


TRANSPORT ACCOMPANIED BY CHEMICAL 

REACTION IN STAGNATION FLOW 

Thesis 
Submitted for the degree of 

MASTER OF SCIENCE 
IN 

CHEMICAL ENGINEERING 

by 

K. S. BALARAMAN 

DEPARTMENT OF CHEMICAL ENGINEERING 

INDIAN INSTITUTE OF TECHNOLOGY 
M A D R A S 

MAY, 1978. 



ACKNOWLE DGEMENT 

The author wishes to express his immense g ra t i tude t o : 

P ro fessor . Dr. M. Satyanarayana and Dr . A. Baradarajan, 

Department of Chemical Engineering, Indian I n s t i t u t e of 

Technology, Madras and Dr. L.K.Doraiswamy, Head, Chemical 

Engineering and Process Development Divis ion, Nat ional 

Chemical Laboratory, Pune for t h e i r invaluable guidance 

and constant encouragement throughout t h i s i n v e s t i g a t i o n . 

Dr. R.A.Mashelkar, S c i e n t i s t , National Chemical Laboratory, 

Pune, for h is keen i n t e r e s t , s cho la r ly advice and 

continued support to t h i s research e f f o r t . 

Di rec to r , National Chemical Laboratory, Pune, for 

sponsoring the candidature and the opportunity given in 

improving the t echn ica l competence. 

Di rec tor , Indian I n s t i t u t e of Technology, Madras, for 

g r a n t i n g r e g i s t r a t i o n and providing the necessary 

f a c i l i t i e s during the course work. 

Colleagues at the National Chemical Laboratory, Pune, 

for t h e i r encouragement and useful suggest ions . 



CONTENTS 
PAGE 

CHAPTER 1 INTRODUCTION ... 1 

1.1 Introduction ... 1 

1.2 Phenomenological hetero-
geneous catalysis 

1.3 Object of the work ... 6 

CHAPTER 2 LITERATURE REVIEW ... 7 

2.1 Importance of flow systems 
in kinetic studies ... 7 

2.2 Internal flow configurations ... 11 

2.2.1 Experimental ... 11 

2.2.2 Analytical ... 14 

a. Tubular reactors with 
laminar flow ... 14 

b. Tubular reactors with 

turbulent flow ... 14 

2.3 External flow configurations 15 

2.3.1 Flat Plate ... 15 
2.3.2 Generalized geometry ... 17 
2.3.3 Sphere ... 18 

2.3.4 Rotating disc ... 18 

CHAPTER 3 THEORETICAL ANALYSIS ... 20 

3.1 Exact solution of the equation 
for convective diffusion to the 
stagnation region of a circular 
cylinder ... 20 

3.2 Approximate solutions for 
Sc >> 1 and Sc << 1 ... 30 



PAGE 

3.3 Solution of the convective 
diffusion equation with 
chemical reaction in the 
stagnation region of a 
circular cylinder - The 
method of the 'Uniformly 
Accessible' surface ... 38 

3.4 Characteristic reaction 
parameters ... 45 

CHAPTER 4 DESCRIPTION OF THE APPARATUS 49 

4.1 Stagnation region of a cir-
cular cylinder - a well 
defined flow field ... 49 

4.2 Description of the apparatus 49 

CHAPTER 5 MASS TRANSFER EXPERIMENTS 54 

5.1 Purification of Naphthalene 54 

5.2 Coating of Naphthalene in 

the stagnation region ... 54 

5.3 Method of analysis ... 55 

5.4 Experimental set up and 

procedure ... 55 

CHAPTER 6 KINETIC EXPERIMENTS ... 60 

6.1 Deposition of platinum in 

the stagnation region 60 

6.2 Catalyst activity ... 61 

6.3 Method of analysis ... 61 

6.4 Experimental set up and 

procedure ... 62 

CHAPTER 7 RESULTS AND DISCUSSION ... 66 

CHAPTER 8 CONCLUSIONS ... 83 



PAGE 

APPENDICIES 

APPENDIX 1 Diffusion coefficient 
of hydrogen in air and 
calculation of Schmidt 
number ... ... 85 

APPENDIX 2 Mass transfer experiments 
- Specimen calculation ... 86 

APPENDIX 3 Total volume of the 
reactor ... ... 95 

APPENDIX 4 Kinetic experiments 
- Specimen calculation ... 96 

REFERENCES ... ... 100 

NOMENCLATURE ... ... 105 



LIST OF FIGURES AND TABLES 

Figure 3.1 Boundary layer around the 

circular cylinder ... 20 

Figure 3.2 Local Sherwood number as 
a function of the Schmidt 
number for flows U(x)=u

1
x
m
 ... 31 

Figure 3.3 Hydrodynamic model of a 
circular cylinder (in the 
forward stagnation region) 
in a flowing stream of 
reactants ... 39 

Figure 3.4 Graphical method for the 
solution of connective 
diffusion equation with 
chemical reaction ... 44 

Figure 4.1 Variation of displacement 
thickness,δ

1
,and momentum 

thickness,δ
2
 with position 

around the circular cylinder.. 50 

Figure 4.2 General set up with test 

section ... 51 

Figure 4.3 Test section (enlarged view).. 52 

Figure 5.1 Spectrum of naphthalene in 
rectified spirit at various 
concentrations at λ = 2 8 6 . . . 56 

Figure 5.2 Calibration chart-concentra-
tion of naphthalene vs 
absorbance ... 57 

Figure 5.3 Experimental set up for 

Mass transfer studies ... 58 

Figure 6.1 Calibration chart-Hydrogen 

concentration vs peak height.. 63 

Figure 6.2 Experimental set up for 

kinetic studies ... 64 

Figure 7.1 Mass transfer around the 
stagnation region,theory 
and experiments,r=0.2 R ... 69 



PAGE 

Figure 7.2 Mass transfer around the 
stagnation region, theory 
and experiments, r = 0.3 R ... 70 

Fagure 7.3 Mass transfer around the 
stagnation region, theory 
and experiments, r = 0.4 R ... 71 

Figure 7.4 Concentration of hydrogen in 

the reactants vs time ... 72 

Figure 7.5 First order representation 

of the reaction with respect 

to hydrogen ... 74 

Figure 7.6 Apparent reaction rate 

constant K
1
. vs temperature ... 75 

Figure 7.7 True reaction rate constant, 

k vs temperature ... 76 

Figure 7.8 Dependence of integrated 
diffusion (effectiveness) 
factor,η on the catalytic 
parameter,C

n
 ... 80 

Figure 7.9 Influence of convective 

diffusion on the apparent 

activation energy ... 81 

Figure 7.10 Global correction for finite 
catalyst activity Ø vs 
Integrated diffusion (effectiveness) 
factor ... 81 

Table 1 Schmidt number vs function 
(Schmidt number) ... 32 

Table 2 Mass transfer experiments -
Results ... 67 

Table 3 Kinetic experiments -
Results ... 78 



CHAPTER 1 

INTRODUCTION 
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1.1. INTRODUCTION 

In the last few years, a new and original 

direction has been developed in chemical kinetics which 

is aimed 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 kinetics, 

on the one hand and 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 chemical 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 new 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 make 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 a l l points along 

a catalytic surface, and for sufficiently active catalysts 
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( e . g . a t sufficiently high surface temperatures), local 

reactant depletion can cause the apparent (observed) 

kinetics of the surface reaction to differ drastically 

from the true k ine t i c s .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 many well 

defined flow systems the magnitude of the falsification 

is predictable,so that diffusional effects can be removed 

from kinetic measurements made in the intermediate regime 

where both chemical kinetics and diffusion govern the 

observed reaction rates . 

1.2. PHENOMENOLOGICAL HETEROGENEOUS CATALYSIS 

The term 'heterogeneous'in chemical kinetics 

refers to reactions occurring at interfaces, i . e . at 

phase boundaries.The term 'catalysis' implies that the 

extent of the active surface's participation in the 

chemical reaction is severely limited since, s t r ic t ly 

speaking, the products of a heterogeneously catalyzed 

reaction cannot include atoms that were originally bound 

in the la t t i ce of the catalyst i t s e l f . T h u s , neither 

the catalyst 's bulk properties nor i t s gross external 

geometry are changed by virtue of the chemical reaction. 

Since a catalytic solid cannot ini t iate a chemical 

reaction that is thermodynamically impossible,we must, 
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in general, expect simultaneous chemical change to occur 

in the fluid or homogeneous phase without the part ici-

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 may then be singled out 

as effectively the si te of a l l 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 atom or molecule 

throughout i t s entire reaction history on the surface. 

What 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 ra te . Therefore if the relative slowness of 

reactant transport to the catalyst surface causes the 

reactant concentrations to be locally depleted, this 

already difficult task becomes further complicated. To 

the chemist interested in the interfacial reaction i tself , 

diffusion will seem to be a skilful falsif ier 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 cri teria 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 may 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 f i r s t class, the solid under investigation 

may be mechanically rotated in the reactant containing 
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fluid or may 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 s t i r r e r . P a r t i c u l a r l y 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 f i r s t consists of attempting to 

calibrate these transport phenomena by, say, f i r s t 

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 i t s own; however, it will be shown that for 

non-flow systems a simple calibration procedure previously 
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implied i s , in fact, inadequate, particularly if one is 

interested in inferring the true kinetic parameters 

characterizing the reaction. Although the appropriate 

calibration is within the realm of possibil i ty, i t s 

complexity makes this a research project in itself. One 

is therefore led to adopt a geometry in which this 

calibration h a s , i n 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 chemical 

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 accessibili ty). 

This characteristics is due to the invariance of the 

concentration boundary layer thickness (as well as of those 

for temperature and momentum) 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 

LITERATURE REVIEW 
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2.1. IMPORTANCE OF FLOW SYSTEMS IN KINETIC STUDIES 

Brunner and Nernst (1904) setforth the 

general theory of reaction velocity in heterogeneous 

systems. Developing an idea f i rs t 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 f irst 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, st irr ing, feed rate, turbulence, e tc . , should 

occur by virtue of their effects on the effective 

diffusion film thickness δ 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 p o s t u l a t e , i . e . n o means of 

calculating the effective diffusion layer thickness 

from f i r s t principles was, in fact, suggested. In the 

years immediately following i ts formulation,the theory 

served as the target for a series of c r i t i ca l papers by 

Centnerszwer (1924), Levich (1942)and Yielstich (1953). 

Excellent reviews on this material have been given by 

Levich (1962) and by Bircumshaw and Riddiford (1952). 

