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ABSTRACT

Wear and failure of mechanical seals may be critical in certain application and should be avoided.
Large relative misaignment between the sedl facesis the most likely cause for intermittent contact and
the increased friction that eventually brings failure. Adjustment of seal clearance is probably the most
readily implemented method of reducing the relative misalignment and the eimination of sedl face
contact during its operation. This method is demonstrated with the aid of a noncontacting flexibly
mounted rotor (FMR) mechanicd face sed test rig employing a cascade control scheme. Eddy current
proximity probes messure the sedl clearance directly. The inner loop controls the clearance,
maintaining a desired gap through adjusting the air pressure in the rotor chamber of the seal. When
contact is detected the outer loop adjusts the clearance set point according to variance differencesin the
probes sgnds. These differences in variance have been found to be areliable quantitative indication for
such contacts. They are complimentary to other more qualitative phenomenological indications, and
provide the controlled variable data for the outer loop. Experiments are conducted to test and verify this
active control scheme and strategy. Analysis and results both show that contrary to intuition for the sed
under investigation reducing seal clearance can eliminate contact and the outer cascade loop indeed
drivesthe control toward this solution.

1. Introduction

Mechanicd sedls are widdly used in pumps, compressors, turbo-machinery and powered vessals. Two
types are employed, contacting and noncontacting mechanical face seds. Thefird sed type provides the most
effective separation of the fluids on both sides of the sedl at the expense of high friction and faster wear. The
second type provides longer life but at the cost of some leakage. Premature failure of the sed may inflict far
greater damage than the value of the sedl itsdf and therefore should be avoided. In noncontacting sedls the
cause of failure is not dways clear and may be atributed to the process, operation, design, or their
combination. Nevertheless, a mogt probable cause of noncontacting sed failure is the occurrence of some
undesired intermittent contacts between the sedl faces. Therefore, contact dimination is of prime importance,
especidly in critical gpplications (such as nuclear reactor cooling pumps) where sedl failure may have severe
implications.
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A comprehensive design that takes into account al the information such as sedl face geometry, materias,
heet transfer, mechanics, system dynamics, and empirical data, promotes long lasting sedl life. This, however,
is by no means an easy task, and in many cases a great amount of the information is missing. The problem
may be tackled though, through active control of the sedl operation. This gpproach have been taken by Sdant,
et d., (1987), Heilda and Kangasneimi, (1987), Etson, et d., (1991), and by Wolff and Sdant, (1995). All
these researchers concentrated solely on clearance adjusment through temperature control, where
temperatures measured by thermocouples were used as the feedback. Rise in temperature has been claimed to
be the result of friction caused by contact. However, rise in temperature may result from other physica
phenomena and the thermocouples only measure loca seding dam temperatures, not necessarily right at the
location of contact. Therefore, this gpproach may erroneoudy activate the contral as it contains large time
delays between event occurrence and the action taken by the control. Since temperature is not adirect measure
of the clearance, it may not detect Situations of damaging sed operdtions, eg., sed face contact caused by
large rdlaive misdignment. In this case the temperature measurements could still remain low because of the
cooling effect of large leskage.

In this research, various ways of reducing the relative misalignment and diminishing the possibility of sedl
face contact are introduced and considered. Firgt contact is monitored from the dynamic behavior of the sed
using eddy current proximity probes. These provide ingtantaneous information on proper or improper sedl
behavior. Then, acontrol strategy aswell as control system are developed and physicaly implemented to keep
both the clearance and the relative misdignment as smal as possible in order to ensure noncontacting
operation of the FMR mechanicd face sedl.

2. Intermittent Face Contact

Basic description and nomenclature of the FMR mechanica face sed are givenin Fig. 1. The seding dam
is the area between the face of the rotor and the danted disk (dark cross-section in Fig. 1) of the Stator. The
latter is usualy made of softer materid (e.g., graphite). During operation the softer materid is digtorted to a
certain extend and a coning angle b™ of a fraction to afew mrad is formed. Fluid leakage due to the pressure
drop across the sed occurs by flow into the converging gap created by b” (in Fig. 1 flow occurs from the
peripherd areainto the center). Idedly, sed faces are arranged perpendicular to the shaft and parale to each
other. As the name implies, there should be no face contact during the operation of the noncontacting
mechanicd face sed. However, in redlity, contact may occur due to large rdative misdignment between the
sed faces a the normaly small clearances separating them (of the order of only a few microns). Rdative
misdignment g, between sedl faces (shown in Fig. 1) may result from manufacturing and assembly
tolerances, machine deterioration, or from disturbances in the process operation (e.g., axid load change). Sed
face contact, not only generates an impact force not easy to predict, but it aso increases the friction and wear
of the faces. Heat generated by prolonged contact can aso deform the sed faces and generate additional stress
problems.

