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1.1. INTRCDUCTION

In the last few years, a new and original
direction has been developed in chemical kinetics which
Is damed at the study of chemical processes in association
with the physical processes of heat and material transport.
The possibility has arisen out of the unexpected synthesis
of such remote fields of science, as chemical Kkinetics,
on the one hand ad the theories of heat transfer,
diffusion and hydrodynamics on the other. The processes
which in classical kinetics were previously regarded as
perturbations distorting the progress of a chemical
reaction, have acquired special interest in combination
with the chemica process. This combination of kinetics
with the theory of diffusion, heat transfer and hydro-
dynamics has enabled us to obtain a number of theoretically
valuable results, to develop nev methods of measuring
reaction rates, and to lay the scientific foundation for
the theory of catalytic processes in 'chemical engineering'.

Forced convection systems are frequently used
to study the kinetics of fast heterogeneous reactions,
since improved rates of reactant transport meke it
difficult for the active surface to become ‘reactant
starved' (i.e. induce appreciable local concentration
gradients). However, in most cases, the conditions of
convective transport are not uniform at all points aong
a catalytic surface, and for sufficiently active catalysts
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(e.g.at sufficiently high surface temperatures), local
reactant depletion can cause the apparent (observed)
kinetics of the surface reaction to differ drastically
from the true kinetics.Thus, although one is usually
interested in the true reaction rate constant k the
true activation energy E,and the true reaction order n,
these parameters will not be obtained as the temperature
level and free stream reactant concentration are inten-
tionally changed. Fortunately, however, in may well
defined flow sysems the magnitude of the falsification
iIs predictable,so that diffusional effects can be removed
from kinetic measurements mede in the intermediate regime
where both chemical kinetics and diffusion govern the
observed reaction rates.

1.2. AHENOMENOLOGICAL HETEHROGENEOUS CATALYSS

The teem 'heterogeneous'in chemical kinetics
refers to reactions occurring at interfaces, i.e. at
phase boundaries.The tem ‘catalysis’' implies that the
extent of the active surface's participation in the
chemical reaction is severely limited since, strictly
speaking, the products of a heterogeneously catalyzed
reaction cannot include atoms that were originally bound
in the lattice of the catalyst itself.Thus, neither
the catalyst's bulk properties nor its gross external
geometry are changed by virtue of the chemica reaction.
Since a catalytic solid cannot initiate a chemical
reaction that is thermodynamically impossible,we must,



3
in general, expect simultaneous chemical change to occur
in the fluid or homogeneous phase without the partici-
pation of the catalyst. However, it is frequently true
that the eligible homogeneous reaction, proceeds at
rates that are simply negligible by comparison to the
surface reaction. The interface mey then be singled out
as effectively the site of all of the chemical change in
the system, and we therefore look to conditions at the
Interface as governing the 'velocity' of change. However,
observational techniques are insufficiently refined to
follow the course of each participating aom or molecule
throughout its entire reaction history on the surface.
Whet occurs at this microscopic level must usually be
inferred from what can be readily observed, such as the
temperature and concentration dependence of the overall
reaction rate. Therefore if the relative sowness of
reactant transport to the catalyst surface causes the
reactant concentrations to be locally depleted, this
dready difficult task becomes further complicated. To
the chemist interested in the interfacial reaction itself,
diffusion will ss=am to be a skilful falsifier and
certainly an undesired intruder. For this reason, every
attempt is made to carry out experiments on the kinetics
of heterogeneous reactions under a set of conditions
which relegate diffusion effects to a small or negligible
correction. It is then important that we have available
both a priori, theoretical criteria for use in the design
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of such experiments and simple a posterirori experimental
tests for the absence of the effects of external
transport phenomena However, it must not be concluded
that kinetic information cannot be obtained in the
presence of a simultaneous diffusional limitation. This
IS quite important, because the extreme in which
diffusional transport is sufficiently rapid to play no
role in the observed kinetics is not always experimentally
accessible, even in forced convection systems. Inter-
pretable kinetic experiments can be carried out in
certain well defined flow systems for which the magnitude
of the diffusional effect is accurately calculable.

Although the advantages of flow reactors for
carrying out catalytic processes on an industrial scale
were recognized immediately, the acceptance of flow
reactors for carrying out small-scale fundamental kinetic
studies has been more gradual. However, current theoretical
and practical interest in reactions that are too fast
to study by conventional means is inevitably leading to
the widespread use of the flow systems in kinetic
investigations. These flow systems take diverse forms.
However, they mey be broken down into two broad categories
depending on whether the chemically active fluid/solid
interface is moving or at rest in a laboratory coordinate
system. In the first class, the solid under investigation
mey be mechanically rotated in the reactant containing
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fluid or mey be falling through it for example, under
the action of gravity. In the second class, sometimes
referred to as fixed catalytic systems,are to be found
steady flow reactors (in which the reactant containing
fluid flows part or through the catalyst under study) as
well as batch reactors where fluid agitation is accomplished
by means of some mechanical stirrer.Particularly when
transport phenomena cannot be completely avoided, it is
important that the investigator understands the fluid
mechanics of this system,since in the absence of convective
transport information, it will not be possible to extract
true kinetic data from such experiments or to generalize
the data to apply to different situations.

In the design of experiments one has, therefore,
two alternatives. The first consists of attempting to
calibrate these transport phenomena by, say, first
studying the behaviour of a reaction that is known
to be completely diffusion controlled and then bringing
these data to bear on an intermediate regime reaction
carrier out in the same reactor. The second alternative
is to obviate the need for an experimental calibration
by choosing a class of reactors in which the convective
transport situation is well understood theoretically.

It would appear that each of these alternatives has
merits of its omt however, it will be shown that for
non-flow systems a simple calibration procedure previously



6
implied is, in fact, inadequate, particularly if one is
interested in inferring the true Kkinetic parameters
characterizing the reaction. Although the appropriate
calibration is within the realm of possibility, its
complexity makes this a research project in itself. One
Is therefore led to adopt a geometry in which this
calibration has,in a sence,already been carried out,
either theoretically or experimentally.

1.3. OBJECT OF THE WORK

In this work, the attention has been focussed
on the important interaction between the hydrodynamics,
mass transport and heterogeneous catalytic chemica
reaction in a well defined flow field. The kinetics of
a diffusionally limited heterogeneous catalytic reaction
has been investigated in the stagnation region of a
circular cylinder. This geometry was chosen because of
the well defined hydrodynamics and because of the fact
that the entire stagnation region is equally accessible
to the diffusing reactants (uniform accessibility).

This characteristics is due to the invariance of the
concentration boundary layer thickness (as well as of those
for temperature and momaitum) with the distance in the
stagnation region of a cylinder. The concentration

profile and the diffusional flux are thus independent of
the position assuming that the catalyst is equally active
at all points.



CHAPTER 2

LI TERATURE REVI EW




7

2. 1. MPORTANCE OF HOW SYSTEMS IN KINETIC STUDIES

Brunner and Nernst (1904) setforth the
general theory of reaction velocity in heterogeneous
systems. Developing an idea first advanced by Noyes
and Whitney (1897) to account for the results of dis
solution experiments, Nernst and Brunner postulated that
interfacial reactions are fast enough to cause the
overall reaction rate to be limited by the rate at which
reactants can diffuse across an effectively stagnant
film of thickness 6, subsequently called the 'Nernst
film' or 'Nernst layer'. The consequences of this
postulate were readily deduced and compared with experi-
ments. Three of the most important implications are
(1) the apparent kinetics should be first order with
respect to bulk reactant concentration, i.e. the rates
should depend linearly on this concentration, (2) the
temperature dependence of the observed reaction rate
should be characteristic of a molecular diffusion process
and not that of a chemical reaction and (3) fluid dynamic
effects on the rate of reaction, i.e. the effects of
agitation, stirring, feed rate, turbulence, etc., should
occur by virtue of their effects on the effective

diffusion film thickness O alone.

In discussing this theory, it should be
recognized that, as stated, it constituted a qualitative

theory, amounting essentially to a dimensional analysis
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based on the original postulate,i.e.no means of
calculating the effective diffusion layer thickness
from first principles was, in fact, suggested. In the
years immediately following its formulation,the theory
served as the target for a series of critical papers by
Centnerszwer (1924), Levich (1942)and Yielstich (1953).
Excellent reviews on this material have been given by
Levich (1962) and by Bircumshav and Riddiford (1952).
Fundamentally, the critical papers could be divided into
two schools.Contributors in the first school accepted
the essential Nernst-Brunner idea but were unhappy with
the oversimplification of a 'stagnant layer',particularly
in the face of evidence on the detailed structure of
viscous fluid layers near solid surfaces which wes
accumulating since the ground-breaking research of
Prandtl (1955).0n the other hand, those in the second
school produced surface reactions that were either
paradoxes or that displayed inconsistencies.They
suggested that, although the theory was sometimes valid,
more often it was not.Conceptually, the second category
of objections is mare significant since the cornerstone
of the Nernst-Brunner theory is the notion of diffusion
control; to be dissatisfied only with the notion of
stagnant layer is, in fact, merely to be dissatisfied
with numerical values. However, the theory was quali-
tative to begin with, ard dimensional analysis cannot
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supply absolute values. Therefore, this criticism of
the Nernst-Brunner theoryled only to more rigorous
quantitative formulae for the effective diffusion-layer
thickness in particular cases as sighted by Ibl (1963);
the ‘'diffusion-controlled consequences remained
essentially unaltered. On the other hand,the second
group displayed a number of important catalytic reactions
upon which hydrodynamic factors exerted virtually no
influence at all.Temperature coefficients were observed
which exceeded anything that could reasonably be attributed
to diffusion process alone.Reaction orders not equal to
unity were also cited,and even in those cases for which
the apparent order was unity,it was cautioned that this
by itself did not necessarily confirm the Nernst-Brunner
theory,i.e.there are indeed first order surface reactions.
Haber (1908) remarked that the Nernst-Brunner theory
eaches us,then,how the rate of diffusion is determining
the velocity when other influences are excluded'.He
added that the theory 'by no means shows that the chemical
velocity mus be great as compared with the diffusional
velocity but instead, when rightly considered, leaves
the point wholly undecided'. Heymam in 1913 was among
the first to me&ke a rational attempt at quantitatively
reconciling the apparent contradictions just cited.He,
as had Haber (1908), Van Name(1916),and others,correctly
reesoned that the Nernst-Brunner mechaniam mugt be a
limiting case.Heymann's mehod of generalising the
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diffusional theory to include an intrinsic chemica rate
was imaginatively exploited and extended to flow systems
of practical interest about three decades later by
Frank-Kamenetskii (1955).As a result, in the theory of
heterogeneous reactions, the so called 'quasi-stationary
method'is commonly attributed to him.  According to this
view,a steady state reactant concentration C; is quickly
established at the surface such that the rate of diffu-
sional transport to the surface, which is taken to be
proportional to the local or instantaneous concentration
difference (C, -C,) across the diffusion layer, is
identically equal to the chemical rate of conversion at
the interface. The latter is,in turn,usually propor-
tional to some powea n of the reactant concentration C, ,
whee n is the reaction order. The mehod is extremely
smple to use but is seductive in that, when it is
applied to flow systems,one is tempted to introduce

