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A RE-APPRAISAL OF THE DUSTY GAS MODEL
by: Mariana H.Staia

Abstract

Experimental measurements have been made of gaseous
diffusion and flow in porous materials of metallurgical
relevance. Hollow spheres of the porous materials, prepared
by isostatic compaction, sintering and reaction, have been
placed in an apparatus able to maintain gases of known
composition and pressure inside and outside the spheres.
Two separate types of experiment were carried out. In the
first set, the permeation of pure gases across the spheres
was determined at a range of different total pressures. In
the second set, the counter diffusion of two gases was
studied at a single mean pressure but under a range of
different pressure gradients. Measurements made with a
zero pressure gradient - isobaric experiments - constituted
a key component in these binary diffusion experiments.
Experiments were conducted at high and low temperatures
using helium, argon, carbon dioxide and nitrogen and in
porous iron produced by reduction, in sintered porous iron
and in lime produced by the decomposition of calcium
carbonate.

The experiments were analysed in terms of the Dusty Gas
Model, a fresh development of this model being presented to
emphasise its phenomenological nature and include a general
statement of the influence of mechanically driven gas flows.
The standard application of these equations is used to
analyse the single gas permeability experiments and thus to
determine the Knudsen diffusion coefficient and a parameter
quantifying the porous material's resistance to mechanically
driven gas flow. :

A new unified method of solution is then introduced for
binary diffusion, combining a previously obtained solution
for isobaric dlffu81on with a new analysis for non-isobaric
diffusion and flow. Using this method, a parameter
determining effective binary molecular diffusion
coefficients has been obtained from the isobaric experiments
and used to predict non-isobaric diffusion rates, these
predictions being compared with the corresponding
experimental results. Further development of the method has
allowed it to be applied to the non-isobaric equi-molar
counter diffusion process that occurs during the reduction
of hematite and to non-isobaric diffusion durlng the
decomposition of calcium carbonate. -
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1. INTHODUCTION

The diffusion of gases in porous materials is of
considerable industfial importaﬁce. Catalysis is one area
of great industrial importance although this is only
marginally related to the metallurgical industries. The
diffusion of gases in porous product layers during gas/solid
reactions such as the reduction of oxide oreé and the
roasting of sulphides are important metailurgical examples
of gas flow in porous solids as are chemical reactions that

occur during the sintering of metallic powder compacts.

The study of diffusion of gases in porous solids

is complicated by the two diffusion mechanisms involved -
Knudsen diffusion and molecular diffusion. Knudsen
diffusion involves collisions between the molecules of an
individual gas and the walls of the pores in the solid, and
molecular diffusion involves collisions between the
molecules of the different gas species occupying the pore
volume. The two types of diffusion obey different laws so
that their different influences must be separated in any
full treatment of the role that gaseous diffusion plays in

metallurgical processing.

Formal equations had been developed some time ago for the
Knudsen process in long straight capillaries and a number of
different approaches to gaseous diffusion in poroﬁs solids
have been based on these equations. These approaches have

generally run in to difficulty since they require the actual

1



structure of the porous solid to be described in terms of
bunches of capillaries. The aétual structures of porous
solids are fér more complex than bunches of capillaries and
if was for this reasgnbthat the Dusty Gas Model was first
proposed. In its original form it attempted to treat the
solid phase as an assemblage of large sphefical molecules
and to apply the collision theories of the kinetic theory of
gases to the Knudsen interactions between the actual gas

molecules and the hypothetical 'dust' molecules.

This approach was soon dropped but the model contained
within itself a formalism that allowed both molecular and
Knudsen diffusion to be treated in a coherent manner and it
is this formalism that has become known as the Dusty Gas
Model. This thesis is concerned with the application of
this formalism both to the analysis of diffusion and flow
measurements on porous materials of metallurgical

importance and to the prediction of reaction rates involving

those porous materials.

The second chapter of the thesis contains a survey of the
experimental methods for studying diffusion in porous
solids, both in general and of metallurgical interest, and
a review of the structural models for porous solids

built qround Knudsen's treatment for diffusion in a

capillary.

The next chapter presents a restatement of the equations of
the Dusty Gas Model, developed in a way that emphasises the

2



phenomenological aspects of the model. The style of this
restatement is original, as is the incorporation of the
effect of mechanically driven flows into the general
equations of the model. The chapter then goes on to present
an original generalised approach to the solution‘of the
equations for binary gas mixtures diffusing through porous
materials. The equation analysing isobaric diffusion
measurements developed from this approach in Chapter 3 has
been used before by a number of authors, although its use
to analysis isobaric diffusion data is by no means
universal, some previous authors appearing to equate equi-

molar counter diffusion with isobaric diffusion.

The solution method developed for binary diffusion is

then further developed to treat non-isobaric diffusion in an
original way, including equi-molar counter diffusion in
reduction reactions and non-isobaric diffusion in the

decomposition of hematite.

The fourth chapter in the thesis describes the experimental
techniques that have been developed for preparing porous
shells and for measuring rates of gas permeation and
diffusion through them. The next chapter presents the
experimental results that have been obtained, and the

sixth chapter discusses their relevance both to the study of
porous materials and to the study of metallurgical

processing.



2.1 INTRODUCTION

There are many industrial processes in which gaseous
diffusion and flow in porous solids is of considerable

importance.

The rates of gas reactions in porous catalysts are limited

in many cases by the rate of transport of the reactant and
product gases through the catalyst pores to the active catalyst
surface. Similarly, the rate of approach to adsorption
equilibrium is frequently‘limited by gas transport through
the porous adsorbant. Additidnal examples are found in cases
of non-catalytic gas/solid reactions where the solid reactant
or product is a porous solid and the reactant and product
gases must be transported into and out of this solid. Fre-
quently, such reactions as,for example the reduction of iron
oxide, the roasting of the sulphide ores, etc involves the
formation of solid product layers on the outside of_the
original solid particles. Gas diffusion is also important

in other technical fields such as vapour penetration into
foundry sands, outgassing of powder metal compacts, drying

etc.

The transport of gases through porous solids is complex and
many workers have attempted to establish methods for the co-
rrelation and prediction of gas diffusion and flow rates

through porous media.

Since the relationships bétween structure and fluxes are
seldom easy to determine, most models for the prediction of
gaseous diffusion and flow have been developed from theories
for diffusion and flow in capillaries. These have been

adapted for use in porous solids through the development of
4



different models.for the structure of the solids. Equations
for flow and diffusion through capillaries will be presented
in the following sections and the principal structural models

outlined.

Experimental methods for measuring diffusion coefficients are
then described,particular emphasis being given to materials of
metallurgical interest and the diffusion coefficients obtained

evaluated.



2.2 THE PREDICTION OF GAS DIFFUSION IN POROUS SOLIDS USING
STRUCTURAL MODELS

The actual geometry of the pores in a porous material within
which a gas is diffusing is important because gas molecules
collide with the pore walls as well as with one another.
When the diameter of the pores is very much greater than the
mean free path of the gas mixture within the pores, colli—
sions between a gas molecule and the walls are relatively
rare. Such diffusion is known as molecular diffusion and
the solid does little more than restrict the space available
for the gas to occupy and constrain the directions in which
it candiffuse. When the pore size is very much smaller -
than the mean free path of the gas mixture, however, almost
all the collisions will be between gas molecules and the
pore walls. This diffusion process in known as Knudsen
diffusion and the actual progress of gas molecules through
the porous so0lid is an amalgamation of the geometry of the
porés and the geometry of the random motion of gas
molecules. In Knudsen diffusion, it is the microscale of
the geometry of the pores that is important. It has proved
particularly difficult to develop models for this microscale
geometry that are useful on the macroscale normally used for
consideration of the diffusion process in mathematical
terms. The problems are further intensified because we are
seldom concerned with cne form of diffusion or the other.

In the bulk of the technical processes in which gaseous

diffusion in porous solids in important, the diffusion

6



process is 'mixed', that is it involves both molecule to
molecule collisions and molecule to wall collisions, and

hence both molecular and Knudsen diffusion are important.

2.2.1 Capillary Pore Model

In order to account for the Knudsen Component in the
diffusion process, a number of models have been developed .to
describe the microscale geometry of the pores in terms of
average parameters. The basic analysis that is used in the
bulk of these structural models is that developed by
Knudsen(l) for the behaviour of gases in fine capillaries.
Using the kinetic theory of gases, he developed an equation
for the diffusion of a gas down the capillary assuming that
its molecules only collide with the walls of the capillary
and not with one another. Expressing the diffusion process

in terms of the equation:-

HK,C = [DK'A]r.VcCZ’g (2.1)

where Vc‘is the differential operator along the capillary.
Knudsen showed that [DK,A]r is given by:-

2 - f 8RT]l/2

£ Mp |

[DK,A]r = 2/3 ¢ (2.2)

where £ is the fraction of the molecules that -undergo

diffuse reflection and is normally taken to be equal to 1.



If two gases occupy the Knudsen capillary together, they
will diffuse independently, each obeying equations (2.1) and

(2.2).

Thus Knudsen was the first to show that, under isobaric
conditions since Ca + Cp is a constant, the fluxes of the
two gases are related to their molecular masses by the

equations: -

- (2.3)

fa,c ) ,:MB } 1/2
g,cC

Ma

When the capillary is very wide, the binary diffusion of a
gas down the capillary will obey the normal continuum

diffusion equation:-
A8,c = Dap VA + Cf (Rf,c * Af,c) (2.4)

where CX is the mole fraction of gas A in the AB mixture.

For capillaries in which both Knudsen and molecular flow are
of comparable importance, Bosanquet(z) argued that the rate
at which self diffusion occurs is proportional to the root
mean square velocity of gas molecules and inversely
proportional to the number of collisions experienced in unit
time, ie to the overall frequency of collisions. This
overall frequency is equal to the frequency of molecule/wall
collisions plus the frequency of molecule/molecule
collisions. The rate of Knudsen diffusion on its own 1is, of

course, inversely proportional to the frequency of the



molecule/wall collisions and the rate of molecular diffusion
is similarly inversely proportional to the frequency of the
molecule/molecule collisions. Thus it is possible to define

an overall diffusion coefficient, D, given hy:-

this equation being called the Bosanquet interpolation

formula.

Subsequently, a number of authors(€9 3) have derived this
formula using momentum transfer drguments for equimolar
counter diffusion in binary gas.mixtures of equal molecular
masses. For situations involviné gagfof unequal molecular
mass with both molecular and Knudsen diffusion occuring, the
momentum transfer argument also gives equation (2.3) and
gives the following equation for the flux of gas A in the
capillary:-

1 - (1-p)Ck . 1 -1

VCE  (2.6)

DaB [Dg,aly
However, if the molecular masses of the two diffusing gases

are not equal, the effective diffusion coefficient generated

- from equation (2.6) becomes a function of composition.

Subsequently Scott and Dullien(4) analysed binary diffusion
and flow in a capillary by adding the viscous (Poiseuille)
and slip flow transport of each component to its molecular

and Knudsen transport.



Jﬁst as diffusion in a fine capillary involves a molecular
collision mechanism and a molecular/wall collision
mechanism, so too does the £low of a gas down the capiilary
under the action of é total pressure gradient. The
molecular collision mechanism is normal viscous flow - in a
fine capillary, laminar flow - and the molecular/wall
collision mechanism is termed Knudsen flow, being actually

the same as Knudsen diffusion.

The relationship between the flow of gas down a capillary in
laminar flow and the pressure gradient is given by
Poiseuille's equation, this equation indicating that the
flow velocity is proportional to the square of the capillary
radius. Thus, when the capillary is very fine, the viscous
gas flow is reduced sufficiently for the Knudsen flow term,
proportional to the radius, to become significant. Thus the
total gas flow is found to be greater than indicéted by the
Poiseuillé equation, this phenomena frequently being termed
. slip, since the gas velocity can be considered to be non-
zero at the wall. Thus the total flow is given{(®€9 3) py an

equation that sums the Poiseuille and Knudsen

contributions:—
2
. r VP
Af o= |— P+ 8 Iog ,l, (2.7)
8}1 RT

where the factor 8 varies depending on the proportion of
molecules that are diffusely reflected from the walls of the

capillary. At very low pressures, the value of 8 is found

10



'to be 1, but there is some evidence(®) that its value falls
as thevpressure builds up initially from very low values
close to zero. This fall explains the initial fall of
permeability with increasing pressure that has been reported

at very low pressures 1in capillaries.

Scott and Dulien(4) accounted for the influence on diffusion
of flow under the action of a total pressure gradient by
adding equation (2.7) multiplied by the mole fréction of A,
to equation (2.6). However, in their subsequent
manipulations, they assumed the diffusion fluxes to be
related by equation (2.3) although, of course, the diffusion
conditions are not isobaric. Their treatment, and others
developed from it(®9 6), must be considered suspect because

of this.

Although Scott and Dullien used the structural model of the
sihgle sized capillary, they do not really come into the
category of workers under consideration here because they
measured diffusion and flow data directly, their only use of
a structural model being to deduce structural parameters
from their transport measurments. In this respect, they
come into the same category as workers such as Carman(s) who
used structural models based on assemblies of capillaries to
deduce particle and pore sizes in porous media from
permeability measurements. The type of model that he used is

outlined in the next section.



I—

2.2.2 Random Oriented Single Size Capillary Pore Model

This structural model has been extensively(eg7’ 5, 8 9)

used to analyse flow and diffusion in porous materials.
Some confusion exists in the literature as to the precise
formulation of the model, different authors advocating
different expressions for the tortuosity factor. The
treatment given here, therefore discusses the geometric
nature of the model before showing its applications. The .
porous material is imagined as being composed of a large
number of fine capillaries of radius 'r', A of which cross
unit area of any given plane in the material in random
directions. The model then assumes that an average angle 6
can be allotted between these capillaries and the normal to
the plane. If then we consider the porous material between
the plane and a second parallel plane, distance 8& away, the
average length of capillaries between the two planes will be
gx/cose, so that the volume of voids between unit area of
the two planes is WA r2 S&/cose. These voids find
themselves in a volume of the structure 3&, so we can see that

the porosity of the structure is given by:-
y = A7Tr2/cos<-) (2.8)

If a flux density in the capillaries is ﬁ?c, the superficial
flux crossing unit area of the plane in the structure is

given by:-

hos 1L

= Amr? a"c = [§ cose] n'c (2.9)
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The value of ﬁ&: is to be determined from the relevant flux
equation in the capillary which can be generalised in the
form:-

n"e = cond.c Y, F (2.10)
where F is the driving force for the flow along the

capillary.

The capillaries are longer than the direct line across the
structure so that the gradient vector along the capillaries
is less than the direct gradient vector across the
structure. The differential operator across the structure
is related to the differential operator along the capillary
by the equation:-

Ve = cos(8).V (2.11)

Superficial flows through the structure are described in
terms of a superficial flux density,n", a superficial
conductance, cond.; and a superficial driving force
gradient, VF

n" = cond., VF ‘ v(2.12)

The value of cond.g can be evaluated by substituting into
equation (2.10), from equation (2.9) for rﬁc and from
equation (2.11) for V(y This gives:-

n"/[ ¥ cos8] = cond., cos(8). VF (2.13)
Comparison between equations (2.13) and (2.12) shows that
the conductances across the structure are related to the
conductances along the capillaries by the relationship:-

cond.S = cond,c ¥ cosze (2.14)
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The terms [cos8]™2 is normally called the tortuosity factor
and is given the symbol °J . Thus equation (2.14) becomes:-
cond.s = é% cond.c (2.15) |
For a non-consolidated structure, Wheeler(7) suggested that
‘the capillaries are distributed in random directions so that
the average value of 8 is 45°, giving a typical value of T
as 2. The value of X/‘Ta has been measured by some authors
using electrical conductivity techniques énd values of the
order of 2 have béen fdund for T in many unconsolidated
materials. However, confusion has arisen in the
literature(®9:10) a5 to whether [cos8]™! or [cos8]172 is
méasured by such experiments. The derivation given above
shows quite clearly that it is [cosé)]"'2 that is measured,

and that this value should apply equally to all fluxes

through the porous media.

The capillary conductance for diffusion is given by equation
(2.6) and for flow under the action of a pressure gradient
by equation (2.7). Although the relationship between the
structure conductance and the capillary conductance does not
involve the capillary radius, both equations show that the
capillary radius is required in the calculations of the
capillary conductances, so that methods must be made

available for this radius to be determined.

As we have seen,- the average length of capillary in a
thickness gx of the material is Sk/cose so that the surface
area of that capillary is 27r gx/cose. A capillaries cross

unit area of any section through the material, so that the

14



total capillary surface area in a slab of unit area and
thickness gx is A2mrr Sx/cos@ and the total void volume 1is
'rrrzASx/cose. Thus the specific surface area of the voids per
unit volume of the actual solid material in the
structure is given by:-
A297r Sx/cos@

s = (2.16)
© Arr? Sx/cose (1-¥)/¥¢ ’

Thus the effective capillary radius is given by:-

2y
r o= (2.17)
8o (1-¥)

Values of S, can be determined by the B.E.T. method using

the surface adsorption of nitrogen.

