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SYSTEM AND METHOD FOR MONITORING
MECHANICAL SEALS

RELATED PATENT APPLICATIONS

The subject patent application expressly claims priority
from U.S. Provisional Patent Application Ser. No. 61/108,535
filed on Oct. 26, 2008 under 35 USC §119(e). The entire
contents of U.S. Provisional Patent Application Ser. No.
61/108,535 are herein incorporated by reference.

TECHNICAL FIELD

This invention relates generally to methods and apparatus
for monitoring wear of mechanical seals. In its most preferred
form, the present invention provides a method and apparatus
for providing an early indication of incipient failures of
mechanical seals due to wear of their sealing faces.

BACKGROUND OF THE INVENTION

Mechanical seals provide sealing between rotating por-
tions of a machine, e.g. a rotating shaft and another portion of
the machine, e.g. a stationary machine housing. The sealing
action takes place between a seal face and a seal seat, one of
which rotates with the shaft while the other is stationary and
attached to the machine housing. The seal seat is usually made
of hard material, such as silicon carbide. The seal face is
usually made of softer material, such as carbon. Therefore, as
the seal face and the seal seat rotate with respect to each other
while in contact, the seal face wears much faster than the seal
seat. As the seal face wears over time, because either the seal
face or the seal seat is axially movable and pressed axially by
springs and/or fluid pressure, the seal face and the seal seat
remain in contact.

There is, however, a limit to the seal face wear that the axial
movement of the seal face or the seal seat can accommodate.
Intypical seals, this wear limit is usually between 0.04 inch (1
mm) to 0.2 inch (5 mm), depending on the seal size and its
design details. Once this limit is exceeded, the mechanical
seal can no longer provide sealing action and the sealed fluid
will leak out of the machine through the failed seal. It is,
therefore, desirable to know the extent of the wear of the seal
face so that the mechanical seal can be repaired before it fails
unexpectedly due to a worn seal face and disables the
machine in which it is installed.

The rate at which a seal face wears depends on seal mate-
rials, speed of rotation, contact pressure, temperature, sealed
fluid type, machine vibrations and other material-dependent
and machine-dependent parameters and conditions. There are
empirical methods for estimating the average wear rate of seal
faces and they can be used to predict the average useful life of
a seal. However, these are estimates of the average life and not
accurate predictions of the life of a specific seal. Because of
random effects that the empirical methods cannot account for,
the actual useful life of two identical seals installed in iden-
tical machines can be very different.

As an example, several new identical mechanical seals
could be installed in identical machines (e.g., pumps) and
operated under identical conditions. If the estimated life of
the mechanical seals was three years, and they were operated
till the last one failed, the average life of the seals could be
quite close to the predicted life of three years. However,
industrial experience shows that the first seal failure could
occur in less than one year. This unpredictability of the life of
a specific seal face makes maintenance scheduling based on
life prediction ineffective. If such scheduling was used in this
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pump example, it would have failed at preventing the unex-
pected failure of the seal that failed in less than one year. It
could have also resulted in unnecessary replacement of all the
seals after three years even if some could have lasted much
longer.

Therefore, seal maintenance scheduling that is based on
measuring the wear of the seal faces is preferred over sched-
uling based on life predictions. Unfortunately, the measure-
ment of seal face wear is difficult. Seal faces are located inside
machinery housings and are not easily accessed from outside.
Additionally, production line machines usually rotate con-
tinuously for long periods of time and must be monitored
while in operation, they often operate at high temperatures,
and often involve corrosion and accumulated contamination
that make accurate measurements difficult.

A simplistic and impractical method for monitoring seals is
to insert a mechanical probe axially into the seal until it
contacts a part of the seal that moves axially when the seal
face wears, and measure the depth of insertion. The depth of
insertion could be calibrated to indicate the wear level of the
seal face. The main problem of this simplistic method is that
the force required to assure that the probe is contacting the
seal part that moves axially could disturb the seal face contact
with the seal seat and the lubricating film between them, and
could allow a fluid borne solid particle to enter the contact
area between them. Even an extremely small particle that is
harder than the seal face material would cause failure of the
seal in a very short time compared to its expected life. An
additional problem of this method is that it would have to be
accurate to within about 0.02 inch (0.5 mm) which is difficult
to achieve in the hostile environments where many seals are
used.

Several methods for monitoring mechanical seals have
been patented. Most of them fall into one of two categories.
The first category includes methods that measure and analyze
signals and physical quantities that are directly related to the
state of the contact area between the seal face and the seal
seat. U.S. Pat. No. 4,748,850 and U.S. Pat. No. 5,041,989
disclose methods that measure and analyze the acoustic emis-
sion generated by the sliding surfaces of the seal. Seal con-
dition is determined by comparing the minimum, maximum
and mean values of the signal to values that correspond to
normal operation. The method of U.S. Pat. No. 6,065,345 also
monitors and analyzes the acoustic emission from the sliding
surfaces. Additionally, this method also measures the operat-
ing parameters of the monitored machine, such as tempera-
ture, pressure, power and flow rate, and adjusts the acoustic
emission signal thresholds according to the operating condi-
tion.

U.S. Pat. No. 6,360,610 discloses a method that detects the
collapse of the lubricating film between the seal faces of a
mechanical seal. An ultrasonic transducer is placed behind
one of the seal faces and used to produce ultrasonic shear
waves which propagate toward the interface between the two
seal faces. By monitoring the amplitudes of the waves trans-
mitted through or reflected by the interface, the method
detects film collapse and the degree of contact between the
seal faces. U.S. Pat. No. 6,325,377 discloses a mechanical
seal with a monitoring port in its housing and a detector
assembly connected to the port. The detector assembly
includes acceleration, temperature and pressure sensors, and
a communication device. Condition of the seal is determined
by analyzing sensor signals that the communication device
transmits to a monitoring system.

None ofthe methods in this category have proven commer-
cially feasible because of variety of problems. First, these
methods are complex and require extensive testing before
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alarm threshold levels can be established. Second, the mea-
sured quantities can change over time due to operating con-
dition changes and these changes are difficult to predict.
Consequently, they may be erroneously interpreted as indi-
cations of seal failures. Third, it is difficult to determine
whether changes in measured quantities are due to a seal or
due to other machine components. And fourth, there is a
significant level of randomness in signals generated or
affected by mechanical seals so that two identical seals
mounted in identical machines may produce very different
signals. Consequently, none of these methods is a commer-
cially feasible solution to the problem of monitoring
mechanical seals that are installed in industrial machinery.