a coefficient of diffusional transport which has been
experimentally or theoretically determined in the
absence of surface reaction. Indeed, this is the
suggestion of Frank-Kamenestskii (1955). However, for
developing flows in which chemical change is occurring
in the streamwise direction,the problem of determining
the actual local coefficient of diffusional transport

Is strictly coupled to the kinetics problem.Thus,the
error one mekes in applying the quasi-stationary method
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will depend on chemical kinetic as well as fluid dynamic
parameters. Rigorous attacks on this particular problem
awaited advances in boundary-layer theory and were
independently reported by Levich and Mamen (1957),
Chambre and Acrivos (1956) and. others.

2.2. INTERNAL HON GONHGURATIONS

In the area of diffusion effects on chemical
surface reactions, the simplest internal flow sysem and
no doubt the mogt important from a practical point of view
IS the tubular reactor. There are may investigations on
the internal flow configurations, both analytical ad
experimental.

2.2.1. Experimental

Baron, Maming and Johnstone(1952) used
Damkohler's plug flow analysis to estimate the effect of
diffusion on the oxidation of sulfurdioxide in a hollow
but porous tube impregnated with vanadium oxide.They
found that diffusion resistance significantly increased
with temperature but it never exceeded ten per cent.
They also assumed that he reactive surface was uniformly
accessible, that is pore diffusion wes neglected.

Satterfield and Yaung (1963) studied the hetero-
geneous ecomposition of hydrogen peroxide on platinum
ad stainless steel in narrow tube in laminar and turbulent
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flow.By varying the Reynolds number,they sav the
marked effect that diffusion had on the reaction rate.
They used the resistance additivity concept to substract
the diffusion effect from the overall rate data.They
reported that the approximate analytical solution to the
Graetz problem with a first order reaction available to
them was highly inaccurate for small conversions.
Substantial differences were also found between plug
flow and parabolic velocity solutions.

Gidaspov and Ellington (1964)reported the
results of their study of surface combustion of hydrogen
In a vitreous aumina tube coated with platinum.By
using high flow rates and making their measurements in
the fully developed concentration regime in the centre
of the tube, they were able to obtain kinetic data in the
temperature range from 200°to 1600° F.Due to interest
in the high temperature process, most data were for 600°F
and above. At the highest Reynolds number available to
them (60,000),the diffusional resistance was small.

A correction for whatever resistance remained was not
applied due to uncertainties in mass transfer coefficients
on eddy diffusivities for mass transfer in the turbulent
compressible non-isothermal flow.
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Kulacki and Gidaspov (1967) carried out an
experimental study of the catalytic combustion of
hydrogen air mixtures in a flat rectangular duct flow
reactor and with the aid of the measured concentration
profiles, it was possible for them to ascertain the
reaction rate in the laminar flow regime.Graham ad
Vidaurri (1968) studied the dehydrogenation of cyclo-
hexane using platinum supported on alumina as catalyst
in the temperature range of 470 to 500]°C,pressure range
of 21 to 42 aimospheres and Reynolds number range of
20 to 65.A modd based on complete external transport
control of the overall reaction rate has been proposed,
with equilibrium of the fluid at the catalyst surface.
Using platinum on silica gel as catalyst at temperature
of 150°C, Hencil and Mitschka (1969)calculated the
external effectiveness for the hydrogenation of phenol
a low Reynolds numba (below 0.1). Pignet ad
Schmidt (1974) have fown that the oxidation of ammonia
on Pt-Rh catalyst is very fast requiring contact times
of the order of only one m. sec. to accomplish over
95 per cent conversion and considering that the catalyst
IS used in the fom of thin gauze, external mass transfer
effects would be expected to be dominant. Horvath et al.
(1972)demonstrated that the inner wall of small bore
tubes can be coated uniformly with heterogeneous
eryme catalysts and such open tubular reactors retain
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their activity for an extended period of time.The
reactors of particular interest were those in which the
rate of reaction was determined only by the rate of

transport of the substrate from the bulk solution to the
wall.

2.2.2. Analytical
(@) Tubular reactors with laminar flow

Considerable attention has been devoted to
tubular reactors with laminar flow and simple analytical
solutions have been reported by Fetting (1962),
Hoelscher (1954), Katz (1959), Damkohler (1936), Nenren
(1931), and Paneth (1931). A lumped parameter approach
has been indicated by Mashekar and Ramachandran (1975).

(b)_Tubular_ reactors, with turbulent flow

Turbulent flow reactors mey be of interest
for the study of fast interfacial reactions, since the
convective diffusion rates are higher. Further, due
to the large eddy diffusivities, cross mixing is
higher and small radial temperature gradients exist.
However, from a theoretical point of view, the turbulent
reactor problem is less well defined owing to uncertai-
nties in the velocity profile itself and perhaps more
important, in the relation between the eddy diffusivity
ad the velocity profile. Wissder and Schechter (1962)
have carried out calculations for tubular reactors using
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the eddy diffusivity function recommended by Sparrow,
Halmen and Siegel (1957).

2.3. EXTHRNAL HON GONHAURATIONS

It is possible to extract some general
conclusions about transfer rates in packed bed flow
reactors but formidable mathematical obstacles stand
in the way of making accurate predictions of the
absolute value of transfer rates. However, there also
exists a class of flow systems which are amenable to
theoretical attack. Working with such systems also
improves our understanding of the transport processes
iIn more complex flow systems.

2.3.1. Flat Plate

Blasius (1960) provided the initial solution
to the flow problem. His results were for the case of
zero interfacial velocity. In this situation, there is
no coupling of mass and momatum transport. For the
flat plate geometry the coupling arises in the boundary
condition for the wall mass flux. Mickley et al, (1954),
In a more detailed theoretical and experimental study,
considered the use of blowing or sucking at the plate
surface. Concentration and temperature profiles ad
friction, heat ard mass transfer coefficients for various
Prandtl or Schmidt numbers were computed.



16

Friedlander and Litt (1958, 1959) used the
flat plate geometry to study mess transfer with chemica
reaction. Their model, enabled one to obtain an exact
solution to the diffusion ad energy equations for a
rapid chemical reaction occurring within the laminar
boundary layer. In another paper, Friedlander ad
Litt (1959) examined, in a similar fashion, the distri-
bution of velocity, temperature axd concentration near
the surface of a burning fuel drop. Friedlander (1962)
has also attempted to set the framework for a class of
problems associated with chemical change in flowing
solutions and has suggested the name 'Hydrodynamic
Solution Chemistry'. Agan this was based on the simul-
taneous solution of the conservation equations. Rosner
(1963, 1964) has also investigated surface catalyzed
reactions on a flat plate with the am of determining
the 'falsification' of reaction order and activation
energy. He treated both laminar ad turbulent boundary
layer examples. The control of the reaction varied
with distance down the plate due to the increase of
boundary layer thickness. He purposely treated this
non-accessible surface to illustrate the changing
reaction rate with downdream distance.
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2.3.2. Generalized Geometry

Acrivos (1960) has treated the problem of
mass transfer with an instantaneous chemical reaction.
He generalized the flat plate solution to one of
arbitrary surfaces and two dimensional flow using
asymptotic solutions which are valid at high Schmidt
numbers.  Fortunately, for specific geometries such
as a flat plate, the assumptions remain valid even for
S. = 1. His results reduced to those of Friedlander
ad Litt for the flat plate.

Asymptotic solutions for mass transfer with
large interfacial velocities have also been considered
by Acrivos (1960). Agan it was for an arbitrary
geometry and included the possibility of fluids with
variable properties.

Chamre and Acrivos (1956) considered the
case of a catalytic surface using a superposition
method with boundary layer flow. Their results led to
a prediction of surface concentrations. An interesting
observation in their results and those of Rosner (1964) is
that at the leading edge the rate of reaction is controlled
by the free stream concentration since the boundary
layer is quite thin and the surface concentration is
essentially the free stream value. However, after the
boundary layer begins to build up, at some position

£E6-023 {-o’l% (OZ,;??)
RRL
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downgdream the surface concentration becomes much

lower than the free stream value and becomes diffusion
limited. This type of behaviour results from the build-
up in boundary layer thickness and, hence the local and
overal reaction rates are different.

2.3.3. Sphere

Gupdo ad Ryazantser (1972) obtained an
approximate solution of a steady state problem of mass
ad heat transfer from a moving solid sphere at small
finite Peclet and Reynolds numbers. They considered
the case of a first order chemica reaction on the sphere
surface.

