)nj^_3^An^ /

/  2 2 4(n„+Ar|) \ *
+ I -3(l-P)a)X.d „.T - -iy + ^ ] c,,^  1 M,n+1 4^2 (3+2AriX2) n^An /

2X2(nj^+Ari)
rij^An (3+2AT1X2) (B-10)

which is the difference equation for the point i=M-l. Equa

tions (B-4), (B-7), and (B-10) form a set of simultaneous

equations of the form:

^2=^2 = "2

° °i OlilM-l) (B-12)

Vm-1 ̂  Vm = "m <®-"'

This system of simultaneous equations forms a tridiagonal

matrix and may be solved by the tridiagonal algorithm when

the coefficients A., B., C., and D. are constant.
1  1 1 1

The simultaneous solution of equations (B-2), (B-4),

(B-7), and (B-10)is carried out by using a fourth-order

Runge-Kutta procedure for equation (B-2) and the tridiagonal

algorithm at each iteration of the Runge-Kutta, since the
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coefficients A^, C^, and are constant during an itera

tion. The number of grid points M+1 chosen was 11. The flow

diagram for these sequential operations is shown in Fig. B-2.

The computer program for the general case, which is written

in BASIC, is included in Appendix D. The numerical scheme

was tested by adjusting the dimensionless groups so that they

approached the physical situation present under limiting

conditions (diffusion control, chemical control and gas-film

control). These plots are shown in Fig. (B-3) and Fig. (B-4).

It can be seen that the numerical solution agrees extremely

well with the analytical solution for these limiting cases.

It is worthwhile calling attention to Fig. (B-4a) where

it can be seen that when the gas-film resistance is small,

the gas concentration at the surface is the same as the bulk

concentration and which was an assumption made in obtaining

solutions to the limiting cases presented in Appendix A.
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Fig.B.2 FLOW DIAGRAM FOR COMPUTER PROGRAM 1
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FOR 1=1 TO N
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APPENDIX C

PARTICLE SIZE ANALYSIS BY CUMULATIVE SEDIMENTATION

All sedimentation methods are based on the fact that in

a fluid medium large particles fall faster than smaller ones.

In this method the recording balance measures continuously

the total weight of sample settled from an initially homo

geneous suspension. The measured weight of particles settled

to the bottom of the suspension of height (h^) at a speci

fied time consists of two parts. One part is the weight of

particles whose time of fall over the distance h^ is less

than the specified time, and whose size therefore, is greater

than that calculated by Stokes' law for the specified time

of fall. The other part is the weight of particles whose

time of fall over the distance h^ is longer than the time

specified, but have settled because of their intermediate

position in the suspension initially.

The basic equation is that of Oden.

dP,

" = <-ar'

where

W = % of particle by weight equal or larger than
diameter d

P

Pj^ s= % by weight on the balance pan at time t
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The particle diameter is calculated from Stokes* law

as follows;

18 h^y

(DjL-D2)gt

where

h^ = height of the suspension,cm.

y  = viscosity of the suspension, poise

= true density of the particles gm/cm

3
D2 = true density of the suspending medium, gm/cm

2
g  = gravitational constant, cm/sec

t  = time from the start of the run, sec.

A computer program has been developed by Smith and

Downing for data reduction to obtain particle size dis

tribution and may be obtained from Merck, Sharp and Dohme

Research Laboratories in Rahway, New Jersey 07065. The

method is based on the fact that segments of data curves can

be approximated accurately by parabolae of the type:

t = aPj^^ + bPj^ + C (C-3)
where a, b, and c are constants.

Several points (10-20) are selected along the experi

mental curve (weight change versus time) given by the record

ing balance. These points are used as computer input. The

program calculates the tangents in consecutive order and the

particle diameters for each time point.
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This experimental procedure is also useful in determin

ing accurately the true density of the sample powder by

using the expression:

W .D2

A L

where

~ weight of sample in air

Wt = weight of sample in liquid
Xj

D2 = density of the suspending liquid

In this method it is very important to select the right

suspending liquid according to the density and size range of

the material to be analyzed. Also it is necessary to accur

ately control the temperature of the suspending liquid to

keep the viscosity as well as the density constant, since

they are used in the calculations.

Fig. (C-1) shows a typical data curve given by the

recording balance, with the points selected as input to the

computer program. These points are spaced more closely where

the curvature is greater to obtain a better fit. Fig. (C-2)

and Fig. (C-3) show a cumulative undersize plot and a log-

normal plot respectively, drawn from the computer results.