The second category of patented methods for monitoring
mechanical seals includes those that measure the movement
of'a seal component that moves axially to compensate for the
wear of a seal face. U.S. Pat. No. 5,540,448 discloses a
method where the movement of the seal component either
connects or disconnects electrically two electrodes, thus indi-
cating that the motion has reached a certain level. U.S. Pat.
No. 6,595,523 extends this method and considers motion
level measurement via conductivity test of either electrical, or
optical, or sonic circuits. U.S. Pat. No. 4,424,973 discloses a
method where the sealing face has a weakened area and when
the seal face wear reaches the depth of the weakened area a
minor leak develops that is detected. The seal can then be
repaired before the wear reaches a level when it could cause a
major leak. U.S. Pat. No. 4,497,493 discloses amethod where
aradially positioned optical or magnetic sensor measures the
radial distance to an axially movable seal face member. The
seal face member is shaped so that its axial movement results
in a change of its radius at the location where the sensor is
installed. The radial distance measured by the sensor is then
translated to axial wear of the seal face based on the geometry
of the seal face member.

U.S. Pat. No. 4,501,429 proposes to insert a fiber optic
device into the mechanical seal. A seal element carrier is
provided with indicia and the optic device is focused on the
indicia. One can then determine visually how much the seal
face moved because of face wear. It is not explained how this
method would operate with fluids that are not transparent and
with fluids that deposit contamination on the optic device and
on the indicia. U.S. Pat. No. 7,280,219 and U.S. Pat. No.
6,580,511 disclose methods for monitoring seals using fiber-
optic technology. Optical fibers embedded within the seal
facilitate measurement of pressure, temperature and wear of
the seal with an apparatus that uses light sources and an
interferometric system.

The hostile environments in which most mechanical seals
operate limits the practicality of seal face wear measurement
techniques that use various electrical, magnetic, optical and
sonic sensors for measuring distance. The sealed fluid is often
electrically conductive, it affects magnetic fields, and it inter-
feres with operation of optical and sonic sensors. Over time,
deposits may accumulate on the sensors and change their
characteristics. Magnetic, optical and sonic sensors have a
finite sensing beam width and measure distance to an area that
intersects the beam rather than to a point. This makes it
difficult to measure accurately axial movement with a radi-
ally-positioned sensor. Another major problem is the calibra-
tion of such wear sensors. When a sensor is first installed, it
can be calibrated to provide accurate measurement of the
extent of wear of a seal face. However, mechanical seals wear
slowly and the seal face wear may not reach a dangerous level
until years later. The ability of these sensors to remain func-
tional and remain calibrated for years while submerged in
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fluid and accumulating deposits is questionable. Conse-
quently, these methods have not proven commercially fea-
sible.

The present invention is a seal wear monitoring method
and apparatus that are unaffected by the hostile environment
in which seals operate. The present invention can measure
accurately the wear of a seal face and it will do so even in
hostile industrial environments. Additionally, the present
invention does not require re-calibration during the life of the
mechanical seal, it does not require electrical or optical wir-
ing, and it does not require advanced technical skills from the
user.

SUMMARY OF THE INVENTION

It is the primary object of the present invention to provide
novel and improved wear monitoring for mechanical seals
that will produce an indication that the wear of a seal face
reached a level where the seal face should be replaced to
prevent a sudden seal failure during operation of the machine
in which the mechanical seal is installed.

The detection of the wear in a mechanical seal with a
rotating seal face is accomplished with a movable wear probe
that, if activated, can move toward the rotating seal face and
contact it or a seal component associated with it. The probe is
designed to contact the rotating seal component with
extremely low force that will not disturb the sealing action of
the seal. The contact force can be extremely low because
detection of contact is based on detection of stress waves
generated at the point of contact. In the development of the
present invention, experiments have shown that a wear probe
made of soft material and pressed against the rotating seal
component with extremely low force generates measurable
stress wave signals that can be used for accurate measurement
of seal face wear.

The rubbing between the wear probe and the rotating seal
component generates high frequency stress waves that indi-
cate that the wear probe made contact with the rotating com-
ponent. Therefore, the level of seal face wear is directly
related to the distance that the probe moved to make contact
with the component. Preferably, a stress-wave sensor
mounted on the wear probe, or on the seal housing, or near the
seal housing, measures these stress waves. Signal processing
is used to translate these high frequency signals into a numeri-
cal intensity index that can be shown on a display to indicate
to the user that the wear probe is contacting the rotating seal
component.

The invented method differs fundamentally from methods
that are based on measurement and analysis of the acoustic
emission or vibrations generated in the contact area between
seal faces and seal seats due to their relative rotation. The
usefulness of those methods is limited by the problems
described in detail in the Background of the Invention section.
The present invention is based on detection of stress waves
intentionally generated with a wear probe moved into contact
with a rotating seal component. Stress waves generated in the
contact area between seal faces and seal seats are just an
interfering background noise in the present invention and are
not used for monitoring of the seals.

Furthermore, to achieve immunity to the interfering stress
waves generated in the contact area between the seal face and
the seal seat, testing of a seal according to the present inven-
tion is accomplished by analyzing measurements taken first
when the wear probe is not activated and is not contacting the
rotating seal component, and then when it is activated and
could be in contact with the component. If the stress wave
intensity measurement is higher with the wear probe at an
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activated position, a user can determine with certainty that the
probe is contacting the rotating seal component and the move-
ment of the probe is indicative of the wear of the seal face.
This two-step method is independent of the intensity of the
interfering stress waves because it only looks for changes in
the total stress-wave intensity that occur when additional
stress waves are intentionally generated with the wear probe.
The intensity of the interfering stress waves is irrelevant in the
invented method because it only considers these changes.

The preferred method of the present invention can be used
in two different ways. With a continuously-movable and cali-
brated wear probe, the user can measure exactly the wear of a
seal. Alternatively, the wear probe can be designed to only
have one or a few calibrated positions, each calibrated to
contact the rotating component at a specific level of seal face
wear, such as 70% and 85%, for example. The user can then
answer the question of whether the seal face wear reached or
exceeded 85%, for example, by moving the wear probe to the
85% position and checking whether the probe is contacting
the rotating seal component.