2.3.4. Rotating disk

Serad (1964) presented an experimental ad
theoretical study for mass transport with and without
chemical reaction on a rotating disk in laminar flow.
He developed a modd for a rapid, second order irreversible
chemica reaction. The rate was expressed in terms of
a reaction factor, that is, the rates of transport (in
terms of Shewood numbers) with chemica reaction to
that without chemical reaction. The reaction factor
wes dhown to be sensitive to the magnitude of the
reactant Schmidt numbers differing from the flat plate
results which depend only on their ratio. This was
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attributed to the behaviour of the concentration gradients

at the disk surface.

Heymach (1969) investigated the kinetics of
the hydrogenation of a methylstyrene on both platinum
and pelladium catalysts deposited as thin films on a,
disk which rotated in the liquid hydrocarbon. Recently,
White (1972) made an experimental study of diffusion
limited heterogeneous catalytic reactions on a rotating
disk. He investigated the kinetics of the following
hydrogenation reactions; (i) Hydrogenation of a-methyl-
styrene to cumene over palladium, and (ii) Hydrogenation
of phenylacetylene to styrene and subsequent hydro-
genation of styrene to ethylbenzene.
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3.1._EXACT SOLUTION OF THE %ATIC]\I FOR QONVECTIVE
DIFFUSION TO THE STAGNATION REGION OF A AROULAR

CYLINDER

The theoretical analysis is concerned with
methods of calculating mass transfer rates for laminar
boundary layer flows when the fluid properties may be .
considered uniform throughout and internal dissipation
of energy is negligible.

The problem of predicting mass transfer rates
reduces to the simultaneous solution of (1) the continuity
equation (2) the conservation of momentum equation and

(3) the conservation of energy equation.

}

\
A
\
Lo
/ : \ ‘
/ Q
f ‘ Edge of the
x \ / boundary layer
‘7 /.
AR .

Fig.3.1. Boundary layer around the circular cylinder
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Equation of, continuity

W x+v/y=o (3.1.1)
Equation of motion
uu/x+vu/y=1/pp/x+u/y’
(3.1.2)

where,

x = distance measured parallel to the inter-
face from the start of the boundary layer

y = distance measured from the interface and
perpendicular to it towards the mainstream

u = velocity component in the x direction
V = velocity component in the y direction
= kinematic viscosity of the fluid

o = density of the fluid

In the case of potential flow, the equation
is simplified still further in that the pressure depends
only on x. We shall emphasize this circumstance by

writing the derivative as dp/dx so that

U du/dX = -1/p dp/dx .. (3.1.3)

Substituting equation( 3.1.3) in (3.1.2)

uu/x+vu/y=UdU/dx+’u/y (3.1.4)

where U = value of u in the mainstream.
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the boundary conditions being (i) u = v = o for y = o
and (ii) u = U fory = The equation of continuity
is integrated by the introduction of the stream function

¥ (x,y) with
u =Y/ yv=-VY/x

Thus the equation of motion becomes

Yy W/ xy- W/ x'Wy=UdU/dx +’¥/y’

with the boundary conditions

Y/x=oand ¥/y=ofory=o

and ¥/y=Ufory=

er to discuss the question of similarity'
dimensionless quantities are introduced. All lengths
are reduced with the aid of a suitable reference length L,
and all velocities are made dimensionless with reference
to a suitable velocity U . As a result, the Reynolds

number Re = U L / V appears in the equation

Simultaneously the y coordinate is referred

to the dimensionless scale factor g(x), so that we put
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€=%,n-fi . ..(3.1.6)

The stream function is made dimensionless by the
substitution

£(§ ) = FppSEe IERE)

Consequently the velocity components become

a’f‘{; _ ‘_Ma_i _ 1
w=-3y=U3 =U¢
- YRe v = JRe %1;-'

- 4 (ya 2% _Lgl %

(3.1.8)
where the prime f ' denotes differentiation with respect
to n# and with respect to x in g'. It is now seen
directly from equation (3.1.8) that the velocity profiles
u(x,y) are similar in the previously defined sense,
when the stream function f depends only on the variable 1,
equation (3.1.6), so that the dependence of f on
is cancelled. In this case, moreover the partial
differential equation for the stream function, equation
(3.1.5) must reduce itself to an ordinary differential
equation for f (n). If we now proceed to investigate
the conditions under which the reduction of equation
(3.1.5) takes place, we shall obtain the condition
which must be satisfied by the potential flow U(x)

for such similar solutions to exist.
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If we introduce now the dimensionless variables
from equations (3.1.6) and (3.1.7) into equation (3.1.5)
we obtain the following differential equation for f(% ,n)
A8 di_ )

£/ off ' B = e (£ 2

Uoo *~ o5 16

...(3.1.9)
where a and 3 are contractions for the following

functions of x

L)

o =Lg/U d/dx (Ug); B =L/U g U' ... (3.1.10)

where U' = dU/dx . The boundary conditions for equation
(3.1.9) are f=oand f' = o forn = o0 and f'= 1 for

’l’] =
To determine from equation (3.1.10) the conditions for
Ux) and g(x):

Pom equation (3.1.10) we obtain
20-p=L/Ud/dxg’U
and hence if 2a - [ o,

U/U g’ = (20 -B) X / L .. (3.1.11)
Further from equation (3.1.10) we have

a-p=L/Ugg'U

and hence
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(a-B)U/U=L/Ug"'g'/g=Pg'/g

so that upon integration

(U/U )P = K g’ (3.1.12)

whee K is a constant. The elimination of g fiom

equations (3.1.11) and (3.1.12) yields the velocity
distribution of the potential flow

U/U = KP [(2a-B )X/L ] ... (3.1.13)

ad V(2 2 (UM Y2 L (3.1.14)
(It will be recalled that the case (2 a - B) = o has been
excluded).

As seen filom equation (3.1.10) the result is
independent of any cammm factor of o and 3, as it can
be included in g Therefore as long as a o, it is
pemmissable to put o = + 1, without loss of generality.
It is furthermore, convenient to introduce a rew constant

m to replace 3 by putting

m= B/2-B (3.1.15)

as in this way, the physical meaning of the solution
will bacome clearer. Hence



B=2m/m+1
so that with a = 1, the velocity distribution of the

potential flow and the scale factor g for the ordinate
become

U/U=K""™ (2/1+m , X/L )™ (3.1.16)

-
o
¢

g= Y =t T (3.1.17)

and the transformation equation (3.1.6) for the ordinate
is

N e
n=yyks, = (3.1.18)

It is thus concluded that similar solutions of the
boundary layer equations are obtained when the velocity
distribution of the potential flow is proportional to

a power of the length of arc, measured along the wall

fom the stagnation point. Such potential flows occur

in the neighbourhood of the stagnation point of a circular

cylinder and it is very easy to verify with the aid of

potential flow theory that we have
m

Ux) = u X (3.1.19)
Fom equation (3.1.18) it follows that the transformation
of the independent variable y, which leads to an ordinary

differential equation is
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— /o4l U__ / Ly A2
nN=y vVsSs ==Yy v E52XT- (3.1.20)

The equation of continuity is integrated by the

introduction of a stream function for which we put

PR

Y (x,y) = :;r Vzu , XM f(n)

as seen from equations (3.1.7) and (3.1.17)

Thus the velocity components become

u=u x"f'H)=UTf'M) ... (3121
or f'(n) = wU
— m-1 [

v = --.,g;;fm;lymﬂ imof } .. (3.1.22)

Introducing the values of u and v into the equation
of motion, equation (3.1.4) and dividing by mu,,x™'

and putting as in equation (3.1.15).]
m = B/2-f and 2m/m+1 =0

we obtain the following differential equation for f ( 1 )
f'"'"'"+ " +B(1-1) = 0 (3.1.23)
and its boundary conditions are

n=o:f=o0,f"=0;n= ,f'=1
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If the similarity variable m defined in equation

(3.1.20) were replaced by the independent variable

n=y | Ul(x)/ix the differential equation for the
function f'(n) = w/U would change its form to
"""+ m+1/2ff'"'+m (1 - ') = o (3.1.24)

Rate of mass transfer around the stagnation region of
the cylinders

Assuming uniform material properties and using
rectangular coordinates, the two dimensional convective

diffusion equation reduces to
uc/x+tve y=D %/ x ... (3125
where D, = Diffusion coefficient

The boundary conditions associated with equation (3.1.25)
are: in the mainstream C = C_  and in the fluid at the

interface C = C,.

The dimensionless concentration of the fom

6=C-C/C,-C,
satisfies the equation
0'"'+m+1/2Scf 8 ' = o ... (3.1.26)

with boundary conditions

nN=o,09=1land n , 6 = o
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The local Sherwood number Sh, is given by the equation:

* ~ @ K7, 1‘
(2-8) Sh, r f i -1
L — 1:(?[33‘:) — / oxp[__sbllln;l (].C‘ (,_I‘-J " |[|l‘

VRo
y e, 5 O
[ =
\,'l
In the neighbourhood of a stagnation region, where the
velocity distribution is represented by U(x) =ux",
we have m = 1, B = 1. The Sherwood number for mass
transfer defined in equation (3.1.26) can be represented
by the equation
Sh If: |!._ ;'!l ) [ =1
—%—1— = F(sc,1) = F(se) =| [exp ¢ ~8c [ () dn]
_: " | !
(RE‘: ) O o -

For a circular cylinder we put U(x) = 2 U Sin (x/r1)
so that u, = 4 U = / D. Hence

_ Shy  kg.x \/ D1
=z DC "4 Yoo x2
(Re,) | ‘D
b J :
{1/ g Y24
-(1/2) Dc J 4 U D

Sh /(Re))"*= (1/2) Sh, /(Re,) "= F(Sc)
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I 7 11
bh[} r | . oy | -
_f__,. = /f r:{p ) -S¢ ./’1(!1) an = F(Sc)
(Re D ) 5 L 0 ]
(3.1.29)
where
Shp = Sherwood number around the cylinder

Rep. = Reynolds number around the cylinder
k ¢ = Mass transfer coefficient cm/sec.
= Diffusion coefficient cm?/sec.

