120°, 130°, 160°K., the calculated
minimum y and associated P agree well
with experimental data as shown in
Figure 1. Also shown in the figure are
curves calculated from the complete
form of Equation (2) and the ideal gas
values (y = Pvep/P). Good results
were obtained from Equations (3) and
(4) with all other binary systems
studied. Table 1 lists some of the rep-
resentative results.

For the calculations shown here, the
second virial coefficients were obtained
from the Lennard-Jones potentials e/k
and o and Table 1-B of Hirschfelder,
Curtiss, and Bird (5). For the interac-
tion coeflicients, Bju, the same tech-
nique was used employing the geo-
metric mean of (e/k) and the arith-
metic mean of o. Other methods of ob-
taining Brr and Bjn were tried (8, 9)
but the final calculation of ymin did not
differ appreciably at the low pressures
where the composition minimum was
found. In Figure 1, the calculated
curve was obtained from Equation (2)
with the second virials determined as
indicated above. The third virial co-
efficients were found from Table 1-C

(5) with
(e/k)ize = [(e/k)i (e/k); (e/k)x]P/?
and gijk = (oi + o7 + o) /3

This technique for estimating the third
virial coefficient is not satisfactory for
estimating solubilities at high pressures;
as shown in Figure 1, the agreement
between experimental and calculated
values of ycos begin to differ appreci-

ably at pressures exceeding 80 atm. It
is interesting to note that in the system
helium-oxygen (He-Oz), the interac-
tion virial Bog—me is positive at the
temperatures used in the experimental
work and that Equation (3) would
then be inapplicable; the physical sig-
nificance seems to be that there is no
minimum in composition for this sys-
tem at any reasonable temperatures
and pressures.

In summary, it has been shown that
Equations (8) and (4) are convenient
to use in estimating rapidly both the
maximum purification attainable in a
freeze-out purification system and the
pressure level to be used to attain this

purity.

NOTATION

B = second virial coeflicient, vol-
ume/mole

C = third virial coefficient, (vol-
ume/mole)?

e = natural logarithm base

f = fugacity

P = pressure

R = gas constant

T = temperature

v* = specific volume of solid

V= specific volume of gas

y = mole fraction

Z = compressibility factor of gas

Subscripts

i = component present in both
solid and gas phases

h = solvent component

VP = vapor pressure
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Diffusionally Controlled Surface Reactions in Tube-Wall Reactors

The problem of obtaining kinetic in-
formation for reactions occurring on
solid surfaces past which a fluid flows
has received increasing attention in re-
cent years. Of particular interest is the
extraction of meaningful kinetic data
for flow systems in which the observed
rate of reaction is essentially the rate of
transport to the reaction surface; that
is, diffusionally controlled reactions.
The literature on this subject has been
devoted mainly to the development of
mathematical schemes, operating on
experimental data, to determine the
values of parameters of the surface re-
action; for example, surface concentra-
tions.

Because chemical kinetics is largely

R. S. Alwitt is with the Sprague Electric Com-
pany, North Adams, Massachusetts,
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an experimentally based science, it
would seem appropriate to determine
whether laboratory measurements of
sufficiently high accuracy may be made
for use in analytical schemes designed
to yield kinetic information. It is the
purpose of this note first to estimate
surface concentrations in diffusionally
controlled reactions of a particular
type; and second, to show that simply
determined laboratory data in such
diffusionally controlled systems cannot
be expected to yield estimates of these
surface concentrations with any reason-
able accuracy.

The simplest analysis of a surface re-
action which is dependent upon a dif-
fusional process involves the use of the
quasi-stationary method developed by
Frank-Kamenetskii (2). It is assumed

A.1.Ch.E. Journal

in this method that the conditions of
diffusional transport are independent
of the course of the surface reaction.
The fact that the diffusional and reac-
tion processes are actually coupled by
the surface boundary condition means
that this method can only serve as an
approximate model leading, in some
cases, to large errors. These errors gen-
erally yield too low a surface concen-
tration compared to more exact meth-
ods (I). For a first-order reaction, for
example, errors of about 10% result
which are small compared to other po-
tential sources of error to be examined.