Fundamentally, the cr i t ica l papers could be divided into 

two schools.Contributors in the f i rs t school accepted 

the essential Nernst-Brunner idea but were unhappy with 

the oversimplification of a 'stagnant l ayer ' ,pa r t i cu la r ly 

in the face of evidence on the detailed structure of 

viscous fluid layers near solid surfaces which was 

accumulating since the ground-breaking research of 

Prandtl (1955).On 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 more 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 i s , in fact, merely to be dissatisfied 

with numerical values. However, the theory was quali-

tative to begin with, and 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 al l .Temperature coefficients were observed 

which exceeded anything that could reasonably be attributed 

to diffusion process alone.React ion orders not equal to 

unity were also ci ted,and even in those cases for which 

the apparent order was u n i t y , i t was cautioned that this 

by i tse l f did not necessarily confirm the Nernst-Brunner 

t h e o r y , i . e . t h e r e 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 must be great as compared with the diffusional 

velocity but instead, when rightly considered, leaves 

the point wholly undecided'. Heymann in 1913 was among 

the f i r s t to make a rational attempt at quantitatively 

reconciling the apparent contradictions just c i t e d . H e , 

as had Haber (1908), Van Name(1916),and others ,correct ly 

reasoned that the Nernst-Brunner mechanism must be a 

limiting case.Heymann's method of generalising the 
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diffusional theory to include an intrinsic chemical rate 

was imaginatively exploited and extended to flow systems 

of practical interest about three decades later by 

Frank-Kamenetskii (1955) .As a resul t , 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 C1 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 (Co -C1) across the diffusion layer, is 

identically equal to the chemical rate of conversion at 

the interface. The la t t e r i s , i n turn ,usual ly propor-

tional to some power n of the reactant concentration C1 , 

where n is the reaction order. The method is extremely 

simple 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 d i rec t ion , the problem of determining 

the actual local coefficient of diffusional transport 

is s t r ic t ly coupled to the kinetics problem.Thus , the 

error one makes 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 Meiman (1957), 

Chambre and Acrivos (1956) and. others. 

2.2. INTERNAL FLOW CONFIGURATIONS 

In the area of diffusion effects on chemical 

surface reactions, the simplest internal flow system and 

no doubt the most important from a practical point of view 

is the tubular reactor. There are many investigations on 

the internal flow configurations, both analytical and 

experimental. 

2.2.1. Experimental 

Baron, Manning 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 was neglected. 

Satterfield and Yeung (1963) studied the hetero-

geneous ecomposition of hydrogen peroxide on platinum 

and stainless steel in narrow tube in laminar and turbulent 
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f low.By varying the Reynolds number,they saw the 

marked effect that diffusion had on the reaction ra te . 

They used the resistance additivity concept to substract 

the diffusion effect from the overall rate da ta .They 

reported that the approximate analytical solution to the 

Graetz problem with a f i r s t 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 alumina 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 1600o F . D u e to interest 

in the high temperature process, most data were for 600oF 

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 uncer taint ies 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 and 

Vidaurri (1968) studied the dehydrogenation of cyclo-

hexane using platinum supported on alumina as catalyst 

in the temperature range of 470 to 500]oC,pressure range 

of 21 to 42 atmospheres and Reynolds number range of 

20 to 6 5 . A model 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 s i l ica gel as catalyst at temperature 

of 150°C, Hencil and Mitschka (1969)calculated the 

external effectiveness for the hydrogenation of phenol 

at low Reynolds number (below 0.1). Pignet and 

Schmidt (1974) have shown 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 form of thin gauze, external mass transfer 

effects would be expected to be dominant. Horvath et a l . 

(1972)demonstrated that the inner wall of small bore 

tubes can be coated uniformly with heterogeneous 

enzyme catalysts and such open tubular reactors retain 



14 

their activity for an extended period of t ime.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 

(a) 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), Newman 

(1931), and Paneth (1931). A lumped parameter approach 

has been indicated by Mashelkar and Ramachandran (1975). 

( b) Tubular_ reactors, with turbulent flow 

Turbulent flow reactors may 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-

n t i e s in the velocity profile i tself and perhaps more 

important, in the relation between the eddy diffusivity 

and the velocity profile. Wissler and Schechter (1962) 

have carried out calculations for tubular reactors using 
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the eddy diffusivity function recommended by Sparrow, 

Hallman and Siegel (1957). 

2.3. EXTERNAL FLOW CONFIGURATIONS 

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 ra tes . 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 

in more complex flow systems. 

2.3.1. Flat Plate 

Blasius (1960) provided the in i t ia l 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 momentum 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 and 

friction, heat and mass transfer coefficients for various 

Prandtl or Schmidt numbers were computed. 



16 

Friedlander and Litt (1958, 1959) used the 

flat plate geometry to study mass transfer with chemical 

reaction. Their model, enabled one to obtain an exact 

solution to the diffusion and energy equations for a 

rapid chemical reaction occurring within the laminar 

boundary layer. In another paper, Friedlander and 

Litt (1959) examined, in a similar fashion, the d is t r i -

bution of velocity, temperature and 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'. Again 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 aim of determining 

the 'falsification' of reaction order and activation 

energy. He treated both laminar and 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 i l lustrate the changing 

reaction rate with downstream 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 f la t plate, the assumptions remain valid even for 

Sc = 1. His results reduced to those of Friedlander 

and Litt for the flat plate. 

Asymptotic solutions for mass transfer with 

large interfacial velocities have also been considered 

by Acrivos (1960). Again it was for an arbitrary 

geometry and included the possibility of fluids with 

variable properties. 

Chambre 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 
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downstream 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 

overall reaction rates are different. 

2.3.3. Sphere 

Gupalo and Ryazantser (1972) obtained an 

approximate solution of a steady state problem of mass 

and heat transfer from a moving solid sphere at small 

finite Peclet and Reynolds numbers. They considered 

the case of a f irs t order chemical reaction on the sphere 

surface. 

2.3.4. Rotating disk 

Serad (1964) presented an experimental and 

theoretical study for mass transport with and without 

chemical reaction on a rotating disk in laminar flow. 

He developed a model for a rapid, second order irreversible 

chemical reaction. The rate was expressed in terms of 

a reaction factor, that i s , the rates of transport (in 

terms of Sherwood numbers) with chemical reaction to 

that without chemical reaction. The reaction factor 

was shown to be sensitive to the magnitude of the 

reactant Schmidt numbers differing from the flat plate 

results which depend only on their r a t io . 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 α-methyl-

styrene to cumene over palladium, and ( i i ) Hydrogenation 

of phenylacetylene to styrene and subsequent hydro-

genation of styrene to ethylbenzene. 



CHAPTER 3 

THEORETICAL ANALYSIS 
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3 .1 . EXACT SOLUTION OF THE EQUATION FOR CONVECTIVE 
DIFFUSION TO THE STAGNATION REGION OF A CIRCULAR 
CYLINDER 

The t h e o r e t i c a l analysis is concerned with 

methods of ca lcu la t ing mass t r ans fe r r a t e s for laminar 

boundary layer flows when the f luid p r o p e r t i e s may be . 

considered uniform throughout and in t e rna l d i s s ipa t i on 

of energy is n e g l i g i b l e . 

The problem of pred ic t ing mass t r ans fe r r a t e s 

reduces to the simultaneous so lu t ion of (1) the con t inu i ty 

equation (2) the conservat ion of momentum equation and 

(3) the conservation of energy equation. 

Edge of the 
boundary l aye r 

F i g . 3 . 1 . Boundary l aye r around the c i r cu l a r cyl inder 
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Equation of, continuity 

Equation of motion 

where, 

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

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

= velocity component in the x direction 

= velocity component in the y direction 

= kinematic viscosity of the fluid 

= density of the fluid 

In the case of potential flow, the equation 

is simplified s t i l l further in that the pressure depends 

only on x. We shall emphasize this circumstance by 

writing the derivative as dp/dx so that 

Substituting equation( 3.1.3) in (3.1.2) 

where U = value of u in the mainstream. 

x 

y 

u 

V 

ρ 

u/ x+ v/ y = o (3.1.1) 

u u/ x+v u/ y =1/ ρ p/ x + 2u / y2 

. . . (3.1.2) 

U dU/dX = -1/ρ dp/dx ... (3.1.3) 

u u/ x +v u/ y = U dU/dx + 2u/ y (3.1.4.) 
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the boundary condit ions being ( i ) u = v = o for y = o 

and ( i i ) u = U for y = The equat ion of cont inui ty 

is i n t e g r a t e d by the i n t r o d u c t i o n of the stream function 

Ψ (x,y) with 

u = Ψ / y v = - Ψ / x 

Thus the equation of motion becomes 

Ψ / y 2Ψ/ x y - Ψ/ x 2Ψ/ y =U dU/dx + 3Ψ/ y3 

with the boundary condi t ions 

Ψ / x = o and Ψ / y = o for y = o 

and Ψ / y = U for y = 

er to d i scuss the quest ion of s i m i l a r i t y ' 

dimensionless q u a n t i t i e s are introduced. All lengths 

are reduced with the aid of a su i tab le re ference length L, 

and a l l v e l o c i t i e s are made dimensionless with reference 

to a s u i t a b l e ve loc i ty U . As a r e s u l t , the Reynolds 

number Re = U L / V appears in the equation 

Simultaneously the y coordinate is r e f e r r e d 

to the dimensionless sca le fac tor g ( x ) , so t h a t we put 
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... (3.1.6) 

The stream function is made dimensionless by the 

substitution 

... (3.1.7) 

Consequently the velocity components become 

(3.1.8) 

where the prime f ' denotes differentiation with respect 

to η 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 η, 

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 i t se l f to an ordinary differential 

equation for f (η). 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 

f ' ' ' + αff ' ' + β(1-f ' 2) = 

... (3.1.9) 

where α and β are contractions for the following 

functions of x 

α =Lg/U d/dx (Ug); β =L/U g2 U' ... (3.1.10) 

where U' = dU/dx . The boundary conditions for equation 

(3.1.9) are f = o and f ' = o for η = o and f ' = 1 for 

η = . 

To determine from equation (3.1.10) the conditions for 

U(x) and g(x): 

Prom equation (3.1.10) we obtain 

2α - β = L/U d/dx g 2U 

and hence if 2α - β o, 

U/U g 2 = (-2α -β) X / L ... (3.1.11) 

Further from equation (3.1.10) we have 

α-β = L/U g g ' U 

and hence 
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(α - β) U'/U =L/U g 2 U ' g '/ g =β g '/ g 

so that upon integration 

(U/U )(α-β) = K gβ . . . (3.1.12) 

where K is a constant. The elimination of g from 

equations (3.1.11) and (3.1.12) yields the velocity 

distribution of the potential flow 

U/U = K(2/2α-β) [(2α-β )X/L ] (β/2α-β) . . . (3.1.13) 

and g = (U/U )-1/2 ... (3.1.14) 

(It will be recalled that the case (2 α - β) = o has been 

excluded). 