Thus the random oriented single size capillary pore model
gives the following equation for the binary diffusion of a
gas through a porous material:-
* -1
y 1 - (1-p)CR 1

npo= = + ———| Vc*, o (2.18)
12 Dap [Da,klr :

in which [DA,K]r is the Knudsen diffusion coefficient in the
capillary of radius r, the value of r being given by
equation (2.17). This approach to diffusion in porous
media was first used by Wheeler(?) who suggestéd that the
value of‘T’ was 2, because 45° was the average angle at which

pores intersected any surface of interest in the medium.
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The model givés the following equation for the flow of a gas
through the porous media under the action of a total
pressure gradient as:-—

. y r2 ve

n"g = —|— P + § [Dg aly | — (2.19)

T | 8p ! RT

The capillary radius arises in both the molecular flow
(viscous) and the Knudsen diffusion terms and is, as with

diffusion, normally provided by equation (2.17). Thus we

have:-

", = _____g3 i + x[D ] vE (2.20)
F {21‘(1—){)233; 7 AT Re .

The parameter 8 in equation (2.19) has been put equal to 1
in equation (2.20). As stated in Section 2.2.1,
experimental evidence for a value of 8 smaller than unity is
provided by the permeability minimum that is found in fine
capillaries at pressures close to zero. In his extensive
review of flow in porous media, carman(®) states that a
similar permeability minimum has not been found in porous
materials. This means, as discussed in Chapter 3, that
permeability will change linearly with pressure so that the
Knudsen diffusion term in equation (2.20) which is not a
function of pressure will be constant. There is thus no

justification for a value of 8‘other that unity in porous

media.

The factor 27T in the viscous flow term in the equation
(2.20) has been found to be about 5 in many unconsolidated
porous materials(s) although there is some debate as to

16



whether this is due to the non-circular shape of the actual
flow channels or to departures of the tortuosit& factor from
its random value of 2. Carman, from his extensive review( 5)
concludes that the tortuosity factor in unconsolidated por-
ous materials is 2, so that the factor written as 27in |

equation (2-20) should properly be taken as 2.5T.

Equation (2.20) has had considerable success in correlating
the results of flow experiments on unconsolidated porous
materials, but less success with consolidated materials,

than
where the tortuosity factor seems to be very much greater/2.

The random single size pore model has nbt had so much succ-
ess in treating diffusion largely because of difficulties

in determining the effective capillary radius from which to
calculate the Knudsen diffusion coefficient. It is apparent
that there is not a singlé pore size in a porous material.
Thus calculations based on surface areas measured by the
B.E.T. technique give an average value and there is no
reason to suppose that this average is the average value
relevant to diffusion. As far as resisting the diffusion of
a gas through a porous solid, pores of different sizes will
have different effects. Blind pores, for example will
provide infinite resistance to diffusion, small pores a
great deal of resistance and wide pores very little at all.
All these types of pores will, of course, contribute to the
B.E.T. surface area but not necessarily in the way that they
contribute to diffusion. Thus the mean pore size determined
by B.E.T. analysis is not necessarily the mean pore size for

diffusion.

B.E.T. analysis is not the only way in which a pore size has
17



been obtained. Mercury porosimetry yields a curve showing
the distribution of pore volume against pore size and some
workers have used this to determine the mean pore size.

(11), in his work on diffusion in iron, for example,

Turkdogan
used such a curve to determine the critical radius for
Knudsen diffusiop, taking the radius at the point of inflec-
tion on the accumulated distribution curve. It could be
argued that this is likely to over-estimate the diffusion
relevant mean pore diameter because a larger number of pores
will be associated with the smaller diameters, although

Warner(lz)

argues that porosimetry under-estimates diffu-
sion relative pore sizes because it measures bottle necks in
a pore length. 1In all events, both methods leave consider-
able uncertainty as to relevance to diffusion of the mean

pore sizes that they generate.

The second criticism refers to the tortuosity value of 2,
This value arises from the assumption that the pores, on
average, intersect any plane through the porous structure at
45°. Perhaps the best illustration of the complexity of the
pore network in consolidated media is presented in papers

by Turkdogan and co—workers(13) on the pore characteristics
of the carbons. Using microscopic techniques in order to
study the structure of their samples, they found that the
structure of the carbons is far from fhe-simple pore
structure suggested by Wheeler. Measured diffusion rates
were compared with values estimated using Wheeler's model.

Differences between the experimental values and the theore-

tical predictions of up to an order of magnitude were noted.

Thus, it is necessary to evaluate an experimental value

of the tortuosity by dirigt measurement of the diffusion



coefficients themselves. One reason why the tortuosity

must be measured arises from the uncertainties discussed
previously over determination of a diffusion relevant pore
size. The tortuosity, then, remains an adjustable parameter
which can account, amongst other things, for imperfections
in the single size capillary model or in the way in which it
is applied. Problems associated with the choice of the
correct mean pore size for the diffusion process lead to the
next model which accounts for the ranges of pore sizes

actually found in real porous materials.

2.2.3 Random Oriented Distributed Size Capillary Pore Model
(14)

Johnson and Stewart and Satterfield and Caddle(15) have
developed the capillary pore model to account for the
distribution of pore sizes that is found in real porous
.materials. In the first place, they assumed that the
directions df the pores were randomly orientated and un-

related to their size and this allowed them to sum equation

(2.6) over all pore sizes and thus obtain the expression:-

@] - (l-B)CK 1 . dCK
Ay = xl:j{ + } f(r)dr] —_ (2.21)
A 0 DpB [Dg . aly dx

where f(r)dr is the void fraction occupiéd by pores of radii
between r and r + dr and x is a geometric factor resulting
from the distribution of pore orientations and was thought
to be 1/3 for an isotropic pore system. The function f(r)
can be determined by mercury porosimetry and the integral
then evaluated numerically. The only difference between
the two treatments is that Satterfield & Caddle wrote the
summation in sigma form - a difference of negligible

importance in view of the numerical integration used by
19



Johnson & Stewart. This model has proved fairly successful
for unconsolidated porous materials although it is still
necessary to regard the geometric factor as a parameter to
be adjusted in order to make the equation fit experimentally
measureddiffusion data. In such materials, values of the
geometric factor have been found to vary in the range 1/2

to 1/7(6“;14'15’16 ) although, when such materials are
sintered, the value can drop to 1/20. The form of equation

(2.21) possesses a further disadvantage since D and

AB

[D ] vary differently with temperature and with pressure,

K,A
the integral has to be re-evaluated if the temperature or

pressure is changed.

Satterfield and Caddle show that a diffusion mean radius can be
obtained by equating equation (2.21) integrated along the
diffusion path with equation (2.6) written for the capillary
of mean radius, multiplied by the overall porosity and
similarly integrated along the diffusion path. In both
equations, the Knudsen diffusion coefficient is evaluated as
a function of the radius using eqﬁation (2.2). Satterfield
and Caddle point out that this mean radius is a function of
operating conditions and this underlines the difficulty
discussed in the previous section of using B.E.T. or
porosimetry to determine a mean pore radius for the single
size pore model. Several authors(eg15:16 ) report that the
distributed pore~size model can explain efficiently the
variation of diffusion rates with pressure over a wide

pressure range.

2.2.4 Bi-modal Pore Size Distribution Model

Wakao and Smith have suggested an ingeneous model to des-

cribe diffusion in porous material§172The pores are split
20



into two types, micropores (r < 100A) and macropores
(r > 100A) and an effective diffusion coefficient defined

for each type of pore.

Diffusion of gas across any plane in the structure is then
analysed as occurring either from a macropore into another
macropore, of from a micropore into another micropore or
from a micropore into a macropore. Since the . pores are
randomly distributed within the structure, there is a
probability of success associated with each of these pro-
gressions. For the two macropores, for example, this
probability is equal to the square of the macropore void
fraction. Incorporation of these probabilities of progress-
ion into the model renders the concept of tortuosity un-

necessary.

The diffusion process through the structure is given by an
- equation in which each of these progressions is represented
by a separate term, each with its separate diffusion co-
efficient. These diffusion coefficients are calculated
using an equation similar to the Bosanquet interpolation
formula except that the molecular diffusion coefficient is
weighted by a factor involving the flux ratio and the mole
fraction of gas A. The Knudsen diffusion coefficient is
calculated from the standard formula using mean pore radii
er the macro- and micro-pores. These radii are determined
by an integral technique similar to that used in the dis-
tributed pore model except that the molecular diffusion
coefficient has been omitted. As Saﬁ:terfield(18 ) points
out, this radius is probably correct in the micro-pores
where Knudsen diffusion predominates, but it is not correct

in the macro-pores where mixed, or even molecular, diffusion
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will occur.

The ability of this model to predict diffusion rates is im-
pressive, especially when it is considered that it contains
no adjustable parameters. However, a number of au1:hors(eg 16)
have shown that it does not predict the effect of pressure
changes on diffusion rates as well as the distributed pore
size model does. Indeed, a number Qf other structural

models have also been proposed but none of them has been as

successful as the distributed pore size model.

2.2.,5 Structural“aqugts of the. early Dusty Gas Model

When the Dusty Gas Model was first proposedanikt was propo-
sed as a structural model, although its phenomenological
aspects have become the more important as it has been

developed.

In its early structural form, then, the model approached
Knudsen diffusion in a porous solid by suggesting that the
solid particles of which the porous solid was composed could
be. considered as giant gas molecules - one component in a
multi-component gas mixture. Maxwell's equations were then
written down for the multicomponent gas mixture with all the
diffusion coefficients to be determined by standard kinetic
theory incorporating, for example, Chapman-Enskog collision

integrals(20)

Since Maxwell's equations include one term for each'gas to
gas interaction, collisions between the giant dust molecules
and the normal gas molecules are incorporatedvinto the
equations. Gas/dust interdiffusion coefficients and the
collision integrals for them were evaluated by assuming

that the real gas molecules are scattered after colliding
22



with the dust molecules in a diffuse manner, but with
velocities that obey the normal Maxwellian distribution.
This treatment gives an expression for the Knudsen diffusion
coefficient for each gas as its binary diffusion coefficient
with the dust molecules. These expressions demonstrate many
of the known characteristics of Knudsen diffusion. However,
Evahs, Watson and Mason(zo)concluded very early on that the
dust/gas collision integrals could not be determined theo-
retically so that the diffusion coefficients had to be

determined directly.

Once this conclusion had been reached, the Dusty Gas Model
lost its structural aspect since it could do no more than
interpret direct diffusion and flow measurements and did not
depend upon any structural information. This interpretative
facility stemmed from the formalism given by the Maxwell
Equations for multi-component gas diffusion which act as the
start for the development of the Dusty Gas Model that is

presented in Chapter 3.

23



2.3 EXPERIMENTAL METHODS OF MEASURING EFFECTIVE DIFFUSION
COEFFICIENTS IN POROUS MEDIA

Molecular diffusivities can be determined experimentally in
a number of ways. A survey of methods for the measurement
of binary molecular diffusion coefficients has been carried
out by Marrero(zl). The methods included in this survey
are somewhat different from the methods used to determine

diffusion coefficients in porous media which are the primary

concern of the present work.

Relatively few methods have been developed for measuring

the effective diffusion coefficiénts in porous media. Exper-
iments have been performed using open or closed systems under
either steady or unsteady state conditions. The closed sys-
tems incorporate a closed volume at either end of the diff-
usion path whereas flowing gas streams are maintained at

either end of the diffusion path in the open systems.

Dye and Dallavalle(zz)determined effective diffusion coeff-
icients under unsteady flow conditions using a closed system

similar to the two bulb method(23)

used for determining
ordinary binary diffusion coefficients. The diffusion runs
were performed for porous specimens of potassium perchlorate
with porosities between 207 and 407%. The diffusion cell
consisted of a porous plug situated between two closed cham-
bers of equal volume. Each chamber contained a different
diffusing gas. Dye and Dallavalle calculated the effective
diffusion coefficient from Fick's second law but did not
monitor pressure changes across their specimens. They related
their results to the structure of the porous media through

the porosity vy. Their wvalues can not be con-

sidered reliable because, not only does
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L1CK' S secona lLaw only apply unaer equi-molar counter
diffusion, but it has since been observed by Hoogshagen(25)
that pressure gradients can be set up during unsteady

state-diffusion measurements and these will affect the

measurements made.

Perhaps the most common open system currently in use for the
study of diffusion and flow through porous‘media is that first
developed by Wicke and Kallenbach(ze). In this method, a
sample of the porous material being investigated is placed

in a diffusion cell between gas streams of different composition.
For purerdiffusion experiments the pressure and temperature

are maintained uniform. Pure gas streams are normally fed to
either side of the sample, although this is not a necessary
restriction. Care must be taken in the design of the diff-
usion cell to ensure that boundary layer effects are not
present at the cell ends. To achieve this, high gas velocities
have to be used and a uniform distribution of gas flow has to

be maintained over each end of the plug.

Wicke and Kalleﬁbach determined the steady state diffusion
flux by measuring the steady concentration change it
produced in one stream only and they calculated diffusion
coefficients using Fick's first law. However, as later

authors have pointed out( 27 )

equimolar counter diffusion
does not occur in isobaric experiments so that Fick's first
law is not obeyed. Tﬁus Wicke and Kallenbach's results
cannot be compared with later experimental measurements, nor

can they be used immediately in developing theories for

diffusion through porous media.

Some later authors, using the same technique, measured the
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concentration changes in both streams, and obtained the

effective diffusion coefficient D Experimental

AB,eff’
investigations using Wicke and Kallenbach's diffusion cell

(15)(29)(30)(31)

have been performed on catalysts on

synthetic porous materials such as porcelain or bohemite
pellets('3)(17)(24)(28) (32)(33)

( 8!34 ) and an’array of ca.pilla.ries(35 ).

, On porous graphite

carbon

Although very useful, the Wicke-Kallenbach technique has its
disadvantages. A single sample of cylindrical shape has to
be used and, since it has to be pressed in a conventional
die, it will probably display inhomogeneities which could
affect the diffusivity measurements. Since the axial flux is
measured, the possible influences of anisotropy of the solid
and of the dead-end pores cannot be evaluated. Moreover, the
temperature and pressure ranges over which this type of
apparatus can be conveniently operated are somewhat limited.
Thus measurements under conditions close to reaction con-

- ditions cannot easily be made.

An unsteady state method which overcomes some of these objec- .
tions, is the chromatographic peak broadening method which
has been put forward by Davis and Scott(36) and used
especially for diffusion measurements in adsorbents and cata-

lysts.

The method allows determination of an effective diffusion
coefficient for the particular gas solid system involved. A
carrier gas 1is passed continuously through a packed bed of
the particles of interest and the response of the system

to an injected pulse of test gas is recorded, much as in

gas chromatography, although the gases used must be non-
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adsorbent. By measuring the height equivalent to a
theoretical plate for the bed asa functionof gas velocity

an effective diffusion coefficient may be determined. The
method appears adaptable to a wide range of operating
conditions, gives results reflecting the behaviour of a large
number of particles and, since it is a transient teéhnique,
should reflect the presence of small and dead-end pores.
However, the theory in which the method is based is only
approximate and some difficulties associated with wall
effects and external mass transfer coefficient arise(QO).
Impfovements to the theory as well as to some experimental

results have been developed by Schneider and Smith(37).

Rosenta1(38)

applied the technique to determine effective
diffusion coefficients in a synthetic bead catalyst and
compared the results obtained with values of an effective
diffusion coefficient calculated using data from N,
adsorbtion experiments and the structural model proposed
by Wheeler( 7). The discrepancies they obtained confirmed
the necessity to determine the effective diffusion

coefficient experimentally rather than to accept values

predicted theoretically.

Dogu and Smith‘3?’

coupled the dynamic pulse response
technique with a Wicke-Kallenbach type diffusion cell to
measure effective diffusivities in catalyst pellets.

Using their approach both faces of the pellet were exposed to
a flowing reference gas (N,) and a zero pressure difference
was maintained across the pellet. The passage of a pulse

of diffusing gas (He), introduced at one face of the pellet,

was studied and related to an effective diffusivity. The

method has the advantages of rapidity and the use of small
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quantities of diffusing component. Furthermore, unsteady
state methods in general produce results more relevant to
heterogeneous catalysts than steady state methods since

dead-end pore effects are not neglected.

Recently Moffat(40) modified the Dogu-Smith dynamic method
to allow for operations over a range of total pressures and to
facilitate the introduction of pulses of diffusing gas to
both faces of the pellet. He evaluated the contributions
of Knudsen and molecular diffusion from experimental
measurements of the effect of pressure on the time taken
for a pulse of test gas to pass through the porous media.
Three model systemswere used to évaluate this technique:
packed beds and pressed pellets of non-porous quartz chips
and an array of 100pym capillaries. A straight line rel-
ationship between the time taken for the pulse of test gas
to pass through the system and the total pressure were

obtained in both systems and this relationship was verified

for a number of catalysts.

