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Contact Elimination in Mechanical
Face Seals Using Active Control

Joshua Dayan, Min Zou, and Itzhak Green

Abstract—Wear and failure of mechanical seals may be critical faces. Therefore, contact elimination is of prime importance, es-
in certain applications and should be avoided. Large relative pecially in critical applications (such as nuclear reactor cooling
misalignment between the seal faces is the most likely cause forpumps) where seal failure may have severe implications.
intermittent contact and the increased friction that eventually - . . .
brings failure. Adjustment of the seal clearance is probably the A_Comprehenswe design that takes |nto.account all the infor-
most readily implemented method of reducing the relative mis- Mation such as seal face geometry, materials, heat transfer, me-
alignment and eliminating seal face contact during operation. This chanics, system dynamics, and empirical data, promotes long
method is demonstrated with the aid of a noncontacting flexibly seal life. This, however, is by no means an easy task, and in many
mounted rotor (FMR) mechanical face seal test rig employing a 4565 4 great amount of the information is missing. The problem

cascade control scheme. Eddy current proximity probes measure .
the seal clearance directly. The inner loop controls the clearance, may be tackled though, through active control of the seal oper-

maintaining a desired gap by adjusting the air pressure in the ation. This approach has been taken by [1]-[4]. All these re-
rotor chamber of the seal. When contact is detected the outer loop searchers concentrated solely on clearance adjustment through

adjusts the clearance set point according to variance differences in temperature control, where temperatures measured by thermo-
the probes signals. These differences in variance have been foundcouples were used as the feedback. Temperature increase has

to be a reliable gquantitative indication for such contacts. They b laimed to be th It of fricti db tact. H
are complimentary to other more qualitative phenomenological een claimedto be the result oririction caused Dy contact. How-

indications, and provide the controlled variable data for the outer €Ver, temperature mgy vary a.s a resullt. of other .physical phe-
loop. Experiments are conducted to test and verify this active nomena or changes in operating conditions. Particularly, when

control scheme and strategy. Analysis and results both show that seal faces contact because of large relative misalignments the
contrary to intuition for the seal under investigation, reducing tamperature could still remain low because of the cooling effect
seal clearance can eliminate contact, and the outer cascade loop . ..
indeed drives the control toward this solution. of excessive leakage. In addition, thermocpuples.onl_y measure
local sealing dam temperatures, where their location is not nec-
essarily right at the location of contact. Thermal inertia must
also be taken into account to anticipate the time delays between
event occurrence and control activation. On the whole, temper-
. INTRODUCTION ature measurement is not a direct measurement of the clearance
ECHANICAL seals are widely used in pumps, compresa“d_a therefore, an approach that counts on it may not detect sit-
sors, turbomachinery, and powered vessels. Two typéations of damaging, i.e., contacting seal operation.
are employed, contacting, and noncontacting mechanical facn this research, various ways of reducing the relative mis-
seals. The first seal type provides the most effective separatflignment and diminishing the possibility of seal face contact
of the fluids on both sides of the seal, doing so at the expensé®§ introduced and considered. First contact is monitored from
high friction and faster wear. The second type provides longée dynamic behavior of the seal using eddy current proximity
life but at the cost of some leakage. Premature failure of tREODeS. These provide instantaneous information on proper or
seal may inflict damage far exceeding the value of the seal itséfiProper seal behavior. Then, a control strategy as well as con-
and, therefore, it should be avoided. In noncontacting seals el System are developed and physically implemented to keep
cause of failure is not always clear and may be attributed to tR@th the clearance and the relative misalignment as small as pos-
process, operation, design or their combination. Nevertheles§il€ in order to ensure noncontacting operation of the FMR me-
most probable cause of noncontacting seal failure is the occgianical face seal.
rence of some undesired intermittent contact between the seal

Index Terms—Closed-loop systems, dynamics, failure analysis,
fault diagnosis, monitoring, seals, vibration control.