The quasi-stationary method as-
sumes that the rate at which reactant
is consumed at the surface equals the
rate of diffusion of reactant to the sur-

(Continued on page 431)

Page 417



(Continued from page 417)
face. Thus, for a reaction of arbitrary
order n

reaction rate = k Cw* = B(C — Cuw)
(L)
In accordance with Frank-Kamenetskii

(2), { = Cw/C. Then

reaction rate =

kKCh "= BC(1—1Y) (2)

The dimensionless concentration ratio
¢ is tound by solving Equation (2)

kCnfl

Ar=1—{ A= (8)

Equations (2) and (3) are easily
applied to an experimentally interest-
ing case: a differential tubular reactor
with reaction occurring along the tube
wall, reactant supplied to the wall by
diffusion from fluid passing through
the tube. For fully developed laminar
flow, 8 = yNge'/3, where v is a con-
stant for a given diffusing species, fixed
tube diameter and length (5). Because
a differential reaction is occurring, re-
actant concentration C is essentially
constant along the length of the reac-
tor and may be closely approximated
by Co, the inlet reactant concentration.
Then

reaction rate =

kCo"{™ = yNRrel/*Co(1 —{)  (4)
where { is given by
kC,r—1!
AC:I_C’A::}W (5)

The usual differential reactor rate
expression, Fx/SAL, where x is reac-
tant conversion, may be cast into a
more useful form for our purpose. Be-
cause the feed rate is essentially con-
stant everywhere along the tube for a
differential reactor (even for the case
where reaction stoichiometry indicates
a change in total moles), the apparent
contact time for fixed L is inversely
proportional to Nre (that is, F/CoAL

- NRre). Furthermore, reactant

DLp

conversion for a differential reactor is
usually too small to measure experi-
mentally and is best expressed as the
measured product concentration at the
reactor exit normalized on reactant
concentration, Co, (that is, x =
Cproa/vCo for A — vB and product
free feed). The net result is a rate of
reaction for this differential system of
the form aCproa Nre where a is a di-
mensional constant (¢ = u/vSDLp) in-
corporating terms resulting from the
transformation of the usual rate expres-
sion.

Finally
anmdN Re =— kConC" =

’yNReI/3Co(1 - g) (6)
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Chemical Engineers’ Handbook, 4th Edition,
Edited by R. H. Perry, C. H. Chilton, S. D.
Kirkpatrick, McGraw-Hill, New York
(1963). 1,915 pages. $29.50.

The first edition of the Chemical
Engineers’ Handbook, edited by the
late John H. Perry, was published in
1934. It was intended to present, in
convenient form, many of the equations
and data that a practicing engineer
needed for the design of chemical-plant
equipment. Perry’s Handbook, as it be-
came known, was soon regarded as the
chemical engineer’s “bible.”

The rapid growth of chemical engi-
neering literature and changes in de-
sign techniques have been evidenced in
the subsequent editions of 1941 and
1950 and particularly in the present
edition. Although the concept of unit
operations is still used for defining the
sections of the handbook, emphasis has
been shifted toward the more funda-
mental engineering sciences of thermo-
dynamics, reaction kinetics, solid and

fluid mechanics, and mass and energy
transfer. There is considerably less in
the way of empiricism and more in the
use of statistical and mathematical
analysis.

Unfortunately, the expansion in the
number of topics covered has neces-
sitated an accompanying decrease in
detail. In many areas the handbook
serves only as a guide to the literature,
with a profusion of bibliographical ref-
erences. In view of the obvious diffi-
culty, or impossibility, of giving ade-
quate coverage to so many topics in
one handbook, this reviewer wonders
if some of the sections, such as the one
on physical and chemical data, should
not be published as separate volumes.

