Deviation from the Inverse-Thickness

Relation in Gas-Metal Permeation

The permeation rate of hydrogen through cylindrical membranes of type 321 stainfess steel
was determined under a wide range of conditions. The pressure was varied from 0.1 to 30.0 atm.
and the temperature from 300° to 800°C. Four permeation membranes were used with wall
thicknesses of 0.0252, 0.1003, 0.1011, and 0.2475 cm.

The permeation rate was found to deviate from the square-root-of-pressure and inverse-thick-
ness relations predicted by the Richardson equation. Slow surface reactions are considered to be
the cause of the observed deviations, The permeation data were correlated by a semiempirical

interfacial resistance model.

Permeation rates were observed to increase with time of membrane exposure to hydrogen. It is
believed this resulted from changing surface activity.

The subject of the flow of gases
into and through metals is a broad
one with many facets. However it has
been the generally harmful effect of
certain gases on the mechanical prop-
erties of metals that has fostered a
desire to understand the fundamental
mechanisms by which gases permeate
metals.

The present study was designed to
shed light on the relative importance
of kinetic steps at the gas-metal inter-
face and diffusion through the metal
lattice as rate-controlling factors in
the permeation process.

THEORY

Basic Permeation and Diffusion Relations

Throughout this discussion it is nec-
essary to keep in mind the distinction
between the terms permeation and
diffusion as they apply to gas flow in
metals. Permeation may be defined as
the process of molecules passing from
one gas phase through a metal bar-
rier and into "a second gas phase,
while diffusion is concerned with the
movement of gas atoms within the
metal only. The diffusion step is the
rate-controlling one in most cases, but
in others it may have a negligible ef-
fect on the overall permeation rate.

The movement of a diffusing com-
ponent within a metal lattice is de-
scribed by Fick’s first law. For the
case of gas atoms diffusing radially in
a thin-wall hollow cylinder of length
L, radii 7z and 7, (r: > r > 1), and
concentration maintained at ¢, at n
and ¢ at n (6, > ) for all time,
Fick’s first law can be developed to
the following expression for the steady
state rate of diffusion:
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where the system is at some constant
temperature T, and D is assumed to
be independent of concentration.

A primary difficulty in studying the
flow of a gas through a metal is that
the values of ¢, and c: may not readily
be determined directly and in general
must be inferred from some assumed
relation to the applied pressure. For
instance in a hydrogen-steel system it
is an established fact (I18) that the
equilibrium between hydrogen gas
and hydrogen dissolved in the metal

(at constant temperature) may be
expressed by Sieverts law:
¢ = Kp** (2)

It is from this experimental observa-
tion that the presence of hydrogen in
atomic form' within the metal has been
deduced.

If the concentration of hydrogen
just inside the surface of a hollow
metal cylinder is in equilibrium with
the hydrogen pressure applied to the
surface, Equations (1) and (2) may
be combined to yield

27TT¢LDK (pllls - pzllz)
R= L
(ra— 1)

(3)

Although it applies to a special case
of diffusion, Equation (3) is really a
permeation equation rather than a dif-
tusion equation, since gas pressure is
now considered to be the driving
force involved.

It is well established (3) that at
least in the simplest case both D and
K vary exponentially with tempera-
ture and may be expressed as func-
tions of temperature by
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D =D, exp (—EJ/RT)  (4)

K= K, exp (— E,/RT) (5)

One may then show the temperature
dependence of the permeation pro-
cess, under conditions of equilibrium
at the surfaces, by combining Equa-
tions (3), (4), and (5). If in addi-
tion p: is considered to be negligible
compared with p, (the usual experi-
mental case), the following expression
results:

R =

and

2ar,LD K, exp (— E,/RT)p,"
( ro— 1 )

(6)

where E, = E, -+ E,. Equation (6)
is a form of the basic Richardson
equation (I5).

The Effect of Slow Surface Reactions on
Permeation Rates

The principal consequence of slow
surface reactions is that the hydrogen
atoms dissolved just inside the surface
will not be in equilibrium with the
hydrogen in contact with the surface
(or as pearly in equilibrium as any
rate process, such as permeation, will
allow). If surface rates are slow, it
follows logically that the Richardson
equation would not be obeyed. That
is the pressure exponent would be dif-
ferent from one-half, and the inverse-
thickness and the exponential-tem-
perature relations would not hold.

