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1-ABSTRACT

Diffusivities for ths binsry aystem of Hz -N 2 and permeabilities
of Nz were :measured {or seven types of porous material over the pressure
range 0.2 - 70 atmm. These measurements were made in both axial and
radial directions to investigate the isotropy of pore properties.

Diffusivities and permeabilities were related to pore size dis-
tribution determined indepondently by mercury peaetration. The method
of Wakao and Smith gave satisfactory agreement except for the Nickel
Catalyst and Vycor glass. In addition, diffusivities and permeabilities
were related to euch other satisfactorily.

The relative contribution of macropores and micropores to
diffusion at various pressures has been studied. The results for two
different carbon pellets indicate that the micropores of these materiala
consist of largely blind pores. In the case of & Molybdena Alumina
Catalyst, the eatire micropore volume comtributes to diffusion.

A pore model for Vycor gless has been proposed and the control.
ling pore radius for this material calculated from the measured diffusivities.
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II - INTRODUCTION

The process of diffusion of gases in the pore channels or the
internal void space of porous materials i3 of great significance in opera-
tions concerned with chemical reactions ir catalyst beds, adsorption
units and gaseous separation processes. Also, problems involving flow
of fluids through porcous media arise in many branches of chemical
engineering and petroleum technology. General applications are filtra-
tion, flow through packed beds and the production of oil from underground
reservoirs where oil flows through sandstone and limestone. The inter-
pretation of reaction rates and transport properties of these processes
require a knowledge of diffusivity and permeability of the porous
materials.

For the design of high pressure catalytic reactors or adsor-
bers, in addition to diffusion coefficients, a knowledge of permeabilities

is reguired because the latter becomes important at high pressures. (24).

Effective diffusivity De g and effective permeability Ke g AR
be obtained from diffusion and forced flow measurements, but it is
desirable to relate these transport coefficients (D of§ and Keff) to the
internal pore structure because (1) it is of interest in reaction rate
stﬁdies to know how the various pores contribute to the flow, particularly
the micropores; and (2) it is convenient to predict Deff from pore size

distribution for materials which cannot be mounted for measurement

because of amall size or irregular shape.

The method of mercury penstration for obtaining pore size
distribution accounts for the controlling pore radii only and includes the
blind pores which take no part in the flow. It may therefore bc impossible
to predict diffusivity {rom pore size diatribution alone. In such casges, it

would be convenient te predict Deff from permeablility which is easier to




meéasure,

The objects of this study are therefore defined as follows:

(1} to measure diffusivity D and permeabllity Ke of various

eff £f
materials over a wide pressure range particularly to assess micropore

contribution,

{2) to relate D ot and Keff to the internal pore structure, and

{(3) to relate Defi to Keﬂ'
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Il - THEORETICAL CONSIDERA TIONS
AND LITERATURE REVIEW

A. Diffusion of Gases in Furous viedia

Diffusion is considered to be the process where the transport
of gases reeults from a gradient in concentration.

A molecule of gas is imagined to travel in 2 straight line and
in 2 certain direction at a uniform velocity until it collides with another
molecule, Due to the intermolecular collision, the molecule travels a
complex zig-sag path and the net distance it moves is thus reduced. It
is expected that the rate of diffusion depends on the number of collisions
per unit time and the velocity of the molecule. Intermolecular collision
and the collision with pore wall are recognized to be the meain resistances
for the transport of gases in pores. The type of diffusion depends on the
total pressure and the mean free path which is the average distance the
gas molacule travels.

Two limiting conditions are recognized to describe the mecha-
nism of gaseous diffusion. If the pore channel is amall relative to the
mean free path A_, molecules collide more frequentiy with the pore wall
than with eacih other, then transport occurs by Knudsen flow. It is
obvious that KXnudeen diffusion is independent of the total pressgure and
viscosity, but depends on the pore radius. Dulk diffusion {i. e. ozrdinary
diffusion) occurs when the mean free path A is small relative to the pore
channel, maolecules within the pore will coliide with other molecules far
more often than with the pore wall. Thus, intermolecular ceollisions
control the rate of transport. Ordinary diffusion is inversely proportio-
nal to the total pressure and does not depend on the pore radius.

If the conditione of diffusion are such that r has the same

magnitude as ), then the diffusion process will have a mixed character
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which combines the Xnudsen and bulk diffusion. For materials consis-
ting of macropores and micropores, a plot of Deff ve., ¥ will generally
show three types of diffusion: (i) the Knudsen diffusion at very low
pressures { < 0.1 atm); {2) the mixed diffusion at intexrmediate pres-
sures { 0.1 - 5 atm); and (3) the bulk diffusion at rather high pres-
sures {> 5 atm).

The rate of diffusion is governed by Fick's law which states
that the species of a certain component diffuse through & binary mixture
in the direction of decreasing mole fracticn of that component. Fick's
law in terms of the molar flux N, is given (22) as:

A
. F_ dy
Ny = -DEF 3 (1)

Eguation {1) may be appiied to diffusion through porous

materials by replacing D with an effective diffusivity D For a

eff’
sample of geometric area and length L, Deff can be defined by
o i NA « L+« KT -
ef - Po.o(y, -v,}
A A

Equation (2} was employed in the determination of the effec-
tive peliet diffusivity from diffueion measurements in which pure gases
are passed over opposite faces of a sample pellet at constant pressure.

In order to relate diffusivity to pore structure, it is conve-
nient to start by considering diffusion in a uniform cylindrical pere.

For Knudeen diffusion, Wheeler (23) gives
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D =D =

<A rv (3

win

The previcus investigations (25) on bulk diffusion were based
upon the assumption of equimolsl countsr diffusion. ‘lowever, the
recent work by Hoogsechagea (é), Scott and Dullien (20) and Rothfeld (18)
showed that the diffusion fluxes were approximately inversely propor-
tional to the square roots of the molecular weights.

L
A
NA MB
o= ('51—) (4
B A

An expression for bulk diffusion coefficient, based on equation
(4), has been derived by Scott and Dullien:

l-ay
Par Ay
P T, cv,) ™ Toay e
Al AZ Al
1
N M, &
where a:-l,-;-q—%=l-vA)
.A LJ.B

For mixed diffusion, some knowledge of the relative signifi-
cance of D AB and DKA is regquired. Correct interpretations have been
developed by Rothfeld {(18), Scott and Dullien (20) and Wakao and Smith
{23). The sarlier expressions regarding diffusion in the transition region
were:

Wheeler's exponential combining zrule (24)

-D
s KA
D_DAB(I-e 5 ) ) {6}

AB
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and Bosanquet's addition resistance law (15)
1 1 1
= = £ (N
D P,p  DPia

Equation (7) states that the resistance to transport is the sum
of the resistance due to wall and intermolacular collisions. Scott amd
Dullien (20) claimed that the Bosanquet formula is only valid if two
counter diffusion gases have equal molecular weights.

The investigation by Scott and Dullien (20) appears to give an
adequate description of diffusion in the transition region. These authors
were able to derive an expression for overall diffusivity by considering
both the rate of momentura transfer to the wall as well as that arising
from unlike collisions. The overall diffusivity related to L AB and :!'Ji
ig then

) l'ay L Te—

L = YAB @ Ay Dya
aly, ~Ya) Dan

1 2 leay, -5

1 Pka

(8)

It should be noted that thece approprinte expressions for dif-
fusivity are based on a single capillary model. In applying them to
porous media, it is customary to consider a certain model of pore
structure and introduce the concept of tortuosity X. Effective diffu-
sivities {i. e., diffusivities of porous media) may then be expressed as:
$TVvEKX (9

D = (I

2z
eff 3

xalets =
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D - £ X (10)

Dutt = Waplets® Pan

aff
It is obvious that ‘DAB)eff is less than the binary gas diffusi-
vity D, , by a factor of ¢ and X. This is because part of the volume
of & porous body referred to is made up of solid rather than {ree space.
On the other hand, X accounts for the increasad path length due to the
tortuosity of the pore epace and other eifects which tend to reduce the
diffusion rate. The effective difiusivitj corresponding to equatioa (2) can

similarly be written as:

o

l-ay -—A—Bi-
D = Dag't ¥ Ay Dya
eff In {11}
alyy =¥a) . PaB
1 2 InayA LS
1 " KA

Equation (11) can be employed for the theoretical calcuiation
of Def.f over a wide range of pressures {rom a knowledge of £ , X and
average pore radius T, but applies only to uni-disperse media (i.e.,
micro or macropores only).