Among the new topics presented in
the fourth edition are dynamics of fall-
ing films and fluidized beds, electro-
magnetic pumps, jet pulverizers, the
use of computers in designing multi-
component distillation units, and un-
steady state diffusion.

Ravymonp W. SOUTHWORTH
YALE UNIVERSITY

or
C prod

_kCrip 41—y
Co aNRe (I/Z\IReZ/3

(7)

and { is found from Equation (5) for
particular values of A = kCo*~1l/
yNre'/3, Equation (7) has two limiting
forms:

Complete diffusion control

Cprod

Y
= — Nre™ %3 for
Co a ¢

kCo"=1 >> yNRg.!/3
Complete activation control
Cyproa  kCom™!
" Co a

Nre~ 1 for

kCo"—1 << yNrel/?

T

L
L =

|

|
-3
/ vp"‘vﬂ_b
%

[ —
-085 -0.70 -07%

-0.60 -0.8%5 -080 =095 -0

Fig. 1. Slope of log (Cproa/Co) vs. log Nre.
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Plots of log (Cproa/Co) vs log Nre will
be straight lines of indicated slopes for
these two extreme cases. For interme-
diate control, Equation (7) applies,
and a linear relationship between log
(Cproa/Co) and log Nre would not
be expected. Actually, essentially
straight lines do result when Equation
(7) is solved for pairs of values of
Corod/Co and Nre at fixed values of
kCo~1/y. With a Nre range of 10 to
1,000, deviation from linear behavior is
less than 49 for n = 1/2, 1, 2, and is
certainly within the usual experimental
error. The result of measuring the
slopes of plots of log (Cyroa/Co) vs log
Nre for fixed kCo®~!/y is shown in
Figure 1 for reaction orders, n = 1/2,
1, 2. The asymptotic behavior of the
slopes for the two limiting cases is evi-
dent.

With this method it is possible, for
differential tube-wall reactions, to esti-
mate wall reactant concentrations. One
need only measure product concentra-
tions at various flow rates for a tube of
fixed length and inlet reactant concen-
tration. The slope of a plot of log
{Cproa/Co) vs log Nre fixes kCo"~1/y
and then, provided n is known, { or
Cw/Co may be found using Equation
(5).

Of particular interest is the accuracy
one might expect in estimating Cw/Co
for systems operating under true diffu-
sional control. Although the following
analysis may be performed for any
reaction order it will be simpler to
treat n = 1. In any case the conclu-
sions to be drawn will be equally valid
for any order reaction simply because
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Thermodynamic comparison of large-scale liquefaction of air, hydrogen, and
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Key Words: Liquefaction-8, Refrigeration-8, Air-10, Nitrogen-10, Hydrogen-10,
Helium-10, Freon-4, Power-9, Compression-10, Precooling-10, Heat Exchange-10,
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Abstract: Comparison is made for air, hydrogen, and helium of Joule-Thomson
inversion curves, of pressures and precooling methods used in liquefaction, and of
the role of one or more stages of engine expansion in large-scale liquefaction.
Carnot efficiencies achievable in large-scale liquefaction are compared. A new
thermodynamic function (6H/g In P)r is introduced.

of the asymptotic behavior of the
curves shown in the figure.
When Equation (5) is solved for {,

1
CofCo=m————_n=1
1+ k/yNres” "

For the experimental determination of
true diffusional control (—2/3 slope)
the figure shows that k/y = 1,000. For
aNge = 1,000, Cw/Co = 0.01. Suppose
an error of only = 5% results in the
measurement of the slope of experi-
mental values of log (Cproa/Co) vs log
Nre for a reaction which is truly diffu-
sionally controlled. Instead of a slope
= —0.667, a plot of log (Cproa/Co)
vs log Nre reveals a slope = —0.700.
Then k/v from the figure is 35 instead
of 1,000 and Cw/Co = 0.22 at Nre =
1,000 instead of Cw/Ce = 0.01. Thus
more than an order of magnitude error
results in estimating wall concentration
of a reacting species for a nominal 5%
error in measuring the slope of a line
derived from experimentally measured
values.