A detailed analytical treatment of
the role surface processes play in gas-
metal permeation is given in a recent
paper by Ash and Barrer (2). These
authors consider the surface processes
to be described by six kinetic con-
stants, and couple the resulting sur-
face-rate equations with the diffusion
step to produce complicated equations
for describing permeation rates.

An approach which yields relatively
simple permeation relations, and there-
fore is of value in treating experimen-
tal data, can be made by analogy to
the film-resistance techniques of heat
transfer.

Consider again radial permeation
under isothermal conditions through a
thin-wall cylinder of length L, radii n
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TasLE 1. DiMENSIONS OF PERMEATION MEMBRANES

Membrane 1D, (em.) (72— mn), (cm.)
A 2.0386 0.2475
B 2,3482 0.1011
C 2.3476 0.1003
D 2.4977 0.0252

and r:(r: > r > 1), and hydrogen
pressure p,, maintained constant in-
side, and’ pe, maintained constant out-
side the cylinder (p, > p.). In the
steady state ¢, and c¢. will also remain
constant with time. Within the metal
lattice the rate of diffusion is ex-
pressed by Equation (1).

If one ignores whatever actual pro-
cesses may be taking place at the gas-
metal interface, a mass transfer coeffi-
cient h; may be defined by expressing
the rate at the inside surface by

R = 2unLh(p* — c/K)  (7)
where K is the equilibrium constant
between the gas phase and gas dis-
solved in the metal.

Similarly at the outside surface one
may write

R = 2ar.Lh.(c./K—p.”*)  (8)

Then by combining Equations (1),
{7), and (8) to eliminate ¢, and c., and
considering the case where p. is neg-
ligible compared with p,, one obtains
the following expression for thin-wall
cylinders:

1/2

R = 2mr.Lp, (9)

[ i)

In the case where only one of the pres-
sures is varied it is difficult, if not im-
possible, to distinguish between resist-
ance to gas flow at the entrance and
exit surface. It is therefore convenient
to define a single interfacial resistance

term by
1_(1+1)
R \& he

Combining Equations (9) and (10)
one finds

(10)

142
R= 2P (11)
[ (rn—1) +_;_]
KD ' h

It is of interest to briefly examine
the limiting cases of Equation (11).
For the case of very fast surface rates
h = o, and Equation (11) reduces to
Equation (3) (with p. = 0). Thus
only when h = oo is the permeation
rate inversely proportional to mem-
brane thickness, and since h may be
pressure dependent, only when h = oo
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L, (em.) Ta, (cm.) Aq, (5q.om.)
22.86 1.143 164.2
22.86 1.225 175.9
22.86 1.224 175.8
22.86 1.262 181.2

does the square-root-of-pressure rela-
tionship hold.

For the case where h is small com-
pared with D Equation (11) reduces
to

R = 27, Lhp,* (12)

If the permeation rate is limited by re-
sistance at the entrance surface, R may
be expected to be directly proportional
to p. (8, 6). In this case h = h,, and
it is implied that A must vary as the
square root of pressure.

Membrane Thickness as a Yariable

As may be seen from Equation (11)
the relative importance of interfacial
resistance is in part determined by the
value of the thickness. Flint (7) has
stated that surface rates should be
more controlling with thinner mem-
branes and that under these conditions
increased thickness would produce less
decrease in permeation rate than pre-
dicted by the inverse-thickness rela-
tion.

Several investigators (4, 9, 10, 11)
have employed the variable-thickness
technique as a means of studying the
cffects of surface rates and apparently
verified that the permeation rate is in-
versely proportional to wall thickness
for the systems: hydrogen-nickel, oxy-
gen-silver, and hydrogen-iron.

Raczynski (14) carried out some in-
teresting experiments in which he
worked with nascent hydrogen and
iron membranes (0.1 to 3.2 mm. thick)
in the temperature range of 20° to
90°C. He reported that the permeation
rates observed were not proportional to
inverse membrane thickness and that
excessively low values of permeability
were calculated with membranes less
than 0.9 mm. thick.