Whether sedl face contact will occur depends not only on the relative misdignment between the rotor and
the stator, g, but aso on the sedl clearance, C,, and the sedl inner and outer radii, r; and r,, (for consistency
with previous publications ™' or, low-case letters without asterisk indicates dimensional/non-normélized
variables). These can be grouped together into the normalized relative misdignment, g, defined as g'ro/C,
(Green, 1989). Sed face contact could either occur at the inner radius or the outer radius, depending on the
normélized coning angle, b = b'ry/C, (Fig. 1). A properly designed sedl, must have a coning angle, b, grester
than critical. (The critical coning angle bgiia=1/R, provides positive fluid film siffness, where R is the
dimendionless inner radius of the sedl, 1i/r,.) Should contact occur it would take place at the inner radius. In
which case, the normalized relaive misdignment, g, can be used to determine the contact occurrence. When
contact occurs at the inner radius,
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g =C,/r, Q)
and therefore, nondimensiondly
g :1/ R :gcritical (2)

Thus, in order to avoid the possibility of contact between the sedl faces both the design and operation
should ensure g < giicy & al times.

\ Rotor

Fig. 1: Therdative misdignment between the rotor and the stator in the seding dam

3. Reducing the Normalized Relative Misalignment

In some applications preventing sedl contact can be achieved by proper design, i.e,, sdecting the sedl
parameters in such away that it will not be sensitive to changes in the operationd variables about its nomina
working point. In other cases, however, the load changes or the disturbances may vary subgtantialy, causing
large misalignment, beyond what rigid design can rectify. In the latter one or more of the operationdl variables,
clearance, seded fluid pressure, and shaft gpeed, can be used to actively control the sed behavior (Dayan et
a. 1999 and Zou et d. 19994).

Contact caused by large rdative misdignment between the sedl rotor and gator can be diminated by
reducing this misdignment, which is the vector subtraction of the tota rotor misdignment and the stator
misalignment. The maximum of the total rotor misaignment is the vector addition of both the maximum rotor
responses to the stator misalignment and to the maximum initid rotor misaignment (Green, 1989).

For a noncontacting FMR mechanical face sed, the maximum reative misdignment can be calculated
according to the dosed form solutions of the Green (1989 and 1990) dynamic moded. Based on this solution,
parametric and sendtivity studies (Zou, et d., 1999a, and Dayan et d., 1999) were performed to invedtigate
the effect of basic sed parameters (mainly shaft speed, sedled fluid pressure, coning angle, and clearance) on
the maximum relatiive misaignment for a noncontacting FMR sed test rig (Fig. 2). It was found that
increasng the shaft speed and the sedled fluid pressure decreases the maximum normdized relative
misdignment. However, clearance effect on the maximum normdized relative misdignment, depends on the
coning angle. When coning angle is small, contrary to intuition, decreasing sedl clearance will decrease the
maximum normalized relaive misdignment. When coning angleis large increasing clearance will decrease the
maximum normaized relative misdignment. Therefore, the shaft speed, the seded fluid pressure, or the
clearance can be used to reduce the maximum normalized relative misalignment, hence eiminate sed face
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contact. However, since in most gpplications the shaft speed and sedled fluid pressure are fixed, the best way
of contact dimination is by controlling the sed clearance. The present study describes contact imination by
clearance control in a noncontacting FMR sedl test rig.
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Fig. 2 Schematic of the FMR noncontacting mechanica sed assembly

4. Contact elimination

41 Thetestrig

The basic noncontacting FMR mechanica face sedl test rig used in this study (Fig. 2) was described by
Lee and Green (1994, 1995, and 1995b). It is equipped with an advanced red-time data acquisition and
andysis system (Zou and Green 1997, 1998). Other sgnificant modifications to the basic system include the
gtator, which is made entirely of carbon graphite, and the rotor, which is made entirdy of AlSl 440C stainless
ged. Both have been fabricated and lapped to industry standards by sed manufacturers. The integrated
system provides reliable measurement and determination of the relaive position between rotor and sator.