Il. INTERMITTENT FACE CONTACT
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Fig. 1. The relative misalignment between the rotor and the stator in the sealing dam.

mrad, respectively) and, hence, Fig. 1 is not shown to scale figned seal, must have a coning anglegreater than critical
these dimensional parameters. Fluid leakage due to the pres§bfe[8]. (The critical coning angléd.itica1 = 1/R;, provides
drop across the seal occurs as fluid flows into the convergipgsitive fluid film stiffness; whereé; is the dimensionless inner
gap created by3* (in Fig. 1 flow occurs from the peripheral radius of the seal;/r,.) Should contact occur it would take
area toward the center). Ideally, seal faces are arranged perg#aee at the inner radius. In which case, the normalized relative
dicular to the shaft and parallel to each other. As the name imisalignment;y, can be used to determine contact occurrence.
plies, there should be no face contact during the operation of Men contact occurs at the inner radius
noncontacting mechanical face seal. However, in reality, during .
operat A v =Cufri (1)
peration contact may occur due to large relative misalignment
between the seal faces. The relative misalignment between seal, therefore, nondimensionally
faces,v* (see Fig. 1), is the result of manufacturing and as- /R = e 2
sembly tolerances, machine deterioration, or from disturbances ¥ =1/ R = Yeritical: 2)
in the process operation, bent shafts, etc. Seal face contact, ndthus, in order to avoid the possibility of contact between the
only generates an impact force that is not easy to predict, it alseal faces both the design and operation should ensute
increases the friction and wear of the faces. Heat generatedhby;i..1 at all times.
prolonged contact can also deform the seal faces and generate
additional stress problems. [ll. REDUCING THE NORMALIZED RELATIVE MISALIGNMENT
Whether seal face contact will occur depends not only on the
relative misalignment between the rotor and the statgrput
also on the designed seal clearancg, and the seal inner and
outer radii,»; andr, (for consistency with previous publica-
tions [5]-[15] an asterisk or, a lower-case letter indicates
mensional/nonnormalized variables). These can be grouped

In some applications seal contact can be prevented by proper
design, i.e., selecting the seal parameters in such a way that
it will not be sensitive to changes in the operational variables
bout its nominal working point. In other cases, however, the
Gad changes or the disturbances may vary substantially, causing
. ; X o . Ié‘?@e misalignment, beyond what rigid design can rectify. In the
gether into the normalized relative misalignmentdefined as latter one or more of the operational variables, clearance, sealed

’7*7‘.‘)/0‘) [5]. Seal face' contact COL.“d either occur at the NN id pressure, and shaft speed, can be used to actively control
radius or the outer radius, depending on the normalized CoONig, seal behavior 61, [7]

angle,g = g*r,/C, (now Fig. 1 is better scaled for the nondi-

; The analysis in [5] provides a solution for the dynamic re-
mensional parameters, whete = C, + z;). A properly de- y 51 p y

sponse of the flexibly mounted rotor to two forcing functions:



346 IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. 10, NO. 3, MAY 2002

pressurized air  pressurized water

spindle shaft stator
rotor
I/ I N
¥
) _E.E:;_T_:l__—-— . :+::E-_,="‘——§I — )=
[ 7| proximity
gn Sl probe
N T :
. +£1- =51 \sealing dam
lip seal rotor chamber bon i
contacting sea\ carbon fing
Part | Part Il Part [ll

Fig. 2. Schematic of the FMR noncontacting mechanical seal assembly.

the fixed stator misalignment, and the initial rotor misalignfl0]-[12]. Recently, it has been augmented with an advanced
ment. Thus, the total rotor misalignment response is the vecteal-time data acquisition and analysis system [13], [14]. Other
superposition of these two responses, and whose maximunsignificant modifications to the basic system include the stator,
obtained by adding the maxima of the responses to these twiich is made entirely of carbon graphite, and the rotor, which
forcing function. Likewise, the relative misalignment betweeis made entirely of AlSI 440C stainless steel. Both have been
the rotor and the stator is the vector subtraction of the total rofabricated and lapped to industry standards by seal manufac-
misalignment and the stator misalignment. Hence, reducing tiueers (which is better than half a “helium band” or 0,2%).
relative misalignment can eliminate contact. The integrated system provides reliable measurement and deter-
The maximum relative misalignment can be calculatedination of the relative position between rotor and stator.