D. =
F(Sc) = Function of Schmidt number
The integration was done by a computer using

the fourth order Runse-Kutta nrocess and the functions
T = * T3
f dn and | [ exp J -3¢ Jf(n) 4 -"H'-:Were

o

=10
’ -
o

f, fl, 1
u

evaluated . The function F (Sc) corresponding to various
[Schlichting (1968)] and the numerical values are given

and Sc<<1

in Table 1.
3.2. ATPROXIH4ATE SOLUTIONS FOR & >
convective diffusion

The two dimensional

equation is
...(3.2.1)

280 _ 2
— =1 ) - —
2
T_‘.}

2C , , 3
Box “V 3y T e
where D. is the diffusion coefficient
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TABLE 1

The function F(Sc) in the equation for the calculation of

the coefficient of mass transfer in the neighbourhood of a

stagnation point, where m =1, B = 1.

Cse Ry se F(Se)
0.0001 0.007937 1.2 0.612217
0.0002 0.011202 1.4 0.649567
0.0005 0.017638 1.6 0.683513
0.001 0.024829 1.8 0.714737
0.002 0.034825 2.0 0.743722
0.005 0.054467 2.5 0.808650
0.01 0.075972 3.0 0.865224
0.02 0.105436 3.5 0.915867
0.04 0.145381 0.961870
0.06 0.174799 4.5 1.004170
0.08 0.198845 5.0 1.043430
0.1 0.219503 6.0 1.114690
0.2 0.296357 7.0 1.178380
0.3 0.351469 8.0 1.236230
0.4 0.395765 9.0 1.289420
0.5 0.433364 10.0 1.338300
0.6 0.466329 15.0 1.545700
0.7 0.495865 20.0 1.710300
0.8 0.522741 25.0 1.849230
0.9 0.547820 30.0 1.970630
1.0 0.570466 40.0 2.177760
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It is possible to integrate equation (3.2.1) from

y =0 toy = and to obtain the concentration flux
equation

4 ,:"L_I[u(c-c )]dy = =D (=9 (3.2.2)
dx 0 ¢ c oy y=0

In order to evaluate the integral on the left hand side
of equation (3.2.2), we introduce the variables
A= yd for the velocity boundary layer and

7\; y/ 8 . for the concentration boundary layer. We

denote further their ratio by = 0 /0 and we assume
that the velocity and concentration distributions

respectively have the forms:
u=Ux [2AM-2 A + Al =Ux F( LN (3.2.3)

where U(x) = Velocity in potential flow
C-G=(CuC I 1 - 2% 220"

= (C, - C,) LA, ) (3.2.4)
where C, is the surface concentration.

The form of the concentration distribution function is
so selected as to ensure identical velocity and

concentration distribution for 8.=0.
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On substituting equations (3.2.3) and (3.2.4) into

(3.2.2) we obtain;

d/dx{6, U H( ) =2 D, / &, ... (3.2.5)

Cc

Here H( ) is a universal function of = 8./08 which-

turns out to be given by

H= j’F M) L (A) d A (3.2.6)

C

Performing the indicated integrations, we obtain

H()=2/15 -  3/140° + 1/180" for < 1

H()=3/10-3/101/+2/151/?-3/1401/*
for > 1
The integration of (3.2.5) yields
R
(6. U H)’ = 4 D, j U H dx (3.2.7)
o

The velocity boundary layer thickness 6 can be evaluated

with the aid of equation (10.37) given in Schlichting
(1968).

X

2=06 /U'Udx...(3.2.8)
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Upon dividing equation (3.2.7) by (3.2.8) we obtain

A
*H( ) = 4/34 - I-":*_w_.(, U, H. &x (3.2.9)
1 ‘_J}- U5 ax
o
Since H ( ) 1s a known function, the preceding equation
can be used to determine (x). The calculation is best

performed by successive approximations, starting with

the initial assumption that = constant.

Hence we obtailn

4
H () = 4/34&.\::.._.‘6':5._1—!_31:.":__: (3.2.10)
,_f U5 éx
o
The resulting value of is now introduced into the

left hand side of equation (3.2.9) thus leading to an
improved value of . In general, two steps in the

iteration are found to be sufficient.

T™O DIMENSIONAL STAGNATION HOW

For a circular cylinder U(x) = 2 U Sin 6 = 2 U Sin x/r

where U(x) = velocity in potential flow
U = Free stream velocity
x = distance measured along the surface
r = radius of the cylinder
0 = angle around the cylinder measured

from the stagnation point
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Substituting the expression for U(x) in equation (3.2.11)

in equation (3.2.9) gives

@
sin" g fH Sin ¢ a ¢
*H( ) =2/17 1/Sc g S

p -

H [sin’ g6 @ ... (3.2.12)

(o]

and if H were constant, this would(p.reduce to

sint ¢ [sin g a ¢

!

—— .,SH,. - A

Jsin® g a ¢

o

*H()=2/171/Sc

...(3.2.13)
First the value of at stagnation is desired. The
above equation is of the form 0/0 and is therefore
indeterminate at © = 0. Applying L' Hospital's rule
and differentiating the numerator and the denominator
once the equation was still found to be indeterminate.

However, a second differentiation and using

P
_fSinﬂdzzl-Coszgives
o

2 H () - 2/17 1/Sc 5Cos @ -2/Cos g =6/17 .1/Sc

ag=0
...(3.2.14)
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The thickness & is required. Equation (3.2.8) with

substitution for U(x) is

& = 17/2 - n L.‘f U (3.2.15)
E;" Sln/ ¢ 1'_?:_ g’
2 o T
binLJ )]
which is indeterminate atg = O

Applying L'Hospital rule

8'=D /U Sin‘0/6 SingCos® 17/12DV/Uate=0
...(3.2.16)

ad 8 = 1.190 (D /U )2 . (3.2.17)

Hence the Sherwood number Sh, based on diameter becomes

Sh, =1.322 (Re,)"*(SC)""*"* < 1 or Sc

...(3.2.18)

Sh, = 1.596 (.Ro_)"? (Sc)'’? for >1 or Sc 0

...(3.2.19)
(The local Sherwood number Sh, is given by the
equations
Sh, = 0.661 (Re,))'/® (Sc)'/’ for Sc

Sh.= 0.798 (Re, ) '/*> (Sc)' /> for Sc 0

since
Sh_ /(Rex)‘”: 1/2 ShD/(ReD)Vz) ‘
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The approximate solutions are also plotted in Fig. 3.2. As
seen fromthe figure they agree favourably wi th the exact

sol utions reported.

3.3. SOLUTION G- THE CONVECTI VE D FFUSI ON EQUATI ON W TH

The anal ysis of the interaction between convective
diffusion and chemcal reaction in flow reactors usually
requi res el aborate mathematical treatnment. The solution of
equations describing an isothermal tubular reactor wth cata-
lytically active wall and first order reaction has been obtai ned
by separation of variables [Schmdt (1952)], by integral equa-
tions [Chanbre and Acrivos (1956)], by inversion of integra
equations [Katz (1959)]» and by the quasi-stationary nethod
[ Frank- Kanmenet skii (1955)]. Korenkov et al. (1974) studied
the diffusion boundary layer with n order chemcal reaction
at the surface. They found the distribution of the concentra-
tions along the surface and also determned the |ocal Nusselt
nunbers. W propose below a sinple relation to express the

i nteracti on between the reaction and diffusion.

BASI C ASSUMPTI ONS

Let us consider the steady state flow of an inconpres-
Ssible carrier fluid over inperneable catalyst solid as shown

in Fig. 3.3. W assune:
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(i) The bulk concentration of the reactant present in
the carrier fluid isC, .

(i) Implicit in the diluteness assumption is the
property that the fluid is unaffected by reactant
diffusion and chemical surface reaction so that the fluid
motion is obtainable directly from experiments in the
absence of reaction or from an independent study of the
equations of overall continuity and motion.

Subject to the above assumptions, the
convective diffusion equation in rectangular coordinates
takes the form

where
x = distance measured parallel to the surface

distance measured from the surface In
the perpendicular direction

= velocity component in the x direction

<
1

u
v = velocity component in the y direction
Dc = diffusion coefficient of the reactant
C = concentration of the reactant

In the forward stagnation region of a cylinder
the mass transfer coefficient is uniform over the surface.
This reduces equation (3.3.1) to
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v, (y) dc/dy = (d’c/dy”) ... (3.5.2)

This differential equation is easily solved for the
entire concentration field C(y) with the boundary

conditions
(i) at v = o, C = C ... (3.3/3)

(i1) as y , C = C, ... (3.3.4)

where C, is the surface concentration and C, is the bulk

concentration

By integrating (3.3.2) we obtain

L = S
( -

dc/dy = a, e)f —-~T,-l—- ; V. fi,}’l ... (3.3.5)

and by second integration,

y , A :
C=a, [ exp .—6— [A+ ,dyal (3.3.6)
o | “c o o |
from (3.3.5)
(dc/dy)y = o = a | (3.3.7)

Applying (3.3.3) in (3.3.6) we get
C, = a, ... (3.3.8)

The flux of species j (equal to the rate of reaction

at the surface,R) has the form

j =-D.(dc/dy)y =0=k C' = R ...(3.3.9)
Substituting (3.3.7) and (3.3.8) in (3.3.9) we get



i = -D, a, = k . a", = R ... (3.3.10)

where k ¢ is the true reaction rate constant

Applying b.c.(ii) i.e. (3.3.4) in (3.3.6) we get

@ ( A
_ f ) 1 o - P ]I
C, = oy 5 S Vg ¥ dA]+a,
(3.3.11)
The integral of the equation (3.3.11)
o L9 } 1
| S exp « =& | VA, ,dy' L] gives O  , the
J . | % & ” 'i )
boundary layer thickness B
Hence C, = a, 6. + a, . (3.3.12)
or a, _|-C,-2/A._ C, -C, /S, (3.3.13)

Then from equation (3.3.10), we obtain

C"'D./kd.C-D.C,/d

For first order reaction, i.e. n = 1

C=0...33.14)

from (3.3.14), C,= D_. C, / kd +D.=C,/k';d.+1or
DC

C=C,/k, = k C, / k+ k . . . (3315

where k, = mass transfer coefficient = D. /0,

Rate R = k .C, =k k,/k k,C, = K.C, ... (3.3.16)
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where K 1is the observed or apparent reaction rate

constant
Therefore K = K, K, / K, K + K ... (3.3.17)

or 1)K = 1 / K+ 1/ K, ... (3.3.18)

g

If the order of reaction, n is not equal to 1, then
equation (3.3.14) may be conveniently solved in dimension-
less form. By introducing the dimensionless concentration,

= C,/ C, and the dimensionless parameter 1/ow =8, K / Dc

equation (3.3.14) may be rewritten as

w" =1- (3.3.19)

This equation is solved graphically as shown in Pig.3.4.

