Subscripts

0 = inlet of heating

c = critical condition

w = wall, lower boundary
Superscripts

— = undisturbed phase

® = perturbed phase

“o —_—

amplitude of the disturbances
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Pore Accessibility Applied to Correction of Errors in Mercury

Porosimetry

Characterization of the structure of porous materials
is often necessary for an understanding of the properties
and behavior of these materials in such varied applications
as catalysis, fuel cells, secondary oil recovery, etc. Tradi-
tionally, porosity and pore size distributions have been
important measures of pore structure conveniently deter-
mined by mercury penetration porosimetry. However, re-
searchers have begun to inquire concerning the accuracy
of mercury porosimetry, as well as possible alternate
means for quantification of pore structure. This note pre-
sents a flexible, general method for the correlation and
correction of distortions in porosimetry measurements and
advances the concept of pore accessibility as an important
characteristic of pore structure.

Mercury intrusion porosimetry inherently introduces
errors into the determination of pore size distributions. It
will not account for pores which can only be entered
through pores or necks narrower than the pore itself.
Intruded volumes of these pores are incorrectly assigned
to the radii of smaller pores leading to these partially
accessible pores, The extent of these errors appear to be
dependent on sample size. A thin sample will have most
of these larger pores easily accessible to the sample sur-
face while a thick sample will have many large pores
buried deep within the pore structure.
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Meyer (1953) developed a probability-based method
to correct errors introduced by these partially accessible
pores. Kzenyhek (1963) expanded on the earlier work
of Fatt (1956) in an effort to produce a more generalized
correction method which took into account the size of
the porous sample. The present work advances the ap-
proaches of Kzenyhek and Fatt such that distributions
of pore length and the number of pore which connect
at pore junctions are included in a generalized approach
to correction of porosimeter data.

SYSTEM MODEL

Stochastic simulations of mercury intrusion porosimetry
were performed in order to determine the sensitivity of
errors in pore size distributions to: (1) shape of the
actual pore size distribution, (2) sample size, (3) varia-
tions of pore length with pore radius, and (4) average
number of pores which meet at a pore intersection. For
simplicity, various beta distributions (Greenkorn and
Kessler, 1969) were used to assess the influence of the
shape of the pore size distribution. Pore lengths were
related to pore radii by means of an inverse power rela-

tionship suggested by Fatt (1956):

l:lor'“ a=0
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A two-pass computer program was used to simulate
contributions of primary pores to the mercury penetration
volume. Large numbers of mercury slugs were initiated
at the appropriate sample face and were tollowed through
the pore structure as a function of increasing mercury
pressure. At junctions of pores, random numbers were
utilized in order to determine the orientation, radius, and
length of the most probable pore for mercury penetration
at the current system pressure. A self-normalizing routine
based on an isotropic distribution of pore directions was
used to determine the spatial position of the next pore
junction. The average pore length was chosen as the
spatial unit in the direction normal to the sample face.
A second pass through the porous material was necessary
in order to account for spatial interference of mercury
slugs within the simulated sample. Typical computational
times were 15 to 30 min. on an IBM 360/350 computer.

Output from the stochastic program was smoothed and
normalized by a second program. Local mercury satura-
tions of primary or active pores indicate the accessibility
of secondary pores to the advancing mercury front.
Resulting mercury saturations of these secondary pores
are combined with primary pore saturations to yield in-
truded volume as a function of mercury pressure. Output
of the final program also includes apparent pore size dis-
tribution errors associated with the presence of partially
inaccessible pores.

MODEL RESULTS

Evaluation of simulation results indicate that a gener-
alized correction function can be used to correlate and
predict errors in pore size distributions resulting from the
presence of large pores deep within the porous medium.
For a given reduced sample thickness, a normalized cor-
rection correlation was found to satisfy the pore size
distributions error function. In addition, the sensitivity of
errors “in pore size distributions to various properties of
porous materials has been determined.

Trends in the correction function are illustrated by
Figure 1. The penetration error represents the difference
between mercury intrusion for an ideal, totally accessible
sample and the apparent mercury penetration for the ac-
tual test specimen. This penetration error is given

€= j:'m [D(f,)true - D(r’)apparent] dr

Generalized correlations are presented by use of a re-
duced penetration error defined as

E=-—
€m
where ep is the maximum value of penetration error cor-
responding to the limiting case of an infinitely thick sam-
ple. In order to present the most generalized correlations
possible, apparent penetration has been used as the inde-
pendent variable in Figure 1, such that

’
p= f D (1") apparent dr

The reduced thickness is defined by
d
D=—
do

where d is a characteristic length which is a function of
porous material structure. A reduced relative maximum
error is defined
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E =—
€m
where ¢ is the relative maximum penetration error for a
given sample thickness.