A theory of diffusion in bi-disperse media (i.e. for both micro
and macropores) hae been recently developed by Wakao and Smith (23)
who consider the total rate of transport to be the sum of separate contri-
butions fer diffusion through macropores, micropores and a series path.
Thesge authers performed diffusion measurements on a series of alumina
pellets over the pressure range I - 12 atm and obtained good agreement
with their theoretical expression., The expression for D based on

eff
equations (2) and (11) is



L-ay, - DAB
5 . b2 Px,
Deﬁ = AB . & In 7
aly, =v,) a | -a AB
i - Y [
1 ¢ Al bx
& a
4 D 2 Az Dy
| AB - £ In :
§ aly, ~¥a) 1 Dan
1 2 leay, 5
i i X
E i
’, I"’AB . 4 a (1- Ea)
‘ aly, =y, ) 2
Al A2 1:(le- &a)
, ¢
; “i
D,
2 2 05
(i~ ("a) /&y TR
D Dy
f l-ay AB a
R Y & . 2
2 f‘t{‘ i~ (l” t" / i
in z <l . E -B— (12)
p . G-EQ% ef 7 Py Pk
L - ay ‘ EAB > 21 a
A D .
A ?_a) /&
The first two terms of equation (12} represgent the contribution

due to macropores and micropores and are similar to that derived by
Scott and Dullien (20). If orly macro- or micropores exist, equation -
{12) reducee to the same oxpression as equation {(11). Applcability of
this method depenils on the proper choice of r and X. A detailed
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discussion of T and X will be given im section C of this chapter.

B. Flow of Gases Through FPorous Media

The flow of gases through porous wmedia or 50 called forced
flow is considered to be the flow which results from a total pressure
difference across the two ends of the pore channel, This excess pres-
sure will cause a forced flow of molecules which carries the excess
number of molecules out of the channel.

Flow has been classified into Knudsen and Foisecuille type. -
The former is equivalent to the Knudaen diffusion which 13 not a function
of the total pressure. For micropore solids, the pure Xnudsen flow
occurs aven at rather high pressures as shown by the investigations on
Vycor glase (2) and Saran Charceal (6). The Poiseuille flow coefficient
depends on total pressure and is a function of the square of the pore
radius. In bi-disperse materials, the contribution due to micropores is
negligible as compared to the flow through macropores. A plot of Keﬁ
vs. P will generaily give: (i) a Xnudsen flow at pressures apprcaching
gero; (2) a mixed flow at intermediate pressures (0.2 ~ 5 atm); and
{3) 2 Poiseuille flow at rather high pressures (>3 atm).

The flow of gases through porous materials 2t laminar flow is
governed by Darcy’s law which states that the rate of flow is directly
proporticnal to the preasure gradient causing flow. The transport coef-
ficient appearing in Darcy's law is defined as permeability which charac-
terizes the ease with which a fluid may be made to flow by an applied
pressurs gradient. |
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For viascous flow, Darcy's law gives

A 4P
! - - § ——— ——
2 5 M ¢z 13

and if the preesure gradient is kept sufficiently small, the effective per-

meability K; P in cmz' can be defined by

£

Kt 2. LN

eff = AE . A (14)

In order to employ the units of the diffusion coefiicient

(cmz/ sec) for permeability X, Darcy's law can be wriiten as

K 4ar
Ny = “RT ' @ (15)
Since N, = Q-2 =4Q L
A 4 RT
Q- L-P
then Kett = 28 A (16)

where Q is the volumetric flow rate (cm3/ sec) at pressure P(atm),
and AP is the pressure drop across a sample of length L (cm) and
crosgectional area A(cmz).

It can be seen that

I — 2 1
Keit = M Rets (7

Equation (16) permits the determination of effective pellet

permeability Ke from forced flow measerements.

if
1t is cbvicus that permeability defined by Darcy's law is only
a macreoecopic property of materials. In order to relate permeability .

to pore structure, the first step is to consider flow through a single
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cylindrical pore. A generalized formula whick combines the Knudsen
and Poiseuille flow has been given by Wheeler (24):

N, = 8 AP 3T x F
A T T T L (r - ron )\) (mole; cm -s8c) (18)

From Darcy's law,

£ AP
Na = RTOL (1)
PM
and T=zZPYN - ¢ = R7

The permeability K( cmz/ sec) for all ranges may be cbtained
by combining equations (18) and (15). Thus,

i - r P
K=3* %55 9 {19)
- \,8 RT
where V E | ——
. i
F = atm
h = dyne-aoc/cmz
% = conversion factor = 1.0133106 dymes-sec
etme-cm
It is seen {rom equaticn (19) that
X = 2,7 (20)
K 3
. rz P

Kp = '8-1','1—- ¥ (21)
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when P = 0, equation (20) reduces to

KBK 3D =

X KA

2 -
3TV (22)

For porous medis, the factor of £ X is again introduced as
in the treatment of diffusion. Equation (19) may thus be written as
-l

. 2 = - ,.$r-P,.
Keg=3 TV *EX m“”l Pe-X (23)

Equation (23) permits the calculation of effective permeability
Ke & from the pore structure provided that X can be evaluated. The
estimation of T and X will be discussed in section C of this chapter,

C. Internal Pore 3Structure

Porous media in general contain a network of interconnscted
fine pores which provide a large surface area for chemical reactions.
The size of pores has been classified into micropore (< 100 A) and
macropore (> 100 A }. Materials pelleted from powder particlesusually
contzin a large pumber of micropores which are the void space within
the particies themselves. On the other hand, macropores consist of
space between particles. The pore size distribution data obtained from
mercury penetration (16) provide a useful classification of the type of a
medium. Porousz media which show only one peak in the pore size dis~
tribution plot g—s— vé. r ares called uni-disperse systems (i.=., for
micro or macropores only). Others which show two peaks, one for

macropore and the other for micropore regions are classified as bi-
disperse media.
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In order to use equation {12} and (23) for interpreting diffusi-
vity and permeability of porous materials, a knowledge of X and
average. pore radius ¥ is required.

The value of X can be obtained from diffusion measurements
by applying equation (10} {for uni-disperse media only), and from resis-
tivity measurements (9). However, itis desirable to relate X to pore
structure by considering a certain pore model. The characteristics of
materials which tend to reduce the flow rate and contribute to X may
be due to (1) The tortuosity of path due to the interaction and random
distribution of pores.

{2) Pores of varying croscections.

(3} Blind pores.

The early theory relating permeability to pore structure was
developed by Kozeny and Carman (5). The well-known Kozeny-Carman

equation for the permeability is given as

. T L 2
K = — (f) (24)
o
where L' = average path length of the flow
1. = length of a porous sample
ko = shape factor

The tortuosity X for this case may be written as
. L'
X = 1 (= 25
= () (25)
The values of ko in various seciional shapes are given in the

1
literature {5). (-X-Ij-) is an empirical facter which can be determined by

eleciric resistivity measurements. It is seen that Kozeny-Carman
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theory accounts for the tortuosity of the pore space as well ag the cras-
section of pores.

In equation (24), the radius is set equal to the hydraulic

radiug rh

r = volume filled with fluid (26)
h wetted surface

Marshall (11) and Millington and Quirk(13) relste the tortuo-
sity X to structural parameters by considering an interaction model in
which the pore channels are imagined to be fully intersected with varying
degrees of overlap of the pore croesectional areas. The resulting ex-
pression derived by iarshall is

[ & 2 Z . 2
o . i -
K = 3 irl F3r, 52‘_3 i eeese o (20 Il)rn ] (27)

The relation between X and ¢ from equation (27) is given by

X = £ (28)

The expression given by mMillington and Cuirk is

4
_ £3 2 2 2 2
Kt = ;—x—;z ﬁr) - 32‘2 t 51‘3 i seesse v (£Dw 1) I'n J (29}

The tortuosity X for this case may be set as

X = E’3/3 (30)

In both the theory of Marshall and Millington et al, the average
pore radius is given as




'
i
i
1
'
i
|

-1b=

2
Z t 51'3 T ee ae e (chl) n ) (31)

The value of n represents the classes of radii chosen from
pore size distribution data. The larger the value taken for n, the more
accurate will be the calculation of T.