In figure 3.4 the straight lines originating from the

point = 1 and having a slope 1/ correspond to
the right side of the equation (3.3.19). The curves
originating from the point = o0 represents the left

side of the (3.3.19) for various values of n. The points
of intersection of the curves and the straight lines
correspond to the solution of the equation (3.3.19).

At a given n, the different points of intersection

correspond to the different values of the parameter
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3.4. CHARACTERISTIC REACTTON PARAMETERS

Dimensionless analysis reveals that in addition
to the parameters e = Ux L/70 (Reynolds number based on
the characteristic velocity U and length 1) and Sc =7//D_,

which occur in any connective diffusion problems for a

»

given configuration, two new parameters enter here
namely

o ( ’.\-;._J )11‘__. [ D

5 o (L€ )/L] and n ... (3.4.1)
where © is the fluid density and L is the characteristic
length. Thus, the actual overall reaction rate & will
be related to the reaction rate ﬁc"mm corresponding to
no transport effects by an equation of the form

o _ Nn=1
fny Re, Sc,ishapef' ¢ ) L/D

C

(3.4.2)
where 7 is the global catalyst effectiveness factor
and 7 1 when its first argument approaches zero.
Alternatively, the actual overall reaction rate R will
be related to the reaction rate R gt corresponding to
diffusion control (C,= o0 every where) by an equation of

the form

n-1

/ *’i* = ¢ (k. C,) L/, ; n, Re S, Shape)
(3.4.3)

£

where ¢ is the global correction for finite catal yst
activity and ¢-—=1 when its first argunent approaches

infinity.
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Since the average Sherwood nunber Sh for the sane
configurationis a function of Re and Sc alone, wth
no loss in generality, the first of the two new

paraneters, [equation (3.4.1)] may he repl aced by

n —
C,= k (PC)) . L/[Sh (Re,8c.)D (~C,) ... (3.4.4)

where C_, the catalytic parameter for h

order surface
reaction has the evident interpretation of being the
characteristic rate of interfacial reaction divided by

the characteristic rate of convection diffusion.

For very small val ues of the basic dinension-
| ess group En, the reactionrate R will be very close

to its maxi numvalue R _, since, ow ng to the slow

1em’
interfacial reaction and the favourable conditions of
convection, the reactant concentration c, at the fl uid/
solid interface will be every where negligibly different
from the  concentration ¢ existing in the supply system.
For internedi ate val ues of ﬁn, the steady state reactant
concentration C, will drop below that existing in the
supply system and this is associated with a reduction
of the overall reaction rate ¥ to a value less than

Rchem (i.e. 1<1). If one were unavare of this reactant

depl etion effect, the chemcal surface reaction would

appear to be characterized by a (snaller) rate constant
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K=R/IPc)" sl=1.x ... (3.4.5)

where S is the wetted area of the catalyst. However,

in practice, even at constant surface temperature, the
apparent rate constant K, would depend upon the conditions
of convective diffusion (through n). This has important
implications for experiments designed to obtain the value
of the true activation energy E, particularly at elevated
surface temperatures. |If the actual rate & is different
from ﬁchem, then the apparent activation energy E, so

determined will be less than the true activation energy

E, and, moreover, E, will depend upon conditions of
convective diffusion. This imply

3 /BE=1+(31lnm /S1n C.) ... (3.4.6)

n

and owing to the properties of the 7 (C_, n) relation,
it will be seen that E, may be identified with 5 only

in the limit © > o, whereas I_—=o0 as C —><. One can

correct for the effect of convective diffusion in
activation energy measurements only if the dependence of

nonC_is known and if the value of 7 is determined.

The four characteristic reaction parameters defined and
discussed above are summarised belows:

(1 €, = The catalytic parameter
The characteristic rate of interfacial
The characteristic rate of convective

diffusion
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R k : R )
_ _chem _ 8 _ true reaction rate constant
- -k,  mass transfer coefficient

Rqiff g

(2) 7 = The integrated diffusion (effectiveness) factor

1
n

i kt\ "“-]_ E’L{: \Jl
= ' —— e i — e e e m -
= (l 4 bl’l) — (l + l{-—n-) s qu + kr' - C

5 W S 0

where C; = Surface concentration of the reactant
C, = Bulk concentration of the reactant

(3) ¢ = Global cocorrection for finite catalyst activity

Actual overall rate
= Diffusion Timited rate

k_ k. k
— e n = i . .-._-.—,{3-.,._.... = -_,__..,EJ P—
n k. k. + k_ ] + k_
?'_i: : {3 = Q’:

(4) 5% = Nornmalized apparent activation energy

-~ - ™ 4 ~ N [T )
=1+ (21ln1n + 21n Cp

=T for n = 1.
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4.1. STAGNATION REGION OF A CGRCULAR CYLINDER -
A WHL DEFINED HOW FIELD

It is a formidable task to generate a uniform
flow over a surface. The flow in a pipe has a parabolic
velocity distribution, (Fig.4.3) as shown and the velocity
Is uniform at any position. If the coating is done over
a radial distance of 20 per cent of the whole cylinder
the variation in the velocities (between the mean velocity
and the actual velocity) is of the order of 2 to 3 per
cent It is also seen from Fig.4.1, that by restricting
the stagnation region to 30 degrees the variation in
the displacement thickness and momentum thickness with

position around the cylinder is negligible.

Thus, (i) by resorting to pipe flow and
generating a parabolic velocity distribution, (ii) by
coating the surface to a radial distance of 20 per cent
of the whole cylinder and (iii) by restricting the
stagnation region to 30 degrees the flow is well defined
and the hydrodynamic solutions are helpful to study the

flow in the stagnation region.

4.2. DESCRIPTION OF THE APPARATUS

The apparatus built for this investigation
conprised a cylindrical G I. duct (inside dianeter
5.27 cm) and had a total length of 1.8 m A schematic

diagramis shown in Fig.4.2. The calmng section
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consisted of five screens made up of two 40 mesh
followed by three 100 mesh screens. The purpose of the
screens was to smoothen out the flow and destroy the
boundary layer at the duct walls. The entrance section
was 1 m. in length (L = 20D) and the downstream 0.8 m.
(L = 16D). This ensured the development of a perfect
laminar flow. The test section had a flange welded,

to which the cylinder was fixed by nuts and bolts. The
centre of the cylinder was in perfect alignment with the
centre of he flange so that the stagnation region was
exactly perpendicular and faced the upstream flow of gas.
As shown in Pig.4.3, extreme care was taken to ensure
that the stagnation region sections were connected by

M.S. flanges to facilitate easy dismantling.



CHAPTER 5

MASS TRANSFER EXPERIMENTS
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Mass transfer studies were carried out over
naphthalene coated surface. The rate of mass transfer
was measured and compared with the mass transfer rate
determined theoretically. This was to check the validity

of the theoretical calculations.

5.1. PURIFICATION OF NAPHTHALENE

Chemically pure naphthalene was dissolved in
rectified spirit (95 per cent ethanol) and recrystallized.
The recrystallized sample was then sublimed and very pure
naphthalene free from other impurities was obtained. It

had a melting point of 80.5° C.

5.2. COATING OF NAPHTHALENE IN THE STAGNATION REGION

The purified naphthalene was filled up to
3/4th of a big test tube and slowly heated in a waterbath,
and when a clear solution was obtained, the clean stainless
steel cylinder was slowly dipped for a minute and taken
out. A thin uniform coating of naphthalene was obtained
on the cylinder. It was then slowly cut with a sharp
knife and the coating in other parts of the cylinder was
removed, leaving a little more than the required area
in the stagnation region. The excess area was then
carefully covered with a cellophane tape. The cellophane
tape not only helped in getting the exact area required
for exposure but also supported the coating in the

stagnation region.
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5.3. METHOD OF ANALYSIS

The concentration of naphthalene obtained by
the experiments was of the order of 10° gm.moles/litre.
To measure this quantity accurately, the outcoming
naphthalene in air was absorbed in rectified spirit
(spectrophotometric grade) and the concentration of
naphthalene was determined by measuring the absorbance
in a UV Spectrophotometer (Fig.5.1). Since naphthalene
has an extinction coefficient of 10 at A = 286, the
concentration was accurately determined from the

calibration chart (Pig,5.2).

5.4. EXPERIMENTAL SET UP AND PROCEDURE

The experimental set up for mass transfer studies
is shown in Pig.5.3. Air from the cylinder (dried over
anhydrous magnesium perchlorate) was fed to the reactor
through calibrated capillary flow meters. The flow rate
was adjusted for the required Reynolds number. After
about an hour, when the system was in a steady state, the
outlet E of the duct was connected to series of absorbers
(provided with spargers at the inlet as shown in the
Figure) filled with spectroscopic grade rectified spirit.
Air was blown for a known interval of time and the
rectified spirit was made up to known volume and the
concentration of naphthalene was determined. Before the

commencement of every run, air was blown in the duct for
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about an hour and the absence of naphthalene was confirmed.
The experiments were carried out by varying the Reynolds
number around the cylinder (30.70) and the area of contact

(r/R from 0.2 to 0.4). A specimen calculation is shown
in Appendix 2.
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CHAPTER 6

KINETIC EXPERIMENTS
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The reaction between hydrogen and oxygen (air)
was chosen as the chemical process primarily for the

following reasons:

(1) Our object is to operate the reaction in the
intermediate regime where both chemical kinetics and
diffusion govern the observed reaction rate. The
reaction between hydrogen and oxygen is known to be

very fast and affected by both diffusion and reaction.