Recently Silberg and Bachman (17),
working with molecular hydrogen,
studied the rate of permeation of hy-
drogen through palladium in the tem-
perature range of 200° to 600°C. and
at pressures of from 10 to 70 cm. Hg.
They found the permeation rate was
independent of palladium wall thick-
ness for 5-, 10-, and 20-mil. samples
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Fig. 1. Permeation assembly.
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and state that these data apparently
cannot be explained in terms of exist-
ing theory. However their data are in
agreement with those of Wahlin and
Naumann (20) who found that the
rate of hydrogen permeation through
palladium by electrolysis was inde-
pendent of changes in wall thickness.

Schenck and Taxhet (16) found that
the rate of hydrogen permeation
through pure iron and steel was in-
versely proportional to wall thickness
only after fully activating the metal
surface.

In summary only three cases are
known (14, 17, 20) where hydrogen
permeation rates through a metal bar-
rier have been observed to deviate
from the inverse-thickness relation in a
manner consistent with accepted theory
on the effect of slow surface reactions
on permeation rates. In only one case
(17) was hydrogen gas used.

EXPERIMENTAL

Experimental System

The gas-metal system selected for the
experimental phase of the work was hy-
drogen-AISI type 321 stainless steel, which
is a titanium-stabilized austenitic (18-8)
stainless, whose general properties are well
known (12). Flint (7) has reported the
only previously available hydrogen-permea-
tion data on this system.

The permeation membranes were fab-
ricated from commercial aircraft quality,
seamless, cold drawn tubing. Before de-
livery the tubing had been annealed and
pickled. The dimensions of the four mem-
branes used are given in Table 1. The
compositions, specifications, and complete
dimensions and tolerances for each mem-
brane are available (13).

The inside (gas entry surface) of each
membrane was mechanically polished to a
mirror finish in an attempt to slow the
surface reactions as much as possible and
to localize any observed interfacial re-
sistance at the entrance surface.

Two sources of hydrogen were used in
these experiments. For the low-pressure
runs (10 atm. and below) a cylinder of
low-oxygen-content hydrogen (oxygen and
water content of 10 parts/million each)
was used. A cylinder of dry hydrogen
(oxygen content 3 to 5 parts/million,
water content 1.3 parts/million) was used
for the 30-atm. runs.

An oxygen and water removal train was
included as part of the gas-delivery system.
Hydrogen leaving the former cylinder
passed through a deoxidation unit where
any oxygen present in the hydrogen was
catalytically converted to water. The unit
used specified a maximum flow capacity of
25 SCHF, maximum operating pressure of
2,500 1b./sq.in. gauge, and maximum en-
trance oxygen content of 3% in order to
obtain less than 1 part/million oxygen in
the exit hydrogen. In practice hydrogen
was delivered at low (but unmeasured)
flow rates with an oxygen content of about
10 parts/million. To remove water from
the hydrogen it next passed through a
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1% in. diameter by 5% in. length bed
containing 6 to 16-mesh silica gel and
then through an identical bed filled with
type 5-A, 1/16 in. pellet molecular sieves.
It is believed that hydrogen leaving the
latter bed contained a concentration of
no greater than 1 part/million oxygen or
water.

The dry hydrogen bypassed the de-
oxidation unit and silica-gel bed but did
go through the molecular sieve bed. This
fact is not serious, as the dry hydrogen had
initially low oxygen and ‘water contents
and was used for only a limited number of
runs.

Experimental Method and Apparatus

The basic experimental technique em-
ployed to measure permeation rates was
standard and has been used many times
in the past (3, 5, 8). It consisted of
maintaining a constant hydrogen pressure
p: on the inside of the permeation mem-
brane, while the exit surface was kept un-
der a high vacuum. Initially the hydrogen
was charged as a pulse at p. to the pre-
viously degassed metal membrane. The
permeation rate then went through an
unsteady state as the hydrogen concentra-
tion gradient developed within the metal
until the steady state was achieved. The
rate of permeation was determined by
measuring the rate of pressure rise in a
known volume which was in contact with
the exit surface of the permeation mem-
brane. The temperature of the gas in the
collecting system was measured, and thus
the rate of gas permeation was readily
calculated with the ideal gas law.