Similar considerations have been applied to pellet diffusion.
The recent work by Wakao and Smith (23) arrived at the same result
28 that of Marshall (11) in which X is equal to & for media of uni-dis-
perse pore systems. The equation used by Wakao et al. for calculating

T is .
T . irde

(32)

m

The valus of T determined by equation {32) is the mean integrai radius
cbtained from 2 kuowledge of pore sixe distribution data.

It should be noted that the work by Marshall, Millington et al.
and Wakao et al. is mainly hbased on the model of periodic constrictions
without taking the tortuocus path into consideration. None of these theo-
ries consider blind pores.

' Cther expressions relating 3 to & , based on the tortucus
path of diffusion only, have been proposed by varicus workers. Some
of these theories have been reviewed and tested by Masamune and
Smith (12) who performed diffusion rneasurements in a series of silver

pellets and correlated their data with the following expression:

X = <
C: (1- £3)

(33)

where C ig a constant and Ea is the macropore valume.
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The investigation by Buckingham (4) also gives the same result as that
by Marshall
X=£ (28)

Wheeler {24) hag calculated the tortuous peth vajue X by
aseuming random pore directions. If pores are completely in random
orientation, the average direction of the flow path may be at an angle
of 45° with its crossection as axis. Thus,

X = =3 (34)

Uther methods {or estimating the average pore radius T
have been preposed by various authors. One of those methods based
upan straight cylindrical pores of constant length has been given (21) as

7- & (35)
When a normal distribution curve with 2 sharp pesk exists, T may be
considered as a most probable radius which can be obtained from pore
size distributica plots (%%—- va. r). This method of estimating T has
been used by Rothfeld (18} and Amberg, et al. (1).

Equations (26) and (35) provide 2 proper estimation of T
when the materials have a amall range of pore sizes such a3 micropo-
rous solids and unconsolidated media. All these methods will not give
good results if the materials have a wide renge and a random distribu-
tion of pore sizes. For such materials, the method used by Wakao et al.
may give & better estimation of T than other methods.
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iV - EXPERIMENTAL ASFECTS OF DIFFUSIVITY
AND PERMEABILITY

A. Experimental Apparatus and Procedure

The high pressure diffusion apparatus shown schematically
in Figure ) is similar in principle to that of Wicke and Kallenbach {25)
who measured counter diffusion rates through porous materials by
passing pure gases over opposite faces of ¢ sample pellet. The pres-
sure at both facee of the pellet was maintsined at the same value. The
diffusion cell D and the differential mancmeter Ml were designed for
holding preseures of up to (00 atm. High pressure fittings and (/8"
stainless stesl tubings (Autoclave Engineering Sales Corp., Erie,
FPennsylvania) were used for all coanections.

A plexi-glass dizk with 2 sample pellet was set in the diffu-
gion cell D for measurements. For detailed description of the cell D
and the assembly of peilets, refer to Figure 2. The pressure at both
faces of the sample was meintained at the same value either by con-
trolling the inlet flow rates with needie valves v, , v, and Vas Yy
{2MA, Nupro Metering Valve, Nuclear Products Co., Cleveland, Ohio)
or Sy controlling the outlet flow rate with needle valve Ve A plexi-
glass U-tube manameisr Ml connected to both sides of the cell D
served as pressure sensing device. This manameter which held pres-
sures of up to 100 atm was made by drilling two channels of 1,8"
diameter through a plexi-glass block (5" x 6" x 2"). Each end of the
channel was connected to an adapter (TA-2201, Autoclave Engineering
Seles Corp., Erie, Pennsylvania). In order to eliminate the pressure
heads caused by the density difference between hydrogen and nitregen
gases, precautions were taken to lecate Ml and D with a minimum of

head difference, and to reduce the unnecessary dead space between them.
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The hydrogen gas diffusing through the sample pellet into
the nitrogen strearm was analysed quantitatively by the thermal conduc-
tivity cell C as shown in Figure 1. The nitrogen stream then {flowed

past the capillary flow meter F_ and the flow manometer M,. A

soap filzn meter was employed tlo measure flow rates of the :itrogen
stream at atmospheric pressure. The hydrogen stream flowed past
the capillary flow meter FZ and the flow manometer MS' The cell C
served for analysing the nitrogen stream only. No analysis of the
hydrogen stream was made. The value of a was determined by
applying equation 4.

Needle valves Vig " v,l? (¢ RB 280, Metering Valve, Hoke
inc., New Jersey) and U-tube manometer M 4" MS containing mercury
were the auxiliary equipmeat for diffusivity measurements at pressures
below atmospheric. The needle valve Vis connected to & vacuum pump
was used to control the subatmospheric pressure indicated by M 4"
Flow rates of the nitrogen stream based on the particular subatmosphe-
ric pressure indicated by MS were calibrated with a scap film meter.

Some difficulty was experienced in accurately measuring

diffusivities at elevated pressures (> 30 atm) due to the increased sen-

i sitivity of the pellets to forced flow permeation. The pressure oa each
side of the pellet was then maintained at exactly the same value (; 0.5 mm
cil) by carefully manipulating the control necdle values Vo= Ve

i ¥or permeability measuremants, the steady state method as

described by Lea and Nurae {10) was used. Permeabilities were mea-

sured by establishing linear flow through tae sample pellet and applying
Darcy's law as given by equation {16). The diffusion apparatus was
used for measuring permeability with the following modifications:
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valves v 4 and Vo and the thermal conductivity cell C were kept closed.
Pure nitrogen was supplied continuously to the cell L, The valve Vg
was first closed and the gas was aliowed to flow ocut of the cell C until
a desired pressure drop had been developed. The value of pressure
difference was cbserved from the oil (Specific Gravity = 1.75) or mer-
cury-filled glass U-tube manameter My (10AA25 Wi, Meriam
Ingtrument Ca,, Cleveland, Ohic). For high pressure runs ( > 30 atm)
v, was replaced by a plexi-glass manometer. 7The flow which resulted
from the pressure difference then emerged through the valve Ve and
the capillary flow meter FZ . It was cssential to reduce the flow rate
or enlarge the pellet area whenever the pressure drop required for
forcing the flow through the pellet was too large.

Dilfusivities and permeabilities of porous malerials were
determined from the measured values by applying equations (2) and (16)
respectively. Tha mole fraction of hydrogen y Az and the flow rate of

the nitrogen strearn 2 were obtained from the analyeis of the cell C and
the flow meter M. . The length I. and the area A were determined by a
micrometer., The values of 4P were cbserved from i Sample cal=

1 o
culations will be given in the Appendix.

B. The Liffusion Cell and the Mounting of Smmple Pellets

The diffusion cell was made of brass and consisted of two
threaded cylindrical chambers which screwed inio each other. Frovie
eion was made in one of the chambers to place 1,8 plexi-glass disk
with teeted pellets. While in operation, these chambers were sealed
off from each other and from the surroundings by compressing each side -
of the plexi-glass disk with a rubber O-ring as shown in Figure 2.



The sample porous pellets were sealed into a plexi-glass disk
by means of epoxy resin (The Shell Chemical Co., Montreal, Que.).
This method of mounting had the advantage that it was good for pressures
up to 100 atm, and that it could be used for pellets of other than cylin-
drical shape. Pellets of the same kind were mounted on several disks
for testing the reproducibility of the pellets themselves and the technique
of mounting. In order to obtain average values from the commercial
pellets, sets of 3 pellets were mounted on each disk except for Columbia
Carbon SXC 2/4, Molecular Sieve 4A 35000 psi, and Vycor glass because
these materials have fairly uniform pore properties. All except SXC4/6
and Molybdena Alumina Catalyst were mounted in both axial and radial

directions with either their faces or their circumference exposed.