BRIEF DESCRIPTION OF THE DRAWINGS

The following provides a brief description of the drawings
depicting various preferred embodiments of the present
invention.

FIG. 1 is an axial section of a cartridge mechanical seal
with an unactivated wear probe.

FIG. 2 is an axial section of a cartridge mechanical seal
with a worn seal face and with a wear probe activated and
contacting a rotating component associated with the seal face.

FIG. 3 is a sectional view taken along line 3-3 in FIG. 1,
illustrating a seal gland with a stress-wave sensor and a wear
probe activation lever mounted on it.

FIG. 4 is a sectional view taken along line 4-4 in FIG. 3,
illustrating in detail how a sensor is attached to a seal gland.
FIG. 5 is an axial section of an unactivated wear probe.

FIG. 6 is an axial section of an activated wear probe.

FIG. 7 is a block diagram of the signal processing that
extracts a stress-wave intensity index from the output of a
stress-wave sensor.

FIG. 8 is an axial section of a cartridge mechanical seal
with an unactivated wear probe and an activation mechanism
that uses a remotely-controlled actuator.

FIG. 9 is an axial section of a cartridge mechanical seal
with an unworn stationary seal face and an unactivated wear
probe.

FIG. 10 is an axial section of a cartridge mechanical seal
with an unworn stationary seal face and an activated wear
probe.

FIG. 11 is an axial section of a cartridge mechanical seal
with a worn stationary seal face and an activated wear probe.

FIG. 12 is an axial section of a cartridge mechanical seal
with a remotely-located stress-wave sensor that is attached to
the seal gland through a stress-wave waveguide.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

The preferred forms of the invention will now be described
with reference to the accompanying drawings. The appended
claims are not limited to the preferred forms and no term
and/or phrase used herein is to be given a meaning other than
its ordinary meaning unless it is expressly stated otherwise.

FIG. 1 illustrates a cartridge mechanical seal with rotating
seal face 34 and stationary seal seat 35 for providing sealing
between stationary machine housing 21 and rotating shaft 23.
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Cartridge mechanical seals are pre-assembled packages of
seal components that make installation and maintenance
simple because the entire seal cartridge is handled as a single
machine part. Gasket 25 is installed between housing 21 and
seal gland 24 to prevent leakage of the fluid sealed in com-
partment 22 through their interface. Seal seat 35 is mounted in
arecess in gland 24 and gland O-ring 33 seals their interface.
Cartridge sleeve 26 is attached to shaft 23 with set screws 29
that fit in threads in clamp ring 28. Shaft O-ring 31 seals
cartridge sleeve 26 to shaft 23. Seal face ring 27 rotates with
sleeve 26 and can slide axially on it. Seal face 34 is mounted
in a recess in seal face ring 27. Springs 30 press seal face ring
27 and seal face 34 toward seal seat 35. Cartridge sleeve
O-ring 32 seals springs 30 from the fluid in compartment 22.
Seal face surface 34a and seal seat surface 35a are polished to
high accuracy so that the fluid in compartment 22 cannot leak
through their interface even when seal face 34 rotates with
shaft 23 and seal seat 35 is not rotating.

As seal face 34 rotates with respect to seal seat 35, seal face
34 wears because it is made of softer material than seal seat
35. Springs 30 can compensate for small extent of axial wear
of seal face 34 by sliding seal face ring 27 and seal face 34
axially along cartridge sleeve 26 toward seal seat 35. At some
level of wear, a condition is reached where springs 30 can no
longer provide the axial force needed for proper operation of
the mechanical seal. Wear probe 36 is designed so that, when
activated with activation lever 41, the wear probe sensing tip
37 will move toward sensing surface 27a of seal face ring 27
and will contact sensing surface 27q at certain level of acti-
vation. Activation lever 41 is hinged on hinge 43 and rotates
around hinge pin 42. Activation lever 41 is activated by mov-
ing its other end in the direction of arrow A. Elastic bumper 44
is used to prevent vibration of activation lever 41 when itis not
activated. Note that wear probe 36 is preferably installed at a
location that is past the sealing surfaces of the mechanical seal
and outside of the sealed compartment 22. This design keeps
probe 36 clean from contamination due to the fluid in com-
partment 22.

One skilled in the art would realize that contacting a rotat-
ing seal component with a probe can be accomplished by
numerous designs of wear probes, probe activation means and
rotating seal components the probes contact. Wear probe 36
does not have to be mounted parallel to shaft 23 and does not
have to move sensing tip 37 parallel to shaft 23 when acti-
vated. A wear probe can be designed that is mounted at an
angle to the shaft. It is also possible to design a wear probe
that is activated by rotating it and the contact with the rotating
seal component can be achieved by a wear sensing surface
that is eccentric with respect to the axis of rotation of the
probe. Furthermore, sensing surface 27a on seal face ring 27
does not have to be perpendicular to shaft 23. In seals where
the seal face to be monitored is difficult to access by a wear
probe such as the one shown in FIG. 1, a wear probe can have
the shape of'a thin wire, allowing it to pass in between closely-
spaced seal components. Additionally, the contact point
between a wear probe and a rotating seal component can be
inside sealed compartment 22.

Probe distance gauge 48 measures the distance that wear
probe 36 moves during activation. FIG. 1 shows a schematic
representation of probe distance gauge 48. In a specific
embodiment, the distance can be measured and displayed by
various mechanical, electrical, optical and other means.
When wear probe 36 is activated with activation lever 41 and
wear probe sensing tip 37 first contacts the sensing surface
27a, the reading of probe distance gauge 48 indicates the
distance that wear probe 36 moved and, therefore, it measures
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the wear of seal face 34. Probe distance gauge 48 can be
calibrated to directly display the level of wear of seal face 34.

FIG. 2 shows the cartridge mechanical seal from FIG. 1
after its seal face 34 reached a level of wear that allowed an
activated wear probe 36 to contact seal face ring sensing
surface 27a. Probe distance gauge 48 now shows that the
probe was moved as seen by comparing the gauge readings in
FIG. 1 and FIG. 2. The reading of probe distance gauge 48 in
FIG. 2 is indicative of the wear of seal face 34.