Recently Watanable andco—workem§41) demonstrated that the
effective diffusion coefficient measured using unsteady state
methods differs from that obtained using a steady state
isobaric method. In their experiment, the total pressure
response curve arising from stepwise concentration changes
at one end of the porous sample, producing unsteady state
diffusion through the sample, was observed experimentally
using a pressure sensor at the opposite end. The porous
materiai used was a bed of fine glass powder tightly
packed giving a porosity of 29%. The flow rates used were
set large enough for the flow resistances at the sample

surface to be neglected. The gas pair used in the
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investigations was szHe. The transfer rates of gaseous
species in porous media under concentration and total pressure
gradients, were considered in terms of the relative
contribution of flow and diffusion given by Mason et alia(83).
The unsteady state diffusion equation together with the
expressions for the transfer rates of the th species, were
solved numerically, using data obtained previously from
isobaric flow conditions and diffusional permeability
experiments. The theoretical results obtained by using the
solution to the nonisobaric rate equations coincided well
with the experimental results obtained under various initial
conditions for He-N, and He-Ar systems. However, assuming

an isobaric diffusion condition for this dynamic method,

and the pertinent equations solved according to this
assumptioh, the theoretical results obtained differed
considerably from the experimental results, indicating that
there was the possibility of large errors in obtaining the
transport properties by unsteady state diffusion methods
without taking into consideration the effect of the total

pressure gradients in the system.

s( 27) used the modified two bulb

Weller and co-worker
method(zs) to measure the effective binary diffusion coefficient
of Krypton-85 and Xenon-133 through binary mixtures with He, Ar
or Ne permeating a disc of porous graphite at room temperature.
The diffusion cell was adapted to permit the continuous

counting of a radioactive diffusing gas by a Geiger-Muller

tube. One cell compartment was filled with a gas mixture at a
definite pressure, the other cell compartment was filled to

the same pressure with an identical gas mixture except that

it contained a trace of an isotope of one of the component
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~ gases. They used Fick's second law to calculate the
diffusivities.By examining the wvariation of the effective
diffusion coefficient with pressure and composition they
were able to develop a statistical model. The regression
model which fitted their experimental results was compared

2
with models proposed by Scott and Dullien( 3), Evans( 0)

7)

and Wheeler . Limited agreement was obtained.

Another technique used to determine diffusivities in porous
sdlids involves measuring the apparent conductivity of a
non-conducting porous solid when saturated with a salt
solution(.B)(lo). The apparent specific conductivity of

the saturated sample will be less than the true specific
conductivity of the liquid. If the pores are distributed at
random, the liquid filled cross sectional area available for
the passage of current will be a fraction y of the total cross
‘sectional area, where y is the porosity of the solid.
Furthermore, the current must follow a tortuous path, the
length of which is larger than that of the sample so that
the apparent conductivity is further reduced. This length
ratio is given the symbol tglogince qonductivity and
diffusion are closely related processes, effective binary

diffusion coefficients . were determined from the results

by multiplying molecular diffusivities by the ratio y/tT.

Olsson and McKewan(42)

have used a fundamentally different
technique for measuring gas diffusivities that is
particularly suited for studies in connection with gas-solid
reactions. In this method, reactant gas was allowed to
diffuse through a porous plug of solid product into a

canister that was otherwise sealed. The canister contained

loose packed granules of the solid reactant. The
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diffusivities of the reactant and product gases within the
porous solid were deduced from the rate of the reaction,
calculated from the rate of change of the weight of the

canister.

This method was later used by Turkdogaé]j»(ll)

(44)

and by
Bradshaw to study the diffusion of one gas in the
presence of a stagnant gas at room temperature through

porous carbon and porous iron, and porous magnetite

respectively.

A novel technique has been developed by Hills and co-

(45)

workers using hollow spheres, obtained by isostatic

compression, attached to the end of a hollow diffusion shaft.

Such hollow spheres could easily be held under isothermal
conditions during experimental measurements and, due to
their geometry, could take advantage of the shrinkage beha-
viour of most metallurgically important reactant solids.
Such shrinkage, normally taking place during chemical
reactions occurring during the formation of the shell,
results in the fofmation of a gas-tight seal around the
diffusion shaft. For solids which do not exhibit this
shrinkage behaviour the hollow spheres could be sealed to
the shaft using a sealing compound. This technique,compared
with the conventional diffusion cell,eliminates disadvantages
such as inhomogeneity due to conventional pressing methods
and difficulties associated with sealing the various
components of the cell. For systems that seal without the
introductionvof sealing compound, the method is unique in

that it can allow measurements to be made at high temperature.
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2.4 DIFFUSIVITY MEASUREMENTS IN POROUS MATERIALS OF
METALLURGICAL INTEREST

Two approaches have been adopted to determine diffusivities
in porous media of metallurgical interest. Firstly, diff—
usion coefficients have been obtained directly from measure-
ments of the rate of migration of gaseoﬁs species through
different porous media. Secondly, values of effective diff-
usivities have been deduced from kinetic data for the red-
uction of a porous solid by a reactant gas. Unfortunately
this latter technique suffers from two major deficiencies.

A model mechanism for the reaction must be assumed and for
gas solid reactions in which both molecular and Knudsen
diffusion are significant, it is very difficult to deduce
separate values for the effective binary diffusion coeffi-
cient, DABeff’ and Knudsen diffusion coefficient,DK’A(DK’B),
without recourse to a structural model involving parameters
requiring measurement of the geometry of the pore network.

Results obtained by each of these methods will be considered

separately in the subsequent sections.

2.4.1 piffusivity Data from Direct Measurements

Although, as mentioned in the previous section, there have
been many investigations into the diffusional characteris-
tics of catalytic reaction systems used in the chemical

engineering industries(24»30:34»46:47:482

very little work
has been performed on porous material of metaliurgical
interest. Of the small number of investigations which have
been carried out on such systems the majority have involved

gas diffusivity determinations at room temperature, very few

at higher temperature or under simulated reaction conditions.
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(42)

Ag already mentioned, McKewan and Olsson , in order to
improve the understanding of the mechanism of iron ore
reduction, measured the rate of molar diffusion of hydrogen
and water vapouf through discs 6f reduced iron. Hydrogen
was allowed to diffuse through the porous iron disc into a
canister which contained loose packed granular wustite. The
hydrogen reduced the wustite and the water vapour formed
diffused back through the disc into the external gas stream.
Since the hydrogen will diffuse through porous medium more
rapidly than water vapour, a slight positive preésure was
obtained inside the canister. The méximum pfessure differ-
ential recorded was found to be about 0.04 atm. The rate

of diffusion was determined from the recorded weight loss
due to reduction of the wustite inside the canister. The

effective diffusion coefficient, DH —H,0,eff’ since a

2 2
molecular mechanism of diffusion was considered to occur,

was found to be 1.46 cm2?/s at 800°C and the ratio
DH2—H20,eff/DH2-H20 was observed to increase with increasing
reduction temperature. Measurements were made at 800, 900
and 1000°C and showed that reduction at these temperaturés
and atmospheric pressure was limited to a great extent by

gaseous diffusion between the bulk phase and the iron-

wustite interface.

@3)

Hawtin and co-workers , investigating the importance of
ggseous diffusion in the reaction of gases with graphite, det-
ermined the effective diffusion coefficient of the He/Nz,He/Ar
and CO/CH4 gas pairs through graphite at temperatures between
20 and 600°C. The experimental rig especially designed for

this purpose was a variation of the Wicke-Kallenbach method

of measuring effective binary diffusion coefficients. The
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specimen, 1in the form of a hollow cylinder of graphite was
mounted in a specially designed cell to withstand high
temperature. The molecular flow rafes of the gases through

the graphite cylinder were determined from the total rates

of flow of the gases and the compositions of the exit gas
streams. The value of the ratio DABpff/DAB was found to be
dependent on the structure of the material used and independent

of temperature. The values obtained for this ratio varied

between 0.0065-0.0092.

(13)

Turkdogan and co-workers also measured effective diffusivi-
ties of a range of gas pairs in porous graphite. The
experimental téchnique that they used was similar to that

used previously by McKewan(42). For the CO—002 gas pair at
room temperature, conditions were chosen such that CO2
diffused through stagnant CO, while at elevated temperature,
with.theCO-C02 and H2—H20 gas pairs, equimolar counter---
current diffusion conditions were employed. For the experi-.
ments at room temperature the raté of diffusion of CO2 through
the porous carbon was calculated from the rate of weight

change due to the absorbtion of CO2 by a mixture of ascarite
and anhydrone contained in the diffusion cell and connected

to a CO—CO2 atmosphere solely through a plug of the porous
carbon. In the experiments at high temperatures, between

500 and 900°C,CO and H2 diffused through fhe carbon sample,

to react with copper oxide andthe reactionproductswhichformed,CO2
and H20 respectively . - then diffused back through the
sample. The diffusion rate was again determined from the

rate at which the weight of the total diffusion cell

changed, in this case due to the reduction of copper oxide.

From the results obtained, Turkdogan concluded that
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diffusion 1in graphite 1s essentlally molecular. The
relatively low values for the measured diffusivity ratio indi-
cated that most of the diffusion flux takes place via inter-

connected large pores.

(49) determined the effective diffusion coefficient

Paulin
of C02-Ar mixtures in porous lime using the technique proposed
by Hills(45) described in the previous section. The diffusion
coefficient measurements were conducted using a hollow lime
sphere prepared from spherical compacts of calcium carbonate
formed in a rubber mould using a conventional press. A
calcium carbonate sphere, placed on the end of a twin bore,
alumina sheath, was introduced into a furnace tube, sintered
in 002 at 870°C and then decomposed in air at 950°C. This
treatment caused the sphere to contract slightly on to the
alumina sheath and form a gas tight seal. This arrangement
therefore constituted the diffusion cell. One gas could be
passed over the outer surface of the sphere while another
could be introduced down one of the bores of the alumina shaft.
into the hollow space within the sphere. The flow rates and
compositions of the gas mixtures emerging from the furnace

tube and the exit bore of the alumina shaft could be measured.
Although the experiments were not performed under isobaric
conditions, the maximum measured difference in pressure between
the inside and outside of the sphere was only 0.03 atm at
950°C. The values obtained for the effective diffusion
coefficient are therefore valid, since it has been shown

previously by Truitt and co—workers(SZ)

that small pressure
drops across the porous material do not materially affect
measured values of the effective diffusion coefficient. The

values encounteréd for the effective diffusivity of an argon-
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carbon dioxide mixture, f,at 950°C were between 0.12

Dcoz-Ar,ef

to 0.22 cm?/s for lime spheres with porosities varying from

52 to 70%.

Catmpbell(50 ) performed measurements on lime spheres using
the same technique as Paulin and obtained similar results.
Campbell has also measured the permeability of hydrogen

through porous lime as a function of the total pressure in
the system at room temperature. The results obtained were

(20) yhich predicts the

interpreted using the Dusty Gas Model
permeability to vary linearly with total pressure in the
system, the permeability at zerd pressure being equal to the
Knudsen diffusion coefficient. Values of the Knudsen
diffusion coefficient of H2 at room temperature were found to
vary from 0.208 to 0.256 cm?/s for lime spheres with
porosities ranging from 48 to 53.8%. The corresponding
values for the Knudsen diffusion coefficient of carbon
dioxide gas at 950°C extrapolated from these results were
0.0925 cm?/s to 0.109 cm?/s respectively. Since these values
for the Knudsen diffusion coefficient of CO2 were similar

to those obtained for the effective diffusivity DCOZ,eff

measured previously, he concluded that the controlling

diffusion mechanism in porous lime is Knudsen diffusion.

Two other systems of metallurgical interesf were also studied
by Campbell: porous iron obtained by reducing ferrous
chloride with hydrogen and porous nickel obtained by reducing
nickel oxide with H2. Permeability experiments were per-
formed on both materials and the results interpreted in the
same way as for the lime spheres. The values obtained for
the Knudsen diffusion coefficient ior H2 in the porous iron

of 206 cm?/s at room temperature is excessively high.
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Campbell attributed this to the fact that the porosity
obtained in this material was extremely high (80%) and

the spherical shell obtained after reduction exhibited very
low mechanical strength. 1In porous nickel the value of the
Knudsen diffusion coefficient for hydrogen at room
temperature varied as a function of the reduction temperature
employed in obt%}ning the porous sample. Values of

3.95 cm?/s, 5.35 cm?/s and 10.6 cm?/s were obtained when the
reduction temperature of the nickel oxide was 350°C, 450°C

and 250°C respectively.

In order to measure the effective diffusivities of a H,-Ar
gas pair in porous iron and porous nickel, Campbell adopted
an isobaric counter-current diffusion technique. The

effective diffusion coefficients, reported were

Dy, -Arpss>
0.5 cm?/s for porous iron and 0.24 cm?/s for porous nickel,
both at 292 K. The average tortuosities obtained were 1.62

and 1.87 for porous iron and nickel respectively.

Partridge and Wa11(51) have studied the reaction of iron

chloride with hydrogen. They established that the rate of
reaction was controlled by the transfer of heat to the

reaction interface and by the transfer of hydrogen chloride

away from it. In order to check the validity of‘their model they
performed isobaric counter—current diffusion experiments with

a helium-nitrogen gas pair at room temperature ,using appa-

ratus similar to that used for graphite by Hewitt and

Morgan( 8). The value of the diffusivity ratio y/t reported

was 0.477 corresponding to a tortuosity factor of 1.81 which

is in general agreement with Campbell's Value(50).

(92)

Kim and Smith have measured diffusion rates using an
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isobaric method in a Wicke-Kallenbach type of diffusion
cell, in both sintered»and unsintered nickel oxide pellets
and reduced porous nickel. Three binary gas systems were
used: He-N,, He-CO, and CO-CO,, 4at temperatures;from

25° to 200°C. The measurements lead to tortuosit& factors as
high as 100 for highly sintered nickel oxide (y = 3%)
pellgts. They reported higher diffusivities and porosities
in the porous nickel obtained by reducing highly sintered
nickel oxide pellets in hydrogen than were obtained on

reducing unsintered nickel oxide.

(53)

Ray has employed two different experimental techniques
in his work in order to allow the calculation of the
effective diffusion coefficient and the tortuosity factor.
In one of the methods he measured the flow of a gas under

a considerable pressure gradient through a sample of
porous reduced cobalt, of porosity 65%, sealed between two
‘glass tubes. One side of the porous sample was maintained
at atmospheric pressure, while the other side was connected
via a large evacuated flask to a mercury manometer. The
build up in pressure over an extended period of time was
recorded. By equating the expression for forced flow through

3
(3) with the rate of accumulation in the

a uniform capillary
flask, and neglecting the diffusional contribution, he
obtained plots of pressure versus time from which he.

calculated the diffusivity ratio. This he found to be

equal to 0.65 which is equivalent to a tortuosity factor

of 1.

The second method used by Ray(ss)was essentially the classical
isobaric experiment in which the rate of counter-current

diffusion of H, and Ar through a porous reduced nickel
38



sample was measured. A hydrogen concentration cell was
used to measure the concentration of H, in the H, rich bulk
stream leaving the diffusion cell. The ratiovylr was
calcﬁlated using the equation for the diffusion flow given

by Mason(zm

which requires the value for the Knudsen
diffusion coefficient to be known. This value was calculated
using the value of the pore radius obtained from measurements
involving a nitrogen adsorbtion technique (BET), and by
assuming the porous material to consist of straight round pores.
The diffusivity ratio, y/t, was found to be equal to 0.06
which for a porosity of 597 will give a value for the
tortuosity equal to 9.83. Unfortunately Ray did not use

the same sample in order to check the validity of the two
experimental methods proposed. It does seem strange however,
that the tortuosity factor in porous reduced nickel is around

ten times bigger than that in the reduced porous cobalt

sample.,

In order to test the theoretical model for the reduction of
Carol Lake hematite pellets to magnetite, proposed by

Matyas and Bradshaw(54), Bradshaw andthwuﬁ44)

performed
direct measurements of interparticle diffusivities at room
temperature in hematite and magnetite. The results

obtained were extrapolated to the reaction temperature and
compared favourable with those predicted by the theoretical
model, confirming the dominant influence of gaseous diffusion
in the reduction of Carol Lake pellets to magnetite. The
Knudsen diffusion coefficient was obtained from measurements
of permeability coefficients at various total pressures and
by extrapolating to zero pressure according to the Dusty Gas

(2®.

Model proposed by Mason et alia The values obtained
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for the Knudsen diffusion coefficient and the 'viscous

flow parameter'* Bo/u, for H, in magnetite at 292 K were
2.82 Lmz/s and 5.97 cm?/s.atm. respectively.

The effective diffusion coefficient was measured using a
téchnique similar to that developed by Turkdogan(lg)and
outlined in a previous section. In Unal'swork CO, was

again used as the diffusing species but N, was the stagnant
géé?S)The driving force for the diffusion, the CO, concen-
tration gradient, was maintained by absorbing the carbon

- dioxide into soda lime contained within a sealed chamber

on one side of the porous material. The diffusion cell
incorporating this sealed chamber, was suspended from a

load measuring device so that the diffusion flux could be
determined by monitoring the change in the cell weight.

The conditions developed by this technique are not strictly
isobaric, but Bradshaw and Unal showed theoretically that the
contribution to the total flux made by viscous flow and
Knudsen diffusion was very small for Carol Lake pelletsf44)
The value for the effective binary diffusion coefficient of
CO,-N, in a reduced magnetite sample at 800°C was 0.24 cm?/s,
giving a diffusivity ratio,y/t, of 0.15. By extrapolating
the results obtained from permeability measurements and
diffusion measurements performed at room temperature, the

effective diffusivity,DH eff,in magnetite was calculated
2

to be 0.122 cm?2/s at 600°C and 0.22 cm?/s at 850°C.

an have measured effective

Turkdogan and co-workers
diffusivities in porous iron produced by the reduction of

hematite in hydrogen using the experimental technique that

* See section 3.1
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‘they used for diffusion measurements on carbons and which
has been described earlier in this chapter. The basic
features of the technique are that the relationship

between the fluxes of the diffusing gases through the porous
media is fixed by the stoichiometry of a fast chemical
reaction involving one or both of the gases and a solid
phase, and that the overall rate of diffusion is experi-
mentally determined from the weight change due to this

reaction.