C. The Thermal Conductivity Cell and the Analysis of Gas Mixture

The conductivity cells were made of two parallel 3/16' channels
drilled through an insulated aluminum cylinder, 3-12- "x 2", Each end of
these channels were connected to a 1/8" copper tubing. One of the chan~
nels containing pure nitrogen was the reference cell. The other channel
served for analyeing the gas mixture. In order to reduce the effect of flow
rate, this channel was located as a by-pass of the nitrogen stream (H2 + NZ)
as shown in Figure 1. The ceils were heated slightly above room tempera-
ture by a heating wire which was controlled by two powerstat transformers.
The temnperature of the cells was maintained constant by a "Thermistemp"
temperature controller (63 RB. Yellow Springs Instrument Co. Inc.,
Yellow Springs, Ohig) in which the temperature was sensed by means of a
thermistor probe (76A, Keystone Carbon, St, Mary's, Fennsylvania). A
thermistor (A-33, Victory Engineering Corp., New Jersey) was sealed
into each of these channels to form a Wheatstone bridge with two standard

R A
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resistances. The unbalance of the Wheatstone bridge due to a difference
in thermal conductivity between the reference cell (NZ) and the nitrogen
stream (HZ T NZ) was recorded by a potentiometer (3184-~D, Tinsley
Instrumaents, Smith Falls, Ontario).

Values of the mole fraction of Hz in the nitrogen stream were
obtained from the potentiometer readings. To calibrate the potentiometer
reading of e.m.f. against the composition of the nitrogen stream, a pre-
pared mixture (I—IZ + Nz) of known composition was passed continuously

through the conductivity ceil until a steady reading of e.m.f. had been

obtained.

D. Pore Structure Data

Pore size distribution data were obtained from mercury pene-
tration down to a radius of 20 A (26). The plots of £ vs. r and -E.él%g—;
vs. T are shown in Figure 3 - Figure 7. Numerical values are given in

Table 5.

Macropore volumes were obtained from mercury penetration
data as cumulative pore volumes. For materials having sizes smaller
than 20 j%. » micropore volumes were determined by the hellum penetration
method, and average micropore radii determined from B. K. 7T. surface
area,

FPeliet densities were determined fromn geometric voiumes and

weights of pellets.

E. Materials Used

Seven types of porous material were used in this investigation.
All except Miolecular Sieve 4A and Vycor glass are commercial pellets.

Properties of these materials are summarized in Table 6.
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Columbia Activated Carbon
5XC 2,4, Union Carbide Canada Limited, Toronto.

Columbia Activated Carbon
$XC 4,6, Union Carbide Limited, Toronto.

Copper Chromite Catalyst
Cu 0203 T 3,16", !farshaw Chemical Co., Cleveland, Ohio.

Molybdena Alumina Catalyst

Mio - 1201 T 3,16", rlarshaw Chemical Co., Cleveland, Jhio.

Nickel Catalyst

Kieselguhr Ni 0704 E 5, 32", Harahaw Chemical Co., Cleveland, Ohlo.
Miolecular Sieve 4A 35000 psi

Felleted at 35000 psi from liolecular Sieve 4A powder, Linde Co.,
Division of Unlon Carbide Corporation.

Vycor Glass
No. 7930, Brand, Corning Glass Works, Corning, New York.
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V - RESULTS

(a) Molecular Sieve 44, 35000 psi

Table 1. Diffusivity Data, Axial

H, - N,

T= 25°C

Pellet No. P (atm) Q (cms/ aec) Y Dcﬂ(cmz'/sec)
M.S. 4A-1 0.13% 1,20 0.054 0.612
L=06.378 cm 0.214 1.23 0.070 0.5265
A=0.311cm 0. 369 2.29 0.0855 0.4215
0.664 4.13 0. 040 0.3170
1.495 4.0 0.050% 0.173
1.950 2,76 0.0724 0.1341
3.490 3.9 6.0377 0.06853
6.23 4.42 0. 0585 0.0517
7.40 3.35 0.06%0 0.0408
15.98 3. 84 0.0625 0.0198
38.0 4.52 0.043 0.00793
57.1 3.70 0.051 0.00423
98.7 i.63 0.0646 0.00223
(b) Columbia Carbon SXC 2/4
C(2/4) -1 0.12% 0.515 0.059 0.1723
L= 0,361 0.138 0,540 0.056 0.1583
A=0,541 0.184 0.357 0.1015 0.146
0.326 1.090 0.041 6.0955
0.350 1.0 0.042 0.0838
0.5%82 1.70 0.029 0.05813
0.652 1.15 0.0414 0.0509

Cant. LI ]




Table I {continued)

' 3
Pellet Ne. P {atm.) Q (e /Bec) ' 4 De“ (cmz/'aec)
C(z/4) -1 1.095 2.02 0.027 0.0342
L= 0,361 3,230 1.092 0.0535 0.01275
A= 0,541 6.11 1.16 0.051 0.00681
55.0 1.17 0.0362 0.000533

C(2/4) -2 2.29 2.11 0.029 0.0195
L=z 0.384 4.81 2,12 0.0257 0.00825
A = §,54] 22,2 1.072 0.048 0.00173

{e} Nickal Catalyst

Ni-l 0.123 1.23 0.075 0.463

L = 0.2076 6.169 1.22 0.0862 0. 388
A= 0,363 0.22¢ 1.99 0.0630 0. 3406
0.429 2.44 0.0673 0.2344
1.208 2.35 0.092 0.1128
3.40 5.07 0.0565 0.0511
é.12 4.4 0.070 0.0309
Ni-2 34 4. 30 0.0495 0.004767
L = 0.263 56 4.30 0.0442 0.002573
A =0,363 83 4.20 0.0405 0.00155
102.6 4,21 0.0415 0.001284
Ni«3 0.48 4,55 0.019 0.2143
L= 0.423 0.718 4.46 0.0223 0.165
A =0,363

cont....



(d) Copper Chromite Catalyst

Table 1 (contimed)

«-28e

Pellat No. P (atm) Q (cm3, sec) v D, a(cmz/ sec)
Cu=-1l 0.2963 4,0 0.032 £.294
L =0,358 0.5%17 3.96 0.0427 0.226
A= 0.542 0.764 5.10 D.04 0.184
2.91 8.81 0.0382 0.079
11.43 4.64 0.0898 0.0264
20 5.04 00,0876 0.01%93
Cu=-2 0.202 2.80 9.053 D. 486
L=0.34 0. 309 4.47 0.045 0.429
A= 0,542 0.417 4.47 0.08%1 0. 362
0.70 4.9%93 0.051 0. 237
1.83 8.5%4 0.039% 0.119
2.282 6.37 0.0564 0.1075
6.30 8.03 0.050 0.0421
11.80 6.46 0.068 6,02518
20.40 6.43 0.0568 0.0145
Cu=-3 6.3 6.5 0.0622 0.0473
L=0.37T6
A= 0.%2

co&& . ee
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Table 1

(e) Columbia Carbon SXC 4,6

(continued)

Pellet No. P (atm) Q (ems/aec) Y D, f!(czmz/ sec)
C(4,6) -1 0.257 0.275 0.077 0.134
L = 0.406 0.468%5 0.276 0.089%96 0.0875
A= 0.27 0.603 0.81 0.0353 .0738
0.80 1.12 0.026 0.0562
2.9 0.61 0.081 0.0215
4,74 0.61 0.0815 0.0106
é.05 0.49 0.068 0.0088
12.10 6.96 0.0352 0.00434
20.3 0.79 0.0412 0.00252
C{4,6) -2 0.1715 @.50 0.0434 0.1625
L=0,3 0. 3287 0.75%2 0.044 0.1292
A=0.21T7 0.536 Q.67 0.054 0.0875
.81 1.01 0.0362 6.0576
2.2 1.05 0.041 0.02507
(f) Vycoer glass
Vycor = 1 0.279 G.108 0.018 0.00262
L= 0,467 0.72 0.167 0.0305 0.00268
A= 1,266 0.906 0.193 0.0317 0.00257
2.243 0.54 0.027 0.00246
6.21 1.95 0.0188 0.00217
12. 2 1.092 0.053 0.00185
23.1 2,165 0.041 0.0601482
3.3 2.35 0.049 0.00130
47.2 3.10 0.044 0.00115
65.6 3.53 0.043 0.006089




Table 1 (continued)