The variables studied were hydrogen
pressure at the entrance surface of the
permeation membrane (0.1 to 30.0 atm.)},
temperature of the permeation membrane
(300° to 800°C.), and membrane wall
thickness (0.0252 to 0.2475 cm.).

The experimental apparatus consisted
of four major components. The basic pur-
pose and function of each component will
be briefly described below.

The permeation assembly. The permea-
tion assembly allowed high-pressure hy-
drogen to be maintained on one side of a
metal membrane and 2 high vacuum to be
maintained on the other side while the
assembly was at a high temperature.

The entire permeation assembly was
made of type 321 stainless steel. -Four
permeation  assemblies were made, all
identical, except for the variable wall
thickness of the permeation membranes
and some slight modifications required for
the thinnest-walled membrane. The as-
semblies were fabricated in accordance
with Figure 1. In an experiment hydrogen
was charged to the inside of the membrane
and permeated radially out into the sur-
rounding evacuated space. Both the de-
livery and vacuum lead tubes were about
15 in. long, which enabled connections to
be made to the delivery and collecting
systems outside the furnace. Holes for
thermocouples are indicated in each end
plug, and additional thermocouples were
located in tubes welded to the side of the
assembly,

As may be seen from Figure 1 it was
necessary to seal the assembly in several
places. The seals were accomplished by
heliarc welding, and each was tested with
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TABLE 2. PRESSURE EXPONENT AS A
FuNcTioN OF TEMPERATURE,
PRESSURE AND THICKNESS

Membrane A: (12 — 1) = 0.2475 cm.

Temper-
ature, (°C.) Pressure, (atm.)
0.1 1.0 10.0
600 and 400 0.55 0.55 0.54
Membrane B: (r: — r.) = 0.1011 cm.
Temper-
ature, ( °C.) Pressure, (atm.)
0.1 1.0 10.0  30.0
800 055 0.55
600and 400 063 059 055 0.55*
300 059 055 0.50

Membrane Dt: (5. — 1) = 0.0252 cm.
Temperature, ( °C.) Pressure, (atm.)

0.1 and 1.0
600 ~0.83
400 ~1.0
% 400°C. only.

+ It was impossible to establish quantitatively
the effect of pressure and temperature on the per-
meation _rates through membrane D, owing to the
great effect of interfacial resistance encountered
and the resulting change of pérmeation rates with
time. This latter phenomenon is discussed later,

a helium leak detector to insure that it
was tight.

For purposes of treating the data it has
been assumed that the end plugs of the
permeation membranes were perfect in-
sulators. This assumption is not strictly
true, but calculations show that the amount
of gas flowing through the plugs will be
on the order of 1% of the total in the
worst case.

Gas-delivery system. A leak-tight, gas
delivery system was required such that
a constant hydrogen pressure might be
maintained on the permeation membrane
for extended periods of time (over 24
hr.}. The system was capable of delivering
hydrogen at both relatively high (30 atm.)
and relatively low (0.10 atm.) pressures.

Accurate pressure measurements were
of prime importance in this work. To
measure pressure for the 1 atm. runs an
open-end mercury manometer was used
in conjunction with a nearby barometer.
A 500 lb./sq. in. gauge was used to de-
termine pressures for the 10- and 30-atm.
runs. For the O.l-atm. rups the pressure
was measured with a closed-end mercury
U-tube.

Gas-collecting  system. A leak-tight
vacuum system was needed to collect and
measure the amount of hydrogen which
had passed through the permeation mem-
brane. At the same time a negligible back
pressure had to be maintained on the exit
surface of the membrane throughout the
course of an experimental run. This was
accomplished with a mercury diffusion
pump which divided the collecting system
into two parts. The permeated gas was
pumped aw?' from the membrane,
through the dynamic section, and then
collected in the static section. A vacuum
gauge was used to insure that the pressure
remained negligible behind the diffusion
pump (that is at the exit surface of the
membrane ).
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The static section (essentially a con-
stant volume section) contained two large
glass bulbs with stopcocks as collecting
volumes, Pressure in the section was
measured with a slightly modified three-
scale McLeod type of vacuum gauge. A
gas sampling bulb could be introduced
into the section through a ground glass
joint provided.