At low temperature they used CO, and He as the gas pair,
and absorbed the CO, in the same 'sink' material as in

the experiments on carbon(lal At higher temperatures, up
ta 600°C, the canister was filled with a mixture of
wustite and iron powder, the wustite being reduced by the
hydrogen that diffused counter-currently with water vapour
through the porous iron sample previously reduced in situ.
The rate of diffusion was determined from the weight loss.
The effective diffusivity measured at 20°C and 0.9.atm for
the sample of porous iron reduced previously at 800°C was
0.101 cm?/s. At a temperature of 600°C and 1 atm pressure
under equimolar flow conditions, the effective diffusivity

of hydrogen, D in the H,-H,0 mixture through the

He,eff’
porous material was 0.124 cm?/s. The results obtained from
direct measurements for H,-H,0 mixtures diffusing through
reduced porous iron at 600°C were in excellent agreement

with those derived from kinetic reduction data(43).

Siekely and Evans(ss), in order to test the structural

grain model they proposed for the reduction of nickel oxide
pellets with hydrogen, performed isobaric experiments using

an experimental arrangement identical to that first used
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by Mason(zog The apparatus consisted of a porous plug

of the solid matrix, separating two cavities which were

also connected by a horizontal glass tube containing a

plug of mercury. Hydrogen was passed rapidly through one
cavity and helium through the other. The different.
diffusivities of helium and hydrogen caused a net flux

through the porous plug and, as a consequence, the mercury
plug moved along the glass tube thus maintaining equal
pressure on both sides of the porous matrix. The initial
velocity of movement of the mercury plug was determined by
recording pulses from two photoelectric cells, placed under
the glass tube, on a fast strip chart recorder. The netvflow
through the porous plug, calculated from velocity measurements,
was equated with the expression for the net flux derived

from the Dusty @&as Model(zo). The Knudsen diffusion co-
efficient has to be known before this expression can be

used to determine an effective diffusivity. Szekely had

not measured the Knudsen diffusion coefficient, however,

and therefore, after determining the grain size, he chose a
structural model which allowed him to estimate the tortﬁosity
factor. The value that he found was 1.1 and he assumed this
value to be constant throughout his work allowing;determina—
tion of the Knudsen diffusion coefficient. He then calculated
the effective diffusivity, DHzﬁff’ using the Bosanquet inter-
polation formula. The value obtained was compared with values
predicted after he had adjusted three parameters- the tortuos-
ity,the pre-exponential factor and the 'activationenergy' for
the chemical rate constant. The behaviour predicted by their
model fitted only a few of their experiﬁental results.

Clearly the assumptions used in developing the model, that

the grains are spherical and uniform in size and reactivity,

are not justified. 49



2.4.2 Diffusivities deduced from reaction kinetic data
“Although it is generally preferable to perform independent
measurements of effective diffusivities, many workers have

~ deduced their values from actual kinetic measurements on gas
solid reactions. Such deductions can, of course, only be
made in the light of a model for the reaction, so that a
review of this approach necessarily involves a review of

reaction models.

Because of its industrial importance, a great deal of work
has been done during the past four decades on the gaseous
reduction of iron oxides. Despite the extensive literature,

which has been reviewed by Bogddndy(56) (57),_

and by Szekely
only slow progress has been made in understanding the rate
controlling process and it is still not possible to produce a
generalised_model for the reaction mechanism. Difficulties
in reconciling the results of different investigations are
partly due to the wide variety of different materials studied
and partly due to differences in the experimental equipment
used,since kinetic measurements can be influenced by factors
such as the geometry of the experimental system and the flow
pattern of the reacting gases. Early work(58’59’60) on the
reduction of hematite with hydrogen suggested the rate
controlling mechanism to be the chemical reaction at the
interface between the product and reactant solid layers. On

(61) (96)

the other hand, Kawasaki and Bogdandy proposed from

an early date that the rate controlling step was the counter-

diffusion of hydrogen and water vapour through the porous iron.

(12)

Warner showed that both of these steps in the reaction

mechanism could jointly control the rate. Work done by

(42)

Olsson and McKewan on the counter-diffusion of hydrogen
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and water vapour in porous iron pellets indicated that, with
increasing temperature, pore diffusion in the product layer

became a dominant factor in controlling the rate of reaction.

Turkdogan‘43) suggested that there are three major limiting

rate controlling procesées;

(i) uniform internal reduction
(ii) limiting mixed control
(iii) gaseous diffusion,

depending on temperature and size of the particle.

Numerous mathematical models have been developed in order
to elucidate and predict the rate of a heterogeneous gas
solid reactions as a function of the degree of the
separation between the product and reactant solids.

When, on a macroscale examination of a partially reduced
pellet, a sharp interface between the unreacted core and
the reacted shell is observed, shrinking core behaviour
is assumed. When the interface is of definite thickness,
however, containing both reduced and unreduced grains,
diffuse interface behaviour is assumed. The different

models have already been adequately reviewed.(56)(57)(62)

The shrinking core model has been remarkably successful
for the interpretation of experimental results. When it
was first proposed, Yagi and Kuni(63) considered that
individual rate controlling steps operated. The rate of
reaction could be related to the rate of movement of the
interface by the mass conservation balance. The relation-
ship derived related the fractional unreduced mass of
oxide (1-x) to the reduction time. A chemical control

model would predict that (1-—x)1/3

44
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The proportionality constant involves the chemicai reaction
rate constant so that values of this constant can be
determined by measuring the rate at which a dense particlé
reacts at-a knownvtemperature with a gas of a known

2/3 _ 9(1-x) with time

composition. When plots of 3(1-x)
presented a linear relationship, however, the controlling
mechanism was considered to be diffusion in the product
layer. Finally, mass transfer in the boundary layer was

taken to be the controlling step when linear plots of (1-x)

against time were obtained.

Hills(62)

, however, showed that the differences between the
patterns of reaction behaviour predicted by the three
models are too small for gn unequivocal decision to be made.
He showed that the evidence which had previously been taken
to indicate either chemical control or mixed control could
also be predicted and explained in terms of a mass
transport control model. This model took account of both
mass transfer resistance within the boundary layer and
diffusion resistance across the reduced layer. Considering
these facts, Hills proposed an improved experimental
‘strategy in which all parameters involved in the transport
control model are measured independently and used to
predict the rate of reaction on the aésumption that it is
transport controlled. The other reaction models, he sugg-

ested, should only be considered if measured reaction rates

are found to be significantly slower than this prediction.

It is not often realistic, however, to think in terms of a
single rate controlling step since there may be other
factors that have almost equal effect on the overall rate.

Rate equations based on a mixed control model which assume
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shrinking core behaviour have been formulated by many
workers(12’64’43’63’65). The equations describing the
fluxes of product and reactant gases were solved simultan-
edusly as a function of feaction stoichiometry. By combin-
ation of these equations the overall rate was described in

terms of a "driving force'" and three sets of resistances,

namely:-

(1) gas phase mass transfer

(ii) diffusion of reactants and products through the
reacted shell

(iii) chemical reaction occuring at the interface separating

the reacted and unreacted regions.

By suitable separation of variables, the above workers have
been able to develop functions of the degree of reaction
which yield linear plots from which the effective diffusion

coefficient and the chemical rate constant can be determined.

We shall focus our attention for the moment on those papers
which presented a value for the effective diffusivity from
experimental data considered in terms of the shrinking core

model.

(61), studying the reduction of iron

Kawasaki and co-workers
oxide pellets and bars within hydrogen and carbon monoxide
at temperatures between 870 and 1200°C, reported that the
reduction rate was controlled by the counter-diffusion of
reactant and product gases between the reaction zone and |
the bulk gas. By applying Fick's first law for diffusion,
"values for the diffusion constants were determined from
experimental data. The diffusion constant was defined as

K = 960 DZ/RT, where D is the molecular diffusion

coefficient and Z is the diffusivity ratio y/t. From
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their experimental work the progress of the reduction
process agreed with their theoretical equation only if
improbably high values of y/t of 1 for carbon monoxide and

0.7 for hydrogen were used.

(12) has studied the reduction of dense hematite in

Warner
hydrogen in order to elucidate the effect of gaseous diff-
usion on the reduction rate. His experimental results were
consistent with a.mixed control mechanism involving the
interaction of gaseous diffusion effects with a first

order reversible chemical reaction at the iron wustite
interface. By taking into account the diffusional

resistance offered by the bulk gas phase, he estimated mass
transfer coefficients froma dimensionless correlation based on
experiments at room temperature with the naphthalene-air
syétem. The transport of hydrogen and water vapour across the
porous reduced iron product layer was consistent with
molecular diffusion, rather than with Knudsen or combined
diffusion, in the light of his study of the nature of the
pores of the reduced material. Although he determined fhe
pore size for his samples using a mercury poro%imetry
technique, obtaining values ranging from O.J?to 1.10'4cm,

he suggested that the effective pore size for diffusion

would be much larger. His study showed that the structure
contained '"bottlenecks" many times smaller than the bulk

pores and the mercury porosimetry technige measures the

minimum constrictions in a pore lengtvh (127,

Warner evaluated the effective diffusion coefficient using
a function that related the rate of the reaction at the
interface to the local gas composition and incorporated

a general equation for the transport of hydrogen expressed
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in terms of the total driving force and the total transport
resistances. Values for the diffusivity ratio y/t of 0.33,
0.39, and 0.51 were obtained at temperatures of 750, 850
and 950°C respectively leading to a mean tortuosity factor,

7, of 1.3

Turkdogan and Vinters(43)

performed similar experiments with

high grade hematite ore. Taking into account the'effect of

the particle size and the reaction temperature on the time

for reduction, they showed the rate controlling mechanism

for large hematite pellets to be gaseous diffuéion in theb

product layer. The derived rate of reduction was based

on the following assumptions:

(i) the reduced iron formed a shell around the sphérical
oxide core

(ii) a pseudo-steady state was established for the
counterflux of H20 and H2 through the magnetite,,
wustite and iron layers and also that the equilibrium
compositions were maintained at each interface.

(iii) the porosity and the effective diffusivity were
uniform and independent of reduction time at a given
temperature.

The expression obtained by combining t@e equimolar counter

flux of H20 and H2 through the reduced iroﬁ with the mass

balance of oxygen removal, expressed as a function of the

relative thickness of the reduced iron, permitted deter-

mination of the effective diffusion coefficient from the

% (1-x)2/3

slope of plots of [} - 3Ty ] against time.

. ranging from 0.02 to 0.3 were reported for
%2,eff/DH2/H20 e | v
reduction temperatures ranging from 500 to 1200°C. At
800°C the value of the binary diffusion coefficient was
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0.88 cm?/s and the ratiowasequal® 0.1. In their work’ %

values for the effective diffusion coefficient were also
calculated using reduction data presented by McKewan(gl).
The values obtained varied between 0.65 and 1.12 cm?/s, with
v/ between~0.079and 0.13, at 800°C, for synthetic hematite
ore pellets and sintered hematite ore pellets respectively,
indicating that similar values of the effective diffusion

coefficient apply in porous iron produced from different

types of hematite at the same reduction temperature.

(65) used the same experimental technique and

Tien and Turkdogan
the same method of interpreting the experimental data in their
investigation of gaseous diffusion in wustite formed by

partial reduction of the same type of hematite.

For experiments conducted at temperaturesof 700°C to 900°C,
effective diffusion coefficients of Hy0-H, in wustite were

found to be within 207 of those in porous iron(88)

(54)(65)(66) have been

A number of mathematical models
proposed to predict reduction rates when a diffuse interface
is present. The fundamental equation in these models is |
based on a mass balance for the reactant gas in a diff-
erential volume element of the pellet. Quasi-steady state
conditions are assumed since accumulation in the control
volume makes a negligible contribution to the equations.

The two important parameters which influence the course of
reduction arethe intrinsicreaction rateofthe solid and the

effective diffusivity, Dh the latter being given by the

2,eff,
Bosanquet formula. The difference between these models:

lies in the way the various workers have estimated the reaction

rate per unit volume of solid.
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(66) obtained an expression for the rate

Szekely and Evans
of reduction in terms of the rate of advance of the reaction
front in individual spherical grains each of which reacted
in a shrinking core manner. Alfhough their model, compared
with the shrinking core model, does incorporate structural
parameters, such as porosity and particle size, it has a
limited applicability since the grains are assumed to be
identical, spherical and of equal reactivity. Moreover, the
effective diffusivity, DAeff’has to be predicted, using the
Bosanquet interpolation formula from grain size measurements,

the tortuosity and the rate constant being adjustable

parameters.

In order to test the validity of their model relative to

actual reaction data, Szekely and Evans performed experiments
on NiQO using hydrogen(ss). They also measured the grain size
and porosity of the porous nickel and the effective diffu-
sivity,DA’eff,and evaluated the mass transfer coefficients
under the bulk flow conditions. Predictions from their model
fitted only a few of their experimental resulnsjhe value of

the tortuosity factor, 1, that they reported was 1.1. The same

model was 1ater(67)

applied to the reduction of cylindrical
discs of nickel oxide by hydrogen within the temperature
range 227-712°C, The experiments were conducted under
conditions of diffusion control and the results obtained
permitted the evaluation of the effective diffusivity of
hydrogen, DHzeff’ from plots of the conversion function
versus time. Values between 0.382 and 0.451 cm?/s were
encountered for reduction temperatures from 321°C to 361°C

respectively. The value of the average tortuosity factor,

2.83, was calculated as a function of a chosen value for
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the effective grain size which gave the minimum variance
in the tortuosity value and the effective diffusivity
obtained from kinetic data. Although they claimed to have

used the Dusty Gas Model to calculate the Knudsen diffu-
(20)

sion coefficient, it is clear from Mason's paper that the
model does not enable the Knudsen diffusion coefficient to
be predicted; it merely shows how it can be determined from

the results of permeability experiments. No such results

were reported by Szekely and Evans.

Bradshaw and Matyas(54)

attempted to measure a chemical
reaction rate for the single particles within Carol Lake
pellets by crushing the pellets and screening the product

to obtain "micropellets' which possessed all the charac-
teristics of the original pellets. Two criteria governed

the size of these particles. Firstly the diffusional re-
sistance between the grains of the micropellets had to be
negligible and sedondly the specific surface area of the micro-
pellets had to be the same as that of the original macro-
pellet. With these two criteria met, Bradshaw and Matyas

maintained that they could measure directly the intrinsic

reaction rate.that would apply within a reacting pellet.

The value obtained was subsequently used to obtain a
solution to the relevant differential equations in order
to obtain a value for the effective diffusivity, DCO,eff’
which they considered as being equal to the effective binary
diffusion coefficient since Knudsen effects were not

taken into account. For reduction experiments performed on
Carol Lake hemgtlte pellets with CO, values of DCO—Coz,eff
equal to 0.12 cm?/s and 0.18 cm?/s at temperatures of 600°C

and 800°C respectively, were calculated. These values
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correspond to a tortuosity factor of 2.6 for a material
with an average porosity of 30%. In order to test the

(44) made the

validity of this model, Unal and Bradshaw
independent measurements of the effective diffusion
coefficients at room temperature for the N2—CO2 gas pair

that have already been described.

When the results were extrapolated to the reaction temperature
and to CO—C02 gas mixtures using the Dusty Gas Model, good
agreement was obtained between the two sets of values at

600°C, lesser agreement being obtained at 850°C.

Sadrashemi(Gg)

has studied the reduction of Carol Lake
hematite pellets using hydrogen as the reducing gas instead
of CO, within a temperature range of 600° to 1000°C. Since
a diffuse interface was obtained when reduction was per-
formed at temperatures below 800°C, the experimental results
obtained at 750°C were interpreted using the Matyas-Bradshaw
model. The average diffusivity calculated.from the kinetic
data obtained was 0.86 cm?/s. He reported a value for the
tbrtuosity factor of 2.3 calculated from the Bosanquet
interpolation formula and a calculated value for the Knudsen
diffusion coefficient in a cylindrical aﬁerage pore of
radius r = 2pm measured using the BET technique.

The calculated value for the Knudsen diffusion coefficient was

44 cm?/s at 750°C.

Another system of metallurgical interest was studied by
Hills(70). He elucidated the controlling mechanism of
decomposition of calcium carbonate by showing that the rate
of decomposition was controlled by the transfer of heat to

the reaction interface and by transfer of 002 away from it.
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From the mathematical equations derived, expressed in terms
of the total driving force and total resistances for heat
‘and mass transfer, and the extensive experimental data ob-
tained related to the progression of the reaction at various
gas temperatures and compositions, the flow relevant trans-
fer coefficients,‘namély the mass transfer coefficient, the
diffusivity, the thermal conductivity and the heat transfer
coefficient, were obtained. Good agreement was obtained
between the transport parameters measured and values deter-
mined from independent experiments reported in the litera-
ture. A value for the effective diffusivity of carbon

dioxide, D , of 0.0837 cm2?/s at a temperature of 850°C
COz,e f

£
was reported.
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2.5 FACTORS AFFECTING THE STRENGTH OF SINTERED IRON OXIDE
COMPACTS

In order to obtain meaningful measurements of the gaseous
diffusion characteristics of a porous medium it must be
free from cracks and exhibit a uniform structure. Unfortu-
nately, iron oxide compacts are susceptible to'cracking
during reduction, primarily due to the crystallographic
changes associated with the transition from hematite to

magnetite.(71)

The tendency for cracking to occur may
however be suppressed, if the pre-reduction strength of the
‘iron oxide compact is sufficiently high. Examination of the
literature indicates that the principal factorsAcontrolling
the strength of sintered iron oxide compacts are the original
particle size 6f the ore, the chemical composition and the

firing temperature and time.(72’73”74).

