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ABSTRACT

The permeability of two fine-pored carbons were exverimentally
determined as a function of the mean pressure, temperature, temperature

gradient and gas properties. The gases used in the investigation were

helium, nitrogen, argon and sulfur hexafluoride. It was found that

permeability 1is not only a function of the mean pressure, but is also

st AT

dependent on the inlet pressure. A mean temperature increase, however,
was found to decrease the permeability. The application of two |

previously proposed models did not lead to an accurate prediction of
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the effect of gas properties on the flow., A new correlation which

predicts most of the experimentally determined permeabilities within
N ,

7% was presented. The experimental data of other investigators were

also shown to be predictable by this correlationm.
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The permeability of two fine-pored carbons were experimentally
determined as a function of the mear pressure, temperature, temperatuvre
gradient aad gas properties. The gases used in the iuvestigation were
helium, nitrogen, argor and sulfur hexafluoride. 1t was found that
permeability is not only a function of the mecan pressure, but is also
dependent on the inlet pressure. Temperature gradient itself did not
appreciably affcct the flow. A mean temperature increase, however, was
found to decrease the permesbility. The application of two previously
proposed models did not lead to an accurate prediction of the effect of
gas pruperties on the flow. A new covrelation which predicts most of
the erxperimencally determined permeabilities within 7% was presenced.
The experimental data of other investigators wera also shown to be
predictable by this correlation.
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NOMENCLATURE

Description

Cross sectional flow area of the porous carbon sample, cm2

Porous medium cons;aﬁt, cma/min or cm3/sec

Pore radius, cm

Porous medium constent, cm2

Pore diameter, cm

Permeability, cmzlmin or cmzlaec

Porous medium constant, cm

Porous medium constant, dimensionleas

Porous medium constant, dimensionless

Porous medium shape factor, dimensionless
Tortuosity, dimensionless

Porous medium constant, dimensionless

Knudsen number, dimensiconless

Porous carbon dimension in the direction of flow, cm
Molecular weight, gm/mole

Mass flow rate, gm/min

Number of stacked planes in Somerville's model, dimensionless
Pressure, in. Hg or psia or atm.

Volume flow rate, cm3/min

Universal gas constant, = 8.3147 x 107, ergs/°K-mole
Total internal pore area, cmz

Temperature, °K

Mean moleczular thermal speed, cm/sec
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NOMENCLATURE (Continued) P
Symbol Description ;
X Distance from the inlet through the porous sample, cm i
Z Compressibility factor, dimensionless %
Greek Letters g
Q Porous medium constant, dimensionless i
§ Coefficient allowing for specular reflection of gas molecules, !
dimensionless |
]
€ Porosity, dimensionless
Viscosity, gm/cm-sec
A Mean free path, cm ;
- P Density, gm/cm3 §
| i
1 ¢ Effective pore area distribution, dimensiorless
l ¢° Cumulative pore area distribution on surface, dimensionless 7
f ¢ Specific pore area, dimensionless
! m
Subscripts

m Refers tu a mean value

in Refers to the inlet
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ABSTRACT

The permeability of two fine-pored carbons was experimentally
determined as a function of the mean pressure, temperature, temperature
gradient and gas properties. The gases used in the investigation
were helium, nitrogen, argon and sulfur hexafluoride. It was found
that permeability is not only a function of the mean pressure, but is
also dependent on the inlet pressure. Temperature gradient itself
did rot appreciably affect the flow. A mean temperature increase,
however, was found to decrease the permeability. The application of
two previously proposed models did not lead to an accurate prediction
of the effect of gas properties on the flow. A new correlation
technique which predicts most of the experimentally determined
permeabilities within 7% was presented. The experimental data of other

investigators was also shown to be predictable by this correlation.
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CHAPTER 1

INTRODUCTION

1.1 Problem Statement

Fine-pored carbons possess many unique properties suitable
for a variety of industrial applications. For example, their
mechanical strength, electrical conductivity and permeability to
the flow of gases form the basis for their use as fuel cell
cathodes. The power density of a fuel cell is dependent on the
flow rate of the oxidant gas through the cathode matrix. Due to
the heat generated in the fuel cell, a temperature gradient usually
exists in the porous carbon cathode. A knowledge of the
permeability of the carbon as a function of pressure, temperature
gradient and gas properties, therefore, is of primary importance in
this application.

The purpose of this research effort is the experimental
determination of the effect of gas properties on the permeability
of fine-pored, consolidated carbons under isothermal and non-
isothermal conditions. The effort will be restricted to steady flow

situations.

1.2 The Porous Carbon

Due to the complexity rf the structure of consolidated,
porous carbons, an exact -haracterization of the medium is
practically impossible. Some measurable carbon characteristics,

however, have been found to have a direct influence on the flow
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phenomena. These include porosity, total internal surface area,
and pore size distribution. Unconnected pores (voids) and dead-
ended pores are also of importance.

Mercury porosimetry, the scanning electron microscope,
and absorption tests have been used to characterize porous media.
In the mercury porosimetry technique, mercury is forced through an
evacuated sample of the porous carbon and the volume of the
penetrated mercury is measured as a function of its pressure.
The results of this measurement, together with certain assumptions
regarding the shape of the pores and the contact angle of mercury
in the pores, lead to a knowledge of the sample's pore size
distrioution. A complete description of the mercury porosimetry
technique which is the most widely-used method is given by Orr [1].
Inherent errors involved in relacing the results of this technique
to the structure of the sample are examined by Bickerman [2].
Somerville [3) has investigated the use of the scanning electron
microscope in characterizing porous carbons, and compares pore

size distribution results with those given by mercury porosimetry.

1.3 Physical Aspects of Flow

The character of the flow of gas in a given pore depends

on the Knudsen number, Kn, defined as
Kn.% ) (1.1)

where d is the pore diameter and A is the mean free path of the
gas in that pore. For large values of Kn (larger than 10),

moleculz-molecule collisions are much more frequent than molecule-wall

!
4
4
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collisions, and the gas may be treated as a continuum. In this

flow regime, the important gas parameter is the viscosity. At

very low pressures, where molecule-molecule collisions may be
neglected compared with molecule-wall coilisions, the Knudsen

number is small (less than C.0l), and viscosity loses its significance.
In thie regime, known as the free molecular regime, the average
mclecular velocity, v, which is inversely proportional to the square
root of the molecular weight, becomes important to the flow

phenomena.

Between these two extremes, when Kn is of the order of
unity, transition phenomena occur wherz both v and 1 are important-
Near continuum transition flows are also known as sliip flows where
the gas may be treated as a continuum with the allowance of a
finite velocity at the boundaries.