As seen from equation (3.1.10) the result is 

independent of any common factor of α and β, as it can 

be included in g. Therefore as long as α o, it is 

permissable to put α = + 1, without loss of generality. 

It is furthermore, convenient to introduce a new constant 

m to replace β by putting 

m= β/2-β ... (3.1.15) 

as in this way, the physical meaning of the solution 

will become clearer. Hence 
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β=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 ( 1 + m ) ( 2/1+m , X/L )m . . . (3.1.16) 

g = . . . (3.1.17) 

and the transformation equation (3.1.6) for the ordinate 

is 

η = y . . . (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 

from 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 

U(x) = u1x ... (3.1.19) 

From 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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η = y = y X(m-1/2) . . . (3.1.20) 

The equation of continuity is integrated by the 

introduction of a stream function for which we put 

Ψ (x,y) = , X(m+1/2) f(η) 

as seen from equations (3.1.7) and (3.1.17) 

Thus the velocity components become 

u = u1 x m f '(Η ) = U f '(η ) . . . (3.1.21) 

or f'(η) = u/U 

v = - f+m-1/m+1 η f ' . . . (3.1.22) 

Introducing the values of u and v into the equation 

of motion, equation (3.1.4) and dividing by mu1,x
2m-1 

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

we obtain the following differential equation for f ( η ) 

f ' ' ' + ff ' ' + β (1 - f ' ) 2 = o (3.1.23) 

and i ts boundary conditions are 

η = o : f = o , f ' = o ; η = , f ' = 1 
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If the similarity variable η defined in equation 

(3.1.20) were replaced by the independent variable 

η = y , the differential equation for the 

function f '(η) = u/U would change i ts form to 

f ' ' ' + m+1/2 ff ' ' + m (1 - f ' 2) = 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 

u c/ x + v c/ y = Dc

 2c / x2 . . . (3.1.25) 

where Dc = Diffusion coefficient 

The boundary conditions associated with equation (3.1.25) 

are: in the mainstream C = Co and in the fluid at the 

interface C = C1. 

The dimensionless concentration of the form 

θ = C-C/C1-Co 

satisfies the equation 

θ ' ' + m+1 /2 Sc f θ ' = o . . . (3.1.26) 

with boundary conditions 

η = o, θ = 1 and η , θ = o 
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The local Sherwood number Sh
X
 is given by the equation: 

In the neighbourhood of a s t a g n a t i o n r e g i o n , where the 

v e l o c i t y d i s t r i b u t i o n is r e p r e s e n t e d by U(x) = u 1 x m , 

we have m = 1, β = 1. The Sherwood number for mass 

t r a n s f e r d e f i n e d in e q u a t i o n ( 3 . 1 . 2 6 ) can be r e p r e s e n t e d 

by the e q u a t i o n 

For a c i r c u l a r c y l i n d e r we put U(x) = 2 U Sin (x/r ) 

so t h a t u1 = 4 U = / D. Hence 

Shx/(Rex)
 1/2 = (1/2) ShD /(ReD ) 1/2 = F( Sc ) 
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-1 
= F(Sc) 

(3.1.29) 

where 

ShD = Sherwood number around the cyl inder 

ReD. = Reynolds number around the cylinder 

k g = Mass t r a n s f e r coef f ic ien t cm/sec. 

Dc = Diffusion coeff ic ien t cm 2 /sec . 

F(Sc) = Function of Schmidt number 

The in t eg ra t i on was done by a computer using 

the four th order Runse-Kutta nrocess and the functions 

were 

evaluated . The function F (Sc) corresponding to various 

[Schlicht ing (1968)] and the numerical values are given 

in Table 1. 

3.2. ATPR0XIH4TE SOLUTIONS FOR\_SC >>l and Sc<<1 

The two dimensional convective diffusion 

equation is 

. . . (3 .2 .1) 

where Dc is the diffusion coeff ic ient 
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TABLE 1 

The f u n c t i o n F ( S c ) i n t h e e q u a t i o n f o r t h e c a l c u l a t i o n o f 

the c o e f f i c i e n t o f mass t r a n s f e r i n t h e n e i g h b o u r h o o d o f a 

s t a g n a t i o n p o i n t , where m = 1, β = 1 . 

Sc F ( S c ) Sc F ( S c ) 

0.0001 

0.0002 

0.0005 

0.001 

0.002 

0.005 

0.01 

0.02 

0.04 

0.06 

0.08 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

0.007937 

0.011202 

0.017638 

0.024829 

0.034825 

0.054467 

0.075972 

0.105436 

0.145381 

0.174799 

0.198845 

O.219503 

0.296357 

0.351469 

0.395765 

0.433364 

0.466329 

0.495865 

0.522741 

0.547820 

0.570466 

1.2 

1.4 

1.6 

1.8 

2.0 

2.5 

3.0 

3.5 

4.0 

4.5 

5.0 

6.0 

7.0 

8.0 

9.0 

10.0 

15.0 

20.0 

25.0 

30.0 

40.0 

0.612217 

0.649567 

0.683513 

0.714737 

0.743722 

0.808650 

0.865224 

0.915867 

0.961870 

1.004170 

1.043430 

1.114690 

1.178380 

1.236230 

1.289420 

1.338300 

1.545700 

1.710300 

1.849230 

1.970630 

2.177760 
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I t i s p o s s i b l e to i n t e g r a t e equation (3 .2 .1) from 

y = o to y = and to obta in the concentrat ion f lux 

equat ion 

(3.2.2) 

In order to evaluate the i n t e g r a l on the l e f t hand side 

of equat ion ( 3 . 2 . 2 ) , we introduce the v a r i a b l e s 

λ = yδ for the v e l o c i t y boundary layer and 

λ = y/ δ C for the concentrat ion boundary l a y e r . We c 

denote f u r t h e r t h e i r r a t i o by = δ C/δ and we assume 

that the ve loc i ty and concentra t ion d i s t r i b u t i o n s 

re spect ive ly have the forms: 

u = U(x) [2 λA - 2 λ3 + λ4] = U(x) F( λ) (3 .2 .3) 

where U(x) = Velocity in p o t e n t i a l flow 

C - C == (C1,-Co )[ 1 - 2 λ C+ 2 λ C

3 -λC

4 ] o 

= (C1 - CO) L(λC ) . . . (3 .2 .4) 

where C1 is the surface concentrat ion. 

The form of the c o n c e n t r a t i o n d i s t r i b u t i o n function is 

so se lec ted as to ensure i d e n t i c a l ve loc i ty and 

concentrat ion d i s t r i b u t i o n for δ C =δ . 

• • • 
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On s u b s t i t u t i n g e q u a t i o n s ( 3 . 2 . 3 ) and ( 3 . 2 . 4 ) i n t o 

( 3 . 2 . 2 ) we o b t a i n ; 

d/dx {δ C U H( ) = 2 D c / δ C . . . ( 3 . 2 . 5 ) 

Here H( ) is a u n i v e r s a l f u n c t i o n of = δC/δ which-

turns out to be g i v e n by 

H = F (λ) L ( λ ) d λ c . . . ( 3 . 2 . 6 ) 

Performing the i n d i c a t e d i n t e g r a t i o n s , we o b t a i n 

H ( ) = 2/15 - 3/140 3 + 1/180 4 for < 1 

H ( ) =3/10 - 3/10 1/ + 2/15 1/
 2 - 3/140 1/ 4 

for > 1 

The i n t e g r a t i o n of ( 3 . 2 . 5 ) y i e l d s 

(δC U H ) 2 = 4 Dc U H dx . . . ( 3 . 2 . 7 ) 

The v e l o c i t y boundary l a y e r t h i c k n e s s 6 can be e v a l u a t e d 

with the a i d of e q u a t i o n (10.37) g iven in S c h l i c h t i n g 

(1968). 

δ2 = 34 Z/U6 U5 dx . . . (3.2.8) 
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Upon d i v i d i n g e q u a t i o n ( 3 . 2 . 7 ) by ( 3 . 2 . 8 ) we o b t a i n 

2 H ( ) = 4 / 3 4 1 / S c ( 3 . 2 . 9 ) 

Since H ( ) is 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 obtain 

2
 H ( ) = 4/34 1/Sc (3.2.10) 

The r e s u l t i n g v a l u e of is now i n t r o d u c e d i n t o the 

l e f t hand s i d e o f e q u a t i o n ( 3 . 2 . 9 ) thus l e a d i n g t o a n 

improved v a l u e of . In g e n e r a l , two s t e p s in the 

i t e r a t i o n a r e found to be s u f f i c i e n t . 

TWO DIMENSIONAL STAGNATION FLOW 

For a c i r c u l a r c y l i n d e r U(x) = 2 U S i n θ = 2 U Sin x / r 

where U(x) = v e l o c i t y in p o t e n t i a l f low 

U = Free s tream v e l o c i t y 

x = d i s t a n c e measured along the s u r f a c e 

r = r a d i u s of the c y l i n d e r 

θ = ang le around the c y l i n d e r measured 
from the s t a g n a t i o n p o i n t 
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S u b s t i t u t i n g the express ion for U(x) in equat ion (3.2.11) 

in equat ion (3.2.9) g ives 

2 H( ) =2/17 1/Sc 

(3.2.12) 

and if H were constant , t h i s would .reduce to 

2 H ( ) = 2/17 1/Sc 

. . . ( 3 . 2 . 1 3 ) 

F i r s t the value of at s tagnat ion is d e s i r e d . The 

above equat ion is of the form 0/0 and is therefore 

indeterminate at θ = 0. Applying L' H o s p i t a l ' s ru le 

and di f ferent i a t i n g the numerator and the denominator 

once the equation was s t i l l found to be indeterminate . 

However, a second d i f f e r e n t i a t i o n and us ing 

Sin ø d ø = 1 - Cos ø gives 

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

at ø = o 

. . . ( 3 . 2 . 1 4 ) 
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The thickness δ is required. Equation (3.2.8) with 

substitution for U(x.) is 

δ2 = 17/2 DV /U ... (3.2.15) 

2 

which is indeterminate atø = O 

Applying L' Hospital rule 

δ2 = D /U Sin5θ/6 SinøCos θ 17/12 DV /U at ø = o 
...(3.2.16) 

and δ = 1.190 (D /U )1/2 ... (3.2.17) 

Hence the Sherwood number ShD based on diameter becomes 

ShD = 1.322 (ReD)1/2
 (SC)1/3 FOR < 1 or Sc 

... (3.2.18) 

ShD = 1.596 (.RoD)1/2 ( S c ) 1 / 2 for >1 or Sc 0 

... (3.2.19) 

(The local Sherwood number ShX is given by the 

equa tions 

Shx = 0.661 (Re x ) 1 / 2 (Sc) 1 / 3 for Sc 

Shx = 0.798 (Rex ) 1 / 2 (Sc) l / 2 for Sc 0 

since 
Shx /(Rex)

1/2

 = 1/2 ShD/(ReD)1/2) . 
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The approximate solutions are also plotted in Fig. 3.2. As 

seen from the figure they agree favourably with the exact 

solutions reported. 