The rotor is flexibly mounted on the rotating shaft through an elastomer O-ring. This allows the rotor to
track the dator misdignment and to move axidly. The sed dator assembly is composed of severd
components: the carbon dator, the spacer, and the stator holders. This design is capable of mechanicaly
deforming the stator and produces sed s with different coning angles (Lee and Green, 1995a). For ability it is
mandatory for the sedl to maintain a converging gap in the direction of radia flow. For an outside pressurized
sedl the minimum sed film thickness has to be on the ID (Green, 1987). In red gpplications the actud coning
angle results from pressure differences and therma stresses. Therefore, it is varying with time. However, these
trangents in deformations occur a a much dower pace than the time scale of interest in seal dynamics. Thus,
the two processes (coning angle variaions and ingtantaneous dynamics) can be regarded as decoupled. For
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this reason the coning in the present test rig is induced by deforming the faces in the stator fixture and held
fixed throughout the experiments. In that regard, data sufficient for dynamic andyss and monitoring is
acquired in afraction of a second, atime scale ingignificant for any therma deformationsto occur.

The stator assembly is fixed in the housing, which is made of three parts for convenience in machining,
maintenance, and adjustment of the test rig. All possible leskage paths are seded by O-rings. The sedled fluid
in the housing is pressurized water. The shaft is connected to a spindle driven by a speed controlled DC motor
through two pulleys and a timing belt. Pressurized air is supplied from the main air supply line to the rotor
chamber through holes in the housing and the shaft. It is sedled by alip sed a one end and separated from the
water by a contacting sed at the other end. The sed operates a an equilibrium clearance where the opening
and dosing forces are baanced. Changing the closing force by adjusting the air pressure in the rotor chamber
(whether manually or by the computer through a voltage to pressure converter) varies the clearance.

Three eddy current proximity probes mounted on the end of the housing messure the instantaneous
distances between their tips and the end surface of the rotor face. Thus, they can measure both the satic and
the dynamic distances between their tips and the rotor. The three probes are mounted on a circle of 25 mm
diameter and located 90° apart. At any particular moment the clearance of the sedl is the difference between
the ingtantaneous average readings of the two probes, which are mounted 180° gpart, and the zero reference.
The latter is obtained once, while the shaft is sationary and high air pressure is gpplied in the rotor chamber
to ensure that the rotor is pressed againg the gtator. At this Sate the average of these two probes represents
the zero clearance reference. The proximity probes have a bandwidth of about 10 kHz. A low pass filter with
a cut-off frequency of 1 kHz is used to diminate high frequency cross-tak noise among the probesand dso to
serve as an anti-diasing filter. The proximity probe signds in terms of the reduced voltages are sent through
andog to digita convertersto afloating-point Digital Signa Processor (DSP). This DSP, supplemented by a
st of on-board peripheras, such as analog to digita and digital to andog converters, comprise a universa
board mounted in a persona computer. It should be mentioned that dthough Sehnd, et d. (1983), and Etsion
and Congtantinescu, (1984), have made smilar attempts to determine the clearance from proximity probe
readings, they have eventudly reverted to esimating the clearance indirectly from a smplified equation
applied to the measured leskage.

Other key parameters including stator misalignment, rotor misalignment, relative misalignment between
the rotor and the stator are calculated on-line in red-time from the probe measurements (Zou and Green,
1997). Further details of the test rig components, data acquistion and anadyss can be found in the
aforementioned references.

4.2 Contact detection and contact dimination strategy

As mentioned, stator and initid rotor misdignments are respongible for gmax. The parametric study of
Zou et d. (1999q) explores the effects of various sed parameters on this gmax and provides vauable
information concerning sedl design and performance prediction. This study aso provides guideines for action
while contact occurs. However, other factors, such as kinematics of the flexible support and its rotordynamic
coefficients uncertainties, machine deterioration, trandents in sedled pressure or shaft peed, or unexpected
shaft vibration, affect the dynamic behavior of the sed and, hence, the relative podtion and misaignment
between the rotor and the stator. This is where drict reliance on precise analysis loses effectiveness because
some or al of the assumptions imbedded in the andyss may be borne out physicdly. Particularly, when

problem of finding a proper indication for the contact is raised. Zou et d. (1999b) suggested that when it

comes to actual diagnostics a phenomenologica approach for contact detection is more gppropriate. Indeed,
they have experimentaly showed that under certain conditions (which have been predicted by the andyss) the
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probe signas become quiite erratic, accompanied by higher harmonic oscillations (HHO). (Similar HHO were
observed by Lee and Green, 1994, during intermittent contact, for which they offered a contact mode based
on a Fourier series expansion.) Power Spectrum Dengty (PSD) anayds of the probe signas conclusively
detects these HHO. In addition, the angular misalignment orbit, indicating the magnitude of the misalignment
when the rotor is positioned at its instantaneous precession angle, obtained during these experiments is non-
circular (see orbit for clearance of 6 nmin Fig. 3).
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Fig. 3 Rotor angular misalignment orbit for different clearances (Large stator and initial rotor

misdignments g, = g = 1.5 mrad)