Values of en and dy for a particular porous material
are functions of characteristic properties of that sub-
stance. Within the framework of the system model, eight
different simulated porous materials were studied in order
to determine the sensitivity of maximum penetration error
and characteristic length to particular material properties.
System parameters varied in this evaluation included:
(1) shape of the true pore size distribution as represented
by a particular beta distribution, (2) relationship between
pore length and pore radius as defined by a value of the
inverse power «, (3) breadth of a pore size distribution
of a given shape, and (4) characteristic average number
of pores at a pore junction. A detailed analysis of simula-
tion results indicates that the maximum penetration error
is a strong inverse function of the average number of
pores per junction and varies inversely in a secondary
manner with the power factor «. Characteristic length d,
has been found to be inversely proportional to the breadth
of the pores size distribution and decreases in magnitude
as the pores size distribution becomes more skewed
towards larger pores. A measure of the influence of the
number of pores at a junction or maximum penetration
error is provided by selected model results. For a = 1.0,
porous material simulations indicated that e, = 0.68 for
the case of 5 pores at a pore junction while 13 pores at
a junction resulted in a value of ¢, = 0.34.

COMPARISON WITH LITERATURE RESULTS

Figure 1 and its crossplots can be used to correlate
and predict errors in mercury porosimetry. Joyner and

D=4.62

REDUCED ERROR E
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APPARENT PENETRATION ~

Reduced correction function for selected reduced sample
thicknesses.

Fig. 1.
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Fig. 2. Comparison of model results with data of Joyner et al.

co-workers (1951) measured pore size distributions of
different samples by both capillary condensation and
mercury porosimetry. Results of the condensation method
provides a reasonable measure of the true pore size dis-
tribution since the technique is not significantly influenced
by pore inaccessibility. Comparison of model predictions
with experimental results of Figure 4a of the Joyner arti-
cle is illustrated by Figure 2. The correlations between
model and experimental results implies the following
system parameters: ¢ = 0.06, en = 0.18, E’ = 0.34, and
D = 0.29. The small 6% penetration error indicates that
the test specimen is thin enough for mercury porosimetry
to yield an accurate pore size distribution,

The system model presented in this note also has pre-
dictive power. Porosimeter data for different sample sizes
of a given material can be utilized to back-calculate the
true pore size distribution. Results presented in Figure 4
of the work of Reich (1967) have been analyzed by use
of crossplots of Figure 1. Specimen thicknesses of 5, 10,
and 15 millimeters correspond approximately to reduced
thicknesses of 5.1, 10.2, and 15.3. A relative maximum
penetration error of 0.38 predicted for the 5-mm sample
is comparable to the maximum penetration error of 0.48.
Therefore, mercury porosimetry results for even this thin
sample appears to be significantly in error. An apparent
volume average pore radius of 40 microns (5-mm sample)
is significantly different from a model prediction of 180
microns.

Similar disagreements were found by Dullien and
Mehta (1970) in their comparison of pore size distribu-
tions obtained from a photomicrographic method and
mercury porosimetry, The more exact photomicrographic
analysis of a Woods metal matrix yielded an average
pore radius of 200 microns while mercury porosimetry
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indicated a 40-micron average pore radius. Pore size
distributions obtained by Svata and Zabransky (1968)
with a sedimentation balance method indicated that aver-
age pore radii obtained for sintered silver samples were
approximately twice that predicted by porosimetry results.

CONCLUSIONS

Correlation and prediction methods presented in this
note accent the role of pore accessibility as a primary
mechanism for the introduction of errors into mercury
porosimetry. Trends indicated by the system model are
consistent with intuitive and experimental evidence. The
average number of pores at a pore junction have been
shown to play a critical role in determining the maximum
possible penetration error.

Specification of an accessibility factor in addition to
the porosity and pore size distribution of a sample pro-
vides a more complete characterization of the properties
and behavior of a porous material. Development of a
workable definition of such an accessibility factor, as well
as the implications of this factor in porous system be-
havior, will be the subject of further research specifically
directed towards fuel cell systems.
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NOTATION

d = sample thickness

dy = characteristic length of material
D = reduced sample thickness

D(r) apparent = apparent pore size distribution
D(7)true = true pore size distribution

E = reduced penetration error

E’ = reduced relative maximum error

l = pore length

1y = pore length proportionality factor

r = pore radius

a = length inverse power factor

€ = penetration error

€m == maximum penetration error

e = relative maximum penetration error
p = apparent penetration
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