3.3. SOLUTION OF THE CONVECTIVE DIFFUSION EQUATION WITH 
CHEMICAL REACTION IN THE STAGNATION REGION OF A 
CIRCULAR CYLINDER - THE METHOD OF THE 'UNIFORMLY 
ACCESSIBLE' SURFACE. 

The analysis of the interaction between convective 

diffusion and chemical reaction in flow reactors usually 

requires elaborate mathematical treatment. The solution of 

equations describing an isothermal tubular reactor with cata-

lytically active wall and first order reaction has been obtained 

by separation of variables [Schmidt (1952)], by integral equa-

tions [Chambre and Acrivos (1956)], by inversion of integral 

equations [Katz (1959)]» and by the quasi-stationary method 

[Frank-Kamenetskii (1955)]. Korenkov et al. (1974) studied 

the diffusion boundary layer with n order chemical reaction 

at the surface. They found the distribution of the concentra-

tions along the surface and also determined the local Nusselt 

numbers. We propose below a simple relation to express the 

interaction between the reaction and diffusion. 

BASIC ASSUMPTIONS 

Let us consider the steady state flow of an incompres-

sible carrier fluid over impermeable catalyst solid as shown 

in Fig. 3.3. We assume: 
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(i) The bulk concentration of the reactant present in 

the ca r r i e r fluid is Co . 

( i 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 d i rec t ly from experiments in the 

absence of react ion 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 para l le l to the surface 

y = distance measured from the surface in 
the perpendicular direction 

u = velocity component in the x direct ion 

v = velocity component in the y direction 

D = diffusion coefficient of the reactant c 
C = concentration of the reactant 

In the forward s tagnation 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
(y) dc/dy = (d

2
C/dy

2
) ... (3.5.2) 

This differential equation is easily solved for the 

entire concentration field C(y) with the boundary 

conditions 

(i) at y = o, C = C
1
 ... (3.3/3) 

( i i ) as y , C = Co . . . (3 .3 .4) 

where C1 is the surface concentrat ion and CO is the bulk 

c o n c e n t r a t i o n 

By i n t e g r a t i n g (3.3.2) we obta in 

dc/dy = a 1 exp . . . (3 .3 .5) 

and by second i n t e g r a t i o n , 

C = a1 exp d λ+ a 2 . . . (3 .3 .6) 

from (3 .3 .5) 

(dc/dy)y = o = a 1 ... (3.3.7) 

Applying (3 .3 .3) in ( 3 . 3 . 6 ) we g e t 

C 1 = a 2 . . . (3 .3.8) 

The f lux of species j (equal to the r a t e of r e a c t i o n 

at the surface ,R) has t h e form 

j = -DC(dc/dy)y = o = ks C
n

l = R . . . (3 .3 .9) 
S u b s t i t u t i n g (3.3 .7) and (3.3.8) in (3 .3 .9) we get 
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j = - D c a 1 = k s an

2 = R . . . ( 3 . 3 . 1 0 ) 

where k S i s the t r u e r e a c t i o n r a t e c o n s t a n t 

Applying b . c . ( i i ) i . e . ( 3 . 3 . 4 ) i n ( 3 . 3 . 6 ) w e g e t 

CO = a1 [ exp d λ ] + a2 

. . . ( 3 . 3 . 1 1 ) 

The i n t e g r a l of the e q u a t i o n ( 3 . 3 . 1 1 ) 

[ exp d λ ] g i v e s δc , the 

boundary l a y e r t h i c k n e s s 

Hence CO = a1 δC + a2 . . . ( 3 . 3 . 1 2 ) 

or a1 = ]-CO- 2/ΔC = CO -C1 /δ
C
 (3.3.13) 

Then from e q u a t i o n ( 3 . 3 . 1 0 ) , we o b t a i n 

C 1

n + DC / k s δC C1 - DC CO /δC = O . . . (3.3.14) 

For f i r s t o r d e r r e a c t i o n , i . e . n = 1 

from ( 3 . 3 . 1 4 ) , C1 = DC CO / kSδC +DC = CO / k'SδC +1 or 

DC 

C1 = CO / kS = kg CO / ks+ kg . . . (3.3.15) 

where kg = mass t r a n s f e r c o e f f i c i e n t = DC /δC 

Rate ]R = k sC1 = ks kg / ks k g Co = K.CO . . . ( 3 . 3 . 1 6 ) 
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where K is the observed or apparent r e a c t i o n r a t e 

constant 

Therefore K = Ks Kg / Kg Ks + Kg ... (3.3.17) 

or 1/K = 1 / K s + 1/ K g . . . (3.3.18) 

If the order of r e a c t i o n , n is not equal to 1, then 

equat ion (3.3.14) may be conveniently solved in dimension-

l e s s form. By introducing the dimensionless c o n c e n t r a t i o n , 

= Cl / Co and the dimensionless parameter 1/ω = δc K s/ Dc 

equation (3.3.14) may be r e w r i t t e n as 

ω n =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 = o 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 . CHARACTER1STIC REACTTON PARAMETERS 

Dimensionless a n a l y s i s r e v e a l s t h a t i n a d d i t i o n 

to the pa rame te r s (Reynolds number based on 

the c h a r a c t e r i s t i c v e l o c i t y U and l e n g t h 1) and , 

which occur in any connec t i ve d i f f u s i o n problems for a 
» 

given conf igura t ion , two new parameters en te r here 

namely 

and n . . . (3 .4 .1) 

where is the f lu id densi ty and L is the c h a r a c t e r i s t i c 

l eng th . Thus, the ac tua l ove ra l l r e a c t i o n r a t e w i l l 

be r e l a t e d to the r e a c t i o n r a t e corresponding to 

no t r a n s p o r t ef fec ts by an equation of the form 

; n, Re, Sc, shape) 

. . . (3 .4 .2) 

where is the global c a t a l y s t e f fec t iveness fac tor 

and 1 when i t s f i r s t argument approaches ze ro . 

A l t e r n a t i v e l y , the a c t u a l overa l l r e a c t i o n r a t e R wi l l 

be r e l a t e d to the r eac t ion r a t e diff corresponding to 

d i f fus ion control (Co= o every where) by an equation of 

the form 

; n, Re Sc, Shape) 

. . . (3 .4 .3) 

where is the global correction for finite catalyst 

activity and when its first argument approaches 

infinity. 
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Since the average Sherwood number for the same 

configuration is a function of Re and Sc alone, with 

no loss in generality, the first of the two new 

parameters, [equation (3.4.1)] may he replaced by 

... (3.4.4) 

th where , the catalytic parameter for n 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 values of the basic dimension-

less group , the reaction rate will be very close 

to its maximum value , since, owing to the slow 

interfacial reaction and the favourable conditions of 

convection, the reactant concentration at the fluid/ 

solid interface will be every where negligibly different 

from the concentration existing in the supply system. 

For intermediate values of , 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 

(i.e. < l). If one were unaware of this reactant 

depletion effect, the chemical surface reaction would 

appear to be characterized by a (smaller) rate constant 
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. . . (3.4.5) 

where S is the wetted a rea of the c a t a l y s t . However, 

in p r a c t i c e , even at constant surface temperature, the 

apparent r a t e constant K, would depend upon the condi t ions 

of convective diffusion (through . This has important 

impl ica t ions for experiments designed to obtain the value 

of the t r u e ac t i va t ion energy E, p a r t i c u l a r l y at e levated 

surface temperatures. I f the ac tua l r a t e is d i f fe ren t 

from , then the apparent a c t i va t i on energy Ea so 

determined wi l l be l e s s than the t rue a c t i v a t i o n energy 

E, and, moreover, Ea w i l l depend upon condi t ions of 

convective d i f fus ion . This imply 

. . . (3 .4 .6) 

and owing to the p rope r t i e s of the r e l a t i o n , 

it w i l l be seen tha t Ea may be iden t i f i ed with 5 only 

in the l i m i t , whereas as . One can 

cor rec t for the e f fec t of convective d i f fus ion in 

a c t i v a t i o n energy measurements only if the dependence of 

on is known and if the value of is determined. 

The four c h a r a c t e r i s t i c r eac t ion parameters defined and 
discussed above a re summarised belows: 

( l) = The c a t a l y t i c parameter 

The c h a r a c t e r i s t i c r a t e of i n t e r f a c i a l 

d i f fus ion 
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(2) The integrated diffusion (effectiveness) factor 

where C1 = Surface concentration of the reactant 

Co = Bulk concentration of the reactant 

(3) Global cocorrection for f in i te catalyst ac t iv i ty 

Actual overall rate 
= Diffusion limited rate 

(4) = Normalized apparent activation energy 



I 

CHAPTER 4 

DESCRIPTION OP THE APPARATUS 
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4 . 1 . STAGNATION REGION OF A CIRCULAR CYLINDER -
A WELL DEFINED FLOW FIELD 

I t i s a formidable t a s k to g e n e r a t e a uniform 

flow over a s u r f a c e . The flow in a p i p e has a p a r a b o l i c 

v e l o c i t y d i s t r i b u t i o n , ( F i g . 4 . 3 ) a s shown and t h e v e l o c i t y 

i s uni form a t any p o s i t i o n . I f the c o a t i n g i s done over 

a r a d i a l d i s t a n c e of 20 per cent of t he whole c y l i n d e r 

the v a r i a t i o n in the v e l o c i t i e s (between the mean v e l o c i t y 

and the a c t u a l v e l o c i t y ) is of the o r d e r of 2 to 3 p e r 

c e n t I t i s a l s o seen from F i g . 4 . 1 , t h a t b y r e s t r i c t i n g 

the s t a g n a t i o n r e g i o n t o 30 degrees the v a r i a t i o n i n 

t h e d i sp l acemen t t h i c k n e s s and momentum t h i c k n e s s w i t h 

p o s i t i o n around the c y l i n d e r i s n e g l i g i b l e . 