Temperature measurement and conirol.
An electric-resistance type of furnace that
could achieve and maintain high tem-
peratures (up to 800°C.) for periods of
several days was used. The temperature
was measured with four thermocouples
and controlled manually with a variable
transformer.

In addition equipment was provided for
maintaining an argon blanket in the fur-
nace around the permeation assembly
whenever the assembly was above room
temperature,

Degassing and Blank Accumulation

Prior to the use of a membrane it was
degassed, with a vacuum maintained on
both sides, at high temperature (800°C.
for A, B, and C and 600°C. for D) for at
least 21 hr. This served both to remove
residual gases dissolved in the metal and
to insure complete annealing of the mem-
brane.

At elevated temperatures gas accumu-
lated in the collecting system even when
the hydrogen pressure was zero on the
high side of the membrane. This phenom-
enon was termed blank accumulation. A
minimum blank accumulation rate was
observed for each membrane at a given
temperature. These rates were small when
compared with the total rate at which gas
was collected during a permeation run
(less than 1% in the majority of cases
and less than 10% in the case of the
slowest permeation rates observed) and
somewhat reproducible from assembly to
assembly,

The nature and origin of the gas col-
lected as a result of blank accumulation
are open to speculation. There are two
main possibilities: either these foreign
gases resulted from incomplete degassing
of the permeation assembly, or they some-
how permeated into the collecting system
from outside the assembly. As the result
of an accumulation of experience (35, 8,
13) with this phenomenon the latter ex-
planation is be}])ieved correct.

ANALYSIS OF RESULTS
Calculation Procedure

A procedure was developed for the
IBM-650 data processing system by
which the basic quantities of interest
in gas-metal permeation work (for ex-
ample the permeation rate) could be
determined from the raw experimental
data of a given run. The program was
originally written in Fortransit lan-
guage, and the final form of the For-
transit listing, as well as a complete
description of the program, is available
(18). In general if the basic experi-
mental method used in this work is
followed, this program may be used for
the resulting permeation calculations.
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perature, membrane B,

Experimental Data

Temperature. The effect of tempera-
ture on the permeation rates through
each membrane was determined by
plotting the log of the permeation rates
vs. the reciprocal of absolute tempera-
ture, as in Figure 2 for membrane B.

Figure 2 shows that an Arrhenius
type of plot of the data does not yield
a true straight line but that a slight
curvature results. The curvature be-
comes more pronounced at lower pres-
sures, and in order to obtain a mean-
ingful value for the activation energy
only the data at 1 atm. and above were
considered.

Deviation from the exponential-tem-
perature relation, similar to that ob-
served here, was reported by Flint (7)
who worked with the system: hydrogen
type 347 stainless steel. Also the solu-
bility data of Armbruster (1) show a
slight curvature when plotted this way.

The resulting activation energies of
permeation E, are given in Table 3.
Activation energies found with the
thicker membranes (A, B, and C) were
nearly the same and close to that found
by Flint (7). However the activation
energy found with the thinnest mem-
brane, although not well established
quantitatively, was significantly greater
than that of the others. An explanation
of this can be seen by reference to
Equation (11). If, with the thinnest
membrane, the interfacial resistance
1/h becomes important, and the inter-
facial mass transfer coefficient h has an
activation energy different from (E, +
L,), then the total temperature effect
will be influenced, at least in part, by
h, resulting in the observed increase of
E, noted with membrane D.

Pressure. The method used to estab-
lish the pressure exponent was simply
to compare the permeation rates at
various pressures with the rate at 1
atm. for a given temperature. Using
the empirical relation
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one may readily calculate n. The value
of n at 1.0 atm. was taken as the arith-
metic average of n from 0.1 to 1.0 atm.
and from 1.0 to 10.0 atm.