The straight line appearing on Fig. (C-3) has been found by

applying least squares analysis to fit the points calculated.

The mean geometric size is defined as the size.corresponding

to 50 weight per cent of the log-normal plot, which had been

linearized using points over the range 20 to 80 weight per cent.



70

cn

(jj

SAMPLE-IOIO

RANGE -325 mesh.

NATIVE Mn02

20 25 30

TIME,t, MINUTES.

± 1

u>

FIG.C-I- TYPICAL DATA CURVE.



Ul

U)

10

20

(O

o30
ac
o

til 40
M

to

50

60
SAMPLE 1010

RANGE -325mesh.

NATIVE Mn02.

70
1 I I I

10 20 30 40 50 60 70 80
WT.PERCENT LESS THAN CORRESPONDING SIZE.

100

FIG.C-2-CUMULATIVE UNDERSIZE PLOT.



2.0
Ul

Ul

N

<n

lU
X
I- 1.5

X
H

X
<
O

o 1.0

o
o

as
SAMPLE »0I0

RANGE -325 mesh.

NATIVE Mn02.

I X X X
10 20 30 40 50

WT.PER CENT LESS THAN

X
60 70 80

CORRESPONDING SIZE.

X
90 100 Ul

FIG.C-3-TYPICAL LOG-NORMAL PLOT.



T 1534
146

APPENDIX D

COMPUTER PROGRAMS

50 REM PROGRAM NUMBER 1
51 PRINT

52 PRINT

55 , REM GRAIN-MODEL GENERAL CASE

60 REM PROGRAM TO CALCULATE THE CONCENTRATION PROFILE AND

65 REM THE EXTENT OF REACTION FOR NON-CATALYTIC HETEROGENEOl

67 REM GAS-SOLID REACTIONS.

69 PRINT "GRAIN MODEL"

70 PRINT "*****♦♦**»»"
71 PRINT
72 PRINT"NUMERICAL SOLUTI ON: RUNGE-KUTTA>TRIDIAGONAL ALGORIT:-
73 PRINT
74 PRINT "ISOTHERMAL-NO VOLUME CHANGE"
75 PRINT
76 PRINT
77 PRINT "DIMENSIONLESS GROUPS:"
78 PRINT "»♦♦♦♦♦**********♦♦**»"
79 PRINT
80 PRINT"W1=OMEGA"
81 PRINT"Gl=LAMBDA 1"
82 PRINT "G3=GAMMA 1" ■
83 PRINT"P=POROSITY"
84 PRINT"G4=LAM3DA 2"
85 PRINT
86 PRINT "OTHER SIM30LS"
87 PRINT
88 PRINT"R=RADIUS OF THE SAMPLE.CM."
89 PRINT"D8=EFFECTIVE DIFFUSIVITY.CM2/SEC."
90 PRINT
91 PRINT
100 DIM X<30)^Z(30)/C<4/20)/S(20)>G<20)/E<20),F(20)>Q(20)
110 READ yi>GWG3^G4«P
120, DATA 156/1000> .56E-4, 1 00,, .45
122 READ D8/R
125 DATA .29/ .64
130 L<1)=.5 7 ^
140 L<2) = .5
150 L<3) = 1.
160 Nsll
170 N1=N
180 M=N-1
190 Dl = l/M
200 D3=l j
210 T=0.-'^ ' , .
220 K=G 1 ♦W1 *G 3 f, ^
230 K2«tfl*Gl
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960 W=B-A#E<I-1>

970 E(I)=C/tf

980 G(I)=(D-A*G(I-1))/W

990 NEXT I

.1000 X(M)=G<M)