according to the closed form solutions of the Green dynamicThe rotor is flexibly mounted on the rotating shaft through
model [5], [8]. Based on this solution, parametric and sensitivigh elastomer O-ring. This allows the rotor to track the stator
studies [6], [7], [9] were performed to investigate the effeGhisalignment and to move axially. The seal stator assembly is
of basic seal parameters (including shaft speed, sealed fldignposed of several components: the carbon stator, the spacer,
pressure, coning angle, and clearance) on the maximum relafiy the stator holders. This design is capable of mechanically
misalignment for a noncontacting FMR seal test rig (Shown Weforming the stator and produces seals with various coning an-
Fig. 2). It was found that increasing the shaft speed and e [11]. For stability, it is mandatory for the seal to maintain
sealed fluid pressure decreases the maximum normalized relagnyerging gap in the direction of radial flow. For an outside
tive misalignment. Seal clearance effect on this m'SaI'gnmeBPessurized seal the minimum seal film thickness has to be on

however, depends on the coning anglg. This i,s .because of 1€ inside diameter [15]. In real applications the actual coning
strong dependence of the rotor dynamic coefficients, and t%

the d . the cl q ; H %Ie results from pressure differences and thermal stresses.
€ dynamic responses, upon the clearance and coning. HeR( refore, it varies over time. However, these transients in de-
when the coning angle is small, and contrary to intuitio

decreasing th | clearance will decrease. th maxim%rmations occur at a much slower pace than the time scale of
ecre g the seal clearance ecrease ne restin seal dynamics. Thus, the two processes (coning angle

normalized relative misalignment. Conversely when the Coni'i]/%riations and instantaneous dynamics) can be regarded as de-

angle is large, increasing the clearance wil likewise decrea(:S(()eupled. For this reason the coning in the present test rig is in-

the maximum normalized re"".‘“"e misalignment. Therefor%UCed by deforming the faces in the stator fixture and held fixed
the shaft speed, the sealed fluid pressure, or the clearance can . g
. : . - throughout the experiments. In that regard, data sufficient for
be used to reduce the maximum normalized relative misalign- : ) N L )
T . . dynamic analysis and monitoring is acquired in a fraction of a
ment, and eliminate seal face contact. However, since in mg

applications the shaft speed and sealed fluid pressure are ﬁ)ieeogond,ratlme scale insignificant for any thermal deformations
the best way of contact elimination is by controlling the se { oceur. o ) . o
clearance. The present study describes contact elimination by he stator assembly is fixed in the housing, which is made

clearance control in a noncontacting FMR seal test rig. of three parts for convenience in machining, maintenance and
adjustment of the test rig. All possible leakage paths are sealed
IV. CONTACT ELIMINATION by O-rings. The sealed fluid in the housing is pressurized water.

, The shaft is connected to a spindle driven by a speed controlled

A. The Test Rig dc motor through two pulleys and a timing belt. Pressurized air
The basic noncontacting FMR mechanical face seal test rgsupplied from the main air supply line to the rotor chamber
used in this study (Fig. 2) was described by Lee and Gre#flwwough holes in the housing and the shatft. It is sealed by a lip
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seal at one end and separated from the water by a contacting its own initial rotor misalignments, leads to a relative mis-
seal at the other end. The seal operates at an equilibriatignmenty (see Fig. 1), large enough to cause contact. The pur-
clearance where the opening and closing forces are balangemke of the contact elimination strategy is to improve upon the
Changing the closing force by adjusting the air pressure in thator response and redueesuch that noncontacting operator

rotor chamber (whether manually or by the computer througtpeevails. However, other factors, such as kinematics of the flex-
voltage to pressure converter) varies the clearance. ible support and its rotordynamic coefficients uncertainties, ma-