In a porous medium, all these flow regimes may be realized
in parailel. As the gas pressure decreases through the medium in
the direction of the flow, rarefied gas effects become more and
more pronounced. Any realistic flow model should take these
variations into account,

Physizal adsorption, which 1s significant at low temperatures
and high pressures, may also occur in a porous medium. This
phenomenon may affect the flow of the gas by reducing the effective
eres avallable for the flow and altering the nature of melecule-

wall interactions

d M AaSRTE e
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CHAPTER IT e

REVIEW OF PREVIOUS WORK - '

2.1 Introduction

~

The problem of modelling gaseous flow phenomeﬁé‘i@ fine-pored
carbons is twofold. On the one hand, equations for thé'glow of the
gas applicable orer the entire Knudsen number rangevmust be written
and, on the other hand, the proper boundary conditions for these
equations must be specified. The former deals with thg.gas with
specific reference to the variation of its trangport ﬁroperties
with the Knudsen number, whereas the latter involves the complex
geometry and surface characteristics of the porous material.

In the limits of very large and very small Kﬂudsen numbers,
the behavior of the gas is fairly well understood. For large values
of Kn, the Navier-Stokes equations are applicable, while for small
Knudsen numbers, the Maxwellian distribution function leads to an
adequate description of the gas.

For moderste values of Kn, considerable difficulties are
involved in the formulation of solvable equations for the flow of
gases., Although this is a matter of current research, several
solutions for simple bounda:y conditions, such as the one given by
Cha and McCoy {41, are available.

Due Lo the complex structure of consolilated porous
carbons, an exact specitication of boundary conditicns is impractical,

if not impossible. Even ii the exa‘.t structure of the porous
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material were known, it would be exceedingly difficult to incorporate
this knowledge with the flow equations systematically. Consequently,
the classical approach of using appropriate flow equations with the
necessary boundary conditions to solve for gaseous flow through

porous media has nct been attempted.

2.2 Available Models

To date, all attempts have been restricted to the develppment
of simplified models for the carbon, and most of these involve the
equations for gaseous flow in tubes. Various models have been
proposed for the porous medium which may be classified as foliows:
models based on capillary tube bundles, first propcsed by Adzumi [5];
statistical descriptions of the porous material ac¢ proposed by
Childs and Collis-George [6]; and the 'dusty gas' model given by
Evans, Watson and Mason [7]. For the case of thermal diffusion,
where a mass flux is obtained ty imposing a temperature gradient on
a fine-pored sample, the work of Lammers [8] which is based on the
methods of irreversible thermndynamics, is available.

A very useful guantity in the study of gross flowv
characteristics through porous media is the permeability, K, defined

as foliows:
Qm P
.
L

where P, is the arithmetic mean of the inlet and outlet pressures,

K =

(2.1)

Qm is the volume flow rate at P A 1s the sample arca, Ap is

the pressure drop and L is the sample thickness. At a given
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temperature, permeability may b2 thought of as the flow per unit
sample area, per unit pressure gradient. In general, for a given gas,
permeability would be a function of inlet temperature, temperature
gradient, inlet pressure and mean pressure. These parameters,
together with the size of a pore and the viscosity and molecular
weight of the gas, uniquely determine the flow regime in that pore.
With particular reference to fine-pored carbons, where large
and small Knudsen numbers may be encountered simultaneously, Carman
and Arnell [9] developed a model for the permeability based on the
capillary tube concept. Here, permeability is related to the mean
pressure, temperature, viscosity and the mean thermal speed of the

gas molecules, v, as follows:

Bo 4 -
K-'n-“pm'l--jl(ov . (2.2)
where
-. iéﬂz 1/2 .
M ! <2
3
BO = E—Z 0 sz 3 (2.4a)
kS
2
Se
Ko %5 * °m (2 4b)
2

and the factcxs k' = kt2k1 and k = kt ko. The quantity kt’ known as
the tortuosity is defined as the ratio of the actual length cf the
path a typi:al molecule travels through the porous sample to thz
thickness of the sample & is a varying coefficient allowing for
specular reflection of molecules from the pore walls, k, is a

1

shape factor and ko is the Kozeny <nnstant.

b
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As implied in their definitions, the quantities B° and Ko are
dependent on the porous medium alone. The former indicates the
contribution of the viscous portion of the flow to the total
permeability, and rhe latter indicates the contribution of the
free molecule portion. It is expected that Equation (2.2) will
be applicable over <he entire Knudsen number range in the case of
isothermal flows.,

Regarding the models in which a statistical or probabilistic
description of the pcrous medium is attempted, the most recent and
the most successful one is that proposed by Somerville [3].

Here, the medium 1s assumed to be isctropic, i.e., the pore area
distribution on any plane within the ma.erial is the same. Zero
thickness p.anes having this characteristic pore area distribution,
inferred from merc.ry porosimezry tests, are then conceptually stacked
one behind the other in a random fashion until the desired flow
resistance of the porous medium is achieved. Thus, an effective

pere area distribution representative of the sample is obtained in
which the influence of the smaller pores is considerably greater

than that c¢f the largex ones as compared with the original pore

area distribution on a plane.

To describe the etfective pore area distribution mathema:ically,
consider the cum..ative pore area distribution on the surface of
the porous carbon. This distribuvion is denoted by ¢°(a), where a
is the radius :f a pore. The function éo(a) represents the fraction
of the surface area occupied by pores of radius a or larger. If

the ratio of the total pore area to the geometric surface area is




denoted by ¢m’ the ratio ¢°(a)/¢m represents the fraction of pores
on the carbon surface having radius a or larger.
The probability that a gas molecule enters the s.;mple through
a pore of radius a or larger is given by ¢°(a). The probability
that the same gas molecule travels through N stacked planes, each

having a cumulative pore area distribution ¢°(a), is given by

[o,cer78,)" (2.5)

The product of trese two probabilities, ¢(a), given by
o@ = ¢, @[o @7 ]" (2.6)

is then the probability that a gas molecule enters the porous

carbon through a pore of radius a or larger and passes through the N
stacked planes. The function ¢(a) is the effective pore area
distribution of the sample. It is also a mathematical model of the
medium in which the important sample properties relevant to a flow

situation are imbecded.

To determine the pressure drop for a given flow rate, Somerville

used the equations for flow in capillary tubes for continuum, slip
and free molecule flow depending on the local Kn. The equations,
their derivation and the vange cof their validity are given by Kennard
(10). It is further assumed that there is no pressure variation
through the porous medium in the trancverse flow direction and that
the slip flow equation is applicable to the entire transition regime.
The differential equations which result from combining the flow

equations with the porous carbon model are then solved numerically.

e e ——_—t——— o o AR =
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The number of planes required to simulate the porous medium, which is
the only adjustable parameter in the model, is determined in the
solution phase by a trial and error procedure, where the calculated
pressure drop is matched with the experimental one.

The "dusty gas' model of Evans, Watson and Mason consists
of regarding the porous medium as suspended dust particles constrained
in space. By formally treating these particles as giant molecules,
the application of kinetic theory results in a solution valid over
the entire Knudsen number range. This model involves three experimental
constants, one of which is the tortuosity.