Wear probe sensing tip 37 in FIG. 2 is contacting the
rotating seal face ring sensing surface 274. This contact,
between the rotating seal face ring 27 and wear probe tip 37,
generates stress waves that indicate that the seal face has
reached a certain level of wear. The stress waves propagate
from wear probe tip 37 through wear probe 36 into gland 24.

The generated stress waves are measured by stress-wave
sensor 52 that is attached to gland 24 as illustrated in FIG. 3
which is a sectional view taken along line 3-3 in FIG. 1. It
shows sensor 52 attached to seal gland 24 with an elastic
sensor holder 54 that is attached to gland 24 with sensor
holder screw 55. Sensor seat 56 is a recessed machined sur-
face on gland 24 that serves as a seat for sensor 52 and keeps
the sensor from moving. Sensor seat 56 is machined to be
straight and smooth to facilitate good transmission of stress
waves from gland 24 to sensor 52. Also, sensor seat 56 is
preferably located close to wear probe 36 to provide a short
stress-wave propagation path from wear probe tip 37, shown
in FIG. 1, to sensor 52. FIG. 3 also shows screws 51 that attach
gland 24 to housing 21, shown in FIG. 1. The figure also
illustrates the location of the activation lever 41 and hinge pin
42 about which activation lever 41 rotates. FIG. 4 is a sec-
tional view taken along line 4-4 in FIG. 3. It shows the details
of the attachment of sensor 52 to gland 24 with elastic sensor
holder 54.

One skilled in the art would realize that sensor 52 can also
be attached to machine parts or seal parts other than gland 24.
It could be attached to a part of the machine in which the
mechanical seal is installed, or it could be attached directly to
wear probe 36.

The contact force between wear probe tip 37 and seal face
ring sensing surface 27a that is required for generating mea-
surable stress waves is very low. Experiments, in the devel-
opments of the present invention, have shown that even a
force as low as 0.05 1b (0.22 Newton) is sufficient. Mechani-
cal seals are often designed so that the pressure between seal
face 34 and seal seat 35 developed by springs 30 is at least 10
psi (0.69 bar) when the seal face is worn down to its allowed
limit. For typical seals with contact areas of 1 in? (6.5 cm?) or
larger, the contact force that is given by the product of the
pressure times the force is, therefore, 10 1bs (44 Newton) or
larger. The maximum force that wear probe tip 37 can apply
on seal face ring 27 must be a small fraction of this spring
force in order not to disturb the sealing action of the mechani-
cal seal during the seal wear test. Therefore, it is desirable to
limit the maximum contact force to a value of 5% or less of the
minimal spring force, or 0.5 1b (2.2 Newton) in this case.
Since the present invention can operate with a force as low as
0.05 1b (0.22 Newton), this requirement is easily met.

Experiments, in the developments of the present invention,
have shown that the contact force between wear probe tip 37
and seal face ring sensing surface 27qa that is required for
generating measurable stress waves is very low even when
seal face ring sensing surface 27a is polished. The required
contact force can be reduced even further by providing a
textured finish to sensing surface 27a because a textured
surface generates stress waves with higher intensity.
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FIG. 5 is an axial section of unactivated wear probe 36
showing its force-limiting design for embodiments where
wear probe 36 is designed to detect a specific level of seal face
wear. Wear probe 36 is enclosed in a cylindrical body con-
sisting of upper body 61 and lower body 62 that are firmly
attached to each other. Upper body 61 is threaded and its
thread fits in a threaded hole in gland 24. Upper body surface
61a isused to assure that upper body 61 is threaded all the way
into gland 24 so that the axial location of wear probe 36 is
precise with respect to gland 24. The activation force is
applied to plunger 63. This force is transmitted through force-
limiting spring 65 to probe tip 37 that is made of relatively soft
material, such as teflon. Probe O-ring 66 prevents contami-
nation from entering wear probe 36. Return spring 64 keeps
probe tip 37 retracted into the lower housing 62 when wear
probe 36 is not activated. Wear probe 36 is dimensioned so
that when it is unactivated and probe tip 37 is retracted, it
cannot contact seal face ring 27 even if seal face 34 is worn
down to its allowed limit. However, it will be readily appre-
ciated that the monitoring system of the present invention
could be designed such that when the seal face is worn to a
predetermined level, the seal face ring 27 contacts wear probe
36 without the wear probe 36 moving.

FIG. 6 is an axial section of wear probe 36 when it is
activated by an axial force represented by the arrow F. This
force is applied by the activation lever 41 as shown in FIG. 2.
FIG. 6 shows that in the activated state of wear probe 36,
return spring 64 is compressed and surface 37a on probe tip
37 is in contact with surface 62a on lower body 62. This
contact results in a precise movement of probe tip 37 out of
wear probe 36, in the direction of the activation force F.
Force-limiting spring 65 is not fully compressed when probe
36 is activated. Therefore, probe tip 37 cannot transmit force
that exceeds the force required to compress force-limiting
spring 65. This force-limiting mechanism prevents probe 36
from applying force on a rotating seal component that
exceeds a limit above which probe 36 could disturb the seal-
ing action of the seal face and the seal seat.

One skilled in the art would realize that force limiting of the
wear probe can be realized in numerous other ways. For
example, the probe tip can be made of elastic material that
compresses or bends due to the contact force, thus limiting the
force it can transmit. Alternatively, the probe can include
pneumatic, hydraulic or electrical means of limiting the con-
tact force.

The level of seal face wear at which the activated wear
probe 36 contacts seal face ring 27 is determined by the axial
dimensions of gland 24, wear probe 36, seal seat 35, seal face
34, cartridge sleeve 26 and seal face ring 27. Except for the
wearing seal face 34 that is being monitored, none of the other
components change their axial dimensions during the life of
the mechanical seal. Therefore, this seal wear measurement
method never needs re-calibration.

