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Criteria expressed in terms of several new dimensionless groups are derived to 
assess the relative importance of intraparticle and interphase heat and mass transport 
effects in gas-solid catalysis. An overall criterion incorporating all the effects is also 
presented. Evaluation of the criteria for typical cases shows that in experimental 
reactors with low flow rates the relative importance of the effects frequently fall in 
the order: interphase heat transport > intraparticle mass transport > interphase 
mass transport > intraparticle heat transport. 

X~MENCLATURE Sh Sherwood number, = k,d,/D 

thermal Biot number, = hd,/~ absolute temperature 

mass Biot number, = k,dJD, Lz Prater number, = (- AH)D,C,/itT,c 

concentration 
l 

Arrhenius number, = &/RT 

heat capacit;\ thermal conductivity of catalyst 

diameter of catalyst particle particle 

bulk diffusivity P viscosit> 

second Damkijhler number, = P density of gas 

ar,2/D,C5 
fourth Damkijhler 

INTRODUCTION 
number, = 

AH6XrP2/XT, In a paper of similar title, Hudgins (1) 

effective diffusivity of catalyst recently determined the relative importance 

activation energy of intraparticle (internal) and interphase 
interphase heat transfer coefficient (external) heat transport effects through 
mass velocity evaluation of diagnostic criteria for different 
modified thermal Riot number, = types of catalytic reactors, and compari- 

hr,lX son of the results with actual experi- 
heat of reaction mental observations of significant temper- 
thermal conductivity of the gas ature differences. Two different criteria 
interphase mass transport coefficient were presented to compare the effects. One 
reaction rate constant inferred from the work of Carberry (2) 
modified mass Riot number, = states that heat transfer effects occurring 
kJ,lD, interphase will predominate over those oc- 
Nusselt number, = hd,/k curring intraparticle providing: 
Prandtl number, = C,p/k 
radius of catalyst particle 

Bib < 1, (1) 

gas constant where Bib is the thermal Biot number 
Reynolds number, = Gd,/p ( =/U&,/X) or modified Nusselt number, h is 
observed reaction rate per unit par- the interphase (gas-solid) heat transfer co- 
title volume efficient, d, is the particle diameter, and X 
Schmidt number, = p/pD is the effective thermal conductivity of the 
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catalyst particle. This criterion is said to differ by an order of magnitude, to examine 
be based on the maximum temperature the validity of Eq. (4)) and to extend the 
gradients possible in the particle, plus the comparison of the relative importance of 
intuitive notion that the relative sizes of the transport effects to include mass trans- 
the internal (ATi) and external (AT,) tern- port effects as well. 
perature differences should be approxi- 
mately equal at the point of crossover ANALYSIS 

from interphase to intraparticle predomi- Eq. (4), also given by Carberry (2)) is 
nance. In contrast, the criterion given by at best a rough approximation or propor- 
Mears (3) for the same situation: tionality derived from the boundary 

Bib < 10 (2) 
condition: 

was obtained by comparison of perturba- -Xd2 - hAT 
tion criteria (3, 4) for freedom from sig- dr rp - I e’ (5) 

nificant (5%) deviations in reaction rate b 
due to temperature gradients occurring in 

y making the assumption that the de- 

each domain. 
rivative is approximately equal to ATi/dp. 

Strictly taken, the Mears criterion ap- 
Examination of the schematic temperature 

plies to determining if interphase heat 
profile on Fig. 1 shows a better estimate, 

transport effects become significant before 
although still an underestimate, would be 

the intraparticle effects, and not to deter- 
ATi/r,. This assumption gives: 

mining their relative importance over the Nu k/X N 2ATi/AT,. (6) 
whole range of possible effects. The as- If th e relative sizes of the internal and ex- 
sumptions involved in the derivation of t ernal 
the original perturbation criteria hold only 

temperature differences are to be 

when the deviations from isothermal oper- 
approximately equal at the point of cross- 

ation are just starting to become significant. 
over from interphase to intraparticle pre- 

However, if the heat transfer resistance in 
dominance, the criterion of Eq. (1) would 

one region is significantly greater than the 
be obtained with a value of 2 on the right, 

resistance in the other for small deviations 
a value which is clearly still on the low 
side. 

from isothermality, it appears reasonable 
to assume it will also be greater when de- 
viations are large. 