In the models just described, the phenomenon of physical
adsorption of the gas to the pore walls has been tacitly ignored.
This problem has been subjected to many investigations aud it is
shown [11] that adsorption may affect both the transient and steady

flow behavior in a fine-pored carbon.

2.3 A Critical Review cf Available Models

The Carman and Arnell Equation (2.2) has been used to
correlate porous -arbon permeabilitiesg. Nuclear grade carbons,
for example, are frequently characterized by the values of Bo and
K0 obtained from flow experiments. Although permeability is known
to be very sensitive to changes in pore structure, the use of
Equation (2.2) to dedu-ze su:h information can lead to serious
errors. Grove {12], on the basis of existing data, discusses these
errors and concludes that the application of the Carman and Arnell
model does not lead to a satisfactory description of the effect uf

gas properties on the permeability of che same carbon sample.
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One important implication of this model is that once Bo and
K° are determined for a given sample and {low conditions, the
permeabilitv at any nther mean pressure can be calculated. However,
mean pressure alone does not uniquely specify the flow condition;
the same P, may be obtained either by a high inlet pressure and a
large pressure drop, or by a low inlet pressure and a small preesure
drop. The flow regimes encountered in the sample in these two cases
may very well be different, aad one would expect a corresponding
change in the permeabilities. Therefore, the use of the .arman
and Arnell model should be restricted to a fixed inlet or outlet
pressure. Nevertheloss, some investigators have found the model
applicable even when the inlet pressure vuried (e.g., Hutcheon, et
al.,) [13]. It is plausible that in these cases, due to the
distribution of pore sizes, inlet pressure variations do not effect
a significant change in the flow regimes.

A major disadvantage inherent in the Carman and Arnell
equation 1s the difficulty involved in using their model for the
prediztion of permeabilities. ior example, there are no direct
measurement methods for some of the parameters involved in Bo and
Ko such as the tortuosity, kt, and the shape factor, kl’ Only by
conducting flow experiments can kt and kl be determined.

Somerville's model includes many advantages not present
in any other model to date. A physically meaningful description of
the porous medium is given and all the important flow parameters
are incorporated in the gas-porous medium interaction. Different

flow regimes ave allowed to occur sjmultaneously in different

[ |
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pores azcording to the local value of the Knudsen number. Since the
entire spectrum of the mercury penetration curve is included in the
description of the sample, most of the sample's relevant properties
are present in the model. As a result, resort to flow experimeats
is required for the determination of only one paramcter in the
model, namely the number of stacked planes required, M., Once N is
determined for a particular sample and gas, the model may be used to
precict permeabilities as a function of inlet pressure, temperature
gradient, and other flow parameters. Other information, such as the
distribution of presture and the fraction of flow in a given regime
throughout the porous sample, may easily be determined [3].

In the "dusty gas" model of Evans, Watson and Mason, the
concept of tortucsity, although subject to serious criticism,
has been retained. In addition, the model involves two transport
parameters which have to be determined by flow experiments. Whether

or not these parameters ave constants has not been fully determined.

2.4 Implications of Previcus Investigations

In many instances, the factors Bo and Ko in the Carman
and Arnell formulation have been found to be not only dependent
on the porous material, but also on the gas used [12]. The nature
of this dependence has not been established. In the case of
Somerville's model, sin:e all the correlations were done with a
single gas (nitrogen), it is not known whether N has any

zelationship with the properties of the gas used.
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The effect of terperature has been inQeatigated by Hutcheon,
et al;. {13], but the effe:t of a temperature gradieant in the flow
direction has not been fully determined.

Whether or not mean pressure alone uniquely establishes the
permeability has not been subjected to experimental determinationm.

The separation of gas and porous medium properties in the
formulation of any mode!, therefore, must involve the uge of gases
with diverse proparties and the same porous medium sample in a

consistent experimental program.
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CHAPTER III

EXPERIMENTAL AFPARATUS AND PROCEDURE

3.1 Introduction
In the experimental determination of the isothermal
permeability of a given porous carbon for a given gas, the volume
£low rate, inlet pressure, and the pressure drop must be measured.
Tf a temperature gradient is also present, the inlet and outlet
éarbon surfacé temperatures must also be known. In t'is chapter, the
apparatus, thé characteristics of the porous carbons and the gases,
the experimental procedure, and the errors involved in the measurements

will be discussed.

3.2 The Apparatus

The apparatus used in this study was originally designed and
built by Somerville [3]. To appreciate the nature and function
qf the hardware invslved in the experiment, it is best to follow
the flow path of the gas conceptually. A schematic diagram of the
overall set-up is shown in Figure 1 for this purpose.

Aftexr the gas supply pressure is adjusted with the two
pressuxe regulators, it flows through a calibrated rotometex where
the flow rate 1is measured Then the gas enters the test celli where
it is forced through 'he porous sample. “he inlet pressure and the
pressure drop across th.: sample are measured by mercury manometers.
The throttle valve immediately downstrean of the test cell allows

the adjustment of the flow rate without affadting the inlct
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prassure, The gas subsequently flows through a calibrated nozzle
where the flow rate may be measured again. The agreement between
the two flow rates, measured by the rotometer and the nozzle,
indicares that tne flow is steady. The gas is finally discharged to
the atmosphere through the vacuum pump.

The rotometer and the nozzle were calibrat.d for all the
gases involved in the experiment by using a water displacement
technique. To determine the temperature gradient, the temperatures
of the carbon on the inlet and outlet surfaces were measured by the
by the combination of a radicmeter, and four fixed and two sliding
front-surfaced mirrors. The temperature gradient was imposed by a
disk-shaped electric heater on the hot side, and an aluminum water
jarket on the :zcid stde cf the porous carbon sample. The
ccnetrucrional details of the test cell are shown iu Figure 2. The
sodium chloride :zrystal windows which are mounted on the body of
the<z1l allow the passage of the radiation from the sample surface

to the miriors The sliding misr<rs allow the radiomete: to view

the two sides of the porous :arbon. A thermocouple was buried in the

hot surfaie of the .arbon  The temperature indic .ted by thus
thermocouple provided a ~he-k cn the radiometer reading. Two other
:hermoco:pies, one c¢n the heater surfaze and the othe: on the water-
csoled ja:tket we:e al:o installed. A photoprash of the assembly is
given by Scmervalle [31.

Twe rotometers ~onsisting of Matheson tubes 600 and 601

with dual floats were used throughout the experiments The nozzle

was built =t sappbire by Richard H. Bird and Company with a throat
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diameter <f 0.015 inch. The radiometer was the 8RT1 model manufactured
by Barnes Engineering Company, and it was calibrated with a black

body reference scurce. The calibration incorporated the mirrors and
the sodium chloride windows which were present in actual carbon

surface temperature measurements. All cthermocouple junctions were

made cf 0 005-inch chromel and alumel wires with glass insulation.