Thus , ( i ) by r e s o r t i n g to p ipe flow and 

g e n e r a t i n g a p a r a b o l i c v e l o c i t y d i s t r i b u t i o n , ( i i ) by 

c o a t i n g t h e su r face to a r a d i a l d i s t a n c e of 20 per c e n t 

of the whole c y l i n d e r and ( i i i ) by r e s t r i c t i n g the 

s t a g n a t i o n r e g i o n to 30 degrees the flow is we l l def ined 

and the hydrodynamic s o l u t i o n s a r e h e l p f u l to s tudy the 

flow i n the s t a g n a t i o n r e g i o n . 

4 . 2 . DESCRIPTION OF THE APPARATUS 

The apparatus built for this investigation 

comprised a cylindrical G.I. duct (inside diameter 

5.27 cm.) and had a total length of 1.8 m. A schematic 

diagram is shown in Fig.4.2. The calming section 
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cons i s ted 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 wal ls . The entrance sec t ion 

was 1 m. in length (L = 20D) and the downstream 0.8 m. 

(L = 16D). This ensured the development of a per fec t 

laminar flow. The t e s t s e c t i o n had a f lange welded, 

to which the cyl inder was f ixed by nuts and b o l t s . The 

centre of the cylinder was in per fec t alignment with the 

centre of he flange so tha t the s tagna t ion region was 

exac t ly perpendicular and faced the upstream flow of g a s . 

As shown in P i g . 4 . 3 , extreme care was taken to ensure 

t h a t the s t agna t ion region sect ions were connected by 

M.S. f langes to f a c i l i t a t e easy dismant l ing. 



CHAPTER 5 

MASS TRANSFER EXPERIMENTS 
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Mass t r a n s f e r s t u d i e s were c a r r i e d out over 

n a p h t h a l e n e coated s u r f a c e . The r a t e of mass t r a n s f e r 

was measured and compared wi th the mass t r a n s f e r r a t e 

de t e rmined t h e o r e t i c a l l y . This was to check the v a l i d i t y 

o f t h e t h e o r e t i c a l c a l c u l a t i o n s . 

5 . 1 . PURIFICATION OF NAPHTHALENE 

Chemically pure naphtha lene was d i s s o l v e d in 

r e c t i f i e d s p i r i t (95 per cent e t h a n o l ) and r e c r y s t a l l i z e d . 

The re c r y s t a l l i z e d sample was then sublimed and ve ry pure 

n a p h t h a l e n e f ree from o t h e r i m p u r i t i e s was o b t a i n e d . I t 

had a m e l t i n g po in t of 8 0 . 5 0 C. 

5 . 2 . COATING OF NAPHTHALENE IN THE_STAGNATION REGION 

The p u r i f i e d naphtha lene was f i l l e d up to 

3 / 4 t h of a big t e s t tube and slowly h e a t e d in a w a t e r b a t h , 

and when a c l e a r s o l u t i o n was o b t a i n e d , t h e c l e a n s t a i n l e s s 

s t e e l c y l i n d e r was s lowly dipped f o r a minute and t aken 

o u t . A t h i n uniform c o a t i n g of naph tha lene was ob ta ined 

on the c y l i n d e r . I t was then s lowly cut w i t h a sharp 

k n i f e and the c o a t i n g in o t h e r p a r t s of the c y l i n d e r was 

removed, l e a v i n g a l i t t l e more than the r e q u i r e d a r e a 

in t h e s t a g n a t i o n r e g i o n . The excess a r e a was then 

c a r e f u l l y covered with a ce l lophane t a p e . The ce l lophane 

t ape not only helped i n g e t t i n g the e x a c t a r e a r e q u i r e d 

for exposure but a l s o suppor t ed the c o a t i n g in the 

s t a g n a t i o n r e g i o n . 
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5 . 3 . METHOD OF ANALYSIS 

The c o n c e n t r a t i o n of n a p h t h a l e n e obta ined by 

t h e e x p e r i m e n t s was of the order of 10 - 5 g m . m o l e s / l i t r e . 

To measure t h i s q u a n t i t y a c c u r a t e l y , the outcoming 

n a p h t h a l e n e i n a i r was absorbed i n r e c t i f i e d s p i r i t 

( s p e c t r o p h o t o m e t r i c g r a d e ) and the c o n c e n t r a t i o n of 

n a p h t h a l e n e was d e t e r m i n e d by measuring t h e absorbance 

in a UV S p e c t r o p h o t o m e t e r ( F i g . 5 . 1 ) . S i n c e n a p h t h a l e n e 

has an e x t i n c t i o n c o e f f i c i e n t of 10 4 at λ = 286, t h e 

c o n c e n t r a t i o n was a c c u r a t e l y determined from the 

c a l i b r a t i o n c h a r t ( P i g , 5 . 2 ) . 

5 . 4 . EXPERIMENTAL SET UP AND PROCEDURE 

The e x p e r i m e n t a l s e t up f o r mass t r a n s f e r s t u d i e s 

i s shown in P i g . 5 . 3 . A i r from t h e c y l i n d e r ( d r i e d over 

anhydrous magnesium p e r c h l o r a t e ) was f e d to the r e a c t o r 

t h r o u g h c a l i b r a t e d c a p i l l a r y flow m e t e r s . The flow r a t e 

was a d j u s t e d for the r e q u i r e d Reynolds number. After 

about an h o u r , when t h e system was in a s t e a d y s t a t e , t h e 

o u t l e t E of the duct was connected to s e r i e s of a b s o r b e r s 

( p r o v i d e d w i t h s p a r g e r s a t the i n l e t a s shown i n t h e 

F i g u r e ) f i l l e d w i t h s p e c t r o s c o p i c g r a d e r e c t i f i e d s p i r i t . 

Air was blown f o r a known i n t e r v a l of t ime and the 

r e c t i f i e d s p i r i t was made up to known volume and the 

c o n c e n t r a t i o n of n a p h t h a l e n e was d e t e r m i n e d . Before t h e 

commencement of every r u n , a i r was blown in the d u c t for 
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about an hour and the absence of naphthalene was confirmed. 

The experiments were ca r r i ed out by varying the Reynolds 

number around the cyl inder (30.70) and the area of contact 

(r/R from 0.2 to 0 . 4 ) . A specimen c a l c u l a t i o n is shown 

in Appendix 2. 



CHAPTER 6 

KINETIC EXPERIMENTS 
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The r e a c t i o n between hydrogen and oxygen ( a i r ) 

was c h o s e n as the chemica l p r o c e s s p r i m a r i l y f o r the 

fo l l owing r e a s o n s : 

(1) Our o b j e c t i s to o p e r a t e the r e a c t i o n in the 

i n t e r m e d i a t e regime where bo th chemical k i n e t i c s and 

d i f f u s i o n govern the observed r e a c t i o n r a t e . The 

r e a c t i o n between hydrogen and oxygen is known to be 

v e r y f a s t and a f f e c t e d by both d i f f u s i o n and r e a c t i o n . 

(2) There is a l a r g e d i f f e r e n c e between the thermal 

c o n d u c t i v i t y of hydrogen and a i r . The c o n c e n t r a t i o n 

of hydrogen in the c i r c u l a t i n g r e a c t a n t s can be e a s i l y 

de te rmined by a t he rma l c o n d u c t i v i t y d e t e c t o r . 

(3) P l a t i n u m , which i s wide ly used as the c a t a l y s t for 

t h i s r e a c t i o n i s ve ry a c t i v e and i t s d e p o s i t i o n 

t e c h n i q u e s on a m e t a l l i c s u r f a c e s are w e l l known, 

(4) The r e a c t a n t s , hydrogen and a i r a r e r e a d i l y 

a v a i l a b l e , easy to handle and. s t o r e d in c y l i n d e r s . 

(5) The r e a c t i o n has been s t ud i ed e x t e n s i v e l y and the 

k i n e t i c s a r e a v a i l a b l e i n l i t e r a t u r e . 

6 . 1 . DEPOSITION OF PLATINUM IN THE STAGNATION REGION 

Pla t inum was d e p o s i t e d by evapo ra t ed metal 

f i l m t e c h n i q u e as d e s c r i b e d below: 

About 0 .5 gms. of p la t inum wire was t aken 

and cut i n t o smal l p i e c e s . These p i e c e s were kep t on 
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a t u n g s t e n f i l amen t which had p r o v i s i o n for e l e c t r i c a l 

h e a t i n g . The s t a i n l e s s s t e e l c y l i n d e r was f i r s t c leaned 

by t r i c h l o r o e t h y l e n e fo l lowed by methanol and ace tone 

in the u l t r a s o n i c c l e a n e r . The c y l i n d e r was covered 

wi th aluminium f o i l and only the r e q u i r e d a rea was 

exposed. It was then put on a r i n g h o l d e r and suppor ted 

on a s t a n d , which was about 10 cms. above the t u n g s t e n 

f i l a m e n t . The g l a s s dome was put over t h e u n i t and a 

vacuum of 10 -6 Torr was a p p l i e d i n s i d e . The p la t inum 

meta l was t h e n d e p o s i t e d by h e a t i n g the t u n g s t e n f i l ament 

for a b o u t 2 to 3 m i n u t e s . This p rocedure was r e p e a t e d 

10 to 15 t i m e s . Degassing was done i n t e r m i t t e n t l y and 

some t ime was al lowed fo r o b t a i n i n g the r e q u i r e d vacuum. 

The vacuum was r e l e a s e d s l o w l y and the c y l i n d e r was t aken 

o u t . The r e q u i r e d a r e a was found to be un i fo rmly coated 

and the c o a t i n g had a b r i g h t f i n i s h . 

6 . 2 . CATALYST ACTIVITY 

The q u e s t i o n of c a t a l y s t a c t i v i t y i s of prime 

c o n s i d e r a t i o n and the s u r f a c e a c t i v i t y was main ta ined 

by p r e t r e a t i n g the p l a t i num s u r f a c e at 150o C before 

every r u n in dry a i r for one hour . 

6 . 3 . METHOD OF ANALYSIS 

The composi t ion of hydrogen in a i r was 

de te rmined by t h e s p e c i a l l y b u i l t t he rma l c o n d u c t i v i t y 

d e t e c t o r by t ak ing advantage of the l a r g e d i f f e r e n c e 



62 

between the thermal c o n d u c t i v i t y of a i r and hydrogen. 

The sample was i n t r o d u c e d i n t o the gas a n a l y z e r w i t h the 

he lp of a hypodermic gas t i g h t s y r i n g e . Known samples 

of hydrogen in a i r were i n t roduced i n t o the TCD and the 

co r re spond ing d e f l e c t i o n measured i n t h e s t r i p c h a r t 

r e c o r d e r . From t h i s c a l i b r a t i o n c h a r t ( F i g . 6 . 1 ) the un-

known compos i t ion of hydrogen in a i r in the c i r c u l a t i o n 

gas m i x t u r e was de te rmined . 