These phenomena are consdered indication of contact. In summary, because of the factors mentioned
above and because the measured clearance oscillates, face contact is not determined based on the theoreticd
(or calculated) normalized relative misdignment. Instead, it is based on the pattern of the three probe sgnds,
their power spectrum densities and the angular misalignment orbit obtained.

It should be noted that the PSD for dl clearances have second higher harmonic oscillations (HHO), which
are equa to twice the shaft rotating frequency (Zou et d. 1999b). Certain levels of these HHO are inherent in
the system. They are present even when the rotor runs without the stator in place and atributed to other
system components such as the O-ring flexible support. However, the energy level of these HHO for the
contacting case (e.g., the 6 nm clearance case in Fig. 3) is much higher than that a the noncontacting case (1
mm clearance in Fig. 3) and dearly indicates an abnorma operation (the intermittent contact). As sed
clearances decrease the shape and peak to peek value of the probe signas change as well, and tend to become
smilar to each other. When clearance reaches 1 mm (Fig. 3) the three probe sgnds are dmost identicd, and
the HHO have practicaly disappeared. The absence of HHO in the PSD is an indication that noncontacting
operation has been restored (Lee and Green, 1994) and so isthe round orbit obtained (Zou et a. 1999b).
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After contact is detected the required next step should trigger a mechanism, which would dictate the
desired clearance to the control loop. Maintaining this desired clearance would diminate the contact and
restore normal (noncontacting) operation.

The contact dimination control sysem and dStrategy comprises a cascade control scheme of two
proportional and integral (PI) feedback loops (Fig. 4). The inner control loop controls the clearance and
maintains a desired set point (which, in turn, is adjusted by the outer control loop). Based on the error between
the desired set point and the actud calculated clearance a proportional signal is sent to the eectropneumatic
transducer (through a D/A converter), which provides the manipulating air pressure to the rotor. Zou and
Green (1998) aswell as Zou et a. (1999b) provide an in-depth description of this part of the control scheme.

Variance Analysisand | | persona Pressurized
Control Algorithm Computer Air Supply
[T |
Control Algorithm, i : )
| _>Q_> (DS1102 Board, AID, | T SCrO-Prieumatic || Mechan ca
Desired + DSP, D/A)
Clearance -
| Low Pass Voltage Proximity
Filter Divider Probe

Fg. 4 Block diagram of the sedl clearance control system

It is suggested that the desired clearance caculations should be based on the very same red-time probe
sgnds and the results of the contact detection test. Since the sedl rotor is mounted on the shaft and rotates
with the shaft, the signas measured by the three proximity probes should be the same as long as thereis no
face contact. The variance of the probe signals should aso beidentical and repetitive for any shaft revolution.
Therefore, the variance of one probe measurement is compared with those of the other two, and the absolute
differences of the variance values are summed and used as feedback to the outer loop. The outer loop isturned
on when contact is detected, i.e., when the sum of the absolute variance differences is greeter than a certain
reasonable value (s? = 10™ n is arbitrarily used here). Proper adjustment of the desired dlearance is then
caculated by the Master P control agorithm and sent to the inner (Save) loop. The Master control loop
remains active until contact is diminated and then it is turned off. Practicaly, this arrangement can diminate
contact with the least contral effort.

4.3 Thedearance control (performance of theinner loop)

As mentioned, sed clearance contral (the inner Save loop) is implemented through a PI controller for
which the desired value is dictated by the Master loop. The measured feedback is obtained from the calculated
average of the probe signals and the resulting control action is sent through an dectropneumatic transducer
and provides the required air pressure in the rotor chamber of the test sedl. Various clearances can then be
obtained by varying the closng force generated by the air pressure in rotor chamber. The Pl dgorithm aso
features anti-windup capabilities (Zou and Green, 1998).
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The ahility of the clearance contral 1oap to follow the set-point changes, with and without disturbancesin
shaft speed and sedled water pressure, is tested and the performance is demongrated by the test rig. All the
experiments are conducted about nomina operation condition of 207 kPa sedled water pressure, 15 Hz shaft
rotating speed and 1.6 mrad sedl coning angle.