3.3 The Porous Samples

Two different parous cacbons were used in this investigation.
They are both fuel cell grade carbons, denoted by the prefix "FC."
They are identified as FC-Cl and FC-25 by Pure Carbon Company, the
suppiler. Each sample was mazhined into a disk 2 3/4 inches in
diameter and 1’2 inch in thickness. To asgure that flow occurred
cnly in the axial direztion, the samples had to be sealed radially
acound the periphery of the disks This was accomplished by cementing
a :eramic ring, 0.125 inch in thickness, to the sample., On the
cold side of the _arbzn, a layer zf epoxy was added between the
sample ard the vring to assure that nc flow would occur in the cement
S.bsequently, +he sample: were glued to a rubber gasket. This
prciedaze resulted in i cross sentional flow area of 4.1 squared
tnches <n the sample. The resulting sample assembly was then
sandwiched between the heater and the water-ccoled jacket by
tightly szrewing the hreater -0 the jacket with the sample assembly
in between as shown in Figure 2.

Micrometrics Instrument Corporation performed mercury

porosimetvy tests sn smaller carbon samples of FC-01 and FC-25

o ratr A S et S et B — -
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which were cotained from the same block of carbons from which
the test samples were machined. The resulting mercury penetratiocn

zurves are shown in Figures 3 und 4.

3.4 .The Gases

Four gases were chosen for the experimental investigation.
These are helium, nitrcgen, argon and sulfur hexafluoride. They
cover a wide range of molecular weights and viscosities and are
all inert and non-toxic at ordinary temperatures. Some of the

properties of these gases at a temperature of 288°K are given in

Table 1.
Table 1
Properties of the Gases Used in the Investigation
Gas Molecular Weight Viscosity x 106 Mean Free Path x 106
gm/cm-sec cm
Helium 4 194 18.62
Nitrcgen 28 173 6.28
Argon 40 220 6.66
Sulfur 146 149 2.42
Hexafluoride

Helium, nitrogen and argon are well-known jdeal gases at

the pressures and temperatures encountered in this investigation.
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The compressibility tactor, Z, for sulfur hexafluoride, given

by

- P
Z ORT (3.1)

has a value of 0.981 at a pressure of 1 atm. and a temperature of
298°K. Therefore, the error involved in using the ideal gas
ejuation of state in determining the density of this gas under these

conditions 1s less than 27%.

3.5 Experimental Procedur:

Before the actual flow tests were executed, the two samples
were tested for radial leakage. At the highest pressure drop
enzoun‘ered during the flow rests no radial leakage was obserwved.

A typical experiment consisted of installing the sample assembly in

the test cell as shown in Figure 2. The test cell was then closed

and the :nlet and outlet tubes were connected. The entire system

was then evazuated to a pressure of about 4 in. Hg absolute by

starting the vacuum pump, cl-sing the wvalve upstream of the rotometer
and cpening the downstream thrcttle valve. The system was kept under
an evacuated condition for abcut one hour to assure the desorption

of foreign gases from the porous carbon. Gas was then admitted to

the system. The heater voltage and the flow rate of cold water in

the jacket were adjusted, and the inlet pressure was fixed at 30 in. Hg
absolute. The system was allow:d te run at the highest gas flow

rate until steady flow was achieved. The pressure drop across the
sample, the flow rate, and the hot and cold carbon surface temperatures

were then recorded. This measurement procedure was repeated for the

i a e ee
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same inlet pressure and temperature conditions of the sample under
different flow rates. At each flow rate setting, which was accomplished
by the adjuscment of the downstream throttle valve, the system was
allowed to reach steady state.

The entire procedﬁre outlined above was repeated for the
four gases and the two carbon samples. Except for sulfure
hexafluoride, each gas was run under zero, positive and negative
temperature gradient conditions. The negative temperature gradient
was achieved by simply reversing the direction of the flow through the
test cell, Due to the uncertainty regarding the chemical stability
of sulfur hexafluoride at high temperatures, positive and negative

temperature gradient conditions were not attempted for this gas.

3.6 Measurement Errors

Considering the instrumentation and the rcproducibility
of data in the calibration of the rotometers and the radiometer,
the certainty regarding the measured parameters may be estimated.
The erxors involved in the flow rate measurements by the rotometer
are twofold. One involves the reproducibility of data which was
determined during calibration, while the other involves the accuracy
with which the pusition of the floats in the flowmeter tubes can be
read. Thus, in the case of the flow of argon in the Matheson 600
tube, at & flow rate of 40 standard cc/min, the error involved in
reading the position of the floats leads to an uncertainty which is
less than 0.3 standard cc/min in the flow rate. At flow rates

about 5 standard cc/min, this uncertainty decreases to about 0.2
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standard c./min. The reproducibility of calibration points was
found to be excellent in both high and low flow rates.

The uncertainties in the measurement of temperc_ure by the
radiometer are of a more complex nature. These include the assumption
that the emisgivity of the carbon surfaces in the test cell is
unity. Moreover, errors are involved in the reduction of radiometer
data from the net voltage output of the radiometer electronics
unit to a final value for the remperature. This procedure is
outlined in detail by Somerville [3]. By considering all the factors
involved, the temperature measurements are estimated to be within
2% of their true values on the Kelvin scale.

Since all the crucial pressure measurements were taken from
mercury .anometers, the only error which may be of significance

is the readability of the level of mercury. The resulting error is

within 0.1 in. Hg.
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CHAPTER IV

EXPERIMENTAL RESULIS

The inlet pressure for all the flow experiments was kept
constant at 30 in. Hg absolute. At room temperatura, thereifore,
the inlet volume flow rate, Qin’ which is measured on the upstream
side of the carbon sample, and the pressure drop, Ap, uniquely
determine the permeability for a given gas. Assuming that the

densities of all the gases are given by the ideal gas relation

P 'P! ’ (4.1)

the mass flow rate can be easily determined as follows:
B d Qin . (4.2)

For the FC-0l1 carbon, the mass flow rate of argon as a
function of the pressure drop, under zero, positive and negative
temperature gradient conditions is shown in Figure 5. Even though
this carbon sample has very fine pores, and the free molecule tlow
regime is expected to oczur through most of tha sample, the temperature
gradient itself did not seem to affect the flow. This is evidenced
by the coincidence of the positive szd negative temperature gradient
flow values in Figure 5. This effect was observed in the results
of all the flow experiments. The observed decrease in the mass
flow rate in the presence of a temperature gradient is totally

attributed to the dependence of gas properties on temperaturc in that
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& mean temperature increase reduces the density and increases thc
viscosity of the gas.

The lack of an observable effect due to the temperature
. gredient is predictable. Even if free molecule flow is the dominant
flow regime in these carbons, the flow rates due to the pressure
drops are so high that the contribution of thermel diffusion becomes
negligible.

In flow studies through porous media, it is customary to
present the data in the form of permeability, K, as a function of
mean pressure, Pm. From the definition of permeabi.ity in
Equation (2.1) and the value of the inlet pressure, such a graph is
easlly obtainable from the experimentally measured parameters. For
the flow cf argon in FC-01, this is shown in Figure 6.