6 . 4 . EXPERIMENTAL SET UP AND PROCEDURE 

The exper imen ta l s e t up for k i n e t i c s t u d i e s i s 

shown in F i g . 6 . 2 . Air and hydrogen from t h e cy l inde r 

( d r i e d over anhydrous magnesium p e r c h l o r a t e ) were fed 

to the r e a c t o r through s e p a r a t e me te r ing systems and 

mixed at the en t r ance to the r e a c t o r . The r e a c t a n t s were 

c i r c u l a t e d by a diaphragm pump in c o n j u n c t i o n wi th a 

su rge t a n k . The gases were t r apped in the c i r c u l a t i o n 

l i n e by s u i t a b l e ad jus tmen t s of the v a l v e s shown in the 

d i ag ram. The flow in the c i r c u l a t i o n l i n e was a d j u s t e d 

by means of a needle va lve provided in the s u c t i o n s i d e 

of the pump and the flow r a t e was a c c u r a t e l y measured 

by means of a r o t a m e t e r . The i n i t i a l c o n c e n t r a t i o n of 

hydrogen in the c i r c u l a t i o n was a d j u s t e d to be around 

3 per c e n t . Temperature c o n t r o l of the r e a c t o r and a i r 

and hydrogen mixture was o b t a i n e d with t h r e e s e p a r a t e 

h e a t i n g s e c t i o n s and the tempera ture of the r e a c t o r was 
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measured by a copper-constantan thermocouple inser ted 

on the cy l inder and loca ted exact ly above the s tagnat ion 

r eg ion . When the flow and temperature became steady, 

samples were withdrawn from the c i r c u l a t i o n l i n e at 

known i n t e r v a l s by a hypodermic gas t i g h t syr ing . In 

every case 1.5 ml. sample was used with a i r as the 

c a r r i e r gas . Mole per cent of hydrogen present in the 

sample was indicatec1 by the def lec t ion (peak height) 

measured in the s t r i p char t recorder . The experiments 

were c a r r i e d out for Reynolds number (ReD) between 40-70, 

by varying the flow r a t e and in the temperature range 

295°K to 333°K. A specimen ca l cu la t ion is shown in 

Appendix 3. 



CHAPTER 7 

RESULTS AND DISCUSSION 



66 

MASS TRANSFER EXPERIMENTS 

Mass t r a n s f e r exper iments were c a r r i e d out 

over the nap tha l ene coa ted su r f ace by v a r y i n g the 

Reynolds number around the c y l i n d e r and the a r e a of 

c o n t a c t . The r a t e of mass t r a n s f e r was measured and 

compared w i t h the mass t r a n s f e r de termined t h e o r e t i c a l l y . 

The r e s u l t s a r e t a b u l a t e d in Table 2. The Sherwood 

number fo r mass t r a n s f e r c a l c u l a t e d t h e o r e t i c a l l y 

( e q u a t i o n 3 . 1 . 2 9 ) and measured e x p e r i m e n t a l l y a re p l o t t e d 

a g a i n s t the Reynolds number around t h e c y l i n d e r . The 

p l o t s a r e shown in F i g u r e s 7 . 1 , 7 .2 and 7 . 3 . The 

d e v i a t i o n between the t h e o r y and expe r imen t s were w e l l 

w i t h i n 5 p e r c e n t , thus conf i rming the v a l i d i t y of the 

t h e o r e t i c a l e x p r e s s i o n s . 

KINETIC EXPERIMENTS 

The r e a c t i o n between hydrogen and oxygen 

c a t a l y s e d by p la t inum was s t u d i e d over the t empera ture 

r ange 295o - 333o K and f e e d c o n c e n t r a t i o n of hydrogen 

in t h e r ange 0 to 3 p e r cen t in a i r . Due to the cont inuous 

c i r c u l a t i o n o f the r e a c t a n t s , the r e a c t i o n was s u b j e c t e d 

to b a t c h r e a c t o r a n a l y s i s and the c o n c e n t r a t i o n of 

hydrogen in the c i r c u l a t i n g r e a c t a n t s was measured a t 

known i n t e r v a l s and the p l o t i s shown in F i g . 7 . 4 . 

A p l o t of - l n ( l - X A ) vs time (minutes) was made as shown 
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TABLE 2 

Exp t . Temp. Time Cs x 10-8 D c 

No. oK hrs. gm. moles /cm3 c m 2 / s e c . Ac 

1. 

2 . 

3 . 

4 . 

5 . 

6 . 

7 . 

8. 

9 . 

10 . 

1 1 . 

1 2 . 

1 3 . 

14 . 

1 5 . 

296 .4 

297.7 

296 .9 

296 .8 

297.0 

298 .4 

298.6 

299.0 

2 9 8 . 1 

297 .1 

298.7 

298.0 

299.0 

298.9 

299 .2 

2.0 

2.0 

2.5 

1.5 

2.0 

2 .0 

2.0 

1.5 

1.5 

1.5 

2.0 

2.0 

2.0 

1.5 

1.5 

0.3965 

0.4480 

0.4156 

0.4117 

0.4195 

0.4781 

0.4870 

0.5054 

0.4649 

0.4235 

0.4916 

0.4606 

0.5054 

0.5008 

0.5148 

0.06450 

0.06504 

0 .06471 

0.06463 

0.06475 

0 .0653 

0 .0654 

0.06559 

0 .0652 

0.06479 

0.06546 

0.06517 

0.06559 

0.06555 

0.06567 

0.6541 

0.6541 

0.6541 

0 .6541 

0 .6541 

1.3082 

1.3082 

1.3082 

1.3082 

1.3082 

0.98115 

0.98115 

0.98115 

0.98115 

0. 98115 
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TABLE 2 (Contd . ) 

1 . 

2 . 

3 . 

4 . 

5 . 

6 . 

7 . 

8. 

9. 

1 0 . 

1 1 . 

12 . 

1 3 . 

1 4 . 

1 5 . 

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 

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 

6.9282 

6.1967 

5.3665 

7.5894 

8.1975 

6.4807 

7.0992 

5.7965 

5.0199 

7 .6681 

6.7453 

7 .3891 

7.9812 

6.0332 

5 . 2 2 4 9 

-0 .4364 

+2.2450 

-2 .2090 

- 2 . 4 7 9 1 

+1.3335 

-0 .6382 

-1 .1383 

+3.9137 

-1 .1578 

+1.3998 

-1 .7132 

-1 .4300 

-4 .8876 

+1.2759 

+3.2188 

Exp t . 
No. 

sh D 

( t h e o r y ) 
sh D 

( e x p t . ) ReD Devia t ion 
p e r c e n t 
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i n F i g . 7 . 5 . I t gave a s t r a i g h t l i n e p a s s i n g through 

t h e o r i g i n . This i n d i c a t e d t h a t the r e a c t i o n was f i r s t 

o r d e r w i t h r e s p e c t t o hydrogen and i t s s l o p e gave the 

a p p a r e n t r a t e c o n s t a n t K. The a p p a r e n t or observed 

r a t e c o n s t a n t K was t h e n p l o t t e d a g a i n s t t e m p e r a t u r e 

as shown in F i g . 7 . 6 . The p l o t i n d i c a t e d t h a t the 

r e a c t i o n was a f f e c t e d by b o t h d i f f u s i o n and r e a c t i o n . 

The e f f e c t of d i f f u s i o n was a c c u r a t e l y determined by 

t h e mass t r a n s f e r e x p r e s s i o n around the s t a g n a t i o n 

r e g i o n o f t h e c i r c u l a r c y l i n d e r and the t r u e o r i n t r i n s i c 

r e a c t i o n r a t e c o n s t a n t k s was e x t r a c t e d b y the a d d i t i v i t y 

r e l a t i o n . F i g . 7 . 7 shows the c h a r a c t e r i s t i c p l o t , the 

t r u e r e a c t i o n r a t e c o n s t a n t k s v s t e m p e r a t u r e . The s l o p e 

o f t h i s p l o t gave the t r u e a c t i v a t i o n energy and t h e 

i n t e r c e p t gave the A r r h e n i u s p a r a m e t e r . The t r u e a c t i v a -

t i o n e n e r g y , E o b t a i n e d in the study was 11,480 c a l s . / 

gm.mole over t h e t e m p e r a t u r e range 295-333° K and t h e 

r a t e c o n s t a n t k s ( i n l / m i n . ) for the r e a c t i o n on the 

p l a t i n u m s u r f a c e was g i v e n by : 

Log ks = (6.2088) - (11 .48) K. c o l . m o l e - 1 / 2 . 3 0 3 RT 

The c h a r a c t e r i s t i c r e a c t i o n p a r a m e t e r s : 

(1) The c a t a l y t i c p a r a m e t e r , C n 

(2) The i n t e g r a t e d d i f f u s i o n ( e f f e c t i v e n e s s ) f a c t o r η 

(3) The Globa l c o r r e c t i o n for f i n i t e - c a t a l y s t a c t i v i t y 

θ a n d 
( 4 ) The normal ized a p p a r e n t a c t i v a t i o n e n e r g y , Ea /E 
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defined and discussed in Chapter 3 were evaluated and 

the resu l t s were tabulated (Table 3) . 

The following character is t ics plots were prepared: 

(1) In (ca ta ly t ic parameter vs In (Integrated 

diffusion factor . . . Fig.7.8 

(2) Integrated diffusion (effectiveness) factor 

vs normalized apparent activation energy, 

Ea / E ... F ig .7 .9 

(3) The Global correction for finite catalyst activity 

vs Integrated diffusion (effectiveness) factor 

... Fig.7.10 

The above resu l t s of the kinet ic experiments may be 

discussed in re la t ion to the reported experiments in 

the l i t e r a t u r e on the same system. 

Boroskov (1954) studied the react ion between 

hydrogen and oxygen and reported an act ivat ion energy 

of 10 + 2 K cals./gm.mole on platinum. Under conditions 

of continuous drying and low conversion Boroskov found 

the react ion to proceed according to f i r s t order k inet ics . 

Boroskov used a d i f fe ren t ia l bed recycle reactor in 

which only d i f fe ren t ia l conversion took place at any 

one part through the cata lys t . Gidaspov and Ellington 

(1964) in their work on reaction of hydrogen with 

excess a ir on platinum catalyst reported f i r s t order 

for hydrogen concentrations below 1 per cent and an 
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TABLE 3 

T o t a l flow Observed or Mass 
Run Room r a t e ( a i r + Reac t ion appa ren t t r a n s f e r 
No. temp. K hydrogen) temp. r a t e cons tan t c o e f f i -

at room temp, oK K(gm.mole/ c i e n t k 

LMP hr.sq.cm. ( g m . .mole / 
a t m . ) h r . s a . c m . 

a t m . 

