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the course of a notable 1953 paper on residence time

distribution, describe the inlet and outlet boundary
conditions for a "closed-closed" flow reactor with axial dis-
persion.!"! Footnotes in texts by Bischoff and Froment”! and
by Aris"”! mention that these conditions had also appeared in
a 1908 paper by Langmuir.”! This is true, but the 1908 paper
contains more: it is a harbinger of contemporary chemical
engineering, written in the year that the AIChE was first
organized."’

r I Y he Danckwerts boundary conditions, derived during

LANGMUIR

Irving Langmuir (1881-1957) was a scientist of remark-
able versatility. Chemical engineers recognize the Langmuir
isotherm, basic for the kinetics of heterogeneous catalytic
reactions; chemists know the Lewis-Langmiur theory of the
chemical bond and the Langmuir trough for studying oil
films on water; and the layman may remember his pioneer-
ing work on cloud-seeding. Not as widely known are his
discovery of atomic hydrogen and his inventions of the
modern gas-filled electric light bulb, the mercury condensa-
tion vacuum pump, the atomic hydrogen welding torch, and
the Langmuir probe for characterizing plasmas. (Langmuir
introduced the word "plasma" into the physics literature in
1923; in 1929 he and Tonks published their landmark theory
explaining the existence of plasma oscillations.'’ The char-
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acteristic plasma-electron frequency is known as the
Langmuir frequency.)

Langmuir's undergraduate degree (from Columbia Uni-
versity, 1903) was in metallurgical engineering.””’ His PhD
research, however, was with the physical chemist Walther
Nernst in Gottingen. The title of Langmuir's dissertation was
"On the Partial Recombination of Dissociated Gases in the
Process of Cooling" (rough translation from the German).
Involved in the research was the use of a hot Pt wire to act
both as a catalyst to dissociate gases and as a temperature
probe by measurement of the electrical resistance; account
had to be taken of heat transfer by conduction and convec-
tion from the hot surface. Langmuir's doctorate was awarded
in 1906—the year in which Nernst proposed the Third Law
of Thermodynamics.

THE 1908 PAPER

The title of Langmuir's 1908 paper™! was "The Velocity of
Reactions in Gases Moving Through Heated Vessels and the
Effect of Convection and Diffusion." Langmuir starts by
noting that a 1908 paper of Bodenstein and Wolgast a) had
already pointed out that the rate equations used for station-
ary gases (e.g., a batch reactor) can be justified for flowing
gases only if there is no mixing (e.g., a plug flow reactor),
and b) had developed formulas which hold if there is com-
plete mixing (e.g., a CSTR).”'” The Bodenstein-Wolgast
paper contains no quantitative treatment of a reactor with
axial dispersion.

Langmuir proceeds to derive the differential equation de-
scribing a reactor with axial dispersion from a material bal-
ance (for a single reactant) over a differential reactor ele-
ment. He guarantees a "closed-closed" pattern by postulat-
ing that the reactor section is bounded by thin porous plugs,
as illustrated in Figure 1. The reactant gases move with such
high velocity through the pores of the plugs that the quantity
carried by diffusion is negligible compared with that carried
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by mass movement of the gas. For an n-th order reaction,
Langmuir arrives at the differential equation

2
LSRR LY I (1)
dy dy

Although Langmuir calls D the "diffusion coefficient," it is clear
that he intends D to mean the effective axial dispersion coeffi-
cient and not D, the molecular diffusion coefficient.

After pointing out that the equation "can only be integrated, as
it stands, when n = 1," Langmuir suggests "let us be content, for
the present, with approximate results." Then approximations are
introduced, such as expansion of exponentials with cutting off
after the first term, for n-th order kinetics. Two boundary condi-
tions are still needed, and Langmuir arrives at the Danckwerts
conditions with reasoning identical to that of Danckwerts. For n-
th order reactions, Langmuir arrives at the approximate solution

nC, - (n—1)C = C exp[-P]{cosh M + [(N + P)/M]sinh M} (2)
For the first-order reactions, Eq. (2) becomes
C, = C exp[~P] {cosh M + (N + P)/ M]sinh M} 3)

In these equations, the symbols are:

C, inlet concentration of feed to reactor
concentration of feed at outlet

reaction order

ul./2D

nkC™'L/u

(P* + 2 PN)'?

reaction rate constant

axial dispersion coefficient

linear velocity of reacting gas through the reactor
reactor length

FeOxr R Zwe 0

Langmuir next derives approximation formulas for the limit-
ing cases of a) mixing almost complete and b) only slight mix-
ing. Furthermore, he derives criteria, in terms of the dimension-
less parameters P, N, and M, for deciding when the PFR and
CSTR equations may be used and when the approximation for-
mulas will give reasonably good answers.