Wear probe tip 37 is made of substantially soft material,
such as teflon. Because the contact force between probe tip 37
and seal face ring 27 is limited to a very low value by force-
limiting spring 65, very little surface damage can be caused to
probe tip 37 during testing of a worn seal face. No damage at
all will be caused to the metallic seal face ring 27 when it is
contacted by the relatively soft probe tip 37. However, it is
also possible to allow probe tip 37 to wear when contacting
rotating seal face ring 27. In embodiments where the objec-
tive is to detect a specific wear level of seal face 34, probe tip
37 can be allowed to wear during the detection of the specific
wear level of the seal face because the function of probe tip 37
ends once the wear is detected. Following the detection, the
seal will be rebuilt and probe tip 37 will be replaced.
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When an activated wear probe 36 contacts surface 27ain a
worn seal, as shown in FIG. 2, stress waves are generated at
the point of contact. These waves are microscopic deforma-
tions that travel through metal at the speed of sound in the
metal. The energy of a stress wave is extremely low because
it does not involve a net movement of mass. Stress waves
should not be confused with mechanical vibrations that con-
sist of rigid-body motions of machine parts or large elastic
deformations of machine parts and, therefore, involve much
larger energy levels associated with the moving mass of the
machine parts. This fundamental difference can be appreci-
ated if one rubs a finger gently against a large metallic
machine part. The rubbing generates measurable stress waves
in the machine part but it does not generate vibrations of the
machine part.

Stress waves propagate in all directions away from the
point of contact where they are generated. Some waves pass
through wear probe 36 into gland 24 and reach sensor 52
shown in FIG. 2. Sensor 52 can be a piezoelectric stress-wave
sensor that generates electrical charge in response to stress
waves. In such a sensor, stress waves strain a piezoelectric
crystal mounted inside a sensor housing which is attached to
the machine part that is subjected to stress waves. The output
of sensor 52 is connected to electronic signal processing
hardware with sensor cable 53, as shown in FIG. 7.

The electrical charge generated by sensor 52 is converted
into an electrical signal and is amplified by amplifier 71
shown in FIG. 7. Amplifier 71 can be internal to sensor 52 or
external to it. Sensor 52 may also measure interfering signals
due to low-frequency sources originating in the machine in
which the mechanical seal is installed. These signals are
typically below 10 kHz and are interfering with the stress
waves that carry the information on the wear of the seal. The
waveform shown at the output of amplifier 71 illustrates the
presence of the low-frequency interference in the high-fre-
quency stress wave signal. High-pass filter 72, set at a fre-
quency higher than the frequency ofthe interfering signals, is
used to filter out this low-frequency interference. The wave-
form shown at the output of high-pass filter 72 is free of the
low-frequency components. The signal is then rectified by
rectifier 73 and the rectified waveform is then averaged by
averager 74. The output of averager 74 is a DC signal with a
magnitude that is proportional to the amplitude of the high-
frequency stress wave. In the present invention, sensor 52
does not have to be a piezoelectric stress-wave sensor. A
sensor based on other physical principles that can measure
stress wave intensity can also be used.

The magnitude of the averaged waveform is measured by
voltage meter 75. The meter can be analog, digital, or one
with a graphical display of voltage versus time. When wear
probe 36 is activated and meter 75 displays a voltage that is
higher than the background voltage level of the machine, one
can be certain that wear probe 36 contacted seal face ring 27
and generated stress waves. If the voltage remains unchanged
at the background level when wear probe 36 is activated, then
wear probe 36 did not contact seal face ring 27.

A key advantage of the preferred seal wear monitoring
method is that it is based on detecting differences between
signal levels rather than being based on precise measurements
of signal levels that are then compared to a priori set thresh-
olds. Consequently, the invented seal wear monitoring
method does not require a priori knowledge of the back-
ground noise level of the machine or a priori knowledge of the
expected signal level when there is, contact between the wear
probe tip and a rotating seal component. Furthermore, this
method does not even require a precisely calibrated stress
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wave sensor. A sensor that can detect a signal level difference
is all that is required to determine that a seal face is worn.

Manual testing of a mechanical seal for seal face wear that
reached a specific level is performed as follows. The user first
attaches sensor 52 to seal gland 24 by inserting it under sensor
holder 54, as shown in FIG. 3 and FIG. 4. Alternatively, the
user can use any other attachment methods, such as a mag-
netic holder. The sensor is connected with sensor cable 53 to
an instrumentation subsystem that includes the signal-pro-
cessing functions illustrated by blocks 71, 72, 73 and 74 and
meter 75, all shown in FIG. 7.

The user then reads the background signal level corre-
sponding to an unactivated wear probe 36 as it is measured by
meter 75. He then pushes activation lever 41 in the direction
of'arrow A in FIG. 1 and reads the signal level measured by
meter 75 while lever 41 activates wear probe 36. If the acti-
vated signal level is at least 25% higher than the background
signal level, the user declares the seal worn. If the activated
level is equal to or lower than the background level, the user
declares the seal unworn. If the voltage level when wear probe
36 is activated is higher but by less than 25% than when it is
unactivated, the user can repeat the test several times to get
more reliable diagnosis. The test sequence can consists of a
2-second activation followed by a 2-second de-activation,
repeated three times. If all three measured levels during the
activation periods were higher by at least 10% than the three
measured levels during de-activation, one can be certain that
probe 36 contacted a rotating seal component and the seal is
worn. Otherwise, the seal is declared unworn and the mea-
surement fluctuations are attributed to random fluctuations of
the background noise.

For a specific seal, the user can develop customized testing
procedures that best suit the specific application. Such a cus-
tomized test can use different activation/de-activation peri-
ods, different number of test repetition cycles, and different
signal level margins than those mentioned above.

Manual measurement of the exact wear level of a seal face
of'a mechanical seal is accomplished as follows. The user first
attaches sensor 52 to seal gland 24 by inserting it under sensor
holder 54, as shown in FIG. 3 and FIG. 4. Alternatively, the
user can use any other attachment methods, such as a mag-
netic holder. The sensor is connected with sensor cable 53 to
aninstrumentation system that includes the signal-processing
functions illustrated by blocks 71, 72, 73 and 74 and meter 75,
all shown in FIG. 7.

The user then reads the background signal level corre-
sponding to an unactivated probe 36 as it is measured by
meter 75. He then manually advances activation lever 41
slowly in the direction of arrow A in FIG. 1 up to a distance
when the signal level measured by meter 75 suddenly
increases and is 25% higher than the background level. The
user then determines the wear level based on the reading of
probe distance gauge 48. If the activated level never increases
above the background level, the user declares the seal
unworn. Ifthe activated level increases above the background
level but by less than 25%, the user will perform a three-cycle
activation/de-activation test that was described above to con-
firm that the probe is really contacting the rotating seal com-
ponent when the activation level is the one displayed on probe
distance gauge 48.

