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CAPILLARY CONDENSATION METHOD
AND APPARATUS FOR DETERMINING
POROSITY CHARACTERISTICS OF A
SAMPLE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention pertains to the field of porosimetery, or the
measurement of the porosity of substances. More particu-
larly, the invention pertains to a capillary condensation
method and apparatus for determining the porosity charac-
teristics of a sample.

2. Description of Related Art

FIG. 1 shows a graph (10) of the gas flow through a
sample with a plurality of pores as the pressure is increased.
When the sample is dry (11), all of the pores are empty, so
the gas flows proportionally to the amount of pressure being
added. After wetting the sample, the pores are all filled (12)
with the wetting fluid. Therefore, the gas does not flow
through the blocked pores. However, as the pressure
increases, the bubble point (13) of the largest pores is
reached. The pores empty out (15) as their bubble points are
reached. The pressure continues to increase, until all of the
pores have been emptied (14). The pore distribution of the
sample is calculated using the ratio between the wet and dry
flow measurements.

The bubble point of a pore in a sample is pressure that can
overcome the capillary action of the fluid within the pores.
The size of the pores in a material determines the bubble
points, or the pressure at which the liquid is extruded or
forced out of the pores—the bubble points are inversely
proportional to the size of the pores. Therefore smaller pores
require higher pressure to reach their bubble point. However,
higher pressure can damage the sample material.

Therefore, for a sample with small pores, an alternative
method can be used. A vapor added to the sample chamber
can condense in the pores, block the pores, and decrease the
flow rate of the gas. At a very low pressure, the vapor flows
through all the pores. As the pressure increases, vapor
condenses in the smallest pores first and decreases the flow
rate of the gas. As vapor pressure increases, the permeability
also decreases. If the permeability at different pressures is
known, the pore distribution can be calculated. A much
smaller pressure is required in this method than in the liquid
extrusion method described above. Much smaller pores can
also be measured by this technique. It is also possible to
measure pore volume by this method by measuring the
amount of condensed vapor. The extrusion technique cannot
measure pore volume.

SUMMARY OF THE INVENTION

A method and apparatus for determining the porosity
characteristics of a sample having a plurality of pores is
disclosed. The sample is located within a pressurizable
chamber and the sample divides the chamber into a first
volume and a second volume. The method begins by intro-
ducing a known amount of vapor into the first volume and
the second volume at the same pressure. In a preferred
embodiment, the pore diameter is calculated after measuring
a decreased final pressure in the chamber after equilibrium
is reached. In another preferred embodiment, a decrease in
the amount of vapor in the chamber is used to calculate pore
volume.

A pressure differential is created, preferably by increasing
the pressure in the first volume by a small percentage (AP,),
and the pressure change on both sides of the sample is
monitored over time. The flow rate of the vapor is calculated
using the pressure change. These steps are preferably
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repeated. The pore distribution in the sample given in terms
of distribution of flow over pore diameter is preferably
calculated from the flow rates. Thus, pore diameter, pore
volume and flow distribution are measurable by this inven-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a graph of gas flow through a sample with
an increase in pressure in a dry sample and a wetted sample.

FIG. 2 shows an apparatus in an embodiment of the
present invention.

FIG. 3 shows a graph of the result of a change in the
pressure in both sides of the sample in an embodiment of the
present invention.

FIG. 4 shows a graph of the result of multiple changes in
pressure in both sides of the sample in an embodiment of the
present invention.

FIG. 5 shows a flowchart of a method of the present
invention.

DETAILED DESCRIPTION OF THE
INVENTION

Referring now to FIG. 2, the apparatus of the present
invention includes a pressurizable chamber (7) for holding a
sample (1). The sample (1), which has a plurality of pores
(2), divides the single chamber (7) into two volumes (3) and
(4) flanking the sample (1). O-ring seals are preferably used
to prevent leakage around the sample.

The sample (1) divides the chamber (7) into a first volume
(3) on a first side of the sample (1) and a second volume (4)
on a second side of the sample (1). In the example shown in
FIG. 2, the first volume (3) is above the sample (1) and the
second volume (4) is below the sample (1). Vapor at a certain
pressure (5) and (6) can be introduced through pressure
inlets (8) and (9), respectively, into the volume (3) above the
sample (1) and the volume (4) below the sample (1).

Referring now to FIGS. 3-5, the method of the present
invention starts in step (100) with a sample (1) in the
chamber (7). By opening valves, a known amount of vapor
contained in a known volume at known pressure is intro-
duced into both volumes (3) and (4) at the same pressure (5)
and (6) through pressure inlets (8) and (9) in step (105).

The decrease in the amount of vapor after it is added is
measured in step (110). This measurement is preferably used
to calculate the pore volume of the sample (1) in step (115).
The amount of the final pressure is measured in step (120).
This measurement is preferably used to calculate the pore
diameter of the sample (1) in step (125).

A pressure differential between the first volume (3) and
the second volume (4) is introduced into the system in step
(130). For example, the pressure in one volume (3) is
increased by a small percentage by introducing vapor into
this volume through the appropriate valve. In a preferred
embodiment, the increase in pressure is approximately 1%.
The new pressure is P_+AP, . Although the pressure increase
(AP,) is described on volume (3) in the examples, the
pressure increase (AP ) could alternatively be increased on
volume (4) or decreased in one of the volumes.

After this step, the pressure on both sides changes in
response to the pressure differential on the two sides of the
sample. The pressure change is monitored, and shown
schematically in FIGS. 3 and 4.