(2) There is a large difference between the thermal
conductivity of hydrogen and air. The concentration
of hydrogen in the circulating reactants can be easily

determined by a thermal conductivity detector.

(3) Platinum, which is widely used as the catalyst for
this reaction is very active and its deposition

techniques on a metallic surfaces are well known,

(4) The reactants, hydrogen and air are readily

available, easy to handle and. stored in cylinders.

(5) The reaction has been studied extensively and the

kinetics are available in literature.

6.1. DEPOSITION OF ALATINUM IN THE STAGNATION REGION

Platinum was deposited by evaporated metal
film technique as described below:

About 0.5 gms. of platinum wire was taken

and cut into small pieces. These pieces were kept on
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a tungsten filament which had provision for electrical
heating. The stainless steel cylinder was first cleaned
by trichloroethylene followed by methanol and acetone

in the ultrasonic cleaner. The cylinder was covered
with aluminium foil and only the required area was
exposed. It was then put on a ring holder and supported
on a stand, which was about 10 cms. above the tungsten
filament. The glass dome was put over the unit and a
vacuum of 10°® Torr was applied inside. The platinum
metal was then deposited by heating the tungsten filament
for about 2 to 3 minutes. This procedure was repeated
10 to 15 times. Degassing was done intermittently and
some time was allowed for obtaining the required vacuum.
The vacuum was released slowly and the cylinder was taken
out. The required area was found to be uniformly coated

and the coating had a bright finish.

6.2. CATALYST ACTIVITY

The question of catalyst activity is of prime
consideration and the surface activity was maintained
by pretreating the platinum surface at 150° C before

every run in dry air for one hour.

6.3. METHOD OF ANALYSS

The composition of hydrogen in air was
determined by the specially built thermal conductivity

detector by taking advantage of the large difference
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between the thermal conductivity of air and hydrogen.
The sample was introduced into the gas analyzer with the
help of a hypodermic gas tight syringe. Known samples
of hydrogen in air were introduced into the TCD and the
corresponding deflection measured in the strip chart
recorder. From this calibration chart (Fig.6.1) the un-
known composition of hydrogen in air in the circulation

gas mixture was determined.

6.4._ EXPERIMENTAL SET UP AND FROCEDURE

The experimental set up for kinetic studies is
shown in Fig.6.2. Air and hydrogen from the cylinder
(dried over anhydrous magnesium perchlorate) were fed
to the reactor through separate metering systems and
mixed at the entrance to the reactor. The reactants were
circulated by a diaphragm pump in conjunction with a
surge tank. The gases were trapped in the circulation
line by suitable adjustments of the valves shown in the
diagram. The flow in the circulation line was adjusted
by means of a needle valve provided in the suction side
of the pump and the flow rate was accurately measured
by means of a rotameter. The initial concentration of
hydrogen in the circulation was adjusted to be around
3 per cent. Temperature control of the reactor and air
and hydrogen mixture was obtained with three separate

heating sections and the temperature of the reactor was
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measured by a copper-constantan thermocouple inserted
on the cylinder and located exactly above the stagnation

region. When the flow and temperature became steady,

samples were withdrawn from the circulation line at
known intervals by a hypodermic gas tight syring. In
every case 1.5 ml. sample was used with air as the
carrier gas. Mole per cent of hydrogen present in the
sample was indicatec' by the deflection (peak height)
measured in the strip chart recorder. The experiments
were carried out for Reynolds number (Rey) between 40-70,
by varying the flow rate and in the temperature range
295°K to 333°K. A specimen calculation is shown in
Appendix 3.
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CHAPTER 7

RESULTS AND DISCUSSION
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MASS TRANSHER EXPERIMENTS

Mass transfer experiments were carried out
over the napthalene coated surface by varying the
Reynolds number around the cylinder and the area of
contact. The rate of mass transfer was measured and
compared with the mass transfer determined theoretically.
The results are tabulated in Table 2. The Sherwood
number for mass transfer calculated theoretically
(equation 3.1.29) and measured experimentally are plotted
against the Reynolds number around the cylinder. The
plots are shown in Figures 7.1, 7.2 and 7.3. The
deviation between the theory and experiments were well
within 5 per cent, thus confirming the validity of the

theoretical expressions.

KINETIC EXPERIMENTS

The reaction between hydrogen and oxygen
catalysed by platinum was studied over the temperature
range 295° - 333° K and feed concentration of hydrogen
in the range 0 to 3 per cent in air. Due to the continuous
circulation of the reactants, the reaction was subjected
to batch reactor analysis and the concentration of
hydrogen in the circulating reactants was measured at
known intervals and the plot is shown in Fig.7.4.

A plot of -In(I-X,) vs time (minutes) was made as shown
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TABLE 2
Expt. Temp.  Time C. x 10° D.
No. o hrs. gm. moles /cm?® cm?/sec. A,
1. 296.4 20 0.3965 0.06450  0.6541
2. 297.7 2.0 0.4480 0.06504  0.6541
3. 2969 25 0.4156 0.06471  0.6541
4. 296.8 1.5 0.4117 0.06463  0.6541
5. 297.0 2.0 0.4195 0.06475 0.6541
6. 298.4 20 0.4781 0.0653 1.3082
7 298.6 2.0 0.4870 0.0654 1.3082
8 299.0 1.5 0.5054 0.06559 1.3082
9 298.1 1.5 0.4649 0.0652 1.3082
10. 2971 15 0.4235 0.06479  1.3082
11.  298.7 2.0 0.4916 0.06546  0.98115
12.  298.0 20 0.4606 0.06517  0.98115
13. 299.0 20 0.5054 0.06559  0.98115
14. 2989 15 0.5008 0.06555  0.98115

15. 299.2 1.5 0.5148 0.06567 0.98115
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11.2049
10.022
8.6793
12.2744
13.2579
10.4813
11.4816
9.3747
8.1187
12.4016
10.9092
11.9505
12.9080
9.7575
8.4502

(theory)
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ShD
(expt.)

11.1560
10.247
8.4875
11.9701
13.4347
10.4144
11.3509
9.7416
8.0247
12.5752
10.7223
11.7896
12.2771
9.8820
8.7222

TABLE 2 (Contd.)

Deviation
per cent

-0.4364
+2.2450
-2.2090
-2.4791
+1.3335
-0.6382
-1.1383
+3.9137
-1.1578
+1.3998
-1.7132
-1.4300
-4.8876
+1.2759
+3.2188
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in Fig.7.5. It gave a straight line passing through
the origin. This indicated that the reaction was first
order with respect to hydrogen and its slope gave the
apparent rate constant K. The apparent or observed
rate constant K was then plotted against temperature
as shown in Fig.7.6. The plot indicated that the
reaction was affected by both diffusion and reaction.
The effect of diffusion was accurately determined by

the mass transfer expression around the stagnation

region of the circular cylinder and the true or intrinsic
reaction rate constant k  was extracted by the additivity
relation. Fig.7.7 shows the characteristic plot, the
true reaction rate constant k £ vs temperature. The slope
of this plot gave the true activation energy and the
intercept gave the Arrhenius parameter. The true activa-
tion energy, E obtained in the study was 11,480 cals./
gm.mole over the temperature range 295-333° K and the

rate constant k., (in 1/min.) for the reaction on the

platinum surface was given by:

Log k = (6.2088) - (11.48) K. col. mole'/2.303 RT

The characteristic reaction parameters:

(1) The catalytic parameter, C

(2) The integrated diffusion (effectiveness) factor n
(3) The Global correction for finite-catalyst activity

Band
(4) The normalized apparent activation energy, E, /E
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defined and discussed in Chapter 3 were evaluated and
the results were tabulated (Table 3).

The following characteristics plots were prepared:
(1) In (catalytic parameter © ) vs In (Integrated

diffusion factor = ) ... Fig.7.8
(2) Integrated diffusion (effectiveness) factor

% vs normalized apparent activation energy,

Ea / E Fig.7.9

(3) The G obal correction for finite catalyst activity
¢ vs Integrated diffusion (effectiveness) factor
Fig.7.10

The above results of the kinetic experiments may be
discussed in relation to the reported experiments in
the literature on the same system.

Boroskov (1954) studied the reaction between
hydrogen and oxygen and reported an activation energy
of 10 + 2 K cals./gm.mole on platinum. Under conditions
of continuous drying and low conversion Boroskov found
the reaction to proceed according to first order kinetics.
Boroskov used a differential bed recycle reactor in
which only differential conversion took place at any
one part through the catalyst. Gidaspov and Ellington
(1964) in their work on reaction of hydrogen with
excess air on platinum catalyst reported first order
for hydrogen concentrations below 1 per cent and an
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TABLE 3
T Totaf Flo:\;v: ST ?)b_se_rv:éd_or— ) Mass:
Room rate(air + Reaction apparent transfer
temp. K hydrogen) temp. rate constant coeffi-
at room temp, Ok K(gm.mole/ cient k
LMP hr.sg.cm. (gm..mole/
atm.) hr.sa.cm.
atm.
295 4.03 295 0.1425 0.4262
297 4.12 313 0.2588 0.4354
298 4.12 323 0.3067 0.4410
296 4.09 333 0.3586 0.4460
294 3.25 294 0.1339 0.3810
297 3.29 313 0.2367 0.3901

299 5.30 313 0.27259 0.4934



N o ooos woN P

True
rate

constant

TABLE 3 (Contd.)

k.(gm.mole/ Cn=k, / k, n=k, / k, + k, @= ks / kst kg Ea Ed/ E

hr.sq.cm.

atm.)