(75,76) that

It has been demonstrated by a number of workers
the compression strength of sintered hematite compacts

may be controlled by the degree of grinding of the.original
ore, and that the best results are achieved when more than

60% of the raw material exhibits a particle size of less than

44pum.

Specific studies of the relationship between the chemical,
mineralogical and fired product properties of various types
of pellets have also been reported(77’78’79}he results
obtained have demonstrated the importance of the fluxible
gangue and ultra fine particle constituents in the development

of inter-particle bonding in pellets.

Thomas et alia(74)have shown that with increasing time,

temperature and lime concentration more slag phase is formed,
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thus consolidating the strqcture.~ The slag phase performs
two major functions during the sintering process. Firstly,
it bonds the particles together and secondly, it promotes
grain growth by dissolving fine hematite pérticles and then
precipitating hematite dn the lower energy surfaces of large

particles.

(80,81) have studied the effect of

Seth, Ross and Strangway
CaO additions, from 2 to 10 mass %, on the reducibility of
pure hematite. It was found that the maximum increase in
reducibility was obtained with 2 mass %# CaO and that this
improvement was due neither to a change in the initial poro-
sity, nor to that developed during reduction. The observed
improvement in reducibility was attributed to the nature of
the reduction mechanism in which wustite is believed to be
uﬁstable in the presence of lime, at least in the solid
state, and dissociates into metaliic iron and dicalcium
ferrite. Thus the action of the lime addition on wustite
results in the formation of metallic iron and dicalcium
ferrite according to the reaction:

2Ca0 + 3FeO = Fe + 2Ca0.Fe,O

273

Furthermore, the calcium ferrite so formed will on reduction,
give iron and lime directly without producing wustite as |

an intermediate phase. Edstrom(71)

has suggested that this
may be an oversimplification since other compounds such as
CaO.2Fe203 and CaO.Fe203 may also take part in the reaction,
although the basic mechanism is essentially the same. Of
the various lime compounds, Edstrom suggests that reduction

via CaO.2Fe203 dominates since this is the most important

bonding phase in basic sinter.
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CHAPTER 3 - THEORETICAL DEVELOPMENT OF THE DUSTY

GAS MODEL



3. PHENOMENOLOGICAL STATEMENT OF EQUATIONS GOVERNING CHEMICALLY

AND MECHANICALLY DRIVEN GAS FLOWS THROUGH POROUS SOLIDS

When the Dusty Gas iodel was first proposed(82)iit contained
two new ideas. In the first place, it suggested that
'interactions between a porous solid and gases diffusing
through it could ve treated as if the solid were one
component in a multi-component gas mixture. It was further
suggested(lg) that these interactions could be analysed by
assuming that the 'dust' particlés behaved like large
spherical molecules and that standard kinetic theory of

. gases could be applied to collisions between these giant

molecules and the normal gas molecules surrounding them.

Of these two assumptibns, the first was phenomenological in
nature and the second structural. Evans and his coworkers
(20, 83, 84) applied the model extensively, but soon dropped
its struqtural aspect, applying the model purely in its
phenomenological form(84). The basic development that they
presented was extremely elaborate in order to include
treatments of temperature, forced and pressure diffusion and
the gradient of the rate of distortion tensor as well as
chemical diffusion. They acknowledged that many of these
non—-chemical effects were of second order importance, but
they had originally thought that the inclusion of the
pressure diffusion term in the general formulation would
fully account for the effects of variations in the total

pressure within the pores. They subsequently found,
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however, that accurate diffusion fluxes in binary gases
under non-isobaric conditions could only be predicted if the
binary equations generated from their generalised Dusty Gas
equations were augmented by a 'viscous flow term' and that
the true pressure diffusion term was also of second order
importance. The treatment for the binary gas mixture that
they then presented, mirrored their suqcessful treatment for
the permeation of a single gas through a porous solid where
the Dusty4Gas equation was similarly augmented by a 'viscous

flow term'.

‘Although the phenomenological nature of the Dusty Gas Model
was emphasised by Mason and Marrero(21) in their review,
they used arguments of momentum transfer to develop the
general equations governing the diffusion of gases in porous
solids. Thus the majority of workers still think of the

" Dusty Gas Model as a structural model. This is unfortunate
since it is the phenomenological nature of the model thaf is
its true strength, dictating the proper experimental
strategy to be applied to gaseous diffusion in porous

materials.

A straight forward phenomenological development of the Dusty
Gas Model is therefore presented here dealing solely with
first order effects. Effects due to true pressure
diffusion are normally of second order (see Bird, Stewart
and Lightfoot pp 567(85)), as are effects due to thermal and

forced diffusion, so-that none of these effects are
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introduced into the general treatment. The treatment

presents an irreversible thermodynamic base for the

diffusion interactions between the actual gaseé and the solid
as if the gases and the solid formed a single phase treated
as a continuum. This allows adequate treatment of all the
true diffusion effects of normal importance within the

porous media including the Knudsen interactions between each
individual gas species and the surfaces of the pores, In
the presence of an actual pressure gradient through the
porous media, however, tﬁe interaction between the flowing
gas mixture as a whole and the pore walls is essentially
heterogeneous in nature in that it involves inertial and
surface friction effects as the gas mixture flows through

the tortuous channels. It is impossible for a

thermodynamic treatment based on the incorporation of the
solid particles as one component in a multi-component

mixture to account for these heterogeneous effects, but their

effect can be 'added on' ét a later stage in the treatment.

The treatment starts by describing diffusion phenomena in
gases within the pores of a porous solid in terms of the
Stefan-Maxwell equations for multi-component diffusion.
However, one component in the multi-component mixture fo
which the equations are applied is taken as the porous solid
itself, imagined to consist of large dust particles
suspended in the gas'mixture and behavihg as very lafge gas

molecules.
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These molecules are assumed to behave in the following manner:-

(i) they reduce the fraction of the total volume available
for the true gas molecules to occupy to X', the
porosity of the porous solid, and lengthen their

- diffusion path by a tortuosity factor 7.

(ii) they are distributed in space in such a way that the
'total pressure' of the imagined gas mixture - actual
gas PLUS dust - is constant.* For convenience, when
.we are concerned with this total mixture, we will add a
superfix '+' to the variable concerned. Thus the
total pressure of the gas-plus-dust—-mixture is p+, and

it is this pressure that is assumed to be constant.

(iii)they provide the frame of reference against which to
analyse the multicomponent diffusion problem. Their
net flux relative to this frame of reference is

obviously =zero.

(iv) they collide with the gas molecules

*FOOTNOTE:~ This assumption is slightly different from the
comparable assumption in the treatment of the Dusty Gas
Model proposed by Evans, Watson & Mason. They assumed the
dust molecules to be uniformly distributed in space so that
their partial pressure gradient would be zero. Since the
net flux of the dust is zero, Evans, Watson & HMason were
additionally required to assume that the dust molecules
experience an applied force which exactly balances the
summed effect of the partial pressure gradients of the real
gas molecules. The assumption made here that the total
pressure of the fictitious gas-plus—-dust-mixture is constant
amounts to the same thing, is mariginally more in keeping
with the thermodynamics of gas mixtures and is considerably
easier in concept.
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(v) they have molecular masses and diffusion (or
collision) volumes that are effectively infinite (this
was not explicitly stated by Evans, Watson & Mason, but

is implied in their treatment)

3.1 THE FORMULATION OF THE GENERAL EQUATIONS

The Stefan-Maxwell equations for an N component gas mixture
diffusing within a porous solid can then be written down as:-

j=N+1

0* l +*—.> "'*—:
+ =1 1

ij
where Cz etc refer to mole fractions in the gas-plus-dust-

"

mixture and the symbols n: and n: refer to the diffusion

1 J
fluxes of the gas species 'i' and 'j'. The summation is
made over N+1 species to include the dust as well as the N

true gas species

In starting from the Stefan-Maxwell equation, it is being
assumed that the pressure and temperature gradients are
insufficiently great for pressure and thermal diffusion
effects to be anything but negligible. - Massive heat flows
would be necessary to sustain temperature gradients within a
porous solid large enough to invalidate this assumption as
far as thermal diffusion is concerned; the validity of this
assumption has already been discussed from the point of view

of pressure diffusion.

The following relationships apply in the fictitious true-

gas-plus—-dust mixture:-
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+
+ Db; P
cr = _% . ck = _— (3.2)
P RT
so that, since the net flux of the dust is zero, we can

rewrite equation (3.1) in the following form:-

N - ,
' - - RTp,nY
- RT o | > 1t - da i
Vp; = }: ot (pjny = pynj) v (3.3)
j=1 Pply 5 A P 1Yiq

where Py is the 'pressure’ exerted by the dust molecules.

The coaplete set of multi-component equations will, of

course, include one equation for the dust molecules:-

N
RT

Vpy = =~ pdfl:.]-' | (3.4)

although there are only N independent equations.

Since the fictitious constant total pressure in the gas-

plus-dust-mixture is given by:-

N
P = DPg * » b; (3.5)
Jj=1
equation (3.4) becomes:-
N N '
v RT -
- s = n'!
z Py Z ST Pgnj (3.6)

This equation is of some importance so the N independent
diffusion equations provided by the Dusty Gas Model are best
regarded as equation (3.6) plus N - 1 equations of the form

of equation (3.3).

The diffusion coefficients appearing in the Stefan-Maxwell

equation, are the normal binary diffusion coefficients

Dij,

between the separate gas pairs in the multi-component
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mixture. A number of equations have been presented in the
literature from which these binary diffusion‘coefficients
can be calculated for true gas pairs. The most accurate is
that generated by the Chapman-Enskog treatment for the
kinetic theory of gases(sa). Calculation of the collision
integrals involved in that equation is somewhat elaborate so
that an equation pfoposed by Fuller et a1ia(87) ig
considerably easier to use, especially since it is almost as
accurate. We are particularly interested at this juncture
in the variation of binary diffusion coefficients with
température, pressure and gas-pair and the Fuller et alia
.equation predicts these variations to a high degree of

accuracy.

The equation can be written for species in the fictitious

dust-plus-gas-mixture in the form:-

T4 79x1073 11 ‘
. o= C _— (3.7)
o
J p}(v%/3 + v§/3)2 My Mj

+
Dy

where the factor C, is phenomenological in nature and is
introduced because the dust 'molecules' reduce the volume
available for the gas molecules and increase the lengths of

their diffusion paths by making them more tortuous.

Multiplying equation (3.7) by p% and comparing it with the
corresponding equation for the binary diffusion coefficient

in a free gas shows that:-

+ + - _
pr Dj; = Co PpPij = prDij, efs (3.8)

where equation (3.8) can be taken as a phenomenological

definition of D.

ij,eff> the effective binary molecular
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diffusion coefficient of the gas pair i/j within the porous

solid.

The coefficient describing the diffusion mechanism involving
collisions between the true gas molecules and the
'molecules' of dust cannot be determined using equation
(3.7), since effective diffusion volumes or molecular masses
have not been determined for the dust 'molecules'. This
diffusion process is Knudsen diffusion in the porous solid
and is normally described in terms of a Knudsen diffusion
coefficient. It igrsalue of this coefficient that the
structural models of porous solids have been designed to
predict and the first treatment of the Dusty Gas Model
attempted to determine it by use of the Chapman-Enskog
theory(19); In the phenomenological statement of the model
presented here, we merely regard the Knudsen diffusion
coefficient as a phenomenological constant related to the
variables'used so far ;EDEhe development by the equation:-—
Dj g = Tid | (3.9)
Pg

Values of Di g must then be determined by experiment.
?

With these definitions, equation (3.3) becomes:

N T - -
Vp; p;n' - p:nY¥ n'.:
e il B . i=1=N (3.10)
RT j=i PrPij,efsf D;
and equation (3.6) becomes:-
' (3.11)

N N .
o
T D
J':l R J'=1

"
j
J,K
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Thesektwo equations are the basic general equations
describing diffusion interactions experienced by gzases
within porous solids; the flux densities appearing in the

equations are the diffusion flux densities.

In the presence of a total pressure gradient across the

pores of the solid, however, there will be an additional

flux of.eaéh gas species carried along by the mean fluid motion
of the true gas mixture through the porous solid. This
additional flux is mechanically driven since it is brought
about by the mechanical effect that the pressure

gradient exerts on the gas phase within the pores. If the
mechanically driven superficial gas velocity is VM the
additional mechanically driven flux for each gas species 'i'

will be

ny y = (3.12)

The flux densities of 'i' and the other gas species that
have appeared in the Dusty Gas Model equations so far have
been those due to diffusion only. The observed flux of
each gas through the porous media, on the other hand,
comprises this diffusion flux together with the mechanically
driven flux. Thus the total observed flux of 'i'is .given
by the equation:-

- -

Ny = ny + nj y ~ (8.13)
and this equation can be used to eliminate the diffusion

flux from the general equations so far developed, since
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equations (3.12) and (3.13) taken together give:-

e Pivi
Ay = Ry - 2 (3.14)
RT

Equations (3.10) and (3.11) now become:-

N e s e P; Vy
Vp; p.N'.' - psNY N"., -
o= zg: tJd Jr . _* R . i=1=N (3.15)
RT j=1 PrPij,efs | Dj ,k
ETE gy N g _ P5'M
- }: 3 = RT (3.16)
& BT A D g

The first set of terms in equation (3.15) are not altered in
form because the terms contributed by the mechani¢a11y
driven flow to the weighted flux difference both involve
PiPj and therefdre do not appear in the difference. This
is, of course, what would be expected since equatibn (3.15)
stems from thermodynamics and it is only flows of the
separate gas species relative to the mole centre of the
entire gas mixture that can have diffusive interactions of a

thermodynamic nature.

An equation for the mechanically driven flow through the
porous media has been presented as equation (2.20) in
Chapter 2. As stated in that chapter, this equation has
been particularly successful in‘describing mechanically
driven flows thrbugh porous media. Since we have already.
included in the present treatment the effect of the Knudseh
mechanism, we are only interested in the molecular term in
equation (2.20). Thus we can write the mechanically driven

flow in the capillary as:-
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> y3. pvpg ~~
nlo o= - | (3.17)
27(1-Y)2s2 n RT

which can be rearranged to give the following equation for

the mole centre velocity of the gases across the porous

material:-
3
- vp
vy = - X 55 T (3.18)
2T(1-Y)“sg pit
or
- Vpr
VM: = - BO (3. 19)
n

where Bo is another phenomenological property of the porous

media.

Substituting equation (3.19) into equations (3.15) and

(3.16) gives:-

; R T S S
Py _ Zpl PN N B e
RT j=1 PrPij,efs Di,k
.....(3.20)
and:-
N N - p; Vp
Vp; Ry + B, T
- Y = B RT (3.21)
D.
4w o 5K

We can now use these general equations to analyse some

important particular cases.

3.2 PERMEABILITY OF A SINGLE GAS THROUGH A POROUS SOLID.

A single gas will flow through a porous material under the
influence of a pressure gradient across the material. The

process is called permeability and is described in terms of
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a permeability constant,(gA, defined by the equation:-

re Wa

Ny = - — Vp, (3.22)

RT

ﬁx is the total flux of the gas through the porous media and
is brought about by two mechanisms: the mechanically driven
bulk flow of the gas under the influence of the pressure
gradient opposed by viscous and inertial forces between the
gas and the solid; and diffusion, where individual gas
molecules follow a labyrinthine path through the porous
material, the path being determined by'their collisions with
the walls of the pores. The relative importance of these
two mechanisms is determined by the relationship between the

diameter of the pores and the mean free path of the gas

molecules.

In terms of the general equations just developed, we can
analyse these two interactions in terms of one gas, A, equal

to species 'j', and the dusty gas. Thus we have:-—

\Y _1'5" + B PA ___va
_ P O 0 "RT (3.23)

RT DA,K

since A is the only true gas species present.

The pressure pp naturally varies with position, since it is
the pressure gradient that causes the gas to flow through the
pofous media. To an approximation that is not too severe,
however, we can replace the local value of pp with a mean
total pressure in the pores (we must of course retain the

variable pressure in calculating the pressure gradient).
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Thus equation (3.23) can be rearraanged to give:-

- D + B pm/
fn o= - MK oMM (3.24)
RT Pa

where pp is the mean total pressure.

Equation (3.24) is analogous to equation (2.20) derived for
flow through a porous media from the random orientated
single size pore model for the structure of a porous solid.
It can be seen that it is of the same form except that DA,K
and B, are regarded in equation (3.24) as phenomenological

constants that can only be determined by experiment.

Comparison between equations (3.24) and (3.22) shows that
the permeability of the porous material is given by the
following equation:—

Wy = Dyg + BopT/)J (3.25)

Thus the permeability increases linearly with the total
pressure in the porous media, its value at vanishingly small
pressures tending to the Knudsen diffusion coefficient of
the gas in the pores. This is in keeping with the dual
nature of the flow process through the poroﬁs media
originally outlined. Reduction of the total pressure in
the porous media increases the mean free path of the gas
molecules, so that higher and higher proportions of their
collisions are with the walls of the flow channels and the
mechanism of their flow through the porous media thus becomes
that of Knudsen diffusion.

Increasing the mean total gas pressure in the porous media
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increases the proportion of collisions occuring between the
gas molecules themselves. The mean free path of the gas
molecules diminishes rapidly, becoming less and less
significant in comparison with the dimensions of the flow
channels.  Increasingly, thé gas behaves as a continuum
fluid and the the mechanism of its flow through the porous

media is that of viscoﬁs flow.