The existence of a permeability which is independent of
the mean pressure, as in the present case, 1s evidence that free
molecule flow is the dominant flow regime. In general, if the inlet
pressure is kept constant, the shape of the permeability versus mean
pressure curve indicates the flow regime which has the most
influence on the gross characteristice of the flow. These are
discussed in decail bty Grove [12].

For the flow of argon in FC-25, mass flow rate as a function
of pressure drop, and permeability as a function of mean pressure
are shown in Figures 7 and 8, respectively. Jue to the exis’ence of
larger pores in FC-25, for a given pressure drop the flow rates are
higher than those in FC-0l. A corresponding increase in the

permeablility is also observed. As before, temperature gradient




27

b e @ S——t S, - n'§-‘ 2

N

r
0.40
=}
2
NE 0.30
[ 7]
>
EY )
L]
A dT
a 0.2 ] = O T, = 298°%K |
: A Lo gzok/em, T = 421°K "‘
2 dx ' m ;
dT . |
0.10 O " -85% /cm, Tm = 429°K -4
7
| :
|
| 0 " . A . —
1 0.4 0.5 0.6 0.7 0.8 0.9
Mean Pressure, atm. "1

Figure 6 Permeability Versus Mean Pressure fur Flow of Argon in FC-0l




6.0 |
5.0 }
g 4.0}
: B
¢ ~
¥ &
N .
! o~
- o)
-‘ = a0t}
- ®
; o
Fe}
L]
(-9
3 2.0} ST .o, T = 298k
! dx m
A = s0°K/em, T_ = 401°K
g}‘. - - L] = -0
1.0 } O & 41°K/cm, T, 39:°K
5
U 2 ry e A e vy
0 5.0 10.0 15.0  20.0 25.0 30.0

Pressure Drop, in. Hg

Figure 7 Mass Flow Rate of Argon in FC-25 Versus Pressure Drop




B il - % VS
1

S

2.0¢
W
e L5}
3
~
™~
1]
0
5 1.0}
o
= dT
Q — = o
% O G = 0 T = 298%K
daT _ iy o o o
& 0.5¢% A Ix 50 K/cm, Im 401°K
d-’r = _I -] " = -]
5 41°K/cm, Im 397°K
0 " N n .
0.5 0.6 0.7 0.8 0.9 1.0

Mean Prussure, atm.

Figure 8 Permeability Versus Mean Pressure for Flow of Argon
in FC-25




Rl

A AT e A A RS

R

N R A e

30

itself does not have any appreciable effect on the flew. In
contrast with flow in FC-01, permeabilities show a definite rise with
mean pressure increase, indicating the influence of continuum flow.

The flow characteristics of argon in the two carbons are
more or less typical of those of the other gases examined, as evidenced
by the flow rate versus pressure drop curves in Figure 9 for the FC-25
carbon. The reduced experimental data for all the flow experiments
(helium, nitrogen, argon and sulfur hexafluoride) are presented in the
Appendix.

The isothermal permeabilities for the flow of gl' “"e gases
through FC-01 and FC-25 are shown in Figures 10 and 11, respectively.
In the case of the flow of nitrogen in FC-0l, Somerville [3] reports
a permeability which rises with the mean pressure increase. Since
he conducted his experiments under varying inlet pressure conditions,
it is concluded that mean p:essure alone does not uniquely define
the permeability. This conclusion is consistent with the observation
that different flow regimes may exist with the same mean pressure,
Thus, the observed rise in the permeabili~- in the case of Somerville's
data is totally attributed to inlet pressure variations.

At a mean pressure of 0.7 stm. and room temperature, the
viscosities, molecular weights and the Knudsen numbers based on the
median pore diameters of the two carbons are given ir Table 2. By
noting that the important gas parameter for high Knudsen number
flows is the viscosity, and for low Knudsen number tlows is the

molecular weight, the qualitative behavior of tlie gases in the two

pcrous carbons as shown in Figures 10 and 11 can be appreciated.
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Figure 9 Isothermal Mass Flow Rates Versus Pressure Drop in FC-25
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The FC-0l1 permeabilities increase with decreasing molecular weights,
further verifying the dominance of free molecular phenomena. The
. relative shift of the argon and sulfur hexafluoride permeabilities
.h in FC-25 clearly indicates the influence of the low viscosity of the

latter, signifying tae rzlative importance of continuum phenomena.
Table 2

Significant Gas Parameters in Flow Through FC-01 and FC-25
at Room Temperature and 0.7 atm. Pressure

Gas Molecular Weight Viscosity x 106 Knudsen Number
gm/cm-sec FC-01 FC-25

Helium 4 194 1.40 4.62
Nitrogen 28 173 4,02 13.20
Argon 40 229 3.90 12.80
Sulfur 146 149 10.70 35.10

Hexafluoride

A detailed examination of the effect of gas properties on
the permeability of FC-01 and FC-25 is the subject of the next

chapter.

|




CHAPTER V

DEPENDENCE OF PERMEABILITY ON GAS PROPERTIES

5.1 Introduction

Permeability is a measure of the flow rate per unit sample
area per unit pressure gradient. It ie not a porous medium property.
As a resvlt, the thermodynamic and transport properties of the gas and
some unknown properties of the porous carbon all constitute the
variables on which permeability depends. The determination of the
relationship between the gas properties and the permeability will be

discussed in this chapter.

5.2 Application of Existing Models

The most widely used model in permeability determinations

is the one developed by Carman and Arnell and given as

) +%K v . (2.2)

B
On a permeability versus mean pressure curve, ﬁg is the slope and

% Ko v is the K-intercept. As pointed out in Chapter II, B° and
Ko are, presumably, porous mediumn properties alone. The success
of the model lies in the accurazy with which experimentally determined
values cf Bo and Ko tor one gas may be used to predict permeabilities
for other gases.

These two parameters were calculated from experimentally
determined isothermal permeabilities for helium, nitrogen, argon

and sulfur hexafluoride in FC-01 and FC-25. These values are given

in Tables 3 and 4. Hutcheon, et al., [13], working with fine-pored




36

Table 3

. Values of Bo and Ko for FC-01

2
Gas Bo, cm Ko’ cn
Helium 5.7 x 10713 1.05 x 1077
Nitrogen 0 1.92 x 10”7
Argon 0 2.28 x 1077
Sulfur 0 1.66 % 107/
Hexafluoride
Table 4
Values of Bo and Ko For FC-25
2
Gas B, cm K, cm
o o
Helium 8.48 x 10712 2.11 x 107
Nitrogen 5.68 x 1072 3.14 x 107/
Argon 4.58 x 10712 2.21 x 107/
-12 -7
Sulfur 5.53 x 10 1.93 x 10

Hexafluouride
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carbons, calculated the values for Bo and Ko from flow data. Their
reported numbers are of the same order of magnitude as those in
Tables 3 and 4. For the present study, although the order of
magnitude of Bo's and Kb's are the same for a given carbon, in some
cases, there is significant variation from gas to gas. Thus, the
present results imply that characterization of fine-pored carbons by
Bo and Ko alone is not adequate. In cases where variations of these
parameters are observed depending on which gas is used, their
relationship with the gas properties is not known.