For a specific seal, the user can develop customized testing
procedures that best suit the specific application. Such a cus-
tomized test can use different activation/de-activation peri-
ods, different number of test repetition cycles, and different
signal level margins than those mentioned here.

Automatic testing of a mechanical seal according to the
present invention can be performed as described next. Sensor
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52 is either permanently attached to gland 24 with sensor
holder 54, or is permanently cemented to gland 24, or is
attached with a threaded stud that is an integral part of the
sensor case and fits in a threaded hole in gland 24, or is
attached by any other means to the seal or to the machine.
Sensor 52 is connected with sensor cable 53 to an instrumen-
tation system that performs the signal-processing functions
illustrated by blocks 71, 72, 73 and 74 shown in FIG. 7. The
output of averager 74 is connected to an analog-to-digital
converter input of a monitoring computer. The computer has
an output that controls remotely-controlled actuator 68
shown in FIG. 8. The control signal can be electrical, either
analog or digital, or fiber-optic, or any other signal type.
Actuator 68 can be electromagnetic, pneumatic, hydraulic,
piezoelectric, or any other type.

The automatic testing procedures are similar to the manual
procedures. The computer first measures the background sig-
nal level by sampling the voltage at the output of averager 74.
The computer then commands actuator 68 to activate the wear
probe a distance corresponding to wear level to be detected
and it measures the activated signal level at the output of
averager 74. If the activated level is 25% higher than the
background level, the computer declares the seal worn. If the
activated level is equal or lower than the background level, it
declares the seal unworn. If the activated level is higher than
the background level but by less than 25%, the computer will
perform a three-cycle activation/de-activation test that was
described above and it will determine the state of the seal
based on this test. The automated testing procedure can be
performed on a regular basis, such as daily, weekly or
monthly. One monitoring computer can monitor many
mechanical seals.

Rather than detecting a specific wear level, the exact wear
level of seal face 34 can be measured automatically, similarly
to the manual process of measuring it. The computer first
measures the background signal level by sampling the voltage
at the output of averager 74. The computer then commands
actuator 68 to slowly move wear probe tip 37 up to a distance
where the signal level measured at the output of averager 74
is 25% higher than the background level.

The computer then determines the seal wear level based on
that distance. If the activated signal level never increases
above the background level, the computer declares the seal
unworn. If the activated level is higher than the background
level but by less than 25%, the computer will perform a
three-cycle activation/de-activation test that was described
above to confirm that the probe is really contacting the rotat-
ing seal component at the activation level that actuator 68
applies.

Since the computer can sample and store a time history of
the output of averager 74, it can perform more accurate seal
testing than a human user who only reads the mean value of
averager 74 output. For example, the computer can compute
the mean, the 10% cumulative amplitude density function
value and the 90% cumulative amplitude density function
value of averager 74 output and apply the signal level test,
with appropriate thresholds, to all three quantities rather than
testing only the mean value. The computer may decide that
probe tip 37 contacted a rotating seal component only if all
three quantities indicate so. This testing procedure will fur-
ther increase the accuracy of the test. One skilled in the art
would realize that there are many other computable indices
that can be used by the computer for comparing signal levels
of the output of averager 74 in addition to the cumulative
amplitude density function levels.

When the present seal monitoring method is implemented
automatically, the wear probe 36 force limiting method can be

20

25

30

35

40

45

50

55

60

65

12

implemented in actuator 68 rather than by means of force
limiting mechanism that is inside wear probe 36, as shown in
FIG. 5 and FIG. 6. The force of an electromagnetic actuator
can be limited by limiting the current to it. The force of
pneumatic and hydraulic actuators can be limited by limiting
their fluid pressure. When the force is limited by actuator 68,
wear probe 36 no longer needs force limiting spring 65.
Therefore, plunger 63 and probe tip 37 can be replaced with
a single solid plunger with its end serving as the probe tip.

The background signal level measured by sensor 52 when
wear probe 36 is unactivated is not known prior to the mea-
surement. It is desirable for this level to be less than one half
of'the full voltage range of meter 75 or the full input range of
a monitoring computer so that if the activated signal level is
twice as high, it can be measured without saturating the meter.
It is also desirable for the unactivated signal level to be above
5% of the full range, to assure that the background signal is
being measured accurately. Consequently, it is advantageous
for amplifier 71 to have variable gain so that by changing its
gain the unactivated signal level can be placed between 5%
and 50% of the full input range of meter 75.

The automatic gain adjustment process is as follows.
Amplifier 71 has computer-controlled gains of 1, 5, 25 and
125. When measurement of the unactivated level is per-
formed, the control computer sets the gain initially at 5 and
measures the level. It then selects one of the four gains that
will bring the signal level to the desired range of 5% to 50%
of full range, and repeats the unactivated level measurement.
Gain selection may require more than one such iteration. The
activated level measurement is then performed with the
selected gain in effect. This process guarantees that a signal
level increase of up to a factor of two can always be measured
accurately. The number of gains can be other than four and
their values can be other than 1, 5, 25 and 125, as long as they
achieve the goal of accurately measuring signal level
changes. The range of 5% to 50% can also be different as long
as it supports accurate measurements.

Calibration of wear probe 36 in the present invention is
simple and it does not have to be repeated during the life of the
seal face it is monitoring, even if its life is many years. Before
a seal is put in service and, therefore, its seal faces are still
unworn, a special calibration probe is used to measure the
distance D wear probe 36 would have to move to contact the
rotating seal component. In installations where the goal is to
detect a specific seal face wear, such as decrease of its original
thickness by W inches (or millimeters), the movement of
wear probe 36 when activated is set to D-W. This assures that
wear probe 36 will contact the rotating seal component if it
moves distance D-W and the seal face wear is W.

In installations where the goal is to measure the wear of a
seal face from its original thickness, distance D measured as
specified above is used as a calibration constant. I[f wear probe
36 first contacts the rotating seal components in a worn seal
when it is moved distance L, the wear of the seal face,
expressed as decrease of its thickness, can be computed by
W=D-L.