Three eddy current proximity probes (REBAM 1200hine deterioration, transients in sealed pressure or shaft speed,
mounted on the end of the housing measure the instantaneougnexpected shaft vibration, affect the dynamic behavior of
distances between their tips and the end surface of the rdtoe seal and, hence, the relative position and misalignment be-
face. The eddy current probe sensitivity is 40n/V. The tween the rotor and the stator. The parametric studies [6], [7],
linearity range prevails between 0—1 mm. To avoid saturati¢®] explore the effects of various seal parameters on-his.
the proximity probes were located about 0.3 mm from thend provide valuable information concerning seal design and
target rotor surface and the maximum runout was of the ordegrformance prediction. These studies also provide guidelines
of 10 um. Hence, the proximity probes never saturated. THer contact elimination strategy. The undesirable contact, how-
proximity probes can measure both the static and the dynaraiter, makes the system behave very differently than when non-
distances between their tips and the rotor. The three prolwesitacting operation prevails. The contacting operation is much
are mounted on a circle of 25 mm diameter and located 9More erratic, contains higher harmonics, and the orbit deviates
apart. At any particular moment the clearance of the sealggeatly from circular. This, however, is not an instability phe-
the difference between the instantaneous average readingsienon. Particularly, when intermittent face contact occurs the
of the two probes, which are mounted 88part, and the assumption and analysis of a “noncontacting” seal are invalid.
zero reference. The latter is obtained once, while the shaftAglynamic analysis, which includes intermittent face contact, is
stationary and high air pressure is applied in the rotor chamisxtremely difficult and is not yet available. However, the con-
to ensure that the rotor is pressed against the stator. At thist elimination strategy based on the studies mentioned above
state the average of these two probes represents the zdilbremains effective for reducing the relative misalignment be-
clearance reference. The proximity probes have a bandwiditteen rotor and stator. In [18] it was suggested that when it
of about 10 kHz. A low-pass filter with a cutoff frequencycomes to actual diagnostics a phenomenological approach for
of 1 kHz is used to eliminate high frequency crosstalk noisgntact detection is more appropriate. Indeed, it was shown ex-
among the probes and also to serve as an antialiasing filfegrimentally that under certain conditions (which have been pre-
The proximity probe signals in terms of the reduced voltagekcted by the analysis) the probe signals become quite erratic,
are sent through analog to digital converters to a floating-poiatcompanied by higher harmonic oscillations (HHOs). (Similar
digital signal processor (DSP). This DSP, supplemented byH&Os were observed by Lee and Green [10], during intermit-
set of on-board peripherals, such as analog to digital and digitaht contact, for which they offered a contact model based on a
to analog converters, comprise a universal board mountedFeurier series expansion.) Power spectrum density (PSD) anal-
a personal computer. Since the highest sampling rate of ¥sis of the probe signals conclusively detects these HHOs, in
DSP is 500 kHz, the DSP computational results are availatsgal time. In addition, the angular misalignment orbit, indicating
in real-time. It should be mentioned that although Sehetad). the magnitude of the misalignment when the rotor is positioned
[16], and Etsion and Constantinescu [17], have made simikirits instantaneous precession angle, obtained during these ex-
attempts to determine the clearance from proximity prokgeriments is noncircular (see orbit for clearance pht, when
readings, they eventually reverted to estimating the cleararasmtact occurs, in Fig. 3).
indirectly from a simplified equation applied to the measured The angular misalignment orbit represents the instantaneous
leakage because of the zero drift resulted from their higbcus of two orthogonal tilts, and,, which takes place about
operating temperature test conditions. two inertial coordinateg andr (an extensive discussion appears

Other key parameters including stator misalignment, rotar [5], [8], [10] and [13], and the nomenclature in this work is
misalignment, relative misalignment between the rotor and thensistent with the definitions in the said references). In sum-
stator are calculated online in real-time from the probe megary, because of the factors mentioned above and because the
surements [13]. Further details of the test rig components, daaasured clearance oscillates, face contact detection is based
acquisition and analysis can be found in the aforementioned reft the pattern of the three probe signals, their power spectrum
erences. densities and the angular misalignment orbit obtained.