The relative importance of these two mechanisms at any given
pressure can only be determined once the values of DA,K and
BO have been determined experimentally. The nature of this
experiment entails measuring the permeability of a given gas
through the porous media at a fange of different total
pressures, and plotting the permeability against pressure.
The slope of the resulting experimental line gives the value
of Boéu , and the intecept on the Wy axis at zero pressure
gives the Knudsen diffusion coefficient for the gas in the
medium. The results of experiments of this nature will de

described later in this work.

As we saw in Section 2.2, the Knudsen diffusion coefficient
in a capillary of radius(r is given by the equation:

[Da,kly = 2/3 r(8R/m'/2 (/myt/2 (3.26)
r is the radius of the capillary, and can be regarded as a
specification of the geometry in which the diffusion process
is occuring. Although a specific expression cannot be used
to describe the much more complex geometry'of a porous

solid, in principle such an expression could be made
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available. Thus we can represent equation (3.26) for a
porous solid in the form:-

T
Dpg = Ao [— (3.27)
My

where Ao is a phenomenological property of the porous media
which can be determined from the experimental measurements.

A is a dimensional constant which is to be measured in

o]

cm2.s"1(g.mol_1K_1)1/2 if the diffusion coefficient is to

be determined in cm2.s~ 1.

The form of equation (3.27) is not dependent on a structural
model of the porous solid. It does, however, assume that
it is the geometric frame provided by the porous solid that
determines the length of flight that an individual gas
molecule experiences between collisions, all these
collisions being, of course, with the pore walls. Thus it
is the geometry of the solid that determines the value of AO
but the impossibility of developing an adequate structural
model for the shape of the solid means that Aj requires
experimentai determination. Once A, is determined, it
should apply for all gases, the root mean square velocity
being the only factor to vary with the nature of the gas.

It is this variation that is represented by the square root

term in the equation.

The use of equations (3.25) and (3.27) will be discussed

later.
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3.3 BINARY DIFFUSION THROUGH POROUS MEDIA

3.3.1 Formulation of the equations

The movement through a porous solid of the two components in
a binary gas mixture involves Knudsen interactions between
the molecules of each gas and the pore walls; molecular
interdiffusion of the two gas species; and bulk flow of the
gas mixture as a whole under the action of any total —
pressure gradient that is set up. These three phenomena can

be described in terms of equations (3.20) and (3.21) written

for the two component gases A and B. Thus we have:-
vp P Nn + P I(In Nx + BO— —_—
A A”B B*A
= B M _RT ‘ (3.28)
RT PpDpB,eff Da,x
and v v
-+ P b P
Vp, + Vp Nj + B2 T Ny + B, B T
A B - M RT + M RT
RT DA,K DB,K

e+« + s+ . +(8.29)
Equation (3.29) is of considerable interest and will be con-
sidered later. For the moment, however, we will concentrate
on equation (3.28), seeking to transform it into a more

convenient form.

This transformation is carried out by defining an effective

diffusion coefficient for gas species A using the equation:-

-1
D 1 1 (3.30)
= |s=— + 7T .
A,eff Da x DAB,eff
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and a parameter SA_given by:-

D D
§,= A°ff il (3.31)

DpB,eft Dao,x * DaB,erft

These parameters are actually defined in this way to assist
in identifying certain types of limiting behaviour for
diffusion in porous solids. The nature of these limits will
be discussed later but, for the moment, we will note the

following limiting values of the parameters DA,eff and SEA:—

(iT]-a-oo ! Dpg,eff < Do,k * Da,eff — DaB,eff $p ~1
LTe
L] * L] * . (3.32)
P
T| . N
Lre} 0 : Dag,eff > Do,k : Da,eft~ PaA,x é\A Y

. e« .« . (3.33)

A further parameter can usefully be defined to describe the
relative 'importance of diffusion and friction effects in the
porous solid. The parameter has.the dimension of pressure

and is defined as:
5 _ PDA,K
A =

By

(3.34)

We can now use the definitions of these three parameters
together with the flux ratio between the flows of A and B to
simplify the form of equation (3.28). The flux ratio arises
because some external constraint, such as stoichiometry,
normally imposes upon the diffusion proceSs a definite
relation between the fluxes of the gases A and B. For’the
moment, we will express this relationship in terms of the
equation:-

E; = -f3§2 | (3.35)
where @ is the flux ratio. '
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Using these definitions, equation (3.28) becomes:-—

- Vp p - P Vp

: A A7 A T y
Ny =-D + 0y — N} (1-8) - By — —— (1- 0p)
A Aett —— 7 A Py A P TP T

Further rearrangement gives:-—

-D"

N P Vp p, Vp
A A A A T
-5——|1 -8 — 1 =B8) = - — - — — (3.37)
A,eff Py RT fa RT
since 1- A 1

Dp,etf Da,k
Equation (3.37) is one of the two independent equations in
this problem. The other equation can either be considered
to be the corresponding equation for the flux of gas B:-
fi Py Vpp Py VPq

i\
_TT_li___ 1 - Sé — (1 - 1/) - - =2 (3.38)
B,eff Pp RT g BT ,

]

which is identical in form to equation (3.37) except that
the suffices for A and B are reversed, or an equation for

the total pressure gradient obtained by adding the two

equations for the fluxes of the separate gases. Using the
facts that
and

A/Dp et = "B/Dp efs
and remembering the definitions of/G and}; A allows this

addition to yield:-

-~ [1 B. [P P Vp
fy A I PRI S T (3.39)
Dy,k  Dp,x H {Dpxk Dp,kx|) BT

Any two of equations (3.37), (3.38) and (3.39) fully

describe the relationships between the fluxes of gas A and B

through a porous solid and the total and partial pressure
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gradients across the solid. Their use to sol§e any
particular gaseous diffusion problem will depend upon the
way in which boundary conditions are specified at the
borders of the porous solid. Mason et alia concentrated
thei? work towards problems involving linear fluxes in which
the total and partial pressures were completely specified at
the borders, although they also discussed one specific

experimental case of equi-molar counter flow.

Their treatment, however, cannot be applied to gas/solid
reactions since these involve nou-linear fluxes of the
reactant and product gas and a boundary condition at one
border that specifies an equilibrium or similar relationship
between the partial pressures of the two gases, but is
unable to specify either pressure, or indeed the total

pressure at that border.

The treatment presented in the next section but one is
specifically designed for this type of problem. Its
application to entirely pressure determined problems, of the
type considered by Mason et alia, however, involves an
interative technique slightly more direct than the technique

that they used.

However, before methods for the solution of these equations are
discussed, it is useful to consider some limiting forms of the
equations so as to show that they are compatible with more normal
representations of diffusion phenomena, at least under the

limiting conditions where these more normal representations are
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3.3.2 Limiting forms of the binary diffusion equations

If the pore size within the porous medium is very fine and
the gas is extremely viscous or the Knudsen diffusion
coefficient extremely large, the value of the porous media
transport parameter,fglv is effectively infinite (see
equation 3.34) so that equation (3.37), remembering the
definition of/S , can be written as:-

Vp, Py

+ . (-1(}10 + _I':I.") 8 (3.40)
- by AT B

P
Np =-Dp eff

This equation 1is closer to the more normal representation of
binary diffusion. If the total pressure in the pores is
high or the pore diameter large, limiting relationship
(3.32) applies so that equation (3.40) can be written as:-

Vp p - -
Ay A (fy + ) (3.41)

RT Pqp

A =-DaB,eff

Under these limiting conditions, any one gas molecule will
collide far more frequently with other gas molecules than
with the wall of the pore in which it finds itself, so that
molecular diffusion will be the dominant diffusion
mechanism. This ties in with equation (3.41) which is in
the form used for the analysis of binary gaseous molecular

diffusion.

The second set of limiting conditions occurs when either the
total pressure or the radius of the pores tends to zero.
Under these conditions, limiting relationship (3.33)

applies, so that equation (3.40) can be written as:-
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- vp, ,
Ni =-Dp,eff —— (3.42)
RT
These conditions are those under which a gas molecule in a
pore will collide far more frequently with the pore wall
than with other gas molecules and thus correspond to Knudsen

diffusion - in keeping with equation (3-42) which is the

equation describing Knudsen diffusion.

Equation (3-40) can thus transform smoothly from the form
required for pure Knudsen diffusion tovthe form required for
pure molecular diffusion. Thus equation (3.37)
incorporates the more usual representation for binary
diffusion but presents a more universally applicable

treatment for the movement of gases through porous media.

The next section of this chapter presents a method whereby
equation (3.37) can be solved for the general case in which
none of the‘limiting conditions outlined in this section can

be said to apply.

3.3.3 Method of solution

For convenience, we define a parameter X given by:-

X = = et (3.43)
Dp x My
so that equation (3.39) can be multiplied be Dy g to give:-
?

- D + Bo(Piy *X P Vp
& - _|PAK o(Py * X PRy T (3. 44)

A 1 - pK RT

Equation (3.37) can be rearranged as:-
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B
- Dp.eft Da kPt VPa + ( PT%/u ) py Vpq )
fp = - (3.45)

Dy,k BT [pp = Op(l - 8 )py]

Eliminating ﬁx between equations (3.44) and (3.45) yields,
after rearrangement, the following equation for the

variation of the total pressure pp:-

dpA

| PrEall - EX)( - &)

[jA *+ pp ; }{(pT-pA)] [pT - pAé\A(l-/a)] - [pApT(l—SA)(l-ﬁK)]
C e e e e e u . (3.46)

where, for convenience, we have defined a transport

parameter of the porous media,;y A» following the equation:-

MDax
,?A. = "’ (3.47)
Bo
:;A has the units of pressure.
Equation (3.46) can now be used to eliminate de/dPA from

equation (3.44) or (3.45) to give:-

Tn -DA,eff/RT VPA
N = 3.48
A 1 pPada(l-p8) (1-35p)(1- B K )py ( )
P Fa Pyt K(PpPy)

In essence, equations (3.46) and (3.48) allow us to solve
directly any diffusion problem in which /3 1is known, without
recourse to the type of iterative techniques used by Mason
et alia. It is not immediately apparent, however, how
this can be done, since the flux at any point in the porous
solid is a function of the total pressure and the partial‘
pressure of gas A as well as the gradient of that partial

pressure. A possible approach would be to combine a
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differential conservation equation with equation (3.48) and
thus determine the spatial variation of the total and
partial pressures through reference to equation (3.46). A
more direct method of solution is availablé, however, using
the shape factor concept developed to treat steady state

heat transfer problems.

To use this concept we consider 'b' to be the coordinate
along the direction of the vector Vp,, and take A as the
total area available for flow at any given value of 'b'.

Under these conditions:-r

dp - I.‘I
VpA=__éandNX=_i

db

and we can separate the variables of equation (3.48) to

give:

db FRT . pA04(1-3) (1-84) (1-3XK)py _ldp
8 o - - A
A Dy off Pr Sa * Py *H(P77Py)

L] L] ? . . L] . L] (3.49)
Integration of this equation between borders 'l' and '2' of
the region of porous solid followed by rearrangement gives:-—
- DpLers [l//] y
RT .
where S is the shape factor - dependent only upon the shape

and extent of the porous solid region and defined as:-
-1

2
/ db

s = o (3.51)
A

and is the driving force for the diffusive flow process,
A
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having the units of pressure and being defined by the
differential equation:- |

dV/A PASA(l-ﬁ) (1—<§\A)(1—/5){)pA -1
apy Pr Ga * Py T A (Pppy)

(3.52)

The difference in w’A across the diffusion region,

[ A}l —[uVA]Z may be evaluated by integrating equations
(3.52) gnd (3.46) as a pair of simultaneous ordinary non-
linear equations from the pressure conditions at one
bbundary to the préssure conditions at the other boundary.
This integration is carried out over a range of p, as the
independent variable and is thus not affected by the
geometry of the diffusion region. The value of the result
of the integration thus depends only upon the properties of
the porous solid and the partial and total préssure
conditions at the borders of the porous solid region: it is
independenf of the diffusion path. The formulation |
presented here, then, has a considerable advantage over
Mason et alia's original formulation, since the iterative
process involved in their determination of the mean gas
viscosity along the diffusion path is avoided. The use of
these equations will now be considered by application to a

range of special cases.

3.3.4 Isobaric diffusive flow in a binary gas mixture.

Isobaric conditions can be regarded as being defined by the
identities Vpp = 0, or dpp/dpy, = O. Thus either
equation (3.44) or (3.46), respectively, shows that the

necessary condition for isobaric diffusion is:-
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BX¥X =1, or X = 1//5 (3.53)
and that this relation applies whatever diffusion or flow
regime is operating. Substituting for/G from equation
(3.35) and for K from equation (3.43) and then from

equation (3.27) allows this relationship to be expressed in

the form:-
I(Ivv D M .
A ALK A
= = = — = = — (3.534)
N"g Dg .k Mp

Experimental measurements have 'long been known to show that
this relationship exists between the molecular masses of two
gases and their fluxes within a porous solid under isobaric
conditions and that this relationship applies not only under
conditions where Knudsen diffusion occurs, but under all
diffusion and flow regimes. It is a considerable
achievement of the Dusty Gas Model that it is able to

predict this universal applicability of the relationship.

Substitution of equation (3.53) into equation (3.52),

followed by rearrangement, gives:-—

dll[ _ )‘(pT
dpp K.pp = Op(K= 1)py

(3.54)

which has to be integrated across the porous solid region

from boundary 1 to boundary 2. Thus we have:-
K Pt K Pp = 0a(K-1) [Pa]2

[ A]l - [ A]z = T Ln (3.55)
A(K-1) K Pp - SA(K~1) @A]l

Substitution into equation (3.50) and remembering the

definition of A gives: -
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. HS Dpp,efs Pr [ Pr = 040¢-1) [P4]2
RT(K -1) K Pp — 0, (K-1) [DA]]_

Equation (3.56) confirms that the fluxes of A and B under

(3.56)

isobaric conditions are independent of the viscous flow par-
ameters. The equation is not important for its technical
appliéation since isobaric diffusion occurs extremely seldom
in technical problems. The importance of equation (3.56)
stems from the e#perimental measurements that can be based
upon it. These measurements, together with the
permeability measurements for a pure gas, allow the complete
characterisation of the diffusion behaviour of a porous
solid in terms of three phenomenological parameters, as

discussed in the next section.

3.3.5 Phenomenological diffusion properties of a porous solid

As has been stated previously, the main advantage of the
Dusty Gas Model over other treatments for gaseous diffusion
in porous solids lies in its phenomenological nature.

This allows a complete description of the diffusion
properties of a porous solid to be expressed in terms of
three phenomenological constants which are properties of the
solid. The values of these constants for any given porous
solid are of course determined by the structure of the
solid, but their experimental evaluation does not require
any knowledge of the structure to be available.  The
development of equation (3.56) signals a convenient stage in
the theoretical development of the Dusty Gas Modei for these

phenomenological constants to be defined and their
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experimental evaluation outlined.

The three phenomenological constants are designated here as Ao’

BO and Co‘ The constant Ao is a Knudsen diffusion parameter

defined by the equation:-

T

DA,K = AO —_— (3057)
Mp

The constant BO is the bulk flow parameter already defined
in equation (3.19). It relates the bulk flow veiocity of a
gas through a porous solid to the total pressure gradient
vector through.the solid and the bulk viscosity of the gas:-

Y7pT

(0]

A

The final constant Co is a molecular diffusion parameter
defined as:-

PpB,eff = Co DaB (3.59)
The three constants can be determined, for any given porous
solid, from the results of permeability measurements carried
out on a pure gas at a rdnge of different mean total
pressures, and from one binary diffusion coefficient
measurement under isobaric conditions. Constants A, and
B0 are determined from the permeability measurements as

already outlined in equation (3.25) In the present context,

that equation becomes:-

T pT
("‘)A = Ao |— + B
Mp ‘ M

(3.60)

The determination of W, for any given pure gas of known

viscosity at a range of different values of pp and linear
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analysis of the experimental results along the lines of
equation (3.60) allows the values 0of the two constants to be

determined.

The value of C, can be determined from one diffusion
measurement under isobaric conditions using equation (3.56)
to analyse the results. Rearranging the equation shows
that the value of C, can be determined from an experimental
determination of the diffusion flux under isobaric
conditions with a known composition difference between the
gas phases at either end of the diffusion path:-

NART(X - 1)
C, = (3.61)

_ HPp = $aA(-1) [Par]2
DapSpmL Sl
7t DapSPT n£¥§T - $a0-1) a1

Contrary to a cursory glance, equation (3.61) is not
explicit in Co because Sk depends upon Co' Indeed,
equation (3.31) can be rewritten to yield:~

-1
D
§y = [1+c, 28
Da,k

(3.62)

which shows that the value of A0 must already be available
from permeability measurments to enable DA,K to be

determined as an essential step in the evaluation of Co-

Equation (3.61), after substitution from equation (3.62),
could be solved by the Newton Raphson method, but a much
simpler approach involves an iterative procedure in which a
value of C, is first estimated to allow a value of SA to be

determined and then used in equation (3.61) to determine a
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better estimate of Co' This procedure may then be
continued to obtain any desired degree of accuracy. A
suitable value from which to start this procedure is C, =

O' 4.

3.4 BINARY NON-ISOBARIC DIFFUSION

Non—~-isobaric diffusion occurs when the pressure along the
diffusion path is not maintained at a uniform value. This
will occur whenever the value of/B departs from the square
root of the molecular mass ratio shown in equation (3.53).
Thus all dhemical reactions, either catalytic or non-
catalytic, taking place in porous solids will do so under
non-isobaric conditions, but the effect will only be
important when the molecular masses of the gases differ
significantly. 1In effect in technical processes, this means
whenever hydrogen is involved. In the laboratory, the
importance of the non-isobaric nature of the diffusion
process’will be most manifest when hydrogen or helium are

involved.