Values of the pressure exponent n
determined in this manner are given
in Table 2. It should be pointed out
that the values of n reported in this
table are not point values of n at the
pressure in question. They represent
an average pressure effect over at least
a -tenfold pressure range. True point
values of n at 0.1 atm. would be greater
than those reported, and point values
of n at 10.0 atm. and above would be
closer to % than those reported.

In many cases values of n signifi-
cantly greater than % were found. In
general the trend was toward higher
values of n at lower temperatures, with
a definite trend toward higher values
of n at lower pressures. In addition
values of n became greater as the mem-
brane thickness decreased, other vari-
ables being held constant. These ob-
servations are consistent with the ob-
servation by Chang and Bennett (6)
that when surface reactions are im-
portant, it is to be expected that n will
more closely approach unity the lower
the pressure and temperature.

Thickness. The most interesting and
valuable results of this work were
gained by the use of membrane thick-
ness as a variable. The Richardson
equation implies that the permeation
rate is inversely proportional to the
membrane thickness. However the re-
sults of the present work indicate that
under the proper conditions the perme-
ation rate tends to become independent
of the membrane wall thickness for the
hydrogen type 321 stainless steel sys-
tem.

In Figure 3 the total permeation rate
divided by the area available for per-

(13)
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608.3°C.

meation is plotted as a function of in-
verse wall thickness for a typical set of
conditions. The area term is included
to compensate for the fact that the area
available for permeation was not exactly
the same for each membrane. The point
nearest the origin represents A (the
thickest permeation membrane), the
next two points represent B and C, and
the final point represents D (the thin-
nest permeation membrane). Included
in this figure is a straight line which
represents rates predicted by the in-
verse-thickness relation, with the thick-
est membrane as a basis. Also included
in Figure 3 is a curve, representing the
interfacial-resistance model calculated
from Equation (11), with constants
presented in Table 4.

The behavior indicated in Figure 3
was typical of that observed under othet
conditions of temperature and pressure
where it was possible to obtain perme-
ation-rate data over the entire range of
membrane thickness. The rates ob-
served for the thinnest membrane were
much less than those predicted by the
inverse-thickness relation. In fact even
with the intermediate-thickness mem-
brane C the rates tended to be lower
than those predicted by the inverse-
thickness relation. The trend of the ex-
perimental data indicates that the rates
tend to become independent of wall
thickness for very thin walls (which
corresponds to the case where the per-
meation rates are completely controlled
by surface reactions).

Correlation of Results

Permeability. The most common way
to correlate permeation-rate data is in
terms of the permeability. In order to
do this one must assume that the
Richardson equation [Equation (6)1] is
applicable and then reduce the perme-
ation-rate data to a set of standard
conditions. The conditions normally
adopted for reporting the permeability
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are l-atm. pressure, 1-mm. metal thick-
ness, and 1 sq. cm. of permeation area.
Since by definition

P R(r,—rm)
Aaplllz

one may rewrite Equation (6) in the
form of a permeability expression as

P=P,exp (— E,/RT) (15)

where P, = D,K.. Equation (15) is
analogous to Equation (6), but im-
portant differences exist which must be
clearly in mind.

If the Richardson equation applied
to the system in question, the activation
energy and the factor P, would be con-
stant in all five cases reported in Table
3. The fact is that although the perme-
ability expressions calculated for the
two thicker membranes A and B are
nearly the same, in general the perme-
ability expressions obtained in this
work are dependent on membrane
thickness. Values of the permeability at
a given temperature tend to become
lower as the membrane thickness de-
creases.

The values of permeability deter-
mined here were in all cases lower than
the values of the permeability for the
system calculated from the data of
Flint (7). This is probably due to the
highly polished membrane surfaces
employed in the present work, which
slowed the observed permeation rates.

The prediction of permeation rates
from values of permeability reported
in the literature may result in large er-
rors. For example under the conditions
of 604°C. and 0.1 atm. the permeabil-
ity expression based on membrane A
predicts a rate of 384 X 10® cc.
(NTP) /min. for membrane D. The
observed permeation rate for mem-
brane D under these conditions was
991 X 10® cc. (NTP)/min., or the
predicted rate is high by a factor of
nearly 4. In order to correctly describe
the permeation behavior of a hydrogen-
metal system the membrane thickness
limits as well as the temperature and
pressure limits of a proposed expres-
sion must be stated.