{g) Molybdena Alumina Catalyst

Pellet No. P (atm) Q (cms/sec) Y De ﬁ(cmz/lec)
Mo-1l 0.1745 ¢. 398 G.0245 0.0437
L=20.,38 0.258 0.404 0.031 $.0383
4 = 0.498 0.408 0.644 0.0267 0.033
0.485 0.67 0.0317 0.0346
0.718 1.135 0.0222 0.0276
0.380 1.15 0.0244 0.0274
1,877 2.13 0.0250 0.0222
2.29 2.15 9.027 0.0199
4.1 2.30 0.0346 0.01534
6.03 2.33 0.0413 6.0127
10.3 2.615 0.049 0.00998
20.4 2.95 0.0577 0.006765
31.9 4.0 0.0514 0.00518
50.6 4.43 0.058 0.00389
Mo - 2 2.09 2.18% 0.0292 0.0230
L = 0,364 4.74 2.16 0.041 0.0143
A= 0.498
io - 3 0.165 0.435 0. 0266 0.0536
L = Q.37 0.353 0. 564 0.0325 0.0451
A= 0,498 0.522 0.663 0,042 0.0395
0.779 0.97 0.0345 0.0331
2.29 2.2 0.031 0.02<8
5 2.23 0.0453 0,01565
10,66 2.90 0.0475 6.01005

cwt. s s



Table 1 {coatinued)

Pellet No. P (atm) Q (cms, sec) Y De £f(tzmz,/ sec)

Mo - 3 22.8 3.10 g.062 0.006685

L =0,37 k ¥ 4.8 0.0527 0.00542

A = 0,498

Mo~ 4 0.14 0.133 0.0693 0.0421

L = 0,305 G. 321 g.33 0.0634 0.0416

A= 0,5] 0. 397 0.525 0.0537 0.02986
2.09 1.19 0.085 8.01972
3.24 2.54 0.0334 0.0163
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Table 2. Diffusivity Data, Radial

Hz- NZ,

T= 25°C

(&) Molecular Sieve 44, 35060 psi

Pellet No. P (atm) Q (cma/ sec) Vi D m(cmz/ sec)
M.S8. 4A-1R
L=0.418 0.216 0.802 0.066 0.4985
A=0,22 0.669 1.48 0. 062 0.278
2.22 2.80 0.0526 0.133
; 14.75 2.96 0. 049 6.8196
32.50 3.05 0.0464 0.00867

(b) Columbia Carbom SXC 2,4

i C(2,4)-1R 0.276 0.45 0.04 0.115
L =0.50 0.922 0.315 0.0705 0.0425
A = 0.305 2.28 1.178 0.0244 0.0211
C{,4-2R 0.713 0.38 0.0812 0.0663
L=0.58 2.29 0.76 0.049 06.02408
A= 0.355 6.11 0.84 0.047 0.00955
C(2,4-3R 2.22 1.85 0.0166 0.0227
L= 0.45 4.74 2.19 0.015 0.01135

l Ac=z=0.219
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Table 2 (continued)

{c) Nickel Catalyst

Pellet No. F (atm) Q (cms/ gec) Yy Daff (cmz,’sec)
Ni-lR
L = 0.297
A=0.39 0. 3460 1.488 0.0750 0.266
0.536 1.99 0.0733 0.223
0.732 2.13 3.0775 0.186
2.20 4,27 0.0562 0.088
6. 24 4,25 0.0658 0.0365
(d) Copper Chromite Catalyst
Cu - 2R 0. 731 7 .04 6.277
L= 0.30 0. 449 4.65 . 0461 0.347
A= 0.432 2.0 8.2 0.0418 0.1242
Cu - 3K d. 166 2,65 0.064 0.663
Lz 0.265 0. 3494 6.25 0.037 0.418
A= 0.4357 0.498 5,95 0.044 0.337
0.802 8.15 0.040 0.257
2.12 9.15 0.0407 0.112
4. 27 6.50 0.068 0.0675
7.90 7.265 0.068 0.0407
13.17 7.0 0.0T1 0.0247
21.49 6.35 0.080 0.00157




(e) Vycor glass

Q34-

Table 2 (continued)

Fellet No.

Vycor = 1 R
L=9.5
A = 0.555

P (atm) & (cm3,~sec) Y Deﬂ(cmz, sec
2.3G5 0.372 0.0128 0.00196
3.96 0.384 G.02 0.00188
5,08 0. 335 0.025 0.00182
6.98 0.415 0.0294 0.00169
10. 30 0.428 6.0376 0.00153
20 0.45 0.058 0.001295
36.3 0.892 0.043 0.001034
63.2 0.932 0.052

0.000758
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Table 3. Permeability Data, Axial

N,

Tz 25°C

(a) Molecular Sieve 4A, 35000 pei

Pellet No. P (atm) Q (cms/ sec) AP (atm) Kef! (cmaj sec)
M.S. 4A-1] 0.202 0.062 0.183 0.412
L =0.378 0.296 0.06 0.155 0.47
A =0,311 0.59%6 0.14 0.282 0.605
0.727 0.208 0.380 0. 665
0.913 0.10 0.174 0.070
1.25 0.109 0.150 0.883
1.55% 0. 247 0.288 1.04
1.61 0.113 0.129 1.06
2,51 0.129 0.1056 1.49
2.80 0.345 0.264 1.59
3.44 0.330 0. 211 1.90
4,76 ¢.40 0.195 2.50
7.56 0.55 0.164 4.07
1. 56 0.863 0.2574 4.08
15.40 .93 0.150 7.53
28.20 3.25 0.272 14. 50
39.10 3.90 0.230 20, 60
40, 40 3.60 0.204 21,50
47.40 4.94 0.2366 25, 40
53, 30 3.80 0.1615% 28, 60
62,80 3.18 0.1087 35.30
68.70 3.72 0.1156 39.10
74. 50 5.77 0.163 43,10
74.70 4,35 0.1216 43,50

cont....
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Table 3 {coantinued)

Fellet No. P (atm) Q (cma,/sec) AP (atm) K °ﬁ.(c:xuz/ sec)
M.S. 4A - 1 80. 60 0.70 0.0163 52,2
L.=0.378 89.85 .73 0.01456 60.9
A =0,311 101.20 0.87 0.0150 70.5

N i

(b) Columbis Carbon SXC 2,/4

C(24 -1
| L = 0,361
A= 0.541 0.401 0.19 0.163 0.78
0. 649 0.315 0.177 1.19
2.97 1.05 0.1775 3. 95
7.22 0.57 0.0363 10.50
7.22 0.843 0.0542 10. 40
j 22.1 2,55 0.0563 30. 30
33.3 2.8 0.0411 45.5
| 47.3 3,63 0.0385 63.0
| 59. 9 3,35 0.0285 78.5
69.7 3,20 0.0236 90. 50
C 24 -2 0,22 0. 055 0.0836 0. 466
L = 0,384 0.40 9.103 0.114 0. 642
A= 0,541 0.571 0.087 0.0668 0. 925
| 0. 68 0.1235 0.0856 1.025
0.732 0. 145 0.0883 1,167
0.82 0. 145 0.0877 1.175
1.176 0. 37 0.1645 1.595

em'...
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Table 3 (continued)

Pellet No. P {(atm) Q (cms/ sec) AF (atm) K‘ﬁ(cmZ/ sec)

C (2,4) - 2 1.50 0.418 0.145 2,04

L= 0,334 1.63 0.34 0.111 2.18

A= 0,541 2.157 0.58 0.147 2,80

3,15 0.46 0.0856 3.81

3. 66 0.55 0.087 4.50

5.98 1.0 0.0902 7.88
7.8 1.04 0.0735 10.0

o 14 3.22 0.1366 16.77
21.70 3.05 0.07665 28, 3
33.6 6.58 ~ 0.0963 48.3

"

{c) Nickel Catalyst

Ni - 3 0.44 0.0442 0.198 0. 261
L= .423 0.542 0.0473 0.198 0.2785
i A= 0,363 0.734 0.0468 0.1715 0.318
0.921 0.0517 0.168 0. 359
1.12 0.0496 0.148 0.394
1. 66 0.0575 0.135 0.495
2.10 0.1025 0.206 0.578
3.40 0.1175 0.171 0. 80
| 4.57 0.108 0.125 1. 006
| 7. 80 0.1375 0,101 1.59
9.52 0.39 0.24 1.89
13, 50 0.42 0.188 2.62
16,50 0.45 0.163. 3,22

21.40 0.535 0.1485 4.20




Pellet No.
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Table 3 (continued)

9 (cm3/ sec)