In this example, the pressure decrease (21) on side (3)
after P, +AP, is added to that side (3), is symmetrical with the
corresponding pressure increase (22) on the other side (4).
The pressure, P, gives the largest of the size of the pores, that
contain liquid and do not permit gas flow at P,. The rate of
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change in the pressure gives the flow rate. Pressure (21)
decreases and the pressure (22) increases, until both sides
reach an equilibrium (23).

The pressure change on both sides of the sample (1) is
measured in step (140). The flow rate is calculated from the
pressure change in step (150). Steps (105) through (150) are
preferably repeated multiple times at a higher pressure in
step (145). In a preferred embodiment, these steps are
repeated twenty to thirty times.

In the example, each time the pressure on side (3) is
increased by AP,, the subsequent pressure decrease (31),
(41), and (51) on side (3) is symmetrical with the corre-
sponding pressure increase (32), (42), and (52) on side (4).
The pressure on both sides eventually meet at an equilibrium
point (33), (43), and (53).

The pore distribution is calculated from the flow rates in
step (160). The rate of change of pressure gives the flow rate
per unit pressure difference across the sample through pores
larger than those containing liquid due to condensation at the
measurement pressure. Variation of flow rate per unit pres-
sure difference with pore diameter yields cumulative flow
distribution. These data yield distribution of flow rate over
pore diameter, which is the same pore distribution measured
by extrusion flow porometry.

Although the prior art gas adsorption technique that
operates at liquid nitrogen temperatures can also measure
pore volume, the extreme temperatures make it expensive
and difficult to implement. In contrast, the present invention
overcomes these shortcomings by using temperatures closer
to room temperature. The present invention also can mea-
sure pore characteristics not measurable by the gas adsorp-
tion technique.

Accordingly, it is to be understood that the embodiments
of the invention herein described are merely illustrative of
the application of the principles of the invention. Reference
herein to details of the illustrated embodiments is not
intended to limit the scope of the claims, which themselves
recite those features regarded as essential to the invention.

What is claimed is:

1. A method of determining the porosity characteristics of
a sample having a plurality of pores, wherein the sample is
located within a pressurizable sample chamber, and the
sample divides the chamber into a first volume and a second
volume, comprising the steps of:

a) introducing a known amount of vapor into the first

volume and the second volume at the same pressure;

b) creating a pressure differential between the first volume

and the second volume; and

¢) monitoring a decrease over time in the pressure differ-

ential, created in step b), between the first and second
volumes as pressure in the first volume and pressure in
the second volume approach an equilibrium point.

2. The method of claim 1, further comprising, after step
(a), the step of calculating pore diameter, comprising the
substeps of:

1) measuring the pressure in the chamber after the cham-

ber reaches equilibrium; and

i) calculating a pore diameter using the measurement

from substep (i).

3. The method of claim 1, wherein step (b) is performed
by introducing additional vapor into the first volume to
increase the pressure in the first volume by a small amount.

4. The method of claim 1, further comprising the step of:

d) calculating a flow rate of the vapor using the rate of

pressure differential change in step (c).
5. The method of claim 4, further comprising the step of:
e) repeating steps (a) through (d) at a different pressure.
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6. The method of claim 5, further comprising the step of:

f) calculating a pore distribution of the pores in the sample

from the flow rates.

7. The method of claim 1, further comprising, after step
(a), the step of calculating pore volume, comprising the
substeps of:

1) measuring an amount of vapor in the chamber after the

chamber reaches equilibrium; and

ii) calculating a pore volume using the measurement from

substep (i).

8. The method of claim 1, wherein the porosity charac-
teristics being determined are selected from the group con-
sisting of pore volume and pore diameter.

9. The method of claim 1, wherein the porosity charac-
teristic being determined is selected from the group consist-
ing of flow rate and pore distribution.

10. A method of determining the porosity characteristics
of a sample having a plurality of pores, wherein the sample
is located within a pressurizable sample chamber, and the
sample divides the chamber into a first volume and a second
volume, comprising the steps of:

a) introducing a known amount of vapor into the first

volume and the second volume at the same pressure;

b) creating a pressure differential between the first volume

and the second volume;

¢) monitoring a decrease over time in the pressure differ-

ential between the first and second volumes as pressure
in the first volume and pressure in the second volume
approach an equilibrium point; and

d) calculating a flow rate of the vapor using the rate of

pressure differential change in step (c).

11. The method of claim 10, further comprising the step
of:

e) repeating steps (a) through (d) at a different pressure.

12. The method of claim 11, further comprising the step
of:

f) calculating a pore distribution of the pores in the sample

from the flow rates.

13. The method of claim 11, wherein step (b) is performed
by introducing additional vapor into the first volume to
increase the pressure in the first volume by a small amount.

14. A method of determining the porosity characteristics
of a sample having a plurality of pores, wherein the sample
is located within a pressurizable sample chamber, and the
sample divides the chamber into a first volume and a second
volume, comprising the steps of:

a) introducing a known amount of vapor into the first

volume and the second volume at the same pressure;

b) creating a pressure differential between the first volume

and the second volume;

¢) monitoring a decrease over time in the pressure differ-

ential between the first and second volumes as pressure
in the first volume and pressure in the second volume
approach an equilibrium point; and

d) calculating pore volume, comprising the substeps of:

1) measuring an amount of vapor in the chamber after
the chamber reaches equilibrium; and

ii) calculating a pore volume using the measurement
from substep (i).

15. The method of claim 14, wherein step (b) is performed
by introducing additional vapor into the first volume to
increase the pressure in the first volume by a small amount.

16. The method of claim 3, wherein the pressure in the
first volume is increased by approximately one percent.

17. The method of claim 1, wherein step b) comprises the
substep of decreasing the pressure in the first volume.
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