In the application of Somerville's model [3], the only
parameter to be determined experimentally is the number of zero
thickness planes that need to be stacked, one behind the other, to
cbtain the experimentally observed pressure drop for a given rate of
flow. These numbers were determined by a trial and ervor procedure

from Somerville's computer solution and are given in Table 5 for flow

in FC-25.

Table 5

Values of N Using Somerville's Model for FC-25

Gas Heiium Nitrogen Argon Sulfur
Hexafluoride

N 15.5 13.0 14.5 13.5

.
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Contrary to Somervilie's findings, permeability was fournd tc

be a highly sensitive function of N. In the light of thia observation,

although the values of N given in Table 5 are not too far apart the
use of the same N to predict permaabilities for different gases <an
lead to seriously erronecus results. For example, in the case of
flow of argon in FC-25, an increase of 3.4% in N in the computer
solution decreases the predicted permeability by as much as 7.4X.
Thus, N is also dependent on the gas used. However, after this
parameter is determined for a given gas and porous material, it can
be successfully used to predict the permeability under different

flow conditions.

5.3 A New Experimental Correlation

The complex structure of consolidated fine-pored carbons
can, in general, support continuum, transition and free molecule
flow simultaneously. As evidenced from the permeability results
given in Figures 10 and 11, the predominant flow regimes in FC-0l
and FC-23 carbons can, at best, be classified as transition flows.
Although the exact determination of the functional relationship
between the gas properties and the permeability i1s a matte: of
sonsiderable difficulty, some physical and intuitive arguments as
to the expezted nature of this dependence may be of value.

In the transition regime, the frequency of molecular
collision is of the same order of magnitude as that of mulezule-
wall collisions. Thus, apart from the thermodynamic properties,

the viscosity and the mean thermal speed become the two interacting

gas parameters on which the permeability should depend. In the

P <> KNSy

ALk o e 4
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limit of high Knudsen numbers, the higher the viscosity, the lower

N

the permeability. For very low Kaudsen numbers, viscosity is not
important and one would expect the permeability to be a monotonically
increasing function of v.

At a mean pressure of 0.7 atm. and room temperature, the
viscosities, mean molecular speeds, permeabilities and the Knudsen
numbzrs based on the median pore diameters of the two carbons are
g.ven in Table 6. Examination of the gas and flow parameters given
in Table 6 for the two carbons and the four gases can lead to a

better physical understanding of the flow. For flow in the FC-01

A W i

carbon, due to the small Knudsen numbers, the free molecular regime

is expected to be more predominant. This conclusion is further
varified by the fact that the permeabilities increase with increasing
mean molecular speeds, However, the permeabilities are not directly
proporticnal to V as one would expect in a purely free molecular

flow. The lack of this pxopcrtionality is attributed to the vaxiations
in the viscosities of the four gases, indicating the simultanesus
presence of continuum phenomena. In the case of the FC-25 carbon,

due to the larger Knudeen numbers, the influence of continuum

effects is moxe proncunced. For helium, nitrogen and argon the

permeabilities in:zrease with increasing mean molecular speeds. i
However, the permz2ab.ility of FC-25 to sulfur hexafluoride does not
1

follow this trend. This effect is clearly due to the low viscosity

of this gas. Thus, the flow of helium, nitrogen, argon and sulfur
hexafluoride is best characterized as transition flow in both pczous
carbons, and v and n both have a significant influence on the

permeability.
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The physical phenomena just described also suggest a technique

for correlatiﬁg the experimental permeabilities as a function of

.

the gas properties. In all cases, increasing the viscosity decreases :
the permeability, while increasing the mean molecular speed increases

the pqrmcebility. This observation suggests that the product of

K, n‘and v would probably corralate with a significant ges parameter,

such as the molecular weight. However, instead of dealing with the

product nv, consider the mean free path, Am' evaluated at the

inlet pressure and the mean temperature. Fecr a hard sphere moiecular

model, Am is given by
TRT 1/2

n o} T ‘
m Pin 2M bPin

In addition to containing the two parameters, n and v, the mean tree
path is inversely proportional to the Knudsen number [Equation (1. 1)]
which i{s of direct significance in flow through fine-pored media.
Thus, it is expected that \mK will correlate with the mcleculsax
weightas of the gases.

For flow in FC-25, a log-log plot of XmK versus the molecular
weighte of helium, nitrogen, argon and sulfur hexafluoride 1s shown
in Figure 12. The points shown correspond to a mean pressure of 0.6
and 0.9 atm. for zero, positive, and negative temperature gradients.
Sinze the points for a given mean pressure appear tuv fall on a

straight line, it can be inferred that

A

K-y , (5.2)
m
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where A  Ls a funcrion of che carbon and the mean pressure, while

2 1s porous carbon dependent only. It is further indicated that the
effect of remperarure can be easily taken into account by a mean
temperature zo:rection 1n the Am erm.

A similar curve far flow in FC-01 1s given in Figure 13.
Since mean pressure does not have a significant eftect on the
permeabilities, all the experimepntal points of Figure 10 zollapse
on the same poant in Figure 13. Unlike the flows in FC-25, z
mean tempera‘ure rise increases RmK for the same ze¢. ‘n FC-01.
Since FC-0l 1s a particulariy fine-pcred sample ot graphite stx::ture,
this effect ~ould be due to the bliockage of pores as a resultc of
adeorption. The ¢ame phenomenon, if it is in fact present, zan
explaln ¢he unexpectedly low AmK for sulfur hexatluoride Due v
larger molecular size 2f sultur hexafluoride, the blcckage or pures
due to its adscrpticn 1s more appreciable.