P {atm) AF (atm) Keii (cmz, sec)
Ni =4 7.07 0.375 0,261 1.44
L= .363 20.70 0.940 0,241 3.90
A =0,363 42,59 0.392 0.0537 7.30
47.50 0.392 0.0483 8.12
Ni-5 8.2 0.46 0.318 1.36
L=.3 14,50 0.80 0.319 2.35
A=, 363 27.50 1.84 0.40 4.31
48,90 2.35 0.301 7.32
61.1 2.70 9,281 9.0
75.9 2,75 0,237 10.8
87.1 0.265 0,01844 13,45
96.2 0.25% 0.01584 15,0
Ni-©6 2.02 0.085 0.176 0.573
L= 0.43 4.25 0.134 0.156 0.1018
A=90,363 6. 44 0.40 0.35 1.354
11,30 0.542 0.28 2.29
16.90 0.69 0.24 3.42

Ccnt.. ae
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Table 3 {continued)

(a) Copper Chromite Catalyst

Peuet.No. P (atm) Q (cms, sec) AF {atm) Kogg (cma/sec)
Cu -1 0.492 .04 ¢.i43 0.185
L= 0,358 0.61 0.039 0.130 0.198
A = 0.542 0. 80 0. 044 .139 0.209
| 1.18 0.08 0.203 0.26
1. 34 6.125 0.2943 0.28
2.2 0.098 2.174 0.372
3.08 0.141 0.199 0.47
6. 36 0.408 0.348 0.772
. 11.30 0.61 3.315 1.278
t 14. 60 0.705 0.289 1.61
19. 25 0.712 0.222 2,106
f Cu = 2 0. 40 0.098 0.212 0.281
L=0.34 0. 62 0.09 0.174 0.317
A= 0.542 0.734 0.098 0.182 0.339
| 0. 870 6.10 0,1725 0.363
1.18 0.1032 0,156 0,415
1.47 0.1167 0.159 0.46
1.932 0.111 0.127% 0.546
2.53 0.140 0.138 0.635
| 3.84 0.139 0.106 0.822
’ 6.41 0.52 0. 268 1.217
11.30 0.59 0.1873 1,975

19. 65 0.77% 0.1414 3.48
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Table 3 (continuned)

Pellet No, P (atm) Q2 (cms, sec) AY {atm) Ke ﬁ,(cmz,-v sec)
Cua=-3 3.17 0.137 0.20 0.474
L.= 0,376 7.87 0.46 0.329 0.970
A= 0,542 12. 83 0.54 0.2484 1.51
18. 50 6.686 0.228 2.09
{e) Columbia Carbon SXC 4,6
C(4,6)-1 0.33 0.09 0.1875 e.721
L= 0,406 0.463 2.102 G.170 0. 906
A =0,27 2.56 0.110 0.159 i.04
g.61 2,113 8.155 1.096
0.708 0.125 0.154 1.22
1.04 0.148 0.1310 1.67
1.52 9.137 0.089 2,31
.76 9.40 0,235 2.57
3.16 9.55 0.203 4.07
3.90 8.56 0.1077 7.82
1.0 Q.98 G.105 i2.0
20.0 1.13 0.0683 24.9
Cl4,6)-2 2.910 0.18 0.1356 1.62
L=0,.34 S.718 0.155 0, 1446 1.32
A=0.277 3.160 .44 0.1203 %.50
T.185 0.58 0.071 2.50
i1.30 2.51 0.?04 15.1
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Table 4. Permeability Data, Radial

N,
T=25°C
{a) iiolecular Sieve 44
Pellet No. P (atm) Q (cm3/ sec) AF (atm) K eﬁ(cmz/ sec)
4.8, 4A-1R 0.54 0.049 0.148 C.587
L =90.39 0. 827 0.051 0.119 0.76
A=0,22 1.45 0.0982 0.153 1.137
3,11 0.255 0,221 2.043
6.41 0.49 0.230 3.78
11.42 0.69 0,188 6. 61
o 19. 44 1.01 0.1553 1i.52

(b) Ceolumbia Carbon SXC 2,4

C(2/4)-1R 5.08 0.54 0.1156 7. 66
L= 0.5 10. o 2.54 0. 287 14.5
A = 0.305 19,44 3.1 0. 181 28.1
C(2,4)~2R 1.433 0. 297 0.123 2.4

L=0.50 3.13 0.56 0.1096 7.23

A= 0,388 5.10 0.56 0.0655 12.02

.52 1.9 0.0716 21.40

19. 44 3.32 0.1067 43,85

CUNT. &8



-42‘

Table 4 (continued)

(c) Nickel Catalyst

Pellet No. P (atm) Q (cms, sac) AP (atm) l{e ff(c.:mz/ sec)
NMi«1RK 0.380 0.048 0.14 0.2608
L= 0,297 0.631 0.05 0.125 0.308
A=z=0,39 0.64 0.0475 0.122 0.298
0.842 0.051 0.117 0.333
1.37 0.0642 0.1028 9.476
3.0 0.268 0.2708 0.7533
4,52 0,337 0. 247 1.042
: , 10.59 0.56 0.1872 2.28
' 17.66 G.8&7 0,144 i 54

| 21.7 9.74 0.1337 4.22

{(d) Copper Chromite Catalyst

Ca= 1R 3.17 0.456 0.315 1.255
L=0.3 6.41 0.59 0.2324 2.20
A=0.3458  1i.4 6.73 0.i754 3.61
14.63 0.80 0. 149 4.86
19.20 0.9.6 0.130 6.11
Cu= 2K 0.602 0.097 3.0988 0.631
L=0.30 0.888 0.135 0.117 0.803
A= 0.432 1.62 c.38 9.234 .12
3.18 0.485 0. 182 L.t
5.74 0.475 0.1146 2.874
7.90 0.630 0.1185 3.712

cont....
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Table 4 (continued)

FPellet No. P (atm) Q (cms/oec) AP (atm) Kefi(cmz,' sec)
Cue2R
L=0.30
A5 = 0,432
il, 30 0.825 0.113 5.06
i4.62 0.930 0.101 6. 38%
18,0 1.03 0.0943 7.582
Cus= 3R 0.29 0.038 0.121 0,402
L = 0,265 0.45 0.10 Q.13 0.468
A = 0.4357 0. 65 0.116 0.131 0.539
C.86 0.106 0. 1063 0,506
1.04 0.106 0.0977 0. 660
.24 0.1052 0.0890 0.720
i.49 0.202 0.146 0. 840
2.10 0.135 0.0810 1.013
B.715 0.442 0.119 2.6
10,34 0.742 0.112 3.92
20, 1.33 0.1083 7.47




Table 5.

{a) Columbia Carbon SXC 4,6

Pore Volume - Yore Size Distribution Data

radius Cumulative
T (A P°(Zi,12§“m”
56,000 o
20,830 0.05333
14,700 0.0733
10,752 G.08677
8,475 0.0966
5,952 0.1086
4,587 0.1142
3,145 0.1182
2,392 0.1196
1,930 0.1247
1,618 0.1228
i,392 0.1433
1,000 0.12%
330 0,13i8
200 0.137
100 0.1465
50 0.169
33 0.1835

radiup

r(zd

56,000
20.830
14,700
10,752
8,475
5,952
4,587
3,145
Z, 332
1,930
1,618
1,392
1,000
330
200
100

50

33

25

{b) Copper Chromite Catalyst

Cumulative
Pore Volume
{cc/ce)

0

0
0.0261
0.01003
0.02667
0.02159
0.03284
0.073
0.1388
0.30246
0.3694
0.3917
0.4078
C.4138
0.40

0. 3858
0.40
0.429
0.4376



(c) Columbia Carbon SXC 2,4

radius

r (A)

68,000
20,000
10,000
3,333
1,000
500
333
200
1060

50

33

25

20

Table 5 (continued)

Cumulative
Pore Volume

{ec, ce)

0
0.106
0.138
0.159
0.166
0.172
0.172
0.172
0.179
0.193
0.20
0.207
0.é41

radius

r (A}

68,9000
10,000
3,330
1,000
800
333
200
100

50

33

é5

20

(d) Molecular Sieve 4A

Cumulative
Fore Volume
{cc,cc)

0
0.0192
0.355
0.405
0.412
0.412
0.41c
0.4124
0.422
0.422
0.422
0.422
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Table 5 (continued)