1. 295 4 .03 295 0 .1425 0 .4262 

2. 297 4.12 313 0 .2588 0 .4354 

3. 298 4.12 323 0 .3067 0.4410 

4. 296 4.09 333 0.3586 0.4460 

5. 294 3.25 294 0 .1339 0.3810 

6. 297 3 .29 313 0 .2367 0 .3901 

7. 299 5.30 313 0.27259 0.4934 
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TABLE 3 ( C o n t d . ) 

Run 
No. 

True 
r a t e 
c o n s t a n t 
k s ( g m . m o l e / Cη=k s / kg η= kg / k s + kg Ø= ks / ks+ kg Ea Ea/ E 
h r . s q . c m . 
a t m . ) 

1 . 0 .2142 0.5025 0 .6655 0.3344 7 .630 0.6466 

2. 0 .6383 1.466 0 .4055 0.5944 4.857 0.4230 

3 . 1.0069 2.2832 0.3045 0.6952 3 .468 0.3021 

4. 1.8298 4.1026 0.1959 0.8036 2.255 0.1964 

5 . 0.2066 0 .5422 0.6484 0.3115 

6. 0.6014 1.5416 0.3934 0.6064 

7 . 0 .6091 1.2344 0.4475 0.5524 
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a c t i v a t i o n energy of 17 K.cals /gm.mole below 450o F. 

K u l a c k i and Gidaspov (1967) s t u d i e d t h e r e a c t i o n in a 

p a r a l l e l p l a t e duct wi th one c a t a l y t i c w a l l (p la t inum) 

in l aminar f low. They found the r e a c t i o n to be f i r s t 

o r d e r and ob t a ined an a c t i v a t i o n energy of 9.6 K . c a l s / 

gm.mole between 165°F and 400o F. Leder and But t (1966) 

s t u d i e d the low t e m p e r a t u r e o x i d a t i o n of hydrogen in a 

bed packed wi th porous alumina e x t r u d a t e s in the 

t e m p e r a t u r e and c o n c e n t r a t i o n r anges i n c l u d e d i n t h i s 

s t u d y . They ob ta ined an a c t i v a t i o n energy of 10 K . c a l s / 

gm.mole. However, t hey r e p o r t e d t h e r e a c t i o n to be 

second o r d e r . Their r a t e law may have d i f f e r e d due to 

wate r c h e m i s o r p t i o n i n t h e su r round ing alumina s u r f a c e 

used a s the suppo r t fo r t h e i r d i l u t e c a t a l y s t . 

I t i s not p o s s i b l e to compare the va lue of 

a c t i v a t i o n energy o b t a i n e d in t h i s s tudy wi th the 

l i t e r a t u r e va lue due to the v a r i a t i o n in the type o f 

c a t a l y s t s u s e d . However, t h e value i s w e l l w i t h i n 

the r a n g e o f r e p o r t e d v a l u e s . 



CHAPTER 8 

CONCLUSIONS 
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Our inves t iga t ion would appear to be the 

f i r s t attempt to use the uniform a c c e s s i b i l i t y qual i ty 

in the s tagnat ion region of a c i r cu l a r cy l inder in an 

experimental study of t r a n s p o r t l imi ted heterogeneous 

c a t a l y s i s and the following spec i f i c con t r ibu t ions have 

been made. 

(1) Approximate a n a l y t i c a l solut ions for high and low 

Schmidt numbers for mass t r a n s f e r to the s t agna t ion 

reg ion have been derived. They agree favourably with the 

exact so lu t ions repor ted . 

(2) Convective d i f fus ion with a c a t a l y t i c r eac t ion in 

the s t agna t ion region has been solved and a general 

express ion for an n t h order r eac t ion obta ined. 

(3) Mass t r a n s f e r experiments have been conducted in a 

ca re fu l ly designed s t agna t ion flow s e t up. Naphthalene 

vapor i za t ion was used as the experimental system. The 

experimental data agreed well with the t h e o r e t i c a l 

c a l c u l a t i o n s . 

(4) The r e a c t i o n between hydrogen and oxygen catalyzed 

by platinum was s tudied over the temperature range 

295 -333o K and at feed concentrat ions of hydrogen in the 

range 0 to 3 per cent in a i r . The r e a c t i o n was found 

to be af fec ted by both di f fus ion and r e a c t i o n . The 

e f f e c t of d i f fus ion was accura te ly determined by the 
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theore t ica l expression and the kinetic parameter 

extracted by the addit ivi ty re la t ion . The reaction 

was found be f i r s t order with respect to hydrogen and 

the true activation energy obtained in th i s study was 

11,480 cals./gm.mole over the temperature range 

295-333o K and the ra te constant k s ( in 1/min.) for the 

react ion on the platinum surface was given by; 

(5) The character is t ic react ion parameters were discussed, 

defined, calculated and the character is t ic plots prepared. 

This study indicates that the stagnation flow 

region of a cylinder can be a convenient system for 

studying the true kinet ics of a solid catalyzed reaction 

due to i t s unique property of uniform access ib i l i ty . 



APPENDIX 1 

DIFFUSION COEFFICIENT OF HYDROGEN 

IN AIR AND CALCULATION OF 

SCHMIDT NUMBER 
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The diffusion coef f ic ien t of hydrogen in. a i r 

(D ) is reported to be c 

at 1 atmosphere 

[Marrco and Mason (1972)] 

At barometric pressure of 708.8 mm Hg. 

The kinematic v i scos i ty of a i r is repor ted to be; 

at 1 atmosphere 

[Hi lsenra th e t a l . ( I 9 6 0 ) ] . 

At barometric pressure of 708.8 mm Hg. 

Schmidt number Sc 

[Repor ted va lue 0.22°, Refs Spald ing (1963)] 



APPENDIX 2 

MASS TRANSFER EXPERIMENTS 

SPECIMEN CALCULATION 
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( i ) C a l i b r a t i o n of Specord UV Spectrophotometer -
Naphthalene i n r e c t i f i e d s p i r i t 

Concentrat ion Absorbance/optical 
gm. mole / l i t r e x 10-4 dens i ty (at λ= 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 o p t i c a l density 

= Ext inct ion c o e f f i c i e n t or s p e c i f i c e x t i n c t i o n 

C = Concentration of naphthalene in gm.moles / l i t r e . 

d = Cel l path in cms.( = 1 cm. for Specord), 

A p l o t of absorbance vs concentrat ion is made as shown in 

F i g . 5 . 2 . The slope g ives the e x t i n c t i o n c o e f f i c i e n t . 

Slope from p l o t = = 4342; log = 3.637 

[Reported value: log at = 286 , f o r naphthalene in 

r e c t i f i e d s p i r i t = 3 . 6 5 ) ] . 

[Ref : S i l v e r s t e i n and Bassler (1963)] . 

( i i ) Diffusion c o e f f i c i e n t of, naphthalene, in a i r Dc ) 
and i t s v a r i a t i o n w i t h temperature T. 

The di f fusion c o e f f i c i e n t can be est imated by t h e 

c o r r e l a t i o n : 
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where T is the absolute temperature (°k), M1, M2 are 

the molecular weights of the two species, P is the 

t o t a l pressure (atm.), D is the 'collision integral ' , 

a function of kT/ε12 , εσ are the forco constants in the 

Lennard-Jones potential function, and k is the Boltzmann 

constant. [Ref: Satterfield (1970)]. 

. . . (2) 

Since σ1, for naphthalene is not known, it is calculated 

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

. . . (3) 

where Vb is the liquid molal volume at the normal boiling 

point ml. Vb is estimated by Nenson's method [Ref: Reid 

and Sherwood, 1966)]. 

= 0.422 log p. +1.931 . . . (4) 

where Vc = Critical molal volume, ml/gm. mole 

Pc = Critical pressure, atm. 

For naphthalene : 

V = 3.1847 ml/gm. Pc = 29792 mm Hg and 
c 

tc = 469°C. 

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

= 0.422 log P + 1.981 

http://ii.CS
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= 3.1847 x 128.16 = 408.15 ml./gm.mole. 

= 29792/760 = 39.2 atmospheres. 

S u b s t i t u t i n g these va lues in equation (4) 

= 0.422 log (39.2) + 1.981 

= 0.6724 + 1.981 = 2.6534. 

= 408.15/2.6534 = 153.82 ml./gm.mole. 

= 1.18 (153.82)
1/3
 = 1.18 x 5.358 - 6.322 A° 

= 1.18 ( f o r a i r ) = 3.711 A ° ( S a t t e r f i e l d , p.14) 

(6.322 + 3.711) = 5.0165 A0. 

25.165. 

The va lue of , c o l l i s i o n i n t e g r a l is a function of 

where k = Boltzmann c o n s t a n t . 

ε 1 2 = Force constant in the Lennard - Jones p o t e n t i a l 
funct ion 

. . . (6) 

[ S a t t e r f i e l d , p . 1 7 ] . 

For naphthalene value of ε 1 is not a v a i l a b l e and is 

est imated by the empirical equation 

. . . (6) 

[ Satterfield p.16 ] 

i . e . = 1.3/TC . . . (7) 

= 1.3/(273 + 469) 

= 742/1.3 = 570.8°K 
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F i r a i r = 78.6°K ( S a t t e r f i e l d , p . 1 4 ) 

At 300oK,- = = 1.4164 

The v a l u e s of c o l l i s i o n i n t e g r a l in t h e range 1.35 

1.45 a r e t a b u l a t e d a long w i t h the c o r r e s p o n d i n g t e m p e r a t u r e 

f o r the system [Ref : S a t t e r f i e l d , p . 1 4 ] 

To K oC 

1.35 1.253 285.9 1 2 . 9 

1.40 1.233 296.5 23.5 

1.45 1.215 307.1 34.1 

( i i i ) V a r i a t i o n of dif fusion_ c o e f f i c i e n t (of n a p h t h a l e n e 
i n a i r ) w i t h t e m p e r a t u r e 

From e q u a t i o n ( l ) 

... (8) 

Since Ω D is a function of temperature only for a given 

system, the above equation can be reduced as 

... (9) 
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The value of exponent ' a ' is worked out as follows: 

(10) 

S u b s t i t u t i n g the values of and T in equation (10) 

b 
i . e . 1.0162 = 1.0371 

b = log (1.0100/log 1.0371) = 0.4412 

Simi lar ly 

b = 0.4185 

The v a r i a t i o n in exponent b is small and hence from the 

des i red temperature range of 23.4 to 34oC 

( i . e . = 1.4to 1.45) 

Value of b is taken as 0.42. 