Table 7 gives the resulting values of Ao and o for the two
arbens.  The value ot A3 tzr FC-25, as noted in the table, 1¢ nc-
only a f{unztion of ihe m=an p:essure, but is also dependen:. or. the
pressuvre and temperature snditions chosen for Am' The expouent o,
however, seemr tu be a punition of the porcus material alere,
irrespective of the p:es:ule and temperature conditions. Hence,
1t 1s expected thar the permeability of any other gas in FC-01 and
FC-25, unde: .oudit1ons not too tar removed frum those given in

Figures 12 and 13, may be calcuiated from the A 's ana a's given 1n
(8]

Table 7
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Table 7

Vailues of AO and 2 for FC-0l and FC-25 Carbons

Carvon A,, cc/min a
s () -
Pr C.6 P 0.9
-5 -5
FC-01 7.2 » 10 7.2 x 10 -0 86
FC-25 194 x 107° 2.48 x 10 0.7

5.4 Propzsed Correlation Applied to Other Data

Barrer and Stra:han [11) repert their experimentally determined
permeabrlities for the flow cf hydrogen, helium, nitrcgen, nesn,
argon and kryptcn in -ompacted Carbolac carbon powde:r ac low
pressures, under 1iscthermal conditions at 298°K. Their reported
permeabilit:es do not show a signiiicant variation with the mean
pressuve, indi-ating the 1niluence cof free molecuiar phenomena.
The applicaticn or the Carman and Arnell equation

B

0
K= —
3

4 - .
Pt 3 K3 v 2

(39

implies thaz Bo » 0. 7Thus, it is expectad that a plot of K versus v
for all the gases 1avolved would result in a straight line, wath

% Ko as the slope. Su<b a plot 1s shown in Figure la. This tiguze
implies that no matter how K3 is related to the moze familia:

porous medium properties, it 1s also dependent on the gas. Thus,

the Carman and Arnell model, although applicable under -ertain

circumstances, fails in this case also.
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As a test of the newly~-proposed experimental correlation
given 1n Equation (5.2), a plot of the product cf the mean free
paths and the permeabilities versus the molecular weights of the
gases 1is shown in Figure 15, The mean free paths chosen in this
case are those at atmospheric pressure and 298°K. The choice of
the atmospheric pressure instead of the actual inlet pressure (not
known) has the socle efiect of altering the value of Ao’ leaving a
unchanged On the basis of this correlation, all the experimental
points are predictable with an accuracy higher than 12%. Sinze the
gases involved in Barrer and Strachan's experiments possess
diverse physical properties, the success of the present correlat.on
implies that the impcrtant gas and porous medium parameters have
been distinguished from eazh other in Equation (5.2), and that

this equation adequately expresses the effect of gas propercies :a

the permeability c¢t fipe-pcred carbonms,
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CHAPTER VI

SUMMARY AND CONCLUSION

6.1 Summary

An experimental investigation of the permeability of two
fuel cell grade fine-pored carbons with four gases of diverse
physical properties has been presented in the previous chapters.
The determination of the effect of gas properties on the
permeability, which was the objective of this research effort, was
discussed in Chapter V. The examination of two existing mathematical
models regarding gaseous flow through porous media indicated the
inadequacy of these models in predicting the effect of gas properties
on the permeability. A new experimental correlation which was mainly
based on physical and intuitive considerations was presented This
correlaticn could predict permeabilities as a function of the gas
properties within 7% of their true value, except in the case of the
flow of sulfur hexafluoride in the finer-pored carbon (FC-01).
Phy_ical adsorption of the gas molecules to the walls of the pores
was presented as a plausible cause of the behavior of gases in FC-01.
Finaily, the correlation was successfully applied to a set of

experimental results obtained by other investigators.

6.2 Conclusion
In the study of the permeabilities of the FC-0l and FC-25

carbons with helium, nitrogen, argon and sulfur hexafluoride,

1t was found that:
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1, Mean pressure alone does not uniquely define the
permeability. Inlet pressure is also a variable.

- 2. Temperature gradient itself does not affect the
permeability in these carbons. The decrease in the
permeability when e temperature gradient is present is
rotally attributed to the mean temperature variationms.

3. In the aspplication of Carman and Arnell's model, the
parameters Bo and Ko, given in Equations (2.4),
were dependent on the gas properties. The nature of this
dependence is not known.

4., The value of N in Somerville's model has some dependence
on the particular gas used. Due to the complexity of
this dependence, attempts at correlating N with the
important gas parameters were not successful.

5. A new experimental correlation, given by Equation (5.2),
adequately elucidates the effect of gas properties on
the permeability.

6. The new correlation tends to indicate that physical
adsorption may be a significant phenomenon which

affects the permeability in the finer-pored sample.

6.3 Recommendations for Additional Work

The flow of gases with a wide range of physical properties
through a given porous sample cannot only lead to a good understanding
of the important gas parameters involved, but also point out the

nature of the dependence of the permeability on the porous sample

et o i ————— e o
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itself. Additional experimental and theoretical work in this area
would be cf value.

A knowledge of the gas-porous medium system under transient
flow conditions would alsoc be of significant value in some engineering
applications.

Finally, a study of the occurrence of physical adsorption

and ics effect on the permeability could elucidate some of the

phenomena which occur in the flow of gases through fine-pored media.




Ry

10.

110

12,

13.

BIBLIOGRAPHY

Orr, C., "Application of Mercury Penetration to Materials
Analysis,'" Powder Techmology, Vol. 3, (1969), p. 117.

Bickerman, J. J., Surface Chemistry, (New York: Academic Press,
1947, p. 322).

Somerville, M. H., '"Non-Isothermal Gaseous Flow Through Fine-
Pored Media," Ph.D. Thesis, Mechanical Engineering, The
Pennsylvania State University, 1972,

Cha, C. Y., McCoy, B. J., "Application of Third-Order Constitutive
Relations to Poiseuille Flow of a Rarefied I.;," The Journal of
Chemical Physics, Vol. 54, (1971), p. 4373.

Adzumi, H., "On the Flow of Gases Through a Porous Wall,"
Bulletin of the Chemical Society of Japan, Vol. 12, 1937, p. 304.

Childs, E. C., Collis-George, N., '"The Permeability of Porous
Materials," Proceedings of the Royal Society, Vol. A201, 1950,
p. 392,

Evans, R. B , Watson, G. M., Mason, E. A., "Gaseous Diffusion 1in
Porous Media 11, Effect of Pressure Gradients,'" Journal of
Chemical Physics, Vol. 36, 1962, p. 1894,

Lammers, G. B., '"The Application of Thermal Transpircaticn to a
No-Moving Part Pump,”" Ph.D. Thesis, Mechanical Engineering,
Case Western Reserve University, 1969.

Carman, P. C., and Arnell, J. C., "Surface Area Measurements of
Fine Powders Using Modified Permeability Equatiomns," Canadian
Journal of Research, Vol. A-26, 1948, p. 128,

Kennard, E. H., Kinetic Theory of Gases, (New York: McCraw-Hill,
1937, p. 331).

Barrer, R. M., Strachan, E., "Sorption and Surface Diffusion in
Microporous Carbon Cylinders," Proceedings of the Royal
Society, Vol. A-231, 1935, p. 52.

Grove, D. M., "Permeability and Flow Studies," in Carbon,
(New York: Academic Press, 1967, p. 155).