(e) Nickel Catalyst {f) Molybdena Alumina Catalyst
radius Cumnlative radius Cumulative
r A) Po:;iczi:):;me r ;'L Pore(c\:’?}::x)ne
8, 300 9 3,300 0
3, 200 0.2583 1,000 0.144
1,000 0,425 5G0 0.1585
500 0.4715 330 0.1585
300 482 250 0.1585
250 0.432 200 0.1585
200 0.482 100 0.1585
b, 100 0.482 | 50 0.245
é 50 0.482 33 0.4465
E 33 0.432 25 0.461
25 0.482 20 0.461
20 0.432
i
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Vi - DISCUSSION OF RESULTS

'Diffusivity and permesbility results obtained on seven
materials over the pressure range 0.2 - 70 atmm are shown in Fig. 8 -
Fig. 12. Values calculated from equation (12) and equation {23) are
identifled as solid lincs. The dashed lines represent the values of dif-
fusivity calculated from permeability data by equations (38), (39) and
(12). The measured axial sud radial valuse are indicated by open and
full symbols, rsspectively. Numerical values are given in Table i -
Tsble 4. In the case of Vycor glass sux the Molybdena Alumina Catalyst,
only diffusivities were reported. The Mobil Durabead Cracking Catalyst
(Secony Mobil Oil Co., Ianc.) and silica gel pellets {Mobil Sorbead Deaic~
cant, Socoay Mobil Oil Co., Inc.) were also investigated. It was found
that these materials have a small amount of macropores which were
not detectable by mercury penetration, and thereiore made correlation
to pore structure impossible,

The theoretical and exaperimaental diffusivity curves show the
expacted transition from Knudseon diffusion to bulk diifusion, the latter
being inversely proportional to pressuze. The results on Vycor glass
and the Molybdena Alumina Catalyst show the charactsristic levelling
off to the presaure-independent Knudsen diffusion at subatmospheric
pressures {Fig. 10). Pure Knudsen diffusion was not obtained on other
materizls at the subatmospheric preasure investigated (0.2 - 0.9 atm)
because of the presence of large pore radii (3000 -~ 20, 000 A). The
high values of K_, of carboa pallets ( ¢ = 0.17, T, = 27,000 A)

a

ard the high values of lf)e’ff of Copper Chromite Catalyst ( Ea = 0,43,

?a = 3200 £) obtained show the expected pors structura-dependent

forced flow and diffusion. The former depends meinly on the pore reading

and the latter depends on pore voluma. The permeability curves show an



i
i
i
i
]
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opposite trend as compared with the diffusivity curves in sgreement
with the theory., Thkese opposite trends in diffusivities and permeability
led to the difficulties in obtaining accurate high pressure diffusivity
values. At pressure approaching zero, both the diffusivity and permea-
bility curves come close to the same valuas indicating the relation

KK = DKA .

To relate diffusivity and permeability to pore structure, the
average pore radius r and the tortuosity X were evaluated framn pore
size distribution data. Wakao and Smith's methoed (23) was found to give
the most satisfactory results. The equations used were

|y @g
F - Lt (32)

X =€ | (28)

Diffusivities of porous materials were calculated by combining
squations (32), (28) and (12). The calculated values agree satisfactorily
with mesasured diffusivities except for the Nickel Catalyst and Vycor
glass. The theoretical values for these materials are higher than the
experimaental values by a factor of 1.5, This may bhe due to the presence
of blind pores. The other materials yleld an average deviation of 10%
and a maxirnum deviation of 20% between experimental and theoretical
values.

Ey combining equations (32), {28) and {23), permeabilities of
porous raaterials over a wide range of pressures were calculated. The
calculated values give satisfactory agresment with experimentsl permea-
bilities. The maximum deviation between calculated and measured values
is 20%. In the cage of the Nickel Catalyst, the agreement is fortuitous
due to a mutual cancsllation of errors in the value of X and T. This
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method does not give very accurate results if & small amount of very
large pores exist ag in the cage of Carbon pellets, It is cbvious that
the accuracy of the calculation depends mainly on the proper choice of
T.

Other methods, like those proposed by Marshall (11) and
Millington and Quirk (13) were tested, but the results of diffusivity and
permeability obtained were not satisfactory.

To relate D_ . and K g the values of T and £ X were
evaluated from permeability measurements., Expressions relating T
and ¢ X to permeability data may be derived from the permeability
equation given previcusly:

« .2z 3 r.9.
A plot of Keff vs, P gives
% 2 - -
| Intercept = 7 r v £ X (36)
2o Ex
Slope = ET (37)
(36) ~ _ 161 v Slope ) 8 °
E (37) : 3 Intercept 10 A (38)
2
(37) _ %3 & (Intercept)
(36)2 € X= 32 n ¥V ¢ {Slope) (39)
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The combination of equations {38), (39) and (12) permits the
czlcuhﬁm of the effective diffusivity D off from permeability measure-
ments. The values so calculated give good agreement with measured
diffusivities. The average and maximum deviation between calculated
and measured values are 10% and 20% respectively. Since the valus of
€ X can be estimated from permeability data alone, the prediction of
Deff from Keff requires no additional data, but is limited to uni-dis-
peres media (eq. 11). This method appears to solve the problem of
blind pores as well as other effects as justified by the good results
obtained with the Nickel Catalyst. Therefore, it is more reliable to
predict D eff from K off than irom pore size distribution. It may be
pointed out that permeabllity measurements can be made more readily
than diffusion measurements.

The theory of Wakao and Smith (23) regarding the contributions
for diffusion through varicus pores has been verified on variocus types
of meaterizl and extended to a wider pressure range than before. Their
theory seems to apply to most of the uni-disperse and hi-disperse
media, but does not apply to the Nickel Catalyst and Vycor ghi s which
were not pelieted.

Particular attention was given to micropore contribution to
diffusion a? high pressures for materials having a large amount of
micropore volume. In the investigation of Carbon SXC 2,4, and Carbon
SXC 4,6 { E’t = §.62, /Ca = 0.17}, it was found that only the macro-
pore volumes serve &s channels for diffusion, and the large amount of
micropore volume was believed to consist of blind pores. In the case
of a Molybdena Alumina Catalyst { ¢ i 0. 3025, ta = 0.1583), the
entire micropore volume coatributes to diffusion.

In the case of Vycor glass ( & g = 0.343, ¢ =0}, diffusion
measurements provide 2 means of investigating the pore structure more
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fully than in other materials since it contains enly micropores of narrow
sise distribution. Sorption isothermas of various gases on Vycor glass
are reported by Amberg and Mcintosh (1) and Barrer and Barrie (2).
These authors were able to calculate a Kelvin radius of about 28 !1 and
a B.E. T. surface aroa of about 119 mz/g from the desorption braach

of hystezesis loop.

The diffusion measurements made in the range 0.3 - 70 atm
cover the range of Knudsen ( < 3 atm), of transition (3-20 atm) and of
bulk diffusion { > 20 atm). The controlling pore radius for this mate-
rial can be calculated by applying the measured diffusivities to the
Knudsen (equaticn 9) and the transition regions (equation Li). The value
50 calculated was 26 A t &, in agreement with the desorption Kelvin
radius obtained by Amberg ot al (1) and Barrer et al (2). The tortuosity
X obtainsd from squatica {9) was $.23, compared to Barrer and Barrie's
value of 0. 18. In order to determine whether the low value of X was due
to a lamellar structure in Vycor glass, diffusion measurements were
performed along an axis perpendicular to the one used originally
(i. . radial diffusion). The values found were only 20% lower. This
result justifiez the assumption of random orientation of pores. For
lack of 2 better value, the tortuous path valus of flf proposed by
Wheeler {24) was used,

From the sorption isotherms reported by Amberg et al (i},
the pore geomstry of Vycor giass seems to conform to de Boer's shape
group XV (7) consisting of cylindrical sections and globular enlarge-
ments. By assuming & pore model of Rc (radius of constriction) = 28 A

R- (radius of glebular enlargements) = 2 Rc

LC (length of constriction) = 50 .:L

and the tortuous path value of f% » §0od agreaement between the calcu-
lated and measured values of diffusivities and surface area was obtained.




It is therefore concluded that a reasonable pore medel of
Vycor glass (3) comprises pericdic constrictions (Rc = 28 A) and
globular enlargements (R' = 2 Rc) s wall as an unknown amount of
blind pores.