For membranes thicker than 0.2475
cm., temperature between 300° and

(14)

TABLE 4. CONSTANTS FOR INTERFACIAL-RESISTANCE MODEL

h, s K,
T:Irn?:’r- Pressure, [ ce. (NTP) ] (sq. cm.) [ cc. (NTP) ]
(°C.) (atm.) min, (atm.)*? sq. cm. sec. ce. (atm, )2
608.3 1.0 46.8 x 10 10.2 x 10~ 3.81 x 10
604.0 0.1 22.6 X 10~ 10.0 x 10-® 3.78 x 10
4014 1.0 1.38 x 10 1.11 x 10° 2.60 x 10

800°C., and pressure greater than 0.1
atm. the foﬁ)owing permeability ex-
pression may be used to predict per-
meation rates for the hydrogen type
321 stainless steel system:

P = 14.2 exp (— 15,700/RT) (16)

Interfacial-Resistance Model. In or-
der to use Equation (11) to correlate
experimental permeation data two con-
stants (h and the product KD) must be
evaluated. A basic assumption in the
determination of values of A from a
quantitative treatment of the thickness
effect is that the interfacial resistance is
constant from membrane to membrane
under the same conditions of tempera-
ture and pressure. It is probable that
this condition was not entirely satisfied
in this work, and values of h (and the
product KD) should be considered as
order-of-magnitude estimates.

Constants evaluated for use with
Equation (11) are given in Table 4.
The product KD was split into its com-
ponents with Armbruster’s (1) values
for the solubility. The constants are
presented for three sets of temperature-
pressure conditions, for which data are
available for all four permeation mem-
branes studied.

By means of the constants presented
in Table 4 a plot of Equation (11) has
been made in Figure 8 for the condi-
tions of 1.0 atm. and 608.3°C. The
model fits the data of Figure 3 within
119 for the worst case. Similarly the
model fits the data obtained at 0.1 atm.
and 604.0°C. within 129% and the data
obtained at 1.0 atm. and 401.4°C.
within 34%. In the latter case use of
the inverse-thickness relation leads to
errors greater than 300%.

Table 4 brings out the fact that the
value of the interfacial mass transfer
coefficient h is both pressure and tem-

TABLE 3. PERMEABILITY OF HYDROGEN TYPE 321 STAINLESS STEEL SYSTEM

Constants for P = P, exp (—E,/RT)

t 43

( cal,
Source rn—1rs, {cm.) g. mole
Membrane A 0.2475 15,740
Membrane B 0.1011 15,650
Membrane C 0.1003 15,650
Membrane D 0.0252 20,150
Flint (7) 0.0864 15,500
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P,
) [ cc. (NTP) ( mm. )]
min, sq. cm. \ atm.>*

P’
(at 600°C.)

14.20 1.63 x 107
13.95 1.89 x 107
12.10 146 x 10~
77.50 0.70 x 10~
16.50 217 x 107°
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perature dependent. Thus a decrease
in pressure or temperature tends to de-
crease the value of h and consequently
increases the absolute value of the

interfacial resistance as represented by
1/h.

Reproducibility

Reproducibility of data was studied
extensively with membrane B through
three heating and cooling cycles and
over the course of twenty experimental
runs. There was a tendency for the
rates to increase if several experiments
were made in between runs repeated
under otherwise identical conditions.
For membrane B the total increase
amounted to about 6% on the average,
with a maximum of 13%.

For the other membranes the ob-
served increases were more pronounced
but were confined to the first few runs
or the first hours of exposure of the
membrane to hydrogen. The most pro-
nounced effect was encountered with
membrane A. Here the observed rate
increased by a factor of nearly 3 dur-
ing the course of the first six runs (or
during the first 17 hr. the membrane
was exposed to hydrogen). Thereafter
the rate remained constant.