Obviously, allowing the pressure to vary along the diffusion
path introduces a further degree of freedom into the problem
and this is represented in the mathematical description by
the emergence of an additional unknown quantity. In
problems where the pressures are fully specified at both
ends of the diffusion path, this additional unknown is the
value of/3 . In problems where the value of /3 is
specified, normally by the stoichiometry of a chemical

reaction, the unknown will be a pressure at one end of the
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diffusion path.

The method of solution outlined in Section 3.3.3 has been
developed for problems involving chemical reactions, that is
for problems in which the value of /3 is known. Application
of the method of solution to the relatively rare problems in
which the pressures are completely specified involves
iteration. A value of/s must first be estimated and used in
the equations to calculate the total and partial pressure at
one end of the diffusion path - equation (3.46) gives the
total pressure. These pressure values are then to be
compared with the known pressures so that a better estimate
can be made of /3 and the iterative process repeated and
continued until the desired level of accuracy has been

reached.

In general, however, even when the vélue of,@ is known,
solution of the equations will involve some element of trial
and error. In non-catalytic gas-solid reactions,
equilibrium conditions can often be assumed to exist at the
reaction front. Thus one boundary condition for the
solution of equation (3.46) is provided by a relationship
linking the partial pressures at that boundary. Conditions
at the other boundary must specify both pressures, for this
boundary provides the starting point for the numerical
solution of equation (3.46). The numerical solution must
then approach the second boundary on a trial and error basis

in order to determine the values of py and pp that satisfy
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the equilibrium condition there. The reduction of hematite
is an example of this type of problem and is discussed in

the next section but one.

Sometimes, equilibrium conditions cannot be assumed to exist
at the reaction front in a non-catalytic gas—-solid reaction,
the boundary conditions for the solution of the diffusion

equations involving kinetié relationships that link partial
pressures at the boundaries to the diffusion flux. Analysis
of the non-isobaric experiments carried out in this work

provides an example of this type of problem. The method of

solution is described in the next section.

3.4.1 Analysis of the non-isobaric diffusion experiments

As a check on the Dusty Gas Model,the diffusion fluxes of
two gases were measured experimentally under different
isobaric conditions. Gases of known composition were
maintained at known pressures either side of a diffusion
cell and the diffusion fluxes through the cell were
determined. The measured fluxes were compared with
predictions of the Dusty Gas Model using values of the three
phenomenological>diffusion properties determined for the
diffusion cell as outlined in the previous section. This
section outlines how the equations of the Dusty Gas model

were used to make the predictions.

The fluxes of both gases and the compositions and total
pressures either side of the diffusion cell were determined

in the experiments so that the check on the Dusty Gas Model
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involved the prediction of some of this data from the

remainder. Which data was predicted and which used as the
basis for the predictidn was immaterial so that a procedure
was adopted to mirror, as closely as possiblé, the procedure

described above for the analysis of gas-solid reactions.

Thus the values of 3 , [?T]l' [pHe]b,l and [pHe]b,z taken
from the experimental results were used as the input data
from which to predict the flux of Helium, ﬁHe’ and the
total pressure in the centre of the sphere, [pT]z.' ‘The
diffusion cell used was in the form of 2 hollow sphere, the
outside of the spherical shell being taken as border 1 and
the inside as border 2. Pure helium wés fed to the inside
of the sphere but the outside, border 1, was taken as the
origin so that the integration of equations (3.46) and
(3.52) was carried out over positive increments of PHe:» ie

against the direction of the He flux.

Although the bulk gas compositions inside and outside the-
sphere were known from the experimental results, the surface
concentrations were not known. Mass transfer coefficients
either side of the shell had been determined so that
relations between the measured bulk compositions aﬁd the
unknown surface compositions were available of the form:-

Ny = Ay Xy Cp{l¥aly = [Yals) (3.63)
where Y is the non-linear driving force for non—equimélar
mass transfer defined by:-

La{1 - (1-2)PA/pnp]
Yy, = - r T (3.64)

top
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and CT is the total molar density in the gas phase.

. Since these equations are non-linear, and anywayvinvolve‘the
fluzxes of the diffusing gases, their use as boundary
conditions for the numerical solution of equations (3.46)
and (3.52) involves an iterative procedure. Thus the latter
equations were first integrated from [pHe]b,l to [pHe]b,Z
using the values of Aola)and Co determined in previous
permeability and isobaric experiments on the diffusion
cellx, The value of | yf gel 2 = | UI el 1

determined in this way was then used in equation (3.50) to
determine the flux of helium, the shape factor having been
determined from the geometry'of the hollow sphere. This
first estimate of the flux of helium was then used with
equations (3.63) and (3.64), written for the inside and for
the outside of the spherical shell, to determine first
estimates of the surface partial pressure of helium.

The equation generated for the helium partial pressure'at

the outer surface, for example, is:-

Pr. - = ﬂ];_ 1 - 1 - (1 B )[pHe]b’l exp ﬁHe(‘ - 1) —l
[ de]:,,l

. e+« . . . (3.65)

with a similar equation for the inner surface helium

pressure in which the suffix 'l' is replaced by '2'.

* A mean value was used for the viscosity of the gas.mixture”
within the solid, the viscosities of argon and helium being
relatively close (see Section 5.4.3.2 )
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Once better estimates of the surface helium pressures had
been obtained in this way, the integration was repeated and
the iteration continued until two consequent values of the

diffusion flux differed by less than 0.1%.

The mass transfer coefficients used at the inner and outer
surfaces of the spherical shell were determined as outlined
in Section 5.4.3.2 and 5.4.3.3 . The FORTRAN programme that
carried out the calculations is listed in Appendix 4 , the
programme being operated on a 'Shelton sig/net'’
microcomputer. Results of the computations are presented
and compared with the experimentally heasured values in

Section 6.4 .

3.4.2 Diffusion in gas-solid reactions

By far the most important metallurgical application of the
Dusty Gas Model is analysing the role played by gaseous
diffusion in reactions between gases and solids that result
in the formation of a porous product layer. The flux ratio
is determined by the stoichiometry of the reaction and gas
compositions are known at the outer surface of the porous
layer but not in the reaction region between the product and
reactant solids. Although not essential to the
application of the Dusty Gas Model, it is more convenient if
we consider a narrow reaction region or front at which we
can assume that equilibrium conditions apply between the

reactant and product gases and solids.

The formula for the reaction can be represented as:
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S1 + A — S2 + /3 B (3.66)
where S1 and S2 are the reactant and product solids

respectively.

If we designate the outer bouandary as border 1 and the
reaction front as border 2, we know the values of [bA]l and
[pT]1. Since equation (3.50) only involves differences in'w
", we can allot any value we choose to [Wh]l, zero being the
most convenient. Thus we can start the integration of
equations (3.46) and (3.52) from border 1. We do not,
however, know a priori when to stop the integration, since
Py is the independent variable and its value at the reaction
front is not known. We do, however, know the equilibrium
relationship at the reaction front which, in terms of pp and

pp, can be expressed a;:-
([PT]z - [PA]z} = Kgq [PA]z (3.67)

Thus we can only discover the actual pressure of gas A at
the reaction front by a trial and error procedure in which
equation (3.46) is integrated in a step-wise manner, for
example using a Runge-Kutta technique. This integration is
started at border 1 from the known values of p, and pr,
carried out using negative increments of pp and stopped when
equation (3.67) is satisfied. This will require a test
after each integration step, integration only being
continued if the current value of pp is less than the value

predicted by equation (3.67) from the current value of PA‘
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If the current value of pp is greater, the last numerical
integration must be repeated over a smaller increment in Pas
the value of the increment being adjusted by trial and error
until equation (3.67) is satisfied to whatever degree of

accuracy is required.

Equation (3.52) will be integrated simultaneously to
generate the value of[¢f4]1~ [#&JZ to be used in equation
(3.50) to generate the flux of A and hence the rate of the
reaction. In a reaction in which gaseous diffusion in the
porous solid is the sole rate determining processes, the
integration described above need only bé carried ouf once
since the values of [UIA]Z"[DA]Z and [pT]z determined by
the integration will apply whatever the geometry of the
porous product layer - thus the single integration will
apply throughout the entire reaction. Examples of the
application of the equations in this way are given in
subsequent sections and then used in the discussion chapter
to examine the influences of Knudsen diffusion and bulk

flow.

The relativé ease with which this solution is obtained is of
limited utility, however, since most gas-solid reactions
appear to occur by a mixed control mechanism in which gas
phase mass transfer and or chemical reaction rates at the
reaction front play a part in controlling the reaction rate.
In this case,.an iterative procedure, similar to that

outlined in 3.5.1, must be adopted for treating the boundary
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conditions.

The next two sections of the chapter outline simple applica-

tions of the method proposed.

3,4.3 Application to the hydrogen.reduction of hematite

The reduction of hematite in hydrogen has been studied
extensiveiy. The hematite is reduced to magnetite, fhen to
wustite and finally to iron and it is now generally
céncluded that the counter diffusion of hydrogen and water
vapour through the outer porous layer of iron pvlays a major
role in determining the rate of the reduction reacfion.
However, the treatments that have been presented for the
diffusion process have invplved a number of simplifying
assumptions. Only the treatments recently published(€g-11)
have considered the role of Knudsen diffusion and no
treatment has been presented to examine the effect of

pressure driven flow.

As discussed in Section 3.5, diffusion through the iron

- layer must take place under non-isobaric conditions so that
a bulk pressure difference will be built up acrosé the iron
layer. Thus the gas mixture will be driven across the
porous iron layer and this flow will have some role to play
in the mechanism of the reaction. The methods developed in
this chapter allow the importance of this role to be
examined. This is best done if relative reaction rates or
‘reaction times are calculated for hypothetical reduction
processes controlled solely by diffusion in the porous iron
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layer, calculations being performed including and then

excluding the role played by the mechanically driven flow.

The shrinking core model has often been used to analyse the
rate at which a spherical pellet of hematite will be
reduced. In this model, the reacfion front at any reaction
time t is regarded as é. spherical surface of radius r within

a spherical particle of radius r The diffusion process

O.
thus takes place between these two spherical surfaces, the
shape factor for this diffusion path being:-

1 1 171

S = 4T | _ - _ (3.68)
r r

o
As the reaction proceeds, the reaction interface retreats
toward the centre of the particle at a rate given by the
following mass balance equation at the reaction front:-
9 dr . .
cpv;47rr _— = - NH2 (3.69)
dt

in which CP is the molar density of the particle, and V. is

the appropriate stoichiometic factor.

Although the reduction reaction takes place in a series of
steps, the intermediate oxide phases occupy very narrow
spherical shells around the inner hematite core, at least

when reduction takes place in pufe hydrogen. Thus the

overall reaction is:-
Fe203 + 3Hg — 2Fe + 3H20 ' (3.70)

so that the stoichiometric factor in the mass balance

equation is 3.
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Although the overall reaction is represented by equation
(370), the equilibrium conditions at the reaction front as
seen by the diffusion process are those for the reduction of
wustite:-

FeO + Hy = Fe + Hy0 , (3.71)
and it is the equilibrium constant for this reaction that is
to be used in equation (3.67) defining the limit of the

numerical integration.

Substituting into equation (3.69) from equation (3.50) for

ﬁHg and from equation (3.68) for S gives, after
rearrangement: V
dr* S,Co [WH ]1 - [WH ]2
- 2 2 2
_— = (3.72)
dt* 3 RT Cp r*(1-r*)

where r* is the fractional reaction front radius (= r/rc)
and t¥ is a dimensionless time defined as:-—

t.D
Hy/HgO |
tx = = < (3.73)
r2 '
0 .

Integration of equation (3.72) yields, after rearrangement:-

2 Sugtol [Vig)r - [Vie)d)

RT Cp

Thus a total dimensionless reaction time can be calculated

1 - 3r*2 + 2r*3 * (3.74)

for the condition r*¥ = 0 as:-

RT Cp :
t¥ = (3.75)

231{2 Co {[WHZ]l - [WHz]Z}

Sincel?Wﬁz has the ‘units of pressure, this equation‘can be

rendered dimensionless by multiplying both sides by pq and

rearranging to give:-
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P Y
t* — = T (3.76)

RT Cp 20y Coll Vi1 = [ Va4

Values of the right hand side of this equation have been

calculated for a range of different conditions as set out in
Table 6.7, The computer programme that was written to
carry out the necessary integrations is described in
Appendix 7. The programme was very similar to that used for
the calculations described in Section 3.5.1 analysing the
non—-isobaric diffusion experiments. Iteration was not
necessary, however, since the boundary conditions did not
involve fluxes. However, tﬁe viscosities of hydrogen and
water vapour differ considerable so that a variable
viscosity was used in integrating equations (3.46) and
(3.52). A linear interpolation proportional to mole
fractions was used between the viscosities of the pure
/species. The reduction times calculated under different

conditions are discussed in Section 6.6.

3.4.4 Diffusion in the decomposition of calcium carbonate.

‘Hills(70) has investigated the decomposition of calcium
carbonate and formed the view that it is controlled by heat
and mass transfer. He showed that the temperature of the
reacting parficle was changing continuously throughout the
time of the reaction and that the instantaneous reaction rate
was related to the changing partial pressure difference in a
way that was compatible with control of the reaction by

diffusion through the porous layer of lime on the outside of
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the unreacted central sphere of calcium carbonate. By
analysing this relationship he wés able to elucidate values
for the effective diffusion coefficient, the values that he
found being compatible with values of the Knudsen diffusion
coefficient estimated by inserting published data for
specific surface areas of limes into the single éize

capillary pore model.

However, a more comprehensive study of diffusion in porous
lime has been undertaken in this work and it ié necessary
to ask -whether this study invalidates the conclusions that
Hills has drawn as to the reaction mechanism. To this end,
the theoretical methods developed in this section have been
used to determine relative dimensionless times for the
decomposition of calcium carbonate. These times have then
been used to estimate a pseudo Knudsen diffusion coefficient
of the type used by Hills so that this value can be compared
with the values he determined. In addition, the importance
of mechnically driven flows in the kinetics of calcium

carbonate decomposition will also be examined.

The decomposition of calcium carbonate is easier to treat
than the reduction of hematite because the equilibrium
condition at the reaction front gives the partial pressure
of carbon dioxide directly. Thus integration of equations
(3.46) and (3.52) can start at the outer surface and proceed
to the equilibrium partial pressure of carbon dioxide, this
gas being taken as the gas species A with air the other

species. No trial and error procedure is involved.
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The calculations and equations are virtually identical to
those for the reduction of hematite, except that the value
of beta is zero. Dimensionless decomposition times for a
spherical pellet can be calculated in‘the same way using
equation (3.74) éxcgpt that differences between the
stoichiometries of the reduction of hematite #nd the
decomposition of calcium carbonate change the '2' in
equation (3.74) to '6'. Values of dimensionless times
calculated in this way are shown and discussed in Section
6;6. In addition, pseudo Knudsen diffusion coefficients are
calculated.of the type used by Hills who analysed the
diffusion process in the porous lime using the equation:-
4TTDHrO[pCOZ]R
RTg(H/ s = 1)

where Dy is the pseudo Knudsen coefficient, [PCO,]R is the

Mo = (3.77)

partial pressure of COg at the reaction front and the gas

phase surrounding the decomposing particle contains no COq.

Thus the equation from Hills' treatment that corresponds to

equation (3.76) for t* would be:-

p p
g T - T (3.78)

RTCp 6 DH/DCOZ,Air[p002]R
Equation (3.76) does not really apply during the

decomposition of calcium carbonate because the temperature
of the reacting particle is changing all the time. Howeyer,
taking the reaction front temperature and pressure as
constant during the entire reaction, although a major

approximation, will not invalidate conclusions drawn about
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the relative importance of different aspects of ﬁhe
diffusion and flow processes - the changing temperature
arises solely from the interaction between the heat transfer
and diffusion processes.

Comparison between equation (3.78) and (3.76) shows that the

pseudo Knudsen diffusion coefficient is given by:-

DCOZ,eff{[d/Coz]l - [Vfcoz] 2}

[Pco 2] R
Values of Dy calculated using this equation are also

(3.79)

discussed in section 6.6.

3.5 OUTLINE FOR TREATMENT OF MULTI-COMPONENT PROBLEMS

The Dusty Gas Model provides a coherent framework of
analysis for gas ;olid reactions independent of the number
of gaseous components involved._ Thus parameters evaluated
in experients involving single gases and binary gas mixtures
can be used without modification in the analysis of multi-
component problems. The ease with which such complex
problems can be approached is indicated here, although the

solution of such a problem is beyond the scope of this

thesis.