The diffusivity and permeability measurermnents along axial
and radial directions of cylindrical pelletz may serve to determine
the isotropy of pore properties. The average devistion between the
axial and radial values obtained were as follows:

Average deviation between axial and radial

Fellets A Deif A Keﬁ
\ Carbon SXC 2,4 22 35
' Copper Chromite Catzlyst 5 46
Molecular Sieve 4A 5 7
Nickel Catalyst 12 5
Vycor glaes 20

Diffusivities and permeabilities of Carbon and permseabilities of Copper
Chromite Catalyst obtained in the radial direction are higher than those
obtained in the axial direction. The other materials appear to have
approximately the same pore properties in both directions. The inves-
tigation on 'pellet to pellet variation' shows that the pore properties

in the axial are more uniform than those in the radizal direction. In

the case of Copper Chromite pellets, 'pellet to pellet variation' was

i observed in both axial and radial forced flow, but neot in diffusion.
These results provide evidence that Copper Chromite pellets contain
the same free crossectional area, but differ in average pore size along

the two directions investigated.




Pore radii obtained by various methods are shown in Table
6. The method of Wakao and Smith (23) leads to an incorrect sstima-
tion when there is overlap between the micropore and the macropore
regions, Marshall's method for calculating T from equation (31)
seerns to put too much weight on the large porea. In the micropore
region, distribution plots show sharp peaks and therefore the value
obtained from these curves represents a good average of the radius.
However, 2 sharp peak of normal distribution does not always exist
in the macropore region as seen from the study of the materials in
this project and the data reported by NMischke et 21 {(4) and Robertson
et al (17). The values of T obtained from Keif by applying eq. (38)
seexus {0 yleld a good average radius in every case. Therefore, it
ie reliable and convenient to calculate T from K g especially for
materials haviag & small asmcunt of very large pores which can not
be detected accurately by mercury penetration, and for those having
blind pores.




VI - CONCL.USIONS

1. Wakao and Smith's method predicis reliable effective
diffusivities for pelleted materials when the micropore contribution is

known,

2. For other materials which are not pelleted and for those
which contain blind pores, effective diffusivities can be predicted from
permeability messuraments. This further supports that diffusivity

measurements can be replaced by permeability measurements which
can be made more readily,

3. The combination of equations {28), (32) and (23) predicts

reliable effective permeabilities over a wide range of pressures.

4. Diffusivity measurements over a wide pressure range
yvield the controlling pore radius for micropore solids and can tharefore
be used for investigating the pore structure of Vycor glasas.

5. Axial and radial diffusivity and permeability measgure~
ments provide a means of investigating the isotropy of the pore structurs.
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IX - NOMINCLATURE

geometric area of porous sample
diffusivity

binary bulk or ordinary diffusivity for

system A-B
Knudeen diffusivity of gas A

mean Knudsen diffusivity of gas A
in the macropores

mean ilnudsen diffusivity of gas A

in the micropores
effective diffusivity

permeability

¥nudsen permeabllity
Poiseuille permeability
permeability

effective permeability

shape factor

length of porous sample
length of flow path

molecular weight

molar trensport rate of gas A
total pressure

volumetric flow rate

2
cm /8ec

2
cim , 8sec

Z,
cm /eec
2
cm , Bec

2
cm , sec
2
cm ; sec
2
cm / sec
2
cm ; gec
2
cm / 8ec
2
cm
2
cm , seéc
dimensionless
cm
cm
g/ g mole
g mole, (cmz)(sec)

atm

3
cm”™, sec




" N"!l p'ﬂ

<}

Greek letters

&

Ca

a

f

S

G

it

H

£}

W

i
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gas constant (cn'xs)(atm)/ (° K){g mole)

L]
pore radius A

average macropore radius

r

average micropore radius A
°
hydraulic radius A
surface area of porous media cmz/g
temperature ° K
average molecular velocity cmy sec
tortuosity dimencionless
mole fraction of gas A dimensionless
distance in the direction of flow cm
pOTOBity cm3 / cm3
3 3
macropore volume cm ;om
. 3 3
micropore volume cm /cm
N
ratio of diffusion rates 1 -;-45? dimensionless
.'OA 3
gas density g, cm
. . 2
ga: viscosity dyne-gec/ cm
comversion factor, 1.013 x 106 dyres=-sec, atxn-cmz
mean free path A




Subscripts

a, &
A.B

1, 2

#

-69-

macropore and micropore, respectively
hydrogen and nitrogen, respectively

hydrogen and nitrogen sides of pellet
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XI - APPENDIX: SAMPLE CALCULATIONS

The calculation of .':)“f from diffusion mezsurement,

Molecular Sieve 4A

P = 0.664atm

Q= 4.13 cms/ sec = volumetric flow rate of the nitrogen

stream (MZ + Nz)

Ya = 0.040

Az

N =2: 5.4 - 8.E_, _ 4.13 20,040
ATR P'VACXRT YA, " 531 x RT

L = 0.378 em
A = 0.311 em

From equation (2)
Ny RT° L 4.13 x 0.04 x 0. 378

Dgts = Fly, -v,)  0.664x0.9x0.311
1 2

The value of QO was calibrated at P = | atm.

‘The calculation of K from flow measurement,

aff
Niolecular Sieve 4A

P = 2.%] atm

3
Q- P=0.129 (i-%-) (atm)

AP = 0.1056 atm
L= 0,31 cm

A = (.31) cmz

= 0,317 cmz, sec




L T

-73-

From equation (16)

. _Q-P-L _ 0.129x0.378 _ 2
Rett™ 2D . A 0. 1056 x 0,311 ~ 1-49 cm /sec

The value of Q was calibrated 2t P = ]l atm.

The calculation of Deif from mercury penetration data

Molecular Sieve 4A

£, = 0.42

cy = 0.21

V= l1l.7x 105 cm, sec

T = 5750 A
&
'i-'iz-l&A
T 2-2-7 v = 6.82
K 3 "a -
a
- 2 - . -3
D&i-s tv-—él.'i::xl()
“ 1,8
MB 2 /
@ = | o =z ] () = 0.733
IVLA 28
Ya = 0.0565
2

¥ =z 6.23atm

0.76 2
DAB = €23~ 0.122 cm /sec




4=

From equatica (12)

Deff= DAB @ -1+ 8)

2 = macropore contribution = 0. 302
i =z micropore contribution = §.0278

5 = series contribution = 0.00768

Deff = 0.122 (0.302 + 0.0278 + 0.00768)

= 0.03812 cmz,"sec

The calculation of Keff from mercury penetration data.

Moleculsar Sieve 4A

£ = 0.42
F = 5750 A
a

V= 4.7x 104 cm/, sec (for N, at 25°C)

}L 1.8 x 1 0-4 Sdmean;ec!

<m

@ = 1,0131106 {dynes){sec)

(atm){cm?)

P 2.5]1 atem

"

From equations {23) and (28)

| 2 o
Kege =3 F Vig *¥




— -

]
-
tn

-]

= 0,32 cmz,'sec

Y B &a = 1.03 cmz/aec

X ) - 2
‘{eff = 0,32+ 1.03 = 1.35 cm /sec

E. The calculation of & and ¥ fram mercury penetration data

Molybdena Alumina Cawlyst

From the pore size distribution plots ¢ va. T {Fig.3)

%’;a = 0.1585
Ci = 8.461 - 0.1585 = 0.3025
(€a [ 0.1585
J r d¢ | r df
- o S—
a £ a 0. 1585
' 0.1585
by graphical integration, | 5 rdf = 222
- 222 ¢
T, * Ooises (004
. . AL
From the pore size distribution plots A log T
Yi = 44 A

vs. r (Fig. 6)



¥. The calculation of Duf from ik

eif
Nickel Catslyst

From the plot of Ko ve, ¥

Slops = 0.190
Intercept = Q.177

- 167 Vv slepe 8
r 3 5 Intercept x i0 = 43830

Cx s g 2 (mtercepgﬁ
3z ¥4 {5lope)

0.1162

aé? ¥ = 5,735

¥rom squation {11)

Dot ™ Pap " 2

& = macropore contribution« 0. 1933

D s Q.£423 x 0. 1983 = 0. 0442
eff