It is pointed out that the data which
were correlated and interpreted in the
preceding sections were either the re-
sults from experiments made during a
time interval when there was little, if
any, change of rates with time (that is
after an initial period in which the
rates were observed to increase had
passed), or the highest rates observed
(under a given set of conditions).

In order to learn the cause of the
observed increase of permeation rates
with time membrane B was inspected
upon completion of the desired perme-
ation experiments. The outside, or exit,
surface appeared to undergo little, if
any, change as a result of the experi-
ments. However the inside, or gas
entry, surface was found to be covered
with a finely divided black powder. An
x-ray analysis (19) of the black pow-
der indicated that it was primarily
stainless steel in some finely divided
form. A microscopic examination (19)
of the internal structure of the mem-
brane revealed no apparent structure
change in the metal due to the hydro-
gen permeation experiments.

In light of these findings it is postu-
lated that the phenomenon of permea-
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tion rates changing with time of mem-
brane exposure to hydrogen was due to
a surface effect. In fact the increase of
permeation rates observed under iden-
tical conditions of pressure and tem-
perature can be considered to be the
result of an increase in surface activity.
These results, inadvertently obtained
here, showing that the permeation rates
changed with time, support the evi-
dence that surface reactions exert a
great influence on permeation rates in
the hydrogen type 321 stainless steel
system. However they tended to hinder
quantitative treatment of the data. For
example the proposed permeability ex-
pression should be considered valid
only after any initial activation of the
membrane surface has taken place.
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NOTATION

A = area, permeation area, area
perpendicular to the direction
of gas flow, sq. cm.

A, = arithmetic average permeation
area for a hollow cylinder, sq.
cm.

c = concentration (atomic) of gas
within the metal lattice, cc.
(NTP) /cec.”

D = diffusivity or diffusion coeffi-
cient, sq. cm./sec., or sq. cm./
min.

D, = value of D at infinite tempera-
ture, frequency factor, sq.
cm./min.

.

E; = activation energy for diffusion,
cal./g. mole

E, = activation energy for the per-
meation process, cal./g. mole

E, = activation energy for solubility
or heat of solution, cal./g.
mole

h = mass transfer coefficient for

interfacial-resistance model,
cc.(NTP)/sq. cm. min.(atm.)"**
= solubility constant, cc.(NTP)/

cc.{atm. )

K, = solubility constant at infinite
temperature, cc.(NTP) /cc.
(atm.)*?

L =length of permeation mem-
brane, cm.

n = pressure exponent, 1/2 <n <1

ce. (NTP) ]

$q. cm. min.

= permeability, [

(o)

P, = permeability at infinite tem-
[ cc.(NTP) ]
perature, | ————
$q. cm. min,

mm. )
(atm.)*
P = gas pressure, atm.*

R = rate of permeation, total rate
of gas permeation or diffusion
through a metal barrier, cc.

(NTP) /min.

R = molar gas constant, 1.987 cal./
g. mole {°K.)

r = radial distance in a cylinder,
cm.®*

. = arithmetic  average radius,

equal to r. for thin-walled
cylinders, cm.

*m = log mean radius, (r. — n)/In
/1y, cm.
T = absolute temperature, °X.

% Subscripts 1 and 2 refer to conditions at the
entragcg and exit surfaces, respectively, for p, ¢,
7, an
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Behavior of Non-Newtonian Fluids in the

Inlet Region of a Channel

MORTON COLLINS and W. R. SCHOWALTER

Under the impetus of both academic
curiosity and practical necessity con-
siderable effort has been expended in
recent years toward finding solutions
te the differential equation of motion

Morton Collins is with the Esso Research and
Engineering Company, Linden, New Jersey.
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for non-Newtonian fluids. As one might
expect exact solutions are available
only for relatively simple geometries
and rheological equations of state (the
set of equations relating the state of
stress of the fluid under consideration
to its velocity field). For a discussion

A.1.Ch.E. Journal

Princeton University, Princeton, New Jersey

dealing with some of the problems in-
herent in obtaining solutions to the
equation of motion the reader is refer-
red to a review by Oldroyd (7).

It has become evident that approxi-
mate solutions to the equation of mo-
tion can be of value for non-Newtonian
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