It should be noted that the PSD for all clearances has second
HHOs, which are equal to twice the shaft rotating frequency
[18]. Certain levels of these HHO are inherent in the system.

An eigenvalue stability analysis [5], [8] reveals that the FMRhey are present even when the rotor runs without the stator
seal in the current test rig is dynamically stable up to shaft place and are attributed to other system components such as
speeds of at least 1300 Hz and below a clearance qfri0 the O-ring flexible support. However, the energy level of these
These limits are extremely high, and out of the range of normidHO for the contacting case (e.qg., the.6t clearance case in
operation for most practical cases. The problem of contact thag). 3) is much higher than that of the noncontacting cagen(l-
occurs here is the steady-state response to the stator misal@@arance in Fig. 3) and clearly indicates an abnormal operation
ment (or initial conditions). A rotor that poorly tracks the statofi.e., intermittent contact). As seal clearances decrease the shape

B. Contact Detection and Contact Elimination Strategy
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Fig. 3. Rotor angular misalignment orbit (AMO) for different clearances. (Large stator and initial rotor misalignments,., = 1.5 mrad.)

and peak-to-peak values of the probe signals change as wislinaintained at an adequate value, but the contact causes the
and tend to become similar to each other. When the clearasignal to vibrate (high harmonics appear in the probe signals). In
reaches Jum (Fig. 3) the three probe signals are almost idesuch a case, the outer loop does not look at the mean value of the
tical, and the HHO have practically disappeared. The absenceigfnal or at any of the individual clearances themselves. Instead,
HHO in the PSD is an indication that noncontacting operatianlooks at the high harmonics imposed on the signals whether
has been restored [10] as is the circular orbit obtained [18]. they correlate (as in noncontacting regime) or not (when con-
After contact is detected, the required next step should trigaget occurs). After contact is detected, it is corrected or elimi-
a mechanism, which would dictate the desired clearance to fged by dictating a proper clearance to the inner loop. The di-
control loop. Maintaining this desired clearance would elimiection of change in the value of the desired clearance taken
nate the contact and restore normal (noncontacting) operatiafy the outer loop is dictated by the sensitivity at the particular
The contact elimination control system and strategy corgoning angleg3, that the seal is operated at (for the test rig clear-
prises a nonconventional type of a cascade or supervisory Cfce decreasing is required).
trol scheme (Fig. 4). The inner proportional and integral (P1) The desired clearance calculations should be based on the sta-
feedback control loop controls the clearance and maintaingjgics of the real-time probe signals and the results of the contact
desired set point, which, in turn, is adjusted by the outer cogiatection test. Since the seal rotor is mounted on the shaft and
trol loop. Based on the error between the desired set point gaghtes with the shaft, the signals measured by the three prox-
the actual calculated clearance (the mean of three signals f?lLPFty probes should have the same characteristics as long as
tained from the direct probes measurements) the output sigfidre is no face contact. In particular, the variance of the probe
of the PI algorithm is sent to the electropneumatic transducggnals should also be identical and repetitive for any shaft rev-
(through a D/A converter), which provides the required air pregiytion, Therefore, the method suggested here essentially com-
sure to the rotor. As mentioned, the operational conditions &J@ses fusing of the clearance measurement data obtained from
well within the stable region and physically the seal cannot bgse three proximity probes. The measurement variance of one
come unstable. Although theoretically the mechanical syst%be is compared with those of the other two, and the absolute

is of second order, in reality it behaves more like a first ordgfitferences of the variance values are summed and used as feed-
system having transfer function of 1.67107¢ (1 + 0.065)™".  p5ck to the outer loop