The problem can be handled without re- 

I I I I I 1 1 I 

Hudgins adopted Eq. (2) as the more 
fundamental and rearranged it for evalu- 
ation with correlations to the form: 

Nu k/k < 10, (3) 

where Nu is the Nusselt number (= hd,/k) 
and Ic is the thermal conductivity of the 
gas. The ratio k/X was shown to vary from 
about 0.02 to 0.2 for ordinary gases, and 
from 0.5 to 1.5 for hydrogen-rich gases. As 
an alternative method for estimating the 
group on the left from experimental tem- 
perature measurements, the relation: 

NU k/x = ATi/AT, (4) 

was put forth as applying for small de- 
partures of the group from the value 10. FIG. 1. Schematic intraparticle temperature pro- 
The objectives of this paper are to deter- file and comparison of assumptions on temper- 
mine why the criteria of Eqs. (1) and (2) ature gradient. 
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course to assumptions about the gradient 
by following the approach of Lee and Luss 
(5). The Damkiihler-Prater equation (6)) 
relating temperature T and concentration 
C at any point in a catalyst particle, is 
written here in dimensionless form: 

T - T, (-AH>DeCa (C, - C> 
T, =- XT, ca 

= Pa y> (7) 
a 

where AH is the heat of reaction, D, the 
effective diffusivity of the catalyst, and 
subscripts s and a refer, respectively, to ex- 
terior surface and ambient (bulk fluid) 
conditions. This equation was combined 
with heat and material balances across the 
gas-solid boundary : 

U’s - T,)/To = %Pa/3H, (8) 
(Ca - c,>/ca = %/3M, (9) 

where the dimensionless rate modulus* @a 
and the groups h4 and H defined: 

@‘a = &-(- G)J H = hr,/X, 

M = k,rJD,, 

and k, is the interphase mass transfer 
coefficient. 

By assuming C = 0 at the center of the 
particle, an upper bound on the maximum 
temperature T,n in the particle was 
obtained : 

(T, - T,)/T, = &(l - %/3M). (10) 

Comparison with exact solutions (5) shows 
that Eq. (10) provides a good estimate 
when @a > 10, which is required for C to 
approach zero at the center. Now taking 
the ratio of Eqs. (8) and (10) and rear- 
ranging to the form of Eq. (4) there results: 

% > 10. (11) 

Setting ATJAT, equal to 1 gives a cri- 
terion with right side of order-of-magnitude 

*Correctly defined here in terms of reaction 
rate per unit particle volume rat.her than per 
particle as in (6). 

10, in general agreement with Eq. (2). 
Thus, two completely different approaches, 
one applying when transport effects are 
just starting to become significant and the 
other when such effects are large, give ap- 
proximately the same prediction. 

Examples in which intraparticle heat 
transport effects predominate over inter- 
phase effects are rare, and, as Hudgins (1) 
points out, seem to have occurred primarily 
in hydrogen-rich cases (7, 8) which have 
high values of IC/X and also high heats of 
reaction. Another characteristic of these 
cases seems to have been the use of un- 
usually large particle sizes. In short, it is 
necessary to choose experimental arrange- 
ments far from typical to encounter the 
predominance of heat transfer resistance 
within a catalyst particle. 

In contrast, the intraparticle mass trans- 
fer resistance is normally greater than the 
corresponding interphase resistance. Hud- 
gins (9) recently derived a criterion 
analogous to Eq. (2) which shows that 
interphase mass transport effects become 
significant before the intrapart’icle ones only 
if: 

Bi, = k,d,/D, = Sh D/De < 10, (12) 

where Sh is the Sherwood number 
( =k,.d,,/n) and D is the bulk diffusivity. 
Examination of typical values shows that 
this condition is normally exceeded in fixed- 
bed reactors when Reynolds numbers 
(=Gd,,j,uu) are greater than about 1-5. 

Comparison of Heat and Mass Transport 
Effects 

The relative importance of the various 
possible heat and mass transport effects 
can now be put into perspective by further 
comparison of the relevant individual cri- 
teria. For reactions obeying simple power- 
law kinetics (=k,C”), the following per- 
turbation criterion (10) applies for freedom 
from significant (5%) intraparticle mass 
transport effect : 

Da11 = % < l/In\, n P 0, (13) 

where n is the order of reaction. This cri- 
terion is similar to, but more general than, 
the well-known Weisz-Prater (11) cri- 
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terion. For freedom from significant inter- 
phase heat transfer effects, a criterion also 

Continuing the comparisons to that be- 
tween intranarticle heat transoort ure- 

developed by the author (3) requires: 

I “<0.1”, lAHl& 
hTa Y 

(14) 

where a is observed reaction rate per unit 
particle volume (= - (&/&)/VP) and y 
is the dimensionless activation energy 
modulus ( = E/RT) . Comparison with Eq. 
(13) shows that intraparticle mass transfer 
becomes significant before interphase heat 
transfer if: 

IAHILG 181 1% 
hT,d, 

=F<j& n#O. (15) h 

The new dimensionless group on the left 
expresses the ratio of heat release (or 
takeup in the case of endothermic reac- 
tions) from reactants supplied by intra- 
particle diffusion to heat supply by thermal 
convection. 