Fig. 5 depicts the results of testing the inner control loop during eight-minute. The desired sedl clearance
(set-point changes), the actually measured clearance, and the required air pressure to maintain the set point are
plotted. In this test, clearance set-point changes are introduced adong with disturbances in shaft speed and
sedled water pressure. The changes during the test are introduced at one-minute time intervas according to
Table 1. Clearly (Fig. 5), the controller can follow set-point changes (steps of 25%-50% of the nomind vaue
are tested) in the presence of disturbances in shaft speed (up to 30%) and sedl water pressure (up to 18%).
The required contral effort, i.e., the ar pressure variaionsin the rotor chamber, seamsto be very small.

Time | Clerance | Rotation | Seded waer
Speed Pressure
Min mm Hz kPa
0 4(*) 15() 207(*)
1 20(+5)
2 3(-1)
3 241(+37)
4 5(+2)
5 15(-5)
6 207(-37)
7 4(-1)

Table 1: Changes during eight minutes of the test rig control experiment (Fig. 5)
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Fig.5 Trandent results with changes according to Table 1
4.4 Contact dimination results

Experiments are conducted under different stator coning angles, shaft speeds and sealed water pressures,
testing if the entire cascade controller is able to diminate face contact. The results of one of the experiments,
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where coning angle is 1 mrad, water pressure is 344.8 kPa, shaft speed is 28 Hz, and stator misalignment 2
mrad are plotted in the following set of figures (6-10).

Figure 6 depicts the changes in probe displacement signds obtained when the contral is switched on and
off. Clearly, the shape and peek to pesk vaues of the signds are different for the three probes when contral is
off but they are dmost identical when the control ison.
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Fig.6 Proximity probe signaswhen the control ison and off

It is easier to see these differences from the PSDs of the three probes as plotted in Fig.7, for the respective
control on and control off cases.
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Fig. 7 Proximity probe PSDswhen the control is on and of f
The relative misalignment between the rotor and the stator is smler when the control ison (Fig. 8).
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Fig. 8 Rotor misdignment when the control is on and off

The rotor misdignment orbit for control on and control off cases, is plotted in Fig. 9. The orbit becomes
more circular for the 'control on' case, and its center moves towards the point defined by the dator
misalignment and angle.
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Fig. 9 Rotor angular misalignment orbit for control on and off cases
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When the cascade control is 'on’ the variance loop drives the system toward better dignment (dliminating
the contact), and as can be seen from Fig. 10 it is automatically reduces the clearance. Thisis an indication
that under the tested conditions reducing the clearance does indeed reduce the relative misalignment, as was
shown andyticdly by Green (1990). Figure 10 dso shows that clearances caculated from the probe
measurements are well corrdated and in good agreement with clearances cdculated from leskage
measurements (assuring that both methods are adequate). The changes in the controller output required (air
pressure in the rotor chamber) are very smdl, demongtrating that the control iswell tuned and quite effective.

12 140
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Fig. 10: Sed clearance and air pressure when the control is on and off

5. Conclusions

A novel method of diminating contact in mechanical face sedsis introduced. This method employs active
contral of the clearance between the sed faces. It emerged as a concluson from the results of a detailed
parametric and sengtivity analyss for the noncontacting FMR mechanical sed. Contrary to intuition, it is
suggested to decrease the clearance rather than to increaese it, when contact occurs. The reduction in the
clearance reduces the relative misdignment between the sed faces; therefore, reduces the possibility of sed
face contact. By bringing the sed faces closer together, not only contact is diminated, but aso leskage is
sgnificantly reduced.

The active control is redized by a cascade scheme using two PI control loops. The inner control loop
maintains the desired clearance, while the outer loop caculates and dictates the set-point, based on the contact
detecting result.

The contact is determined by the gppearance of abnorma HHO in the signd of the measured clearance
(the output of eddy current proximity probes). These HHO are detected by parameters of the DSP and
misdignment orbit for the sedl. Once detected, a feedback control loop measuring the probe sgnd variance
differences determines the new target gap, which will eiminate the contact and resume norma noncontacting
operations.
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