Value of a = 1.5 + 0 . 4 2 = 1.92 

... (11) 

The value of Dc at 296.5°K is c a l c u l a t e d by s u b s t i t u t i n g 

the value of Σ 1 2 , Ω D in equation ( l ) 

Dc at 296.5°K = 0.0603 cm 2 /sec. 
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= 0.061084 cm2 / s ec . 

[ repor ted value = 0.0611 Ref: C.N.Sat terf ie ld , p.13] 

Dc at 300°K = 0.0616 cm2/sec. 

Kinematic v i s c o s i t y at any temperature T 

= 7.256 x 10 - 6 x T 1 . 7 5 

at 300°K = 0.15688 c m 2 / s e c . 

Schmidt number, Sc 

[ Reported value 2.55 Ref. Spalding (1963)] 

( iv) Vapour pressure of naphthalene 

The vapour pressure of naphthalene can be 

est imated by the c o r r e l a t i o n 

log p v 

(Gildenblut e t a l . I960) 

P v 

Concentrat ion of naphthalene Cs = Pv /RT at the surface 

mole/cm3 
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(v) Est imat ion of Sherwood number ShD (Run. No.l) 

Average temperature during the course of the 

experiment (2 h r s . ) = 23.4°C = 296.4°K. 

Flow r a t e at 23.4oC = 4 l i t . per minute. 

Reynolds number in the pipe 

where D is the diameter of the pipe 

U , i s the l i n e a r ve loc i ty of a i r in the pipe 

cm. /sec . 

= kinematic v i scos i ty of a i r 

= 7.780 x 10-6 x 2 9 6 . 4 1 . 7 5 

= 97.96 

The average ve loc i ty around the coated surface 

Reynolds number around the cylinder ReD 
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Concentrat ion of naphthalene at the surface Cs 

Diffus iv i ty coef f ic ien t of naphthalene at 296.4o K and 

710 mm. Hg. 

= 0.06450 cm2 / s ec . 

Area of the coated su r face , 

= 0.6541 sq.cm. 

Absorbance / op t ica l dens i ty from UV Spectrophotometer = 0 .19 . 

Rate of mass t r a n s f e r from the c a l i b r a t i o n chart., 

P ig . 5.2 = 0.43 x gm. m o l e s / l i t r e . 

Since the r e c t i f i e d s p i r i t was made upto 250 ml, the 

ac tua l r a t e of mass t r a n s f e r of naphthalene j 

gm. moles 

where kg is the mass t r a n s f e r coef f ic ien t in cm/sec. 

Cg is the concentrat ion of naphthalene at the surface 

gm.moles/cm3 

Ac is the area of the coated surface in cm2. 
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ShD is the Sherwood number for mass t r a n s f e r around the 

cy l inde r . 

Dc is the diffusion coe f f i c i en t of naphthalene in cm2 /sec. 

D is the diameter of the cylinder 

t is the time of c o l l e c t i o n in secs . 

shD(experimental) 

= 11.1560 

In the s t agna t ion region of a c i r cu la r cy l inder we have 

shown 

F(Sc) . . . Equa t ion 3.1.29) 

For Sc = 2 .5 , F(Sc) = 0.80865 (from Table 1, Chapter 3 ) . 

S h D ( t h e o r i t i c a l ) 

= 11.20498 

Percentage devia t ion from the expression developed 

per cent 



APPENDIX 3 

TOTAL VOLUME OP THE REACTOR 
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TOTAL VOLUME OP THE REACTOR 

V o l . ccs. 

1. 1.25 cms. dia. total length 250 cms. 306 

2. 2.5 cms. dia. : total length 151 cms. 961 

3. 5.27 cms. dia. : total length 300 cms. 6540 

4. Tank - 15 cms. dia., 13 cms. length 3179 

5. Conical portion 94 

6. Rubber tube ; 120 cms. length 120 
1 cm. dia. 

11200 

Total volume of the reactor :11.2 litres. 



APPENDIX 4 

KINETIC EXPERIMENTS 

SPECIMEN CALCULATION 
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KINETIC EXPERIMENTS 

Specimen c a l c u l a t i o n (Run No.3) 

( l ) E s t i m a t i o n of observed or apparen t r a t e cons tan t K, 

Room Temperature = 298o K, Plow r a t e of a i r and 

hydrogen a t room t empera tu r e = 4.12 l i t r e s per m i n u t e , 

R e a c t i o n Temperature = 323o K. 

Time.Mts. Peak Ht. Conc, of hydrogen - I n (1 - XA) 
( t ) (cms.) mole p e r cent - I n (CA/CA ) 

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 p l o t of - I n CA/CAO V S . t (minutes) was made. I t gave 

a s t r a i g h t l i n e p a s s i n g th rough the o r i g i n . This i n d i c a t e d 

t h a t the r e a c t i o n was f i r s t o rde r w i t h r e s p e c t t o hydrogen 

and i t s s l o p e gave t h e observed o r a p p a r e n t r a t e c o n s t a n t K . 

K = 0 .0079127/min. = 0 . 4 7 4 7 / h r . 



97 

where V is the t o t a l volume of the reactor = 11.2 l i t r e s 

(Appendix 3 ) . 

Ac is the surface a rea of the coated c a t a l y s t . 

R is the gas constant in l i t r e atm./gm. mole oK 

T is the r e a c t i o n temperature in oK. 

(2) Es t imat ion of t rue r e a c t i o n r a t e constant k s 

Flow r a t e of a i r + hydrogen at 298°K = 4.12 LPM 

Flow r a t e at 323°K 

l i n e a r ve loc i ty u 

Reynolds number in the pipe Rep = 

= 94.601 

Reynolds number around the cylinder 
= 0 .49. Rep 

= 0.49x94.601 

= 46.04. 
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In the s tagna t ion region of a c i rcu la r cylinder we have 

shown 

=F (Sc) . . . . (equation 3.1.29) 

where ShD is the Sherwood number for mass t r ans fe r 

Sc is the Schmidt number = 0 . 2 0 

ReD = 46.04. For Sc = 0.20 F(Sc) = 0 . 3 . 

ShD = 0.6 x = 4.071. 

The mass t r a n s f e r coe f f i c i en t 

where Dc is the d i f fus ion coeff ic ient of hydrogen in a i r . 

(from Appendix l) 

D is the diameter of the cy l inder . 

k 
g 

The apparent or observed r a t e constant K 

By the addli t ivi ty r e l a t i o n es tab l i shed in Chapter 7 
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The true rate constant 

(3) Estimation of characteristic reaction parameters: 
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A 

A c 

C 

c1 

C o 

cn 

d 

D 

Dc 

E 

Ea 

F(Sc) 

H( ) 

j 

k 

Kg 

Ks 

K 

L 

m 

Absorbance or optical density 

Area of the coated surface 

Concentration in fluid phase 

Surface concentration of the 
fluid 

Bulk concentration of the 
fluid 

The catalytic parameter for 
th n order surface reaction 

Cell path 

Diameter of the cylinder 

Diffusion coefficient 

True activation energy 

Apparent activation energy 

Junction of Schmidt number 

Function defined by equation 
(3.2.6) 

Rate of mass transfer 

Boltzmann constant 

Mass transfer coefficient 

True or intrinsic reaction 
rate constant 

Apparent or observed reaction 
rate constant 

Characteristic length or 
length of catalyst plate 

Function defined by 
equation (3.1.15) 

(dimensionless) 

(cm2) 

(gm.mole. cm -3 ) 

(gm.mole. cm-3 ) 

(gm.mole. cm-3 ) 

( d i m e n s i o n l e s s ) 

(cm.) 

(cm.) 

(cm2. s ec . - 1 ) 

(Ca l . gm. mole-1 ) 

(Cal.gm.mole - 1 ) 

( d imens ion le s s ) 

(mole. hr-1 ) 

(gm.mole.hr - 1 cm-2 atm-1 ) 

(gm.mole.hr - 1 cm-2 atm-1 ) 

(gm.mole.hr - 1 cm - 2atm - 1 ) 

(cm.) 

http://gm.mole.hr
http://gm.mole.hr
http://gm.mole.hr
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Molecular weights of the species 

n 

P 

P c 

P v 

R 

Re 

R 

S 

Sc 

Sh 

t 

T 

u 

U(x) 

U 

V 

X 

y 

Reaction order 

Total pressure 

C r i t i c a l pressure 

Vapour pressure 

Universal gas coristant 

Reynolds number, 

Overall r a t e of reac t ion 

Wetted area of the c a t a l y s t 

Schmidt number, 

Sherwood number 

Time 

Absolute temperature 

Velocity in the x d i r e c t i o n 

Velocity in the po t en t i a l flow 

Velocity in the mainstream 

Velocity in the y d i r ec t i on 

Axial coordinate 

Transverse coordinate 

(a tms. or mm.Hg.) 

(a tms . or mm.Hg.) 

(a tms. or mm.Hg.) 

( l i t . atm.gm. mole-1 

°K -1) 

( d i m e n s i o n l e s s ) 

(mole.hr - 1 cm-3 ) 

(cm 2) 

( d i m e n s i o n l e s s ) 

( d imens ion l e s s ) 

(minutes) 

(°K) 

(cm. s e c . - 1 ) 

(cm. sec . - 1 ) 

(cm.sec. - 1 ) 

(cm.sec. - 1) 

http://mole.hr


Defined in equation (3.1.10) 

Defined in equation (3.1.10) 

Boundary layer thickness (cms.) 

The integrated diffusion (effectiveness) 
factor (dimensionless) 

Dimensionless concentration 
defined by equation (3.1.25) 

Velocity boundary layer 
defined by equation (3.2.3) 

Dynamic viscosity of the fluid (gm.cm-1 sec-1) 

Kinematic viscosity of the fluid (cm2.sec-1 ) 

Force constant 

Defined in equation (3.3.20) 

Defined in equation (3 .1 .6) 

Defined in equat ion (3.3.20) 

Density of the f l u i d (gm. cm-3 ) 

Force constant 

Angle around the cyl inder 
measured from the s tagnat ion region (degrees) 
Global cor rec t ion for f i n i t e 
c a t a l y s t a c t i v i t y (dimensionless) 

Stream function defined in 
equation (3 .1 .5) 

Greek l e t t e r s 
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Subscripts 

av Average 

c Concentration 

Chem Chemical control 

diff Diffusion control 

D Diameter 

0 In the bulk 

p At the pipe 

s At the surface 

v Velocity 

x Local value based on characteristic length 

At upstream infinity 