Alternate Embodiments

FIG. 1 shows a cartridge mechanical seal with a rotating
seal face and a stationary seal seat. This invention is not
limited to this specific seal configuration. It can be applied to
mechanical seals that do not use a cartridge, seals where the
seal seat rotates and the seal face is stationary, dual seals with
two seal faces and two seal seats, or any other seal configu-
ration.
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FIG. 9 shows an embodiment of the present invention
applied to monitoring of a mechanical seal with a rotating seal
seat 84 and a stationary but axially movable seal face 82. The
stress waves that indicate seal face wear are produced in this
case between probe tip 87 and rotating cartridge sleeve 85 that
is axially fixed. FIG. 9 only shows the main components of
this embodiment and only the portion of the axial section that
is above shaft 88.

Stationary seal face 82 is located in a recess in stationary
seal-face gland 81 and can slide in the recess axially. Seal-
face springs 83 press stationary seal face 82 toward rotating
seal seat 84 which is rigidly mounted in rotating cartridge
sleeve 85. Probe 86 can move axially in a hole machined
through seal-face gland 81. FIG. 9 does not show the activa-
tion means for probe 86 that are similar to those described
above for other seal embodiments. Probe 86 is shown unac-
tivated in FIG. 9 and stationary seal face 82 is shown unworn.

FIG. 10 shows the seal from FIG. 9 with probe 86 activated
by pushing it in the direction of the arrow P until it contacts
stationary seal-face surface 82a. FIG. 10 shows that when
probe 86 is activated, probe tip 87 does not contact rotating
cartridge sleeve surface 85a. It is so because stationary seal
face 82 is unworn.

FIG. 11 shows the seal from FIG. 10 with stationary seal
face 82 worn to the level where wear detection is desired.
Because stationary seal face 82 is worn, stationary seal-face
surface 82a moved axially in the direction of arrow P and so
did the activated probe 86 that moves together with stationary
seal-face surface 82a. Probe tip 87 now contacts the rotating
cartridge sleeve surface 85a and stress waves are generated
due to rubbing at their point of contact. The detection and
processing of the stress waves is similar to what was
described above for other seal embodiments.

FIG. 9, FIG. 10 and FIG. 11 show an embodiment for
determining if a seal with stationary face and rotating seal seat
reached a specific level of seal face wear. One skilled in the art
would realize that this embodiment can be modified to pro-
vide a measurement of the exact level of seal face wear in a
way similar to the method for measuring level of seal face
wear in a seal with stationary seal seat and rotating seal face.
This modified embodiment utilizes a continuously movable
and calibrated probe tip 87 that moves with respect to probe
86 in a seal such as the one shown in FIG. 10. The continu-
ously movable and calibrated probe tip 87 provides a mea-
surement of the level of seal face wear in the seal by detecting
the position of probe tip 87 that results in increased intensity
of the measured stress wave signal.

In yet another embodiment, one mechanical seal of any
type can be outfitted with several wear probes, each dimen-
sioned to detect a different level of seal face wear. For
example, with three wear probes set at 60%, 75% and 90% of
allowed seal face wear, the user can determine if the wear of
the seal face is below 60%, between 60% and 75%, between
75% and 90%, or above 90% of allowed wear. This provides
more accurate monitoring of the wear of the seal face.

Furthermore, one of the wear probes can have a probe tip
made of harder material than the other probes, but softer than
the rotating seal component against which it is pressed. This
probe can be used for removing deposits from the rotating
component so that the measuring probe (or probes) does not
generate incorrect measurements when it rubs against depos-
its on the rotating seal component.

In yet another embodiment, wear probe 36 in FIG. 1 can be
afixed one that does not require activation. Probe tip 37 canbe
at such a fixed location that once the wear of seal face 34
reaches the predetermined limit, seal face ring 27 will contact
probe tip 37. A mechanical seal monitoring system that uti-
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lizes a fixed probe preferably has its sensor signal monitored
continuously because the signal will increase only once,
when the contact occurs for the first time. Once probe tip 37
and seal face ring 27 are in contact, they will wear together
and the signal intensity will remain relatively constant. This is
not a preferred application of this invention for the typical
industrial seal-monitoring setting because if the time of the
first contact is missed, the seal wear will not be detected.
However, this embodiment of the present invention can be
useful in special situations.

In applications where access to seal gland 24 is obstructed
or dangerous, sensor 52 can be connected to seal gland 24 by
means of stress-wave waveguide 92 shown in FIG. 12.
Waveguide 92 is attached to seal gland 24 and its other end is
attached to sensor mount 91. Sensor 52 is attached to sensor
mount 91. Stress waves propagate well through long and thin
waveguides that can be bent to a shape required to reach a
location that is accessible. One skilled in the art would realize
that waveguide 92 can be attached to seal parts other than
gland 24 and can also be attached directly to wear probe 36.

I claim:

1. A method of monitoring a mechanical seal, which pro-
vides a seal between a rotating machine part and another
machine part, to determine whether at least one seal face of
said mechanical seal is worn, said method including the steps
of:

(a) providing at least one wear probe operably associated
with at least one rotating component of said mechanical
seal, said at least one wear probe being movable relative
to said at least one rotating component, said at least one
wear probe being configured to move relative to said at
least one seal face independent of any wear of said at
least one seal face, said at least one wear probe being
configured to cause stress waves to be induced only
when said at least one wear probe is in contact with said
at least one rotating component;

(b) providing at least one stress-wave sensor for measuring
the intensity of stress waves induced by said at least one
wear probe when it contacts said at least one rotating
component;

(c) moving said at least one wear probe relative to said at
least one rotating component so that the distance
between said at least one wear probe and said at least one
rotating component decreases;

(d) measuring a stress-wave signal with said at least one
stress-wave sensor at any time during or subsequent to
step (c); and,

(e) evaluating the stress-wave signal measured in step (d) to
determine if said mechanical seal is worn.

2. A method as recited in claim 1, further including the

steps of:

(a) specifying a wear level of at least one seal face of said
mechanical seal that if reached or exceeded, the seal face
is considered worn;

(b) moving said at least one wear probe relative to said at
least one rotating component a set distance such that said
wear probe will contact said rotating component if the
wear of said seal face reached or exceeded the wear level
specified in step (a) of this claim.

3. A method as recited in claim 2, further including the

steps of:

(a) measuring at least one stress-wave signal before mov-
ing said at least one wear probe relative to said at least
one rotating component;

(b) measuring at least one stress-wave signal after said
moving step (b) in claim 2; and,
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(c) evaluating stress-wave signals measured in step (a) of
this claim and step (b) of this claim to determine if said
at least one wear probe contacted said rotating compo-
nent thus indicating that said seal face is worn.