Katz (4) has developed an analytical
solution to the tube-wall reaction prob-
lem which is of the general form,
Cw/Co =1 — F(4,h), where § and h
are dimensionless contact time and
surface rate respectively. Note first that
F(8,h) contains the experimentally
determined reaction rate and physical
properties of the system. Assign an ex-
perimental accuracy to F(6,h) and
see what range of values result for
Cuw/Co in the diffusionally controlled
region. If Cw/Co = 0.01 then F (4, h)
= 0.99. A = 5% error in F(4,h)
means that Cw/Co could be anywhere
in the interval 0 to 0.06 (discarding
negative values). For a = 19 accu-
racy (unusually good for kinetic meas-
urements), Cw/Co would be found in
the range 0 to 0.02. Thus, for reac-
tions under complete diffusion control
it would be extremely difficult to deter-
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mine surface concentrations with suffi-
cient accuracy; for example, to deter-
mine reaction mechanisms.

Again using the Katz form of solu-
tion, under what conditions could the
error in Cw/Co be reducedP For ex-
perimental data accurate to = 5% and
an acceptable error in Cw/Co of =
10%, Cw/Co must be greater than 0.3.
At this value of Cw/C,, k/y = 23 for
Nre = 1,000, From the figure it is
seen that the slope of log (Cproa/Co)
vs log Nre is 0.71 for this value of k/v.
It is to be noted that a slope of this
value represents a reaction which is
significantly out of the diffusionally
controlled region.

The results of these simple computa-
tions point up the extraordinary diffi-
culty involved in making laboratory
measurements of sufficient accuracy so
that meaningful conclusions may be
drawn for diffusionally controlled sur-
face reactions. It should be pointed out
that this result is not restricted solely
to the example presented here of a
surface reaction occurring on a tube
wall and laminarly flowing fluids.
Changes in reactor geometry and flow
regime will change the value of the
limiting slope of plots of log (Cyprea/Co)
vs log Nre for diffusionally controlled
reactions, but the conclusion that esti-
mating wall concentrations cannot ac-
curately be made will still be valid.
Thus, for a turbulently flowing fluid
transferring a reactant to a tube wall
on which a reaction occurs, the limit-
ing slope of log (Cproa/Co) vs log Nre
becomes —0.42 for diffusionally con-
trolled reactions at the mass transfer
entry region, since in this case, 8 =
vyNre%® (6). For a reaction surface
consisting of packed particles the limit-
ing slope in the diffusionally controlled
region would be —0.58 because 8 =
yNr"*2 for packed-bed transfer proc-
esses (3). In all cases the limiting slope
for surface-controlled reactions remains
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equal to —1. These results, indicating
the extreme difficulty in determining
wall concentrations for diffusionally
controlled reactions, are independent of
the numerical value of the limiting
slope of log (Cproa/Co) vs log Nre,
but are due to only the asymptotic
behavior of the slope as the diffusion-
ally controlled region is approached. It
would appear then that only in the re-
gion of partial diffusional control may
meaningful kinetic data be generated.
It is possible to induce some degree of
activation control in many nominally
diffusionally controlled systems, and
perhaps this is the only way in which
kinetic parameters for such systems
may be determined.
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NOTATION

a = dimensional constant

A = reactor cross-sectional area

C = reactant concentration in bulk
fluid

Cyrod = product concentration
reactor diameter
molar feed rate of reactant
rate coefficient for surface re-
action
reactor length
reaction order
Reynolds number
reactor surface area per unit
reactor volume
= reactant conversion
reek Letters
= mass transfer coefficient
= constant
= concentration ratio, Cw/Co
= density
viscosity
= variable defined by Equations
(3) and (5)
Subscripts
0 = inlet condition
w = wall condition
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