1010 FOR I=M-1 TO 2 STEP -1

1020 X<I)=G<I)-E(I)*X<I+1)

1030 NEXT I

1040 X<1)=(4#X(2)-X<3))/3

1050 X(N)=(2*T2+4#X(M)-X<M-1))/T5v

1060 IF J<4 THEN 390

1070 T=T+D3

1080 Kl=Kl+l
1090 IF N1=0 THEN 1120

1100 GOT 0 1130

1120 N9=l

1125 GOT 0 1170

1130 IF K1<K9 THEN 380

1140 IF M9>10 THEN 1170

1150 D3=2»M9*D9

1160 M9=M9 + 1

1170 T8=G1»W1*G3*T

1180 T9=6*G3*T/<1-P) ..

1185 Q5=T»Rt2/<D8*60)

1190 T7=3*G4*G3*T/(1-P)

2000 PRINT "TIME=">Q5

2001 PRINT

2002 PRINT "CHEM TIME="/T8

2003 PRINT

2004 PRINT "DIFF-TIME=*ST9

2005 PRINT

2006 PRINT "GAS-FILM TIME='ST7

2007 PRINT

2008 PRINT

2030 PRINT"RAD-POS">"CON-PROF","PART-RAT">"LOG-EXT"

^40 PRINT

2050 PRINT

2060 FOR 1=1 TO N

2070 Z1=<I-1)/M

2080 A1=1-S(I>*«3

2090 PRINT Z1,XCI),S<I)/A1

2100 NEXT I

2110 FOR 1=1 TO N

2120 F(I)=<<l-S(I)t3)»<I-l)r2)/Tl

2130 NEXT I ,
2140 L=1

2150 N2=M/2

2160 N4=M/N2 + 1.

2170 N3=M/N2

2180 Sl=<F(l)+F(N))/2
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2190 S=S1

2200 FOR I=N4 TO M STEP N3
2210 S=S+F<I)

222 0 NEXT I
2230 E<L)=S/N2

2240 L=L+1

2250 IF L=3 THEN 2280

2260 N2=M
227 0 GO TO 2160
2280 E1=<4#E<2>-E(1))/3

2290 E1=E1#3

2300 PRINT

2310 PRINT "EXTENT OF REACTI0N=",E1

2320 PRINT

2330 PRINT
2340 K1=0

2350 IF N9=l THEN 9999

236 0 GOT 0 380

9999 END

READY
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8  REM PROGRAM NUMBER 2
10 REM PROGRAM TO CALCULATE THE CONCENTRATION PROFILE AND T)
12 REM EXTENT OF REACTION FOR NON-CATALYTIC HETEROGENEOUS
14 REM GAS-SOLID REACTIONS
16 PRINT "GRAIN MODEL"

17 PRINT

18 PRINT "VOLUME CHANGE"
19 PRINT

20 PRINT "PURE DIFFUSION CONTROL"
21 PRINT

22 PRINT "RUNGE-KUTTA METHOD"
23 PRINT

24 PRINT "DIMENSIONLESS GROUPS"
25 PRINT

26 PRINT

27 PRINT "G1=GAMMA 1"
29 PRINT "G2=GAMMA 2"

31 PRINT "P=POROSITY"
33 PRINT"D=EFFECTIVE DIFFUSIVITY"
35 PRINT "R=RADIUS OF THE SAMPLE"
36 PRINT

37 PRINT

50 DIM X<20)

60 READ L<1)^LC2)^L<3)
70 DATA .5^.5>1.

80 READ G1>G2,P>R^D
90 DATA 3.E-4^2.7>.45^.64^.27
100 N=ll

110 NlsN

120 K9=50

130 M9=l
140 M=N-1

150 Dl=l/M

160 D3=1.E-1

170 D9=D3

180 T2=0

190 K6=G1/<1-P>

200 W=l.E-3

210 Wl = l+W

220 W2=<3+2*G2)/G2

230 W3=<3+G2)/(2*G2)

240 W4=(9/2)*(l/2+l/G2)
250 W5=(G2t2)/(9*K6)
260 T=W2*W1t(l/3)+W3*Wlt<-2/3>-<Wlt(4/3))/4-W4
270 T2=T»W5

280 S=<l/Wl)t(l/3)

290 Z=S

' 300 J=0

310 J=J+1
320 Pl=(G2/<Zt3)-G2+l)t(l/3)-l
330 P2=1+1/P1
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340 Q=-K6*P2/Z
350 C<J>=Q*D3
360 IF J=4 THEN 390
370. 2=S+L(J>*CCJ)
380 GO TO 310
390 S=S+<C<1)+2*(C<2)+C<3))+C(4))/6
400 T2=T2+D3
410 K1=K1+1