Hutcheon, J. M., Longstaff, B., Warner, R. K., in Society of
Chemical Industry Symposium on Industrial Carbon and Graphite,

1958, p. 259.

oS o

st Ay s U s Kk Mt -




e

t
k-
APPENDIX i
|
EXPERIMENTAL DATA ;
All the experiments were performed with an inlet pressure of ]
1
30 in. Hg absolute. All other flow parameters may be determined with i
the aid of the fcllowing tabular data. !
Gas: Helium Gas: Helium Gas: Helium 1
Porous Carbon: FC-01 Porous Carbon: FC-01 Porous Carbon: FC-01 ‘
l dT/dx = 0 dT/dx = 55°K/cm dT/dx = -58°K/cm ﬂ
; T = 298°K T = 412°K T = 415°K
: m m m 1
& x 107 Ap i x 107 tp & x 10% Ap
(gm/min) (in. Hg) (gm/min) (in. Hg) (gm/min) (in. Hg)
i 44.3 27.5 3.61 27.7 37.7 27.7
40.2 24,1 3.36 24,6 32.8 23.7
3.5 20.9 2,95 21.5 27.9 19.8
29,5 1€.2 2.54 17.1 21.3 15.2
! 20.5 11.4 2.05 14.3 12.3 8.8
12.6 7.3 1.48 10,2 4,92 3.4
10.3 5.9 1.07 7.2 16.4 11.9
° 6.89 4.0 8.21 6.0
6.24 3.6
25,4 13.6
Gas: Helium Gas: Helium Gas: Helium
Porous Carbon: FC-25 Porous Carbon: FC~25 Porous Carbon: FC-25
dT/dx = 0 dT/dx = 38°K/cm dT/dx = =41°K/cm
T = 298°K T = 394°K T = 395°r"
m m m
5 4 . 4 . 4
m x 10 Ap m x 10 Ap m x 10 Ap
(gm/min) (in. Hg) (gm/min) (in. Hg) (gm/min) (in. Hg)
128. 25.2 91.9 25.9 92.7 26,1
115. 22,2 83.7 22.6 82.9 23.3
108. 20.1 73.9 19.6 72.2 19.5
98.5 17.8 64.0 16.7 57.4 15.3
85.3 15.0 50.9 12.9 45,1 11.6
68.9 11.7 27.9 6.4 36.1 9.4
47.6 7.8 20,5 4.7 27.9 6.7 ‘
36.1 5.8 9.03 2.1 14.1 3.4
18.1 2.7 7.06 1.7 9.36 2.2
15.9 2.5 37.7 9.2 4,92 1.3
12.8 2.0 40,2 9.9
5.74 1.0
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4
Gas: Nitrogen Gas: Hitrogen Gas: Nitrogen J
- Porous Carbon: FC-01 Porous Carbon: FC-01 Porous Carbon: FC-01 ;
dT/dx = 0 dT/dx = 84°K/cm dT/dx = -79°K/cm |
T = 298°X T = 433°K T = 428°K
n m m
f x 10° Ap @ x 10° Ap s 107 Ap
(gm/min) (in. Hg) (gm/min) (in. Hg) (gm/min) (in. Hg)
18.4 24,2 15.3 28.0 1.44 27.0
16.7 21.8 14.4 26.0 1.44 26.8
13.8 18.3 12.4 22.1 1.25 22.9
12.6 17.0 9.88 18.2 1.01 18.9
12.1 16.4 4,60 12.2
9.19 13.8 5.74 13.2
20.4 27.6 4,25 11.4
20.9 27.7 2.87 9.8
15.2 19.8 5.97 13.6
11.5 15.6 7.24 15.0 i
7.81 11.2
4.60 8.4 !
]
Gas: Nitrogen Gas: Nitrogen Gas: Nitrogen
Porous Cerbon: FC-25 Porous Carbon: FC-25 Porous Carbon: FC-25
' dT/dx = 0 dI/dx = 34°K/cm dT/dx = -51°K/cm
T = 298°K T = 391°K T = 403°K
m m m
* m x 102 bp m x 102 Ap m x 102 Op
(gm/min) (in. Hg) (gm/min) (in. Hg) (gm/min) (in. Hg)
5.23 22.0 3.76 26.1 3.79 26.3
4,94 21.4 3.45 22.2 3.53 22.3
4,71 19.9 3.22 19.5 3.17 19.2
4,48 18.2 2.85 16.7 2.64 14.9
4.02 16.6 2.70 15.8 2.16 11.6
3.56 14.0 2.37 12,9 1.70 9.1
3.04 12.0 1.59 8.35 1.10 6.2
2.18 8.2 1.34 5.75
1.40 4.8 2.01 10.1
5.51 25.0
4.37 17.5
3.99 16.0
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Gas: Argon
Porous Carbon: FC-01
dT/dx = 0

T = 298°K

m

& x 10° bp

(gm/min) (in. Hg)
16.4 28.1
15.4 26.0
13,6 23.2
11.5 19.2
10.0 16.7
7.39 11.8
4.60 7.7
5.09 8.4
12.5 21.0

Gas: Argon
Porous Carbon: FC-25
dT/dx = 0

T = 298°K

m

i x 10° bp

(gm/min) (in. Hg)
53.7 25.6
44,3 19.1
40.2 16.6
32.8 13,1
21.0 7.5
5.91 2.1
16.4 6.1
9.36 3.3
26.8 10.0
31.2 12.2
36.9 15.0
49.2 21.8

Gas: Argon
Porous Carbon: FC-01
dT/dx = 82°K/em

T = 421°K

m

i x 10° Ap

(gm/min) (in. Hg)
13.1 28.3
12.0 24.9
9.85 20.7
5.74 11.7
5.25 10.6
4.92 9.9
7.55 15.4

Gas: Argon

Porous larbon: FC-25
dT/dx = 50

T = 401°K

m

& x 10° Ap

(gm/min) (in. Hg)
36.9 26.3
35.3 24.3
30.4 18.9
25.4 14,2
15.6 8.6
7-39 3.8
22.2 12.2

55

Gas: Argon
Porous Carbon: FC-01
dT/dx = -35°K/cm

T = 427°K

n

& x 10° Ap

(gm/min) (in. Hg)
13.1 28.3
11.8 25.2
10.2 22.1
6.07 12.8
4,92 ic.4
9.06 19.9

Gas: Argon

Porous Carbon: FC-25
dT/dx = -%41°K/cm

T = 397°K

m

& x 10° Ap

(gm/min) (1n. Hg)
36.6 26 .3
31.5 21.7
28.7 18.6
23.0 13.4
16.1 9.2
7.71 4.2

RN,




Gas: Sulfur Hexafluoride
Porous Carbon: FC-01
dT/dx = 0

T = 298°K
m

@ x 102 Ap
(gm/min) (in. Hg)

4.19 28.1
3.89 26.2
3.71 24,6
3.44 22.8
2.70 15.4

56

Gas: Sulfur Hexafluoride
Porous Carbon: FC-25

dT/dx = 0

T = 298°K

m

@ x 102 Ap

(gm/min) (in. Hg)
20.5 22.9
18.2 18.4
16.4 16.0
14.5 13.5
10.7 9.2
7.01 5.9
4,25 3.2
12.6 11.0
19.2 19.9
7.97 6.9
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