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NUMBER OF INJECTIONS

Fic. 2. Decrease in conversion of l-pentene with increasing number of injections: pulsed-flow reactor

at 68°C; 2.5 ul 1-pentene in each injection.

either the solvent or the olefin; further evi-
dence on this will be reported later. It
would seem, however, that the results ob-
tained in the continuous-flow reactor may
refer to a substantially deactivated cata-
lyst.

Our views on the mechanism of the reac-
tion will be discussed in a later paper.

The application of this method to other
possibly more amenable and commereially
important systems will readily be con-
ceived.* We have established that many
noble metal salts are sufficiently soluble in
thermally stable organic compounds of low
volatility, such as are commonly used as
stationary phases in gas-liquid chroma-

* Patent protection for this technique has been
sought; inquiries for further information will be
welcomed.

tography, to make their examination seem
profitable.
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Lack of Dependence of Conversion on Flow Rate
in Catalytic Studies*

In studies of solid catalysts, it is impera-
tive to ascertain the possible influence of

* This work was supported in part by NSF
Grant GP-2305.

temperature and concentration gradients on
the rate of reaction. For heat and mass
transfer to the external surface of catalytic
particles packed in a fixed bed, an easy
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diagnostic test (1) consists of checking the
effect of flow rate on conversion at constant
space velocity (or “contact time”). If no
such effect is found, it is concluded that
transfer of heat and mass to the particles
does not influence the rate of reaction.

The purpose of this note is to bring atten-
tion to the fact that this diagnostic test may
fail because of its lack of sensitivity under
conditions commonly used in the laboratory.
An example of such a situation will be pre-
sented for a case of theoretical interest.

The difficulty is due to two circumstances.
First, the size, d, of the catalyst particles
used in experimental work is kept small in
order to minimize internal gradients of
teraperature and concentration. Second, the
flow rate is kept at a desirably low value so
as to obtain a not too small value of contact
time for the small amount of catalyst nor-
mally used. The flow rate may be expressed
in terms of a linear velocity of flow, v,
which is equal to the volumetric flow rate
divided by the cross-sectional area of the
reactor.  As a result of the small value of
both v and d, the Reynolds number, Re =
vd/v, where v is the kinematic viscosity of
the reacting fluid, is considerably smaller
than in a large-scale operation. This small
value of the Reynolds number in typical
laboratory work has, in turn, two main con-
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sequences. First, the influence of heat and
mass transfer may be very serious. Second,
the dependence of the coeflicients of heat
and mass transfer on flow rate may be so
weak as to render a test of conversion vs.
flow rate quite insensitive. Consequently, it
may well happen that at values of Re on
the order of 10 the conversion does not ap-
preciably change with flow rate at constant
space velocity, even though the influence of
heat or mass transfer on the reaction rate
may be very severe,

This behavior is clearly seen in the com-
monly used correlations of heat and mass
transfer in packed beds (2-4). Thus, from
the compilation of data by De Acetis and
Thodos (2), although the heat transfer
coefficient is proportional to v°% at Re =
1000, it becomes proportional to v°° at Re
= 15. It is permitted to think that at lower
values of Re, the dependence of the heat
transfer coefficient on veloeity would be-
come weaker still, ag the flow in the packed
bed becomes completely laminar. This be-
havior is graphically illustrated in Fig. 1.
But data in the range 1 < Re < 50 are
sparse and moreover mass transfer data in
this range are subject to corrections due to
axial dispersion (back-mixing), as has been
noted by Ergun (4) and by Bradshaw and
Bennett (6). Thus for work at low Rey-

0.6

T T T
s GAMSON, THODOS & HOUGEN (8)
-
zZ
z
(&) 04— DE ACETIS & THODOS_-l(Z)
a ¥
> h av
wl
e
<t
sy

02—
= 7]
3
e
o | | L
t 10 100 1000

Re, REYNOLDS NUMBER

Fic. 1. Effect of flow rate (linear velocity v) on heat transfer coefficient h.
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nolds numbers, it is essential to use avail-
able correlations in a critical fashion. More-
over, the diagnostic test discussed here will
require very precise conversion data or an
extended range of flow rates, because, at
low values of Re, the transfer coeflicient
depends only weakly on velocity.

As an example of the difficulties encoun-
tered at low values of Re, consider a recent
investigation of the dehydrogenation of
cyclohexane on a platinum-alumina reform-
ing catalyst by Khoobiar et al. (7). The
authors used a packed bed consisting of
alumina pellets which were found to be
inert by themselves, mixed with a small
amount of catalyst pellets. The purpose of
the dilution of the bed was to maintain
overall isothermal conditions. Using the
heat transfer correlation of Gamson, Tho-
dos, and Hougen (8) and Wilke and Hou-
gen (9), they calculated the surface tem-
perature of the catalyst pellets. The authors
then compared thermodynamic equilibrium
conversions at the calculated temperature
with observed values and found the ob-
served conversions to be greater than that
corresponding to equilibrium. Moreover,
the authors applied the diagnostic test
discussed in this note and concluded that
there was no heat transfer limitation, since
conversion was not observed to change as
flow rate was decreased by factors of 2 and
3.

These contradictory findings led Khoo-
biar et al. to postulate the migration of
hydrogen atoms away from the catalyst
pellets into the surrounding medium where,
by an unspecified path, these atoms would
account, for a substantial fraction of the
observed conversion. The above difficulties
disappear if it is noted that the work was
performed at low values of the Reynolds
number where, as noted already, it is neces-
sary to use published correlations of heat
and mass transfer with caution, and that
furthermore, the absence of variation of
conversion with flow rate at constant space
veloeity may not be a sensitive diagnostic
test.