0.2142
0.6383
1.0069
1.8298
0.2066
0.6014
0.6091

0.5025
1.466

2.2832
4.1026
0.5422
1.5416
1.2344

0.6466
0.4230
0.3021
0.1964
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activation energy of 17 K.cals/gm.mole below 450° F.
Kulacki and Gidaspov (1967) studied the reaction in a
parallel plate duct with one catalytic wall (platinum)
in laminar flow. They found the reaction to be first
order and obtained an activation energy of 9.6 K.cals/
gm.mole between 165°F and 400° F. Leder and Butt (1966)
studied the low temperature oxidation of hydrogen in a
bed packed with porous alumina extrudates in the
temperature and concentration ranges included in this
study. They obtained an activation energy of 10 K.cals/
gm.mole. However, they reported the reaction to be
second order. Their rate law may have differed due to
water chemisorption in the surrounding alumina surface

used as the support for their dilute catalyst.

It is not possible to compare the value of
activation energy obtained in this study with the
literature value due to the variation in the type of
catalysts used. However, the value is well within

the range of reported values.
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Our investigation would appear to be the
first attempt to use the uniform accessibility quality
in the stagnation region of a circular cylinder in an
experimental study of transport limited heterogeneous
catalysis and the following specific contributions have
been made.

(1) Approximate analytical solutions for high and low
Schmidt numbers for mass transfer to the stagnation
region have been derived. They agree favourably with the

exact solutions reported.

(2) Convective diffusion with a catalytic reaction in
the stagnation region has been solved and a general

expression for an n™ order reaction obtained.

(3) Mass transfer experiments have been conducted in a
carefully designed stagnation flow set up. Naphthalene
vaporization was used as the experimental system. The
experimental data agreed well with the theoretical
calculations.

(4) The reaction between hydrogen and oxygen catalyzed
by platinum was studied over the temperature range

295 -333° K and at feed concentrations of hydrogen in the
range O to 3 per cent in air. The reaction was found
to be affected by both diffusion and reaction. The

effect of diffusion was accurately determined by the
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theoretical expression and the kinetic parameter
extracted by the additivity relation. The reaction
was found be first order with respect to hydrogen and
the true activation energy obtained in this study was
11,480 cals./gm.mole over the temperature range
295-333° K and the rate constant ks(in 1/min.) for the
reaction on the platinum surface was given by;

log kg= (6.2088) - (11.48) K cal. molr;"l/2,3.(}3 RT

(5) The characteristic reaction parameters were discussed,
defined, calculated and the characteristic plots prepared.

This study indicates that the stagnation flow
region of a cylinder can be a convenient system for
studying the true kinetics of a solid catalyzed reaction
due to its unique property of uniform accessibility.



APPENDIX 1

DIFFUSION COEFFICIENT OF HYDROGEN
IN AIR AND CALCULATION OF
SCHMIDT NUMBER
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The diffusion coefficient of hydrogen in. air
(DC) IS reported to be

D = 37788 x 1077 x 177 at 1 atmosphere
[Marrco and Mason (1972)]

At barometric pressure of 708.8 mm Hg.
™ - Z TTaN - _F_ = __769____ s r1-; -7%
L - je 1188 x 10 X 768.8 x T

= -
= 4.0517 x 1077 x o+ 77

The kinematic viscosity of air (7 ) is reported to be;

2V = T.256 x 1070 x 7173 a 1 atmosphere
[Hilsenrath et al. (1960)].

At barometric pressure of 708.8 mm Hg.

760 46 o ml.T5
U = 7,256 x 7%0 x 107° x 75

5 o SRR e w58 o 2eTH
Schmidt number Sc = - = L1802 10 —gE—rmr = 0.198
e 4,0517 x 10 3 e e

[Reported value 0.22°, Refs Spalding (1963)]



APPENDIX 2
MASS TRANSFER EXPERIMENTS
SPECIMEN CALCULATION




86

(i) Calibration of Specord UV Spectrophotometer -
Naphthalene in rectified spirit

Concentration Absorbance/optical
gm. mole /litre x 10" density (at A= 286)

0.45 0.20
0.86 0.38
1.24 0.54
1.62 0.71
2.00 0.87
According to Beer's Law A= ¢ Cd.

where A = Absorbance or optical density
¢ = Extinction coefficient or specific extinction
C = Concentration of naphthalene in gm.moles / litre.
d = Cell path in cms.( = 1 cm. for Specord),
A plot of absorbance vs concentration is made as shown in
Fig.5.2. The slope gives the extinction coefficient.
Slope from plot = & = 4342; log ¢ = 3.637
[Reported value: log = at A = 286, for naphthalene in
rectified spirit = 3.65)].
[Ref : Silverstein and Bassler (1963)].

(i1)__Diffusion coefficient of, naphthalene, in air D_ )
and its variation with temperature T.

The diffusion coefficient can be estimated by the

correlation:

0.001858 x T3/2[Ml + M) /MM,
0 TR T U .
C
2
P Oy "n'D
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where T is the absolute temperature (°k), M,, M, are

the molecular weights of the two species, P is the
total pressure (atm.), -5 is the ’'collision integral’,
a function of kT/e, , €0 are the forco constants in the
Lennard-Jones potential function, and k is the Boltzmann

constant. [Ref: Satterfield (1970)].

M, + M, 1/2 3.16 1/2

i Ml & (l_g_g,..l%ﬁtéﬁa.‘.é = 0.205.
“l 12 l .l X 280 90

fo = ;‘ (O’ + ) (2)
12729 7% U

Since o,, for naphthalene is not known, it is calculated

by the following correlation (Ref: Satterfield, page 16).

1/3

gy = 1.18 Vb --- (3)

where V, is the liquid molal volume at the normal boiling

point ml. V, is estimated by Nenson's method [Ref Reid
and Sherwood, 1966)].

v
7= = 0.422 log p.++1.981 )
D

where V, = Critical molal volume, ml/gm. mole
P, = Critical pressure, atm.

For naphthalene :

VC = 3.1847 ml/gm. P, = 29792 mm Hg and
t. = 469°C.

C

[Ref: Physical Properties of Chemical Compounds',
1955 ACS ., Washington, p. 203)].


http://ii.CS
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V= 3.1847 x 128.16 = 408.15 ml./gm.mole.
P = 29792/760 = 39.2 atmospheres.

Substituting these values in equation (4)

498.10 = 0.422 log (39.2) + 1.981
= 0.6724 + 1.981 = 2.6534.
7, = 408.15/2.6534 = 153.82 ml./gm.mole.

oy = 1.18 (153.82)7° = 1.18 x 5.358 - 6.322 A®

o, = 1.18 (for air) = 3.711 A°(Satterfield, p.14)
0y0= 5 (6.322 + 3.711) = 5.0165 A".
of,= 25.165.

The value of v

n collision integral is a function of
kT/El2

where k = Boltzmann constant.

¢, = Force constant in the Lennard - Jones potential
function

ey = Veqe, - (6)
[Satterfield, p.17].
For naphthalene value of &, is not available and is

estimated by the empirical equation

KT/e, = 1.30 —— ... (6)
: [ Satterfield p.16 |
i.e. k/ey = 1.3/T. e (D)

kfey = 1.3/(273 + 469)
e1/k = 742/1.3 = 570.8°K
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Fir air 32/1( = 78.6°K (Satterfield, p.14)

JE ’ = {‘,-E——'_‘- --..—---E ;‘.-..
bl ke sl
'570.8 78.6 211.
At 300°K,~- = = = 14164
1;‘: l—----—“-o"

The values of collision integral+1, in the range 1.35
1.45 are tabulated along with the corresponding temperature

for the system [Ref : Satterfield, p.14]

kI N T°K °C
i -

1.35 1.253 285.9 12.9
1.40 1.233 296.5 23.5
1.45 1.215 307.1 34.1

(iii) Variation of diffusion_ coefficient (of naphthalene
in air) with temperature

From equation (1)

e’y T, 3/2 (Fo)g
wy= = () (=P ..(8)
U oIm L { ) )

C i - < f\ D m

1

Since Q , is a function of temperature only for a given

system, the above equation can be reduced as

( EI’_‘. ) T T, a
— : 1. (_T___l‘) ... (9)



The value of exponent

Substituting the

Z25h%

1.255

i.e.

b

Similarly —++£22

[

)

b

The variation in
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'a' is worked out as follows:
< = (=) (10)
values of L2 and T in equation (10)
;Zf", € -i)u
= (58573

1.0162 = 1.0371

log (1.0100/log 1.0371) = 0.4412

exponent b is small and hence from the

desired temperature range of 23.4 to 34°C

1.4to

(i.e. ;
“1lc

Value of b is taken as

Value of a 1.5

1.45)
0.42.
+0.42 = 1.92
- (i) . (11)

The value of D, at 296.5°K is calculated by substituting

the value of X

12 9

D, at 296.5°K

Q , in equation (1)

0.0603 cm’/sec.



) 3K = 0.06( ( ""J? ) 1.9
= 0.061084 cm?/ sec.

[reported value = 0.0611 Ref: C.N.Satterfield, p.13]

1.92

D. at 300°K = 0.060% (=s-:-—) = 0.0616 cm?/sec.

Kinematic viscosity ;, at any temperature T
= 7.256 x 10°% x T+ 7°

7/ at 300°K = 0.15688 cm?/sec.

Schmidt number, Sc =2//D_ = L%‘)i@)" = 2.546

[ Reported value 2.55 Ref. Spalding (1963)]

(iv) Vapour pressure of naphthalene

The vapour pressure of naphthalene can be

estimated by the correlation

(Gildenblut et al. 1960)

655 x 10%%

Concentration of naphthalene C; = P, /Ry at the surface

2 1)
=g = r % Wik
e }‘. l.k." — T

. mole/cm3
107! <
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(v)_Estimation of Sherwood number Shp (Run. No.l)

Average temperature during the course of the
experiment (2 hrs.) = 23.4°C = 296.4°K.
Flow rate at 23.4°C = 4 lit. per minute.