With the PI control algorithm [5¢< 10° (1 + 1/s) tuned by root

locus consideration] it is possible to maintain any desired clear-

ance value with a high degree of accuracy (e.g., Fig. 5). Ref- Z Aoy = (07 —03) + (03— 005) + (03 —01).  (3)
erence [14] as well as [18] provide an in-depth description of

this part of the control scheme. However, when intermittent (or Only the changes in the statistical characteristics (e.qg.,
even persistent) contact occurs, the clearance control loop neaanges in the variance) of the probe signals other than the
still, superficially, show “good” control, i.e., average clearancaverage, and their differences reveal the sought phenomenon.
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Fig. 4. Block diagram of the seal clearance control system. (a) Supervisory control using DSP and AMO analysis to detect contact. (b) Contivisong super
control using variance analysis to detect contact.

The contact detection and elimination control may work in For the particular experimental rig system in this research and
two ways. in many similar practical cases, there is essentially no need for
1) The outer control loop is switched “on” and “off” “formal” contact detection followed by the initiation of the cor-
according to a supervisory algorithm, which determind€cting measures. Instead, the continuous supervisory variance

(by PSD/AMD analysis) whether a contact occurgzontrol loop will simply (and reliably) eliminate contacts pro-
When the outer loop is switched off the setpoint fo¥iding safe operating conditions all the time. The setpoint for

the inner loop is held at its latest updated value variance was selected to Ber? = 10~*2 m?, yielding
[Fig. 4(a)]. Ao =10 %m, or50% of the original desired setpoint for the rig

2) Alternatively, the outer loop is left “on” all the time (2 #m), i.e., the order of magnitude of face flatness and surface
[Fig. 4(b)]. Practically, this arrangement can eliminatéoughness. The variance is calculated for one shaft revolution at

contact with the least control effort. sampling interval of 0.0004 s.
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Fig. 5. Transient results with changes according to Table I.
The outer control loop generates the desired clearance output TABLE |
(which is used as the setpoint to the inner control loop). This CHANGES DURING EIGHT MINUTES OF THE
. . . . . TESTRIG CONTROL EXPERIMENT (FIG. 5)
has been set with a Pl algorithm as a smoothing filter and for in-
creasing the overall system accuracy (by zeroing the position Time | Clearance | Rotation | Sealed water
error of the outer loop). The employed outer loop controller Speed Pressure
transfer function for the test rig was 0.6L + 1/10- s). As indi- Min pm Hz kPa
cated, physically, there is no stability limitation for this system
and the particular algorithm tuning has been found by trial and
error.
. . - . . 4(* 15(* 207(*
The differences in the statistical behavior of the sensor’s sig- 0 ) ) 07(*)
nals were also used by Showtlal. [19] for a completely dif- 1 20(+5)
ferent system, where data fusion from two different sensors 2 31
measuring location has been used to identify the environment. 3 241(+34)
C. The Clearance Control (Performance of the Inner Loop) 4 S
As mentioned, seal clearance control (the inner “Slave” loop) 5 15
is implemented through a PI controller for which the desired 6 207
value is dictated by the outer “Master” loop. The measured feed- 7 4
back is obtained from the calculated average of the probe sig- : : _
. . . * Nominal vaiues of the operational conditions
nals, and the resulting control action is sent through an electrop- +- Deviations from the nominal conditions

neumatic transducer that provides the required air pressure in

the rotor chamber of the test seal. Various clearances can then

be obtained by varying the closing force generated by the 4fid Sealed water pressure (up to 18%). The changes during the
pressure in the rotor chamber. test are introduced at 1-min time intervals according to Table I,

The ability of the clearance control loop to follow the Set\_/vhere Fig. 5 clearly shows that the controller can follow these

point changes, with and without disturbances in shaft speed aif PNt changes in the presence of the above-mentioned dis-

sealed