Indeed, calculations can be made from
the information contained in the publica-
tions of Khoobiar et al. (7, 11). Results of
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these calculations are shown in Table 1. It
is seen that the Reynolds number is low,
equal to 8.4, Thus the correlations of Gam-

TABLE 1
Huar TraNSFER CALCULATION FOR RUN 124,
Rer. (11)

Reaction Rate and Operating Conditions

0.64 g mole/hr per gram of
Pt/ALO;

24.89, of the C¢H,. dehydro-
genated to CgH,

Pressure 26.5 atm

Temperature 427°C fluid temperature

Feed composition 6 moles . per mole CsHiz

Reaction rate

Conversion

Fluid Properties
Flow rate 3.02 g mole/hr of CsHz
Fluid density 6.0 X 107% g/cm?
Superficial velocity, v 1.2 em/sec
Kinematic viscosity, » 0.03 ecm?/sec*
Heat capacity 1.04 cal/(g)(°C)
Thermal conductivity 5.8 X 107 cal/(sec)(°C)

(em)?

Reynolds number, Re dv/v = 8.4

Catalyst Properties
“Effective” particle diameter, d = (A/x)!/? =
2.1 mm
Particle surface area, 4 = 0.14 em?/particle
S = 27 em?/g

« Reference (15).
b Reference (16).

son, Thodos, and Hougen (8) and of Wilke
and Hougen (9), which were used by Khoo-
biar et al. should not be used, since they are
not valid below EBe = 60. It is unfortunate
that these correlations are presented in ref.
(10) over an extended range, 10 < Re <
10,000, without mentioning that the data,
upon which the correlation was constructed,
extended only from Re = 60 to Re = 4000.
If the correlation of De Acetis and Thodos
(2) is conservatively extended below Re =
15 by applying a constant flow rate ex-
ponent, y, of 0.15, the difficulties of inter-
pretation raised by Khoobiar et al. disap-
pear, as shown in Table 2 and Fig. 2.

It is seen in particular that, although the
reaction rate is definitely influenced by heat
transfer limitations, the change of conver-
sion expected over a threefold variation in
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TABLE 2 an activation energy E, = 20 kcal/mole
Rusurrs oF Hear™ TRANSFER CALCULATIONS was assumed. This value of activation en-
Extrapolation  €T8Y 18 conservatively high, since Sinfelt
Extension of Do hAmson, (12) reports .E2 = 33 kecal/mole for the
Acetis & Thodos  Hougen dehydrogenation of methyleyelohexane on
- N a similar platinum catalyst. But since in-

Caleulated particle tem- 408 393 ternal diffusional limitat?ons are certainly
perature (°C) flow rate c:

— 3 gmole/hr expectqd under t}}e .condltlons used by
resctant Khoobiar et al., as indicated by the work of
Weaver et al. (13), a value of E, close to

Caleulated particle tem-  404.5 369 E./2 is reasonable. Khoobiar has suggested
perature (°C) flow rate an even lower value of E;, namely 15 kecal/
r:a}:tgftde/ hr mole. Such a low value of E: would rein-

force our conclusion that the diagnostic test

A conversion due to drop  —2.6 -9 of variation of flow rate was not sensitive
in flow rate (%) enough for the case at hand.

‘Effect distinguishable No Yes It is also seen from Table 2 that, if the
from normal seatter of proper correlation is used, the observed
exptl data conversion is conservatively lower than the

expected equilibrium conversion calculated

Equilibrium conversion® 34 18 from data in API Project 44 (14). It is
at the 3 gmole/hr par- therefore concluded that the results of
ticle temperature (%) Khoobiar et al. do not require any special

Observed conversion 25 25 explanation, but must be considered as
(%) straightforward data influenced by heat and

) mass transfer limitations.

Conversion conserva- Yes No

tively lower than
equilibrium?

* Reference 14.

flow rate is well within experimental error.
In order to calculate this change of conver-
sion from a change in surface temperature,

In general, it appears that an application
of the diagnostic test of flow rate variation
to ascertain the influence of heat or mass
transfer limitations, must be accompanied
by an investigation of the sensitivity of this
test, especially at the low Reynolds num-
bers frequently encountered in laboratory
work. In addition, it is apparent that there
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Fig. 2. Lack of dependence of conversion on flow rate in the catalytic studies of Khoobiar et al. (7, 11).
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is a definite need for further study of trans-
fer coefficients at these low Reynolds
numbers.
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The Effect of Alkaline Promoter on Decomposition of
Ammonia over the Doubly Promoted Iron Catalyst

Several kinetic expressions have been
proposed for ammonia decomposition over
the doubly promoted fused iron catalysts
whereby an important role of the potassium
oxide in the mechanism of decomposition
was suggested (I, 2). Recently, the present
authors have shown (3, 4) that the rate-
determining step of ammonia decomposition
over a well-reduced doubly promoted fused
synthetic ammonia iron catalyst (4.729

Al Os, 0.319, K0, 0.059, SiO; as promoters)
changes with rising reaction temperature, as
deduced from the pressure dependencies of
ammonia and hydrogen upon the rate. The
rate V was thus found to be expressed as
V = k1y(Pxm/Prt®)* around 420°C or as
V = ky(Pnum/Pw’®)?# above 479°C, where
k1, k2, o, and B are constants. These results
showed that the rate-determining step is
the desorption of the adsorbed nitrogen at