L‘U o

Reynolds number in the pipe = T

where D is the diameter of the pipe
U,is the linear velocity of air in the pipe

4000

§0 x I x (5.27)% cm.isec.

kinematic viscosity of air
7.780 x 10° x 296.4%7°

e

= 97.96

The average velocity around the coatzeéd SU{f?c‘/aR)2 , .
’ o -\ mr,ar

N~ e g s e |

= = / 2Ul: T (0.2.)2 :|

U
(r/R=0.2) 8  w(0.2r)? S

Reynolds number around the cylinder Rep

1.96

o S e = 0.4
F ] S — < o T
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Concentration of naphthalene at the surface Cs

= 0.3965 x 10"~ gm. moles/cm3

Diffusivity coefficient of naphthalene at 296.4° K and
710 mm. Hg.

1.92
_ 296, 4 160
D, = 0.0603 x (2 5) X 710

-

= 0.06450 cm?/ sec.

Area of the coated surface, o % x7T x 1.25 x 1
= 0.6541 sq.cm.
Absorbance / optical density from UV Spectrophotometer = 0.19.
Rate of mass transfer from the calibration chart.,
Pig. 5.2 = 0.43 x 10™% gm. moles/litre.
Since the rectified spirit was made upto 250 ml, the

actual rate of mass transfer of naphthalene |

= 943 X0 - 01075 x 10”4 gm. moles

L — 1, D - =
3—-kgCSACxt..SﬂDx Dmc xCSxACJ:c

where kg, is the mass transfer coefficient in cm/sec.
Cy is the concentration of naphthalene at the surface
gm.moles/cm?®

A. is the area of the coated surface in cm?



A

Shp is the Sherwood number for mass transfer around the
cylinder.

D. is the diffusion coefficient of naphthalene in cm?/sec.
D is the diameter of the cylinder

t is the time of collection in secs.

. j .
ShD(eXperlmenta--cm- g e x .

02075 x20°% 1.2
0.39.65 x 10~° x 0.6541x2x3600  ©+0®

11.1560

- -
45

In the stagnation region of a circular cylinder we have
shown

oh

=

—2L- - F(Sc) ... Equation 3.1.29)
VRe

For Sc = 25, F(SC) = 0.80865 (frOm Table 1 Chapter 3)
ShD (theoritical) = 2 * Viep x T(8c)

= 2 x 6.9282 x 0.80865
11.20498

Percentage deviation from the expression developed

_ 10,0489 o0 6 g
= 373075 X 100 = 0.4364 per cent
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TOTAL VOLUME OP THE REACTOR
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TOTAL VOLUME OP THE REACTOR

1.25 cns. dia. total length 250 cns.

2.5 cns. dia. : total length 151 cns.

Vol.

5.27 cns. dia. : total length 300 cns.

Tank - 15 cns. dia., 13 cns. length
Coni cal portion

Rubber tube ; 120 cns. length
1 cm dia.

!

306

961

6540

3179

Total volunme of the reactor :11.2 litres.

CCS.



APPENDIX 4
KINETIC EXPERIMENTS
SPECIMEN CALCULATION
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KINETIC EXPERIMENTS

Specimen calculation (Run No0.3)

(1) Estimation of observed or apparent rate constant K,
Room Temperature = 298° K, Plow rate of air and
hydrogen at room temperature = 4.12 litres per minute,
Reaction Temperature = 323° K.

= T o mm e me mm mm— T e e T mm e mem mme T e me mw m— T S e e =

TS e mole per cent 0" IIN (aicA S
0 53.5 2.48 0.0
15 48.0 2.22 0.1107
30 42.0 1.94 0.2455
45 37.5 1.75 0.3406
60 33.5 1.56 0.4635
75 29.0 1.36 0.5717
90 26.5 1.23 0.7012
105 23.5 1.10 0.8129
120 20.0 0.94 0.9701
A plot of - In ca/cA, vs. t (minutes) was made. It gave

a straight line passing through the origin. This indicated
that the reactionwas first order with respect to hydrogen

and its slope gave the observed or apparent rate constant K.

K = 0.0079127/min. = 0.4747/hr.

gn. mole
hr.sq.cm.atm.

K in = K(-h% x

A x
c
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where V is the total volume of the reactor = 11.2 litres
(Appendix 3).

A. is the surface area of the coated catalyst.

R is the gas constant in litre atm./gm. mole °K

T is the reaction temperature in °K.

r = gD 4747 x 1102 . gm, moles
K = 578571 % 0.08206 x %25 = 0-3007 77 6q . atms.

(2)_Estimation of true reaction rate constant Ks

Flow rate of air + hydrogen at 298°K = 4.12 LM

Flow rate at 323°K = 4.12(%—%) = 4,4958 LPM

linear velocity u = Q/4 = 460.8
CIn

SecC.

- x (5.27)

ERPTORSRESOOY - ', N W0 -

o

50 = 3—} x (5.27)2 x 7.780 x 108 x 3231+75

0.27 {1 - (-%—) 2lomr ar
2U --

Q
= . = 1.96 U
AV 97 (0,2R) 2 = m(0.22)° |
Reynolds number around the cylinder Rey = ]—“‘Zgéx}.{o
= 0.49. Re,
= 0.49x94.601

= 46.04.
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In the stagnation region of a circular cylinder we have
shown
Sh
1 L :
'iﬁ% =F (Sc) .... (equation 3.1.29)
where Shp is the Sherwood number for mass transfer
Sc is the Schmidt number =0.20
Rep = 46.04. For Sc = 0.20 F(Sc) = 0.3.

Shp, = 0.6 x V46.04 = 4.071.

D
The mass transfer coefficient k, = Shy x ~D£

where D. is the diffusion coefficient of hydrogen in air.
(from Appendix 1) = 4.6517 x 1072 x 7%+ 12

D is the diameter of the cylinder.

« < 4071 x 4,0517 x 107° x 32357 ¢
l-

g 25 Dec
_ 4,071 x 4.0517 x 1072 x 323075 3600
1.25 82.06 x 323
= 0.4410 £« molcu

hr,sq.cm,atm.

_gm.mole

The apparent or observed rate constant K = 0.30675; o~ =25

By the addlitivity relation established in Chapter 7

: R 1
= = a 4 e
K ks kg
. 1 1
i g - g = 0-991
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. &n. mole

The true rate constant k., = 1.0069 O e

(3) Estimation of characteristic reaction paraneters:

—

(1) 8 = Rehem, K
B Ryiffusion kg
1 x -1 k k
n s N = - = -—-—-——gw-z 3.
(@rm =) = Qrg) TETE TR
k k
(3) ¢ = 6 . -ﬁ = “"'§‘ = --w-w-gm-.-m
" , - Egt kg

B, _ _
(4) =1+ (3ln n/aln cn)

B.‘:'mtij
]

Nnfor n=1.
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A Absor bance or optical density (dinensionless)
A. Area of the coated surface (cnf)
C Concentration in fluid phase (gm.mole. cm™®)

Surface concentration of the (gm.mole. cm® )
Ci  fluid

Bul k concentration of the (gm.mole. cm™ )
O  fluid

Ch The catalytic paraneter for (dimensionless)

nth order surface reaction

Cel | path (cm.)
D D aneter of the cylinder (cm.)
o, ~ Diffusion coefficient (cm?* sec.™ )
E True activation energy (Cal. gm. mole? )
Ea Apparent activation energy (Cal.gm.mole™ )

F(Sc) Junction of Schm dt nunber (dimensionless)

H ) Function defined by equation

(3.2.6)
j Rate of mass transfer (mole. hrt )
Kk Bol t zmann const ant
K Mass transfer coefficient (gm.mole.hr'* cm? atm™ )
9
True or intrinsic reaction (gm.mole.hr'* cm? atm™ )
S rate constant
K Apparent or observed reaction (gm.mole.hr'’ cm?atm™? )
rate constant
L Characteristic length or (cm.)

| ength of catal yst plate

m Functi on defined by
equation (3.1.15)


http://gm.mole.hr
http://gm.mole.hr
http://gm.mole.hr
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Mol ecul ar wei ghts of the species (gm.molc"’l)

Reaction order

Total pressure

Critical pressure

Vapour pressure
Universal gas coristant

DUeo

-

Reynolds number,

Overall rate of reaction

Wetted area of the catalyst

Schmidt number, 2/ /Dc

k D
B

DC

Sherwood number

Time
Absolute temperature
Velocity in the x direction

Velocity in the potential flow

Velocity in the mainstream
Velocity in the y direction
Axial coordinate

Transverse coordinate

(atms. or mm.Hg.)

(atms. or mm.Hg.)

(atms. or mm.Hg.)

(lit. atm.gm. mole™
oK1
(dimensionless)
(mole.hr't cm™® )
(cm?)
(dimensionless)

(dimensionless)

(minutes)
(°K)
(cm. sec.™t)
(cm. sec.™t)
(cm.sec.™)

(cm.sec.™)


http://mole.hr
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Greek letters

o Defined in equation (3.1.10)
B Defined in equation (3.1.10)

o Boundary | ayer thickness (cns.)
The integrated diffusion ée_ffect i venessg
fact or di nensi onl ess

© D nensi onl ess concentrati on
defined by equation (3.1.25)

A Vel ocity boundary | ayer
defined by equation (3.2.3)

B Dynamic viscosity of the fluid (gmcm! sec™?)
) Ki nematic viscosity of the fluid (cnf.sec? )
£ Force constant

() Defined in equation (3.3.20)

e Defined in equation (3.1.6)

z Defined in equation (3.3.20)

©  Density of the fluid (gm. cm™®)
Force constant

] Angle around the cylinder
measured from the stagnation region (degrees)
) Global correction for finite
catalyst activity (dimensionless)

Stream function defined in
equation (3.1.5)
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Subscri pts
av Aver age
C Concentrati on

Chem GChem cal control

diff D ffusion control

D D amet er

0 I n the bul k

p At the pipe

S At the surface

Y Vel ocity

X Local value based on characteristic |ength

At upstreaminfinity