420 IF (1-St3)>*99 THEN 440
430 GO TO 460

440 N9=l

450 GO TO 500
460 IF K1<K9 THEN 300
470 IF M9>5 THEN 500
480 D3=4«M9*D9
490 M9=M9+l

500 T3=<Rt2*T2)/(D#60>
510 T9=6*Gl*T2/<l-P)
520 PRINT "DIFF.DIM.TIME=".»T9
530 PRINT

540 PRINT "TIME =".»T2
550 PRINT
560 PRINT "TIME-MIN=">T3
570 PRINT
580 PRINT "DIM-RAD='SS
590 PRINT

600 PRINT "RAD-P0S"/"C0NC-PR0F"
610 PRINT

620 FOR 1=1 TO N
630 X=CI-1)/M

640 Xl=l/<(G2/<St3>-G2+l)t<l/3)-l)
650 X2=X+Xl

860 X(I)=<1+X1)#<l-Xl/X2)
870 PRINT X,X<I)

880 NEXT I

890 El=l-St3

900 PRINT

910 PRINT "EXTENT OF REACTI 0N=".»E1
920 PRINT

930 PRINT

935 PRINT

940 K1=0

950 IF N9=l THEN 999
960 GO TO 300
999 END
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THEORETICAL PREDICTIONS FOR RUN # A3

GRAIN MODEL

4c:|c ]|e :|c 4c :|c ̂  * >1:

IWMERICAL SOLUTION :RUNGE-KUTTA^TRIDIAGONAL ALGORITHM

DIMENSIONLESS GROUPS:
a|n|e ))c sf; 3|c 3|e 3|c ;|c )|c :|c 3|c 9(c

Wl=OMEGA

Gl^LAMBDA 1

G3=GAMMA 1

P= POROSITY

G4=LAMBDA 2

OTHER SIMBOLS

R=RADIUS OF THE SAMPLE . CM.

D8=EFFECTIVE DIFFUSIVITY.CM2/SEC

TIME<MIN)= 2.20651

OiEM TIME' 3.97953E-2

DIFF-TIME' 0.12

GAS-FILM TIME' 0.1596

RAD-POS CON-PROF PART-RAT LOC-EXT

0 0.286511 0.988802 0.033218

0.1 0.289325 0.988691 3.35442E-2

0*2 0.297766 0.988357 3.45225E-2

0.3 0.312155 0.987788 3.61897E-2

0.4 0.332985 0.986964 3.86015E-2

0.5 0.360973 0.985854 4.18393E-2

0.6 0.397083 0.984421 4.60122E-2

0.7 0.442565 0.982613 5.12604E-2

0.8 0.498996 0.980364 5.77594E-2

0.9 0.568334 0.977593 6.57257E-2

1 0.652984 0.97419 7.54500E-2

EXTENT OF REACTION' 5.67256E-2
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TIME<MIN>= 6.61953

CHEM TIME= 0.119386

DIFF-TIME= 0.36

GAS-FILM TIME= 0.4788

RAD-POS CON-PROF PART-RAT LOC-EXT

0 0.306533 0.965216 0.100765

0.1 0.309399 0.964879 0.101707

0.2 0.317996 0.963867 0.10453

0.3 0.332619 0.962143 0.109326

0.4 0.353715 0.959649 0.116233

0.5 0.381928 0.956303 0.125446

0.6 0.418112 ' 0.951992 0.13722

0.7 0.463346 0.946573 0.151871

0.8 0.518955 0.939864 0.169777

0.9 0.586531 0.931643 0. 191372

1 0.667941 0.92163 0.217167

EXTENT OF REACTION® 0.166542

TIME<MIN)=

CHEM TIME=

DIFF-TIME=

15 .4456

0.278567

0.84

GAS-FILM TIME= 1.1172

RAD-POS CON-PROF PART-RAT LOC-EXT

0 0.353564 0.912813 0.239419

0.1 0.356514 0.912012 0.241419

0.2 0.365365 0.90961 0.247396

0.3 0.380345 0.905528 0.257484

0 .4 0.401798 0.899644 0.271864

0.5 0.430199 •  0.891787 0.290777

0.6 0.466152 0.881727 0.314509

0.7 0.510376 0.869177 0.343364

0.8 0.563682 0.853787 0.377631

0.9 0.626945 0.835137 0.41753

1 0.701047 0.812731 0.463166

EXTENT OF REACTION® 0.369869
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TIME<MIN)= 28 .6846