Examination of values of the parameters 
in Eq. (15) has shown (2, 12) that y 
typically varies between 5 and 40, Bib varies 
between 0.01 and 10, and /3 between 0.001 
and 0.1. Consequently, the criterion is oc- 
casionally exceeded, particularly in the case 
of experimental reactors where the value 
of Bib is small due to low Reynolds numbers. 

Similarly, comparison of Eq. (14) with 
the Mears (10) interphase mass transport 
criterion: 

(16) 

reveals that interphase heat transport ef- 
fects become significant before interphase 
mass transport effects if: 

IAHICak, 
hl’, = IP@i,/Bih > [nl/r (17) 

The new dimensionless group on the left 
is a measure of the ratio of heat generation 
from reactants supplied by convection to 
heat removal (or supply) by thermal con- 
vection. The ratio Bi,/Bih typically (2) has 
values between 10 and 50,000. Consideration 
of the typical values for the other param- 
eters shows interphase heat transport will 
usually be the more important except at 
very small values of Pa. 

dieted by the Anderson (4) critekon: ’ 

DaIv = 
IAHIw~~ < 0.75, 

xb 08) a Y 
and interphase mass transport given by 
Eq. (16)) it is found that intraparticle 
heat transport becomes limiting first if: 

bHlW,d, 
XT, = jP,IBi, > lOlnl/y, (19) 

where the new dimensionless group on the 
left expresses the ratio of heat generation 
from reactants supplied by convection to 
heat transfer by intraparticle conduction. 
The Bi, number is found (9, 12) to vary 
between about 1 and 1000. At the low flow 
rates typical of many experimental re- 
actors, the criterion is not met and inter- 
phase mass transfer is the more important. 

Thus, the relative importance of the 
various transport effects in low-mass-ve- 
locity experimental reactors often falls in 
the order: interphase heat transport > 
inkaparticle mass transport > interphase 
mass transfer > intraparticle heat transfer. 
Under these conditions, it is also necessary 
to consider the effects of intrareactor heat 
transfer and axial dispersion on the reac- 
tion rate or conversion. Criteria relating 
to these effects are reviewed elsewhere 
(10). At the high mass velocities and Rey- 
nolds numbers prevailing in commercial 
reactors, the interphase transport and axial 
dispersion effects normally become negli- 
gible, leaving only intraparticle effects to 
consider. Comparison of Eqs. (13) and (14) 
shows that intrareactor mass transfer be- 
comes significant before intraparticle heat 
transfer if: 

rlPl < 14. (20) 
Evaluation shows this criterion is almost 
always met. The new criteria provided here 
are useful in assessing the relative im- 
port.ance of the effects in specific cases. 

Overall Criterion 

Finally, it should be remembered that 
the above comparisons are between the 
relative magnitudes of the effects, without 



RELATIVE IblPORTANCE OF TRANSPORT EFFECTS 287 

regard to their sign. Exothermic heat trans- 
fer effects act in opposition to the mass 
transfer effects, so the net effect on the re- 
action rate will be less than the individual 
effects. The author (IO) derived an overall 
criterion accounting for all the individual 
effects which can be put into the form: 

(1 + 0.33SAlW 
* < In - $lal(l + 0.33%/M) 

1% - rPI # 0. (21) 

The terms in parentheses relate to inter- 
phase heat and transport effects, while 
those wit.hin the absolute value sign account 
for the corresponding intraparticle effects. 
This criterion does not guarantee freedom 
from significant individual transport ef- 
fects, rather it provides that their net ef- 
fect will distort the observed reaction rate 
by less than +570 from the rate that would 
be obtained under isothermal, isoconcentra- 
tion conditions. Note that the criterion, 
while complicated, is expressed in terms 
of observables and parameters which are 
readily estimated from reliable correlations. 
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