To illustrate the application of Eq. (3), a comparison is
made here of the conversions predicted from the dispersion
model for an example worked out in the text of Levenspiel."”
Levenspiel proposed nonideal flow in a reaction system with
DL = 0.12, first-order kinetics with k = 0.307 min"', and
L/u =1t =15 min. In an ideal PFR, the fraction of feed remaining
would be C/C, = 0.01.1"%-270)

For the nonideal reactor, Levenspiel uses his Figure 22 and
page 289 to arrive at C/C, = (approximately) 0.035. An approxi-
mation formula derived from the exact solution, Levenspiel's
Eq. (43) gives C/C, = 0.127. A second approximation formula,
taken from the treatment by Pasquon and Dente!"” of n-th order
reactions gives (Levenspiel, Eq. 48) for this case C/C, = 0.0354.
Levenspiel's Eq. (46) for small deviations from plug flow also
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gives C/C, = 0.0354. The above Eq. (3) of Langmuir
gives C/C, =0.0339, as does the exact solution to Eq. (1)
given by Danckwerts'"! and by Wehner and Wilhelm."¥

DIMENSIONLESS GROUPS

What is the significance of Langmuir's dimensionless
constants P, N, and M? Since M is defined by Langmuir
as a function solely of P and N, there are only two
independent dimensionless groups, P and N. Let us first
consider Langmuir's P.

Langmuir defines P as P = 1/2 (uL/D). There is dis-
agreement concerning the name which should be at-
tached to the group (uL/D). The 1966 summary of di-
mensionless groups by Catchpole and Fulford,"® a
convenient but secondary source, offers the term
"Bodenstein number" for the group uL/D, where D is the
effective axial diffusivity.

The reference given by Catchpole and Fulford for the
Bodenstein number is another secondary source—the
1963 compilation by Boucher and Alves."” This started
an instructive and cautionary chase through the litera-
ture: Boucher and Alves use a 1961 article by Hofmann
as their source for "Bodenstein number";!"! Hofmann
simply quotes a 1958 article by van Krevelen;!"
astonishingly, as his source van Krevelen refers back
to the 1908 article by Bodenstein and Wolgast® that
started Langmuir on his theoretical treatment of
nonideal reactors; and the Bodenstein-Wolgast article
contains no mention of a group (uL/D)—or any other
dimensionless group!

The use of "mass transfer analog of the Peclet number"
(or its reciprocal) is quite common for this group in texts,
notwithstanding the fact that in the definition of the
Peclet number the molecular diffusion coefficient, D,
appears, not the axial dispersion coefficient, D.
Levenspiel, a major contributor to the modeling of non-
ideal reactors, is outspoken in his opposition to this use.
In his 1979 text, The Chemical Reactor Omnibook,"™ he
has this to say about (D/uL):

This is a new and different type of dimensionless
group introduced by workers in chemical engineer-
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ing. Unfortunately someone started calling the
reciprocal of this group the Peclet number. This is
wrong. It is neither the Peclet number nor its mass
transfer analog, which is widely called the Bodenstein
number in Europe. The difference rests in the use of D
instead of D, hence these groups have completely
different meanings.”*"! A name is needed for this group.

The author suggests that "Langmuir group I" (La;) may be

an appropriate name for Langmuir's P.

What about Langmuir's N, defined as nkC™'L/u? In his
unifying treatment of mass and heat transfer effects in flow
reactors, Damkohler defined four dimensionless groups.”
The first of these, Day, is defined as UL/uC, where U is the
chemical reaction rate and C is reactant concentration. For
an n-th order reaction, this become kC"L/uC or kC™'L/u.
This is Langmuir's N except for the factor n. Damkohler
does not mention Langmuir's 1908 paper. It serves no pur-
pose to change an established term (Day) at this late stage,
but considering the priorities (1908 vs. 1936), it would have
been appropriate to call Langmuir's term N the "Langmuir
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group II" (Lay). As a matter of interest, for first-order reac-
tions, this group reduces simply to k.
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