CHEM TIME= 0.517339

DIFF-TIME= 1 .56

GAS-FILM TIME= 2.0748

RAD-POS CON-PROF PART-RAT LOC-EXT

0 0.446737 0.817889 0.45288

0.1 0.449719 0.816377 0.455909

0.2 0.458664 0.811841 0.464927

0.3 0.473676 0.804162 0.479968

0.4 0.494896 0.79316 0.501022

0.5 0.522496 0.778583 0.52803

0.6 0.556651 0.7601 1 0.560834

0.7 0.597503 0.737349 0.5991 15

0.8 0.64511 0.709848 0.642318

0.9 0.699385 0.677098 0.689577

1 0.760031 0.638539 0.739647

EXTENT OF REACTION= 0.629069

TIME<MIN)= 46.3367

CHEM TIME= 0.835701

DIFF-TIME= 2.52
•

GAS-FILM TIME=■  3.3516

RAD-POS CON-PROF PART-RAT LOC-EXT

0 0.628978 0.648627 0.727112

0.1 0.631602 0.646206 0.730156

0.2 0.639474 0.638942 0.739155

0.3 0.652487 0.626715 0.753844

0.4 0.670467 0.609352 0.773741

0.5 0.693143 0.586618 0.798133

0.6 0.720126 0.558228 0.826046

0.7 0.750881 0.52386 0.856237

0.8 0.784711 0.483178 0.887197

0.9 0.820743 0.435844 0.917207

1 0.857945 0.381541 0.944458

DCTENT OF REACTION" 0.873025
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TIME(MIN)=

CHEM TIMES

diff-time=

68 .4018

i •23365

3.72

gas-film TIME= 4.9476

RAD-POS

0

0.1

0.2

0.3

0.4

0.5

0.6
0.7

0.8

0.9

1

CON-PROF

0.919098
0.920135
0.923245
0.92821
0*934712
0.942328
0.950562
0.958881
0.966771
0.973808
0.979746

extent of reaction=

TI«E(MIN)= 87.

CHEMTI«e=

WFF-TIme, 4.7358

SftS-FILM TIME= 6.3SA35

RAD-POS

0

0.1

0.2

0.3

0.4

0.5
0 .6

0.7

0.8

0.9
1

CON-PROF

1 .

1 .

1 .

1 .

1 .

1 .

1 .

1 .

I .

1 .

1 .

. r

part-RAT

0.339736
0 .336547
0 .326977
0.310986
0.288516
0.259498
0.223861
0.181542
0.132497
7.67052E-2
1.A 1618E-2

0.993544

loc-ext

0.960787
0.961882
0 .965042
0.969924
0.975984
0.982526
0.988781
0 . 994017

0.997674
0.999549
0.999997

part-RAT
loc-ext

extent of reactions

0

0

0

0

0

0

0

0

0

0

0

1

' 'I
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NOMENCLATURE

A  = solid reactant

a^ = scattering factor

B  = gaseous reactant

C  '= solid product

C„ = molar concentration of gaseous reactant at any
position within the sample, mole L~^

C  = molar concentration of gaseous reactant in the
°  bulk of the gas, mole L"^

C* = dimensionless gas concentration

C' = heat capacity of the gas, QM ^
P

C  = molar specific heat capacity of solid reactant.:  = molar specie
P  Q mole-iT-1

D  = gaseous product

D„ = effective diffusivity of gaseous reactant through)  = effective ditfusivity of
the porous sample, L^t~l

D' = effective molecular diffusivity of gaseous reactant
through the porous sample, L^t"^

= molecular diffusivity of gaseous reactant in the
bulk of the fluid, L^t-l

(D„)' = effective Knudsen diffusivity through the porous
sample,

D  = diameter of the sample, L
P

-3
= true density of particles, ML

= true density of suspending medium for sedimentation
experiments, ML"^

dp = diameter of the particles, L
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E  = activation energy, Qmole ^

G  = rate of disappearance of gaseous reactant per mole
of initial solid reactant, moleBt~^moleA~l

g. = gravitational constant, Lt~2

= mass velocity, Mt~^

h  ,= mass transfer coefficient, Lt ̂
_2 -1 -1

h2 = heat transfer coefficient, QL t T

= height of suspending medium for sedimentation
exper imen t s, L.

k  = chemical reaction rate constant, Lt ̂

= thermal conductivity of fluid, QL ^t ̂

K  = constant defined by equation (A-31), dimensionless

= characteristic constant of the porous medium, L.