The direct reduction of iron ores in reformed natural gas
provides an important multi-component application of the
Dusty Gas Model in that four gases are involved, hydrogen,
water vapour, carbon monoxide and carbon dioxide. The
complete statement of the diffusion and flow problem in the

porous product layers of an iron ore particie will involve

98



four equations of the form of equation (3.15), one forAeach
gas. As an example, the equation for hydrogen is:-

- -+ o
o o

\vj D Nn - i\lr" [{In -0 N&
PH, _ PHpTHR0 PH,0VH, . PH,"Co ~ Pco™H,
RT Pr DH,/H50,eff Pt DH,/CO,eff
. -~ Ry pH VpT
szNéOZ - pCOZNE’IIZ NH2 + BO —2 ——
+ + A__RT . (3.80)
Pr Py,/co5,eff Dy, ,k

Since the parameters A, and Co determined in the
permeability and binary diffusion experiments are properties
of the porous solid only, the effective binary diffusion
coefficients in the above equation and the Knudsen diffusion
coefficient are given by equations (3.57) and (3.59) which,

for example, become:-

T
Dy,,k = Bo . (3.81)
Hp
and:-
DHy/Hp0,eff = Co DHy/Hp0 (3.82)

Thus the values of A, and C, measured in the single gas
permeability experiment and in the isobaric diffusion
experiment can be clearly seen to be relevant to the malti-
component problem. Although the solution of the equation
(3.80) and the other three equations for the other gases is
beyond the scope of this thesis, a method of solution has
béen developed(104)'in which equation (3.80) is simplified by
applying to it the stoichiometric relationships for each
feacting gas pair and then by linking the effective binary

molecular diffusion coefficients within two bands for gas
99



pairs involving hydrogen, and not involving hydrogén{'
Although this approach obviously involves some degree of
approximation, its existence illustrates the utility of the

Dusty Gas Model for very complex diffusion problems.
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CHAPTER 4 - APPARATUS AND EXPERIMENTAL PROCEDURE




4.1 INTRODUCTION
| The total effective diffusion coefficient of a gas
migrating through a porous solid is made up of two com-
ponents:
a) The Knudsen diffusion coefficient, DKG

b) The effective binary diffusion coefficient DAB,eff'

As a consequence,the experimental work has been divided
into two parts aimed at evaluating each of these
componehts. The Dusty Gas Model for a single component
gas system allows the Knudsen diffusion coefficient in a
porous solid to be related to the permeability. The
permeability can be determined from measurements of the
volumetric flow rate of a pure gas through the porous
solid under the influence of a pressure gradient. In this
particular work Knudsen diffusion coefficients have been
evaluated using this approach for spherical shells of
porous lime, porous reduced iron and porous sintered iron

at both room temperature and elevated temperature.

The effective binary diffusion coefficient, D , may

_ AB,eff
be obtained from determinations of the volumetric flow rates
and compositions of multicomponent countercurrent gas flows
through the porous solid. Once the Knudsen diffusion
coefficient of a gas, DKG’ and the effective binary

diffusion coefficient, D are known the total

ABeff’
effective diffusion coefficient, Dg offmay be calculated.

The experimental technique used involved the preparation

of porous hollow spheres which had to be sealed on to the
end of a hollow shaft. The shaft contained separate

passages to allow gas to be introduced into the central

cavity of the sphere and then removed from it. The
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assembly was sealed inside of a furnace tube so that a gas

could be passed outside the sphere.

The initial permeability measurements were performed using
lime spheres. Lime was chosen as a convenient medium to
develop the initial experimental technique and,since

(50) exists for porous lime compacts, this

diffusional data
served to provide a check on the validity of the results.
The basic technique developed for the permeability measure-

ments in porous lime is described in Section 4.2.

Having established the basic technique, the work was then
extended to permeability measurements in porous, reduced,

iron spheres. This is described in Section 4.3.

In the final part of this work, described in Section 4,4,
countercurrent gaseous diffusion through porous lime and
porous reduced iron was investigated for both isobaric and
non-isobaric flow conditions. The results of the isobaric
flow experiments were used to calculate the effective
binary diffusion coefficient, Dppeff, which together with
the results of permeability experiments, could be used to
quantify certain parameters which characterise the

diffusion of the gases through the porous medium.

The non-isobaric experiments were used to provide data for
comparison with the prediction obtained from the Dusty

Gas Model.
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4.2 'PERMEABIﬁITY'MEASUREMENTS ON POROUS LIME SPHERES

4,.2.1 'THE PRODUCTION OF THE LIME SPHERES

The producfion of the lime spheres was carried out in

three main steps:

1) Compaction of analar calcium carbonate powder around
a Wood's metal sphere and the subéequent removal of

the Wood's metal.

2) Sintering of the hollow spheres in an atmosphere of

pure CO, at 870°cC.

2
3) Calcination in air of the hollow calcium carbonate

spheres at 95000.

4.2,1.1 COMPACTION

Analar grade precinitated CaCO, powder with a maximum im-
purity content of 0.166% was obtained from Hopkins and
William Ltd. The powder was placed in a three part plastic
mould, made of Gelflex Hot Melt Compound, a castable
material based on vinyl resin, which behaves as a liquid
under high pressures thus aliowing isostatic pressing
conditions to be established and therefore achieving
uniform compaction of spherical shapes. The three part
Gelflex mould, shown in Figure 4.1, was produced in a die
using a top and a funnel, previously heated at 15000, to
feed molten plastic to compensate for contraction into the

die during solidification.

Wood's metal, having a composition of 15% Bi, 26.7% Pb,
13.3% Sn and 10.0% Cd and with a melting temperature of
7000(102) was used to produce the metallic core inside the
compacted sample spheres. Wood's metal spheres were

produced by pouring the liquid alloy into a two part steel
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Figure 41 : The geometry of the Gelflex mould and the steel die used
to produce it.
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die containing a spherical cavity of 0.625 cm radius shown

in Figure 4.2.

In order to make the hollow sphere from CaCO3 powder the
bottom part of thevplastic mould was filled and the Wood's
metal sphere centered in this powder. The upper part of
the plastic mould was then placed over the bottom part

and filled with an equal quantity of powder. A circular
.disc of Gelflex,1.5 cm high,was finally placed on top of
vthe mould to produce a uniform distribution of Gelflex
around the sphere. The mould and its contentswere intro-

duced into the bore of the die.

A rubber composite disc was placed at either end of the
plastic mould in order to prevent leakage of the Gelflex
between the bore and plungers during pressing. Compacting
pressures varying from 150 to 250 MN/m2? were applied to

the plunger for three minutes. Almost perfect spheres of
CaCO3 were obtained. By varying the compaction pressure the
porosity of the calcium carbonate spheres produced could

be varied as shown in Table 4.1.
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Figure 4-2 : The two-piece steel mould used to produce the Woods
metal spheres.
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4,2.1.2 POWDER COMPACTION DIE

The die used initially was constructed from two concentric
rings of steel with an interference fit between .the two.

The outer sleeve was made from EN 25, while the inner

sleeve and also the plunger were made from H 11. The die
performed satisfactorily for a short period of time but then
problems were encountered with its use, until finally,

the inner sleeve cracked. It was therefore found necessary
to design and manufacture a suitable replacement die which
would better stand the operating conditions imposed upon

it.

The performancé of isostatic pressing tools is in general
governed by a number of factors, including proper design

and method of manufacture, correct heat treatment, degree
of care in the assembly and so on. Perhaps the most important
consideration is the choice of the tool material and
deficiencies with respect to this proved to be the reason
for the failure of the original die which had been designed
prior to the current project. - The hardness of the heat
treated material used for the inner sleeve and plunger was
found to be too low (37 HRC) to sustain the loads imposed.
The history of the problems associated with this die are

summarised below.

After the compactionof a limited number of spheres it was
discovered that the bore and the plunger had bulged
slightly, necessitating the application of pressure to
separate them. This operation produced scoring of the
bore surface. After almost every successive pressing the
bore and the plunger had to be reground, which meant that

the close fit between the bore and the plunger no longer
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existed. Eventually the fit became so poor that a new -
plunger had to be manufactured to fill the bore. This
rectified the problem for a short period of time, but on
the application of greater pressure to obtain a less porous
sphere,vthe inner sleeve cracked due to stress concentra-
tioﬁ in an area of the bore where scoring was most

noticeable. The design of the new die became inevitable.

4.2.1.2a THE DESIGN OF THE IMPROVED POWDER COMPACTING DIE

To withstand the stresses set up during compactionR and
taking into account that the dimensions and mass of the
isostatic tool have to be such to permit ease of handling,

it is a current practice to surround the compaction container
liner with one or more appropriate rings. The support rings
are designed to have an interference fit between mating
diameters of adjacent rings and betwéen the inner ring and
the die insert. The interference imposes a compressive hoop
stress on the inner rings and on the die insert. The
compressive hoop stresses imposed by all the support rings
has a cumulative effect at the surface of the bore of the die
insert and consequently, the resultant tensile hoop stress on
this bore is reduced. This enables the maximum stress
difference between the radial compressive and hoop tensile
stresses, particularly at the surface of the bore of the

die insert, to be reduced and allows larger loads to be
sustained before any onematerial reaches its yield

condition.

Frequently the concentric rings are machined with a 1°

taper(gs)

to predeterminedlines and forced into one another
by a hydraulic press to obtain higher interference than

can usually be obtained by shrinking.
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Several methods

Jo ,J94¢,90,IJ9 . .
(&% ) for calculating the diameters

of the rings and the degree of interference have been

described in the literature. A procedure for determining

the appropriate radii, interference fits and resultant

stress for a multi-ring die has been developed by Becker

. . (99
and Molick

)

which assumed a von Mises criteria of

yielding and a state of plane stress in the liner and

rings. The maximum pressure, P

0.max’ that the bore can
’

withstand before yielding occurs, is given by:

P
o,max

where:

_n yiyz....yp1l/n :

number of rings

the yield strength in uniaxial tension for

ring n
Te,n
the overall radius ratio = kl.kz...kn = ;—L—
i,o

the external-internal radii ratio for
ring n
the outer radius of the container

the inner radius of the container.

The material to be used in the construction of the die had

the following characteristics:

Material | Yield Strength Use

EN 25
H 13

KE 970

y1 = 112.5 kg/m? | outer ring
yo = 150.4 kg/m? | intermediate ring
ys = 175.8 kg/m? | inner ring

Using formulae (4]) the value of the maximum pressure is

P
0,max

(175;8 x 150.4 x 112.5)1/3

3
(175.8 + 150.4 + 112.5) - 5 32

1
2
= 119.95 kg/m?
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The value of k = 3 was imposed by the necessity to have an
internal radius, ri,o = 2,54 cm, in order to coincide with
the dimensions of the plastic mould and an outer radius
re,n = 7.62 cm, which was determined by the outer radius of
the outer ring of the original die, which was reused in
order to reduce machining and»heat treatment time. If T
is the external radius of the inner ring and r, is the

external radius of the intermediate ring, then r; and r, are

defined by the relationship:

2

B
yi(—2D2 =y, (38)? = y (52 ) (4.2)

T2 es
Substitution into equation 4.2 of the appropriate values

leads to the result that:

4.049 cm

r

5.974 cm

ry

A schematic diagram of the new die is shown in Figure 4.3
and photographs of the actual die are shown in Plates 4.1la
and 4.1b.

4.2.1.2b CALCULATION OF THE RELATIVE INTERFERENCE BETWEEN
THE INTERMEDIATE AND OUTER RINGS

It is difficult to obtain data on the modulus of elasticity,
Poisson's ratio and yield strength of the steel used for

the bore and rings. Valueé which have been quoted(gs) for
steels in general indicate that at room temperature the
modulus of elasticity, E, may vary from 17,700 - 19,950'kg/m3
~and Poisson's ratio, v, from 0.25 - 0.33. The values of

the elastic, modulus and Poissoﬁ's ratio of the inter-
mediate and outer ring materials were chosen as

E = 18,985 kg/m? and v = 0.27 respectively. The relative

interference, S, between the two rings is given by
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Figure 4:3 : Sectional view of the powder compaction die and mould.
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DPlate 4.1:

(a) The powder compaction die and the Gelfex
mould, '

(b) The barrel of the powder compaction die
showing the three ring construction.
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the generalformula,

s _ 1-v,2 _ 1-vg8,
7 a(—E;L—) * B(—Egi—) Yo (4.3)
where:
c = v, (1+v, ) + va (1+v3) ' (4.4)
2 3
1 3a . -
o —5(1 --li-r) ‘ (4.5)
| rg -
k! = (=22 . (4.6)
I
B o= (1 + 2 | (4.1
2 kT ’
=1 -2, (4.8)
¥ 2 kT ' e
a = (¥2y1/2 (4.9)
ys _
when: E, = E; = E and v, = v = v and under conditions of

plane stress the equation 4.3 reduces to:

_ __SE

I

where A 2y = constant.

Typical values of the constant A have been determined as a.--
function of the value of k; and the ratio of y,/y; and are

tabulated in NEL Report No. 197<%°).

For k, = 1.882 and yi1/y, = 1.35 the value for A = 0.42 by
interpolation, in which case the interference fit for
intermediate and outer ring using equation 4.10 is equal to
0.0368 cm. It should be remémgéred that this solution only
applies for a two ring die. FQan three ring die the rela-
tionéhip is rather more complexwand no analytical solution

is availablegloo)

The degree of interference between inner and intermediate

ring has been arbitrarily taken as 0.0294 cm which

represents a 207, decrease compared with that previously
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calculated. The satisfactory performance of the die over
a long period of time would appear to suggest that this

assumption has been reasonable.

4.2.1.2c THE MANUFACTURE OF THE DIE

The die components were machined by workshop staff within
the.Department of Metallurgy of the Sheffield City
Polytechnic. The individual components had to be machined
very precisely'and the mating angles had to match exactly.
The taper bore of the outer ring, made from the already
existing EN 25 outer sleeve from the original die, was
remachined in its hardened state, first by turning using a
tungsten carbide tool and finally by internal.cylindrical

grinding.

The intermediate sleeve made from H 13 and the inner

sleeve made from D2 KE 970 were first rough turned both
externally and internally leaving approximately 1.5 mm of
material on both faces. Machining stresses were removed

at this stage by thermal stress felieving treatment in order
to avoid distortion during the subsequent hardening treatment.
Both items were then turned to within 0.2 mm of their final
dimensions. The components were then hardened and tempered
in order to develop their maximum hardness. After hardening
and tempering, the intermediate and inner sleeves were
precisely ground to give the correct interference and

mating angle. A 2 mm radius was ground on the leading outer
edge of both the intermediate and inner sleeves in order to
reduce the chance of tearing when the components were

pressed together.

The intermediate sleeve was pressed into the outer one and

then finally the inner sleeve pressed into position.
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4.2.2 PREPARATION OF THE CALCIUM CARBONATE SPHERES FOR
PERMEABILITY MEASUREMENTS

After compaction and porosity measurements of the CaCOg
spheres, the Wood's metal had to be removed. At first this
was achieved by carefully drilling by hand a 4.3 mm diameter
hole; this diameter coinciding with the external diameter

of the alumina support. tube (see Figure 4.4). The sphere

was gently heated while being held on a cylindrical support.-
The Wood's metal melted and ran out leaving a perfectly

clean internal surface.

Whilst this technique proved satisfactory for the removal of

the Wood's metal, later problems were encountered:

a) Drilling by hand produced a hole which was insufficiently
precise to produce a good shrink fit on the end of the
alumina tube.

b) The sphere had a tendency to crack during the drilling
operation.

To overcome these problems, the technique had to be modi-

fied. The Wood's metal was removed by hand drilling a 2 mm

diameter hole, which is half of the diametef of the hole.

required for the alumina tube, and after allowing the molten

Wood's metal to run out through this hole, the diameter of

the hole was then increased to that of the alumina support.

In order to prevent the spheres cracking during this operation

a slight compressive stress was imposed on the sphefe using

the box shown in Figure 4.5.

Within the metal box the sphere was centrally positioned and
packed in sand. A piece of foam rubber was placed over the
sphere and the metal 1id of the box screwed down, thus com-

pressing the sphere.
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A cut-away view of the box used to support the hollow
calcium carbonate sphere while drilling the hole for

the diffusion shaft.

gure 4-5 :

Key to the diagram :

1.  Calcium carbonate sphere.
2. Metal box.

3. Compressed foam rubber.
4. Fine sand.

5.

Hole through box lid for drill.

118



A hole in the 1lid of the box coincided with the hole
drilled to remove the Wood's metal, provided that the
sphere had been correctly positioned. The sphere could be
then effectively drilled‘without cracking, using a vertical

drilling machine.
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4.2.3 SINTERING AND CALCINATION OF CaCO3 SPHERES

Permeability measurements were made on lime spheres
produced by sintering and calcination of the compacted
"calcium carbonate spheres, the measurements, the sintering
and the calcining being carried out in the same furnace.
The furnace was a horizontal tube heated by 8 silicon
carbide elements and for which the temperature profile,
indicating ahot zone of 4 cm,had been determined. The
furnace tube was made of aluminous porcelain, 50 cm long

with an external diameter of 5 cm.

The furnace temperature was controlled using a Eurotherm
controller. The ends of thé tube were sealed by water

cooled aluminium end assemblies using copper cooling coils..
Details of these assemblies are presented in Figure 4.6.A
drilled CaCO3 sphere was positioned on the end of the alumina
support shaft taking care to ensure that the end of the

tube did not protrude beyond the inner wall of the sphere.
The sphere being treated was held in position at the end of
the support rod (Plate 4.2)and was then carefully introduced
into the horizontal tube of the furnace. A shaped block of
sintered alumina cement supported the shaft inside the tube
and enabled the sphere to be positioned in the hct zone without
touching the walls. After positioning the sphere the end
plate with the 0 ring in place was tightened to produce a

gas tight seal. The furnace tube was purged for one hour,
.by passing CO9 at a rate of 200 cm3/min. Using the same

COg9 flow rate, the sphere was then heated to the sintering
teﬁperature of 870°C and held at this temperature for one and

a half hours.

Calcination of the sphere rgﬁ achieved by increasing the
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