4. A method as recited in claim 2, wherein:

(a) in step (b) of claim 2 said rotating component moves
toward said wear probe and said wear probe remains
stationary.

5. A method as recited in claim 2, further including the

steps of:

(a) measuring the distance that said at least one wear probe
has to move relative to said at least one rotating compo-
nent to contact said at least one rotating component
when said at least one seal face is unworn; and,

(b) moving said at least one wear probe relative to said at
least one rotating component a set distance equal to the
distance measured in step (a) of this claim less the wear
level, measured as decrease of thickness of seal face
material, that is specified in step (a) of claim 2.

6. A method as recited in claim 1, further including the step

of:

(a) providing a force-limiting member to limit the maxi-
mum force that said wear probe can apply on said at least
one rotating component of said mechanical seal.

7. A method as recited in claim 1, further including the step

of:

(a) providing an instrumentation system operably associ-
ated with said at least one stress-wave sensor; and,

(b) automatically changing the gain of said instrumentation
system so as to provide accurate measurement of the
signal without a prior knowledge of the signal level that
is to be measured.

8. A method as recited in claim 1, further including the

steps of:

(a) providing an actuator and a monitoring computer, the
actuator moves said at least one wear probe relative to
said at least one rotating component in response to com-
mands from the monitoring computer, the monitoring
computer executes the acquisition and processing of the
signal from the stress-wave sensor and evaluates the
wear of said at least one seal face.

9. A method as recited in claim 8, wherein:

(a) said actuator limits the force that said at least one wear
probe canapply on the at least one rotating component of
the mechanical seal.

10. A method as recited in claim 1, further including the

steps of:

(a) providing first and second wear probes;

(b) specitying a first wear level to be detected by said first
wear probe;

(c) specitying a second wear level to be detected by said
second wear probe, said second wear level being differ-
ent from said first wear level.

11. A method as recited in claim 1, further including the

steps of:

(a) providing at least two wear probes; and,

(b) using at least one of the at least two wear probes for
removing deposits from the surface of'said rotating com-
ponent.

12. A method as recited in claim 1, wherein:

(a) said mechanical seal is a cartridge mechanical seal.

13. A method as recited in claim 1, wherein:

(a) said mechanical seal includes one of (i) at least one
stationary seal face and at least one rotating seal seat,
and (i) at least one stationary seal seat and at least one
rotating seal face.
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14. A method as recited in claim 1, wherein:

(a) said at least one stress-wave sensor is connected to said
at least one wear probe or to said mechanical seal
through a stress-wave waveguide.

15. A method as recited in claim 1, further including the

step of:

(a) providing said at least one rotating component with a
textured surface that can be contacted by said at least one
wear probe.

16. A method of monitoring a mechanical seal, which
provides a seal between a rotating machine part and another
machine part, to determine whether at least one seal face of
said mechanical seal is worn, said method including the steps
of:

(a) providing at least one wear probe operably associated
with at least one rotating component of said mechanical
seal, said at least one wear probe being movable relative
to said at least one rotating component, said at least one
wear probe being configured to move relative to said at
least one seal face independent of any wear of said at
least one seal face, said at least one wear probe being
configured to cause stress waves to be induced only
when said at least one wear probe is in contact with said
at least one rotating component;

(b) providing at least one stress-wave sensor for measuring
the intensity of stress waves induced by said at least one
wear probe when it contacts said at least one rotating
component;

(c) providing means for gradually moving said at least one
wear probe toward said at least one rotating component;

(d) providing means for continuously measuring the dis-
tance that said at least one wear probe is moved;

(e) gradually moving said at least one wear probe toward
said at least one rotating component while evaluating the
stress-wave signal measured by said at least one stress-
wave sensor;

() detecting the time when the intensity of stress-wave
signal measured and evaluated in step (e) of this claim
increases;

(g) determining the distance that said wear probe moved at
the time detected in step (f) of this claim; and,

(h) evaluating the distance determined in step (g) of this
claim to determine the wear level of said at least one seal
face.

17. A method as recited in claim 16, further including the

step of:

(a) providing a force-limiting member to limit the maxi-
mum force that said at least one wear probe can apply on
said at least one rotating component of said mechanical
seal.

18. A method as recited in claim 16, further including the

steps of:

(a) providing an actuator and a monitoring computer, the
actuator moves the at least one wear probe in response to
commands from the monitoring computer that executes
the acquisition and processing of the signal from the
stress-wave sensor and evaluates the wear of said at least
one seal face.

19. A method as recited in claim 16, further including the

steps of:

(a) measuring the distance that said at least one wear probe
has to move to contact the said at least one rotating
component when said at least one seal face is unworn;
and,

(b) determining the wear level, measured as decrease of
thickness of seal face material, in step (h) of claim 16 by
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subtracting the distance determined in step (g) of claim
16 from the distance measured in step (a) of this claim.

20. A method as recited in claim 16, wherein:

(a) said at least one stress-wave sensor is connected to said
wear probe or to said mechanical seal through a stress-
wave waveguide.

21. A method as recited in claim 16, further including the

step of:

(a) providing said at least one rotating component with a
textured surface that can be contacted by said at least one
wear probe.

22. An apparatus for monitoring a mechanical seal, which
provides a seal between a rotating machine part and another
machine part, to determine whether at least one seal face of
said mechanical seal is worn, said apparatus comprising:

(a) at least one wear probe operably associated with at least
one rotating component of said mechanical seal, said at
least one wear probe being movable relative to said at
least one rotating component, said at least one wear
probe being configured to move relative to said at least
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one seal face independent of any wear of said at least one
seal face, said at least one wear probe being configured
to cause stress waves to be induced only when said at
least one wear probe is in contact with said at least one
rotating component;

(b) at least one sensor for measuring the intensity of a first
signal induced by said at least one wear probe when
contacting said at least one rotating component;

(c) an actuator for moving said at least one wear probe
relative to said at least one rotating component so that
said at least one wear probe and said at least one rotating
component contact each other, said actuator and said
wear probe being configured such that the force gener-
ated when said at least one wear probe contacts said at
least one rotating component is substantially less than a
force sufficient to damage said mechanical seal; and,

(d) means for measuring and evaluating said first signal to
determine if said mechanical seal is worn.
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