M  = molecular weight, Mmole ^

= molecular weight of species i Mmole ^

M ,M = molecular weight of gas B and gas C respectively,
®  ̂ Mmole-1

Nu = Nusselt number, dimensionless

n' exponential constant, dimensionless

n, = number of solid particles or grains per unit
volume, grainsL"^

n  = stoichiometric factor, moleBmole ^A
g

n  = stoichiometric factor, moleCmole ^A
s

P  = porosity, dimensionless

= % wt. on the balance pan at time t

P  = total pressure, atm.
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R  = radial coordinate, L

= initial radius of the sample, L

H(t) = radius of the sample at time t, L

Rj(t) = radial position of the reaction front at time t, L

Re = Reynolds number, dimensionless

-1 -1 2 -2 -1 -1
R  = universal gas constant, Qmole T , ML t mole T
y

r. = radial position of the reaction front within the
grains, L

r^ = initial radius of the grains, L

2
S  = surface area at the reaction front, L

T  = temperature, T

Tg = temperature at the bulk gas stream, T

t  = time, t

W  = % wt. of particles equal or larger than diameter
dp, dimensionless

= molar fraction of species i, dimensionless

Z  = frequency factor, t ̂

Greek Symbols

a  = local extent of reaction, dimensionless

~ dimensionless group defined

Y2 = (p T /P ) = dimensionless group defined
' m2

AH = heat of reaction, Qmole ^

6N = infinitesimal number of moles of solid_reactant
^  converted to solid product, moleA mole
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6N_ = infinitesimal number of moles of solid reactant

initially, moleA

e  = total extent of reaction, dimensionless

2 -2
= Lennard-Jones parameter, ML t

ri = transformed coordinate R/H (t) , dimensionless

A, = (kR /d„) = dimensionless group
•L O ]□

A- = (hR /d^) - dimensionless group
2  O B , 3 iT

y  = viscosity ML ^t ^
V  = dimensionless radial coordinate (R/R^)

=  (r./r ) = dimensionless radius of grain
V? 1 O

=  (1f(t)/R^) = dimensionless radius of pellet

= molar density of solid reactant, mole L ^
_3

p^2 molar density of solid product, mole L

= Lennard-Jones parameter, L

Db^
T  = —y = dimensionless time

"o

t' = tortuosity factor, dimensionless

Tg = diffusion - dimensionless time

= chemical - dimensionless time

T„ = gas-film - dimensionless time
Vj

ip = (Rj(t)/R^) = dimensionless group
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^BC

=  (R^/r^) = dimensionless group

= collision integral for gas pair BC, dimensionless
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NOMENCLATURE IN COMPUTER PROGRAMS

Program 1

W1 = 0)

Gl — X

G3 = Yi

G4 = X2

P  = porosity

P8 = D'g

R  = R^

L(1),L(2),L(3) = coefficients used to evaluate intermediate
values of the dependen-L var.iable in the
Runge-Kutta scheme.

N  - number of points used in the grid

Dl = Ari = space step

D3 = At = time step

T  = T = dimensionless time

*

X(I) = = dimensionless concentration at position i

S(I) ~ ~ dimensionless radius of a grain

C(J,I) = k(J,I) = intermediate derivative values appearing
in the main equation of the Runge-Kutta
scheme.

Z{I) = dxammy variable used instead of S(I)

A,B,C, and D = coefficients of equation (B-12)

W,E(I)/ and G(I) = parameters used in the evaluation of
the tridiagonal matrix

T8 = chemical-dimensionless time defined by equation (A-43)
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T9 = diffusion-dimensionless time defined by equation (A-38)

T7 = gas-film-dimensionless time defined by equation (A-53)

Q5 = real time, minutes

Al = a = local extent of reaction

E(I),E(L), and S = parameters used in the Richardson extra
polation technique to compute the total
extent of reaction e

El = e = total extent of reaction

Program 2

G1 = Yi

G2 = X2

P  = porosity

R  = R^

D  = D'g

N  = number of points in the grid

Dl = An = space step

D3 = At = time step

T2 = T = dimensionless time

W = Z = variable defined by equation (A-99)

Wl,W2,W3,W4, and W5 = parameters used to solve equation
(A-103)

C(J) = k(J) = intermediate derivative values appearing in
the main equation of the Runge-Kutta scheme.

Rj(t)
S - \p = —5 = dimensionless radial position

^o



T 1534 163

Z  = dummy variable used instead of S

T9 = Tjj = diffusion-dimensionless time

T3 = real time in minutes

*

X(I) = C. = dimensionless concentration
1

El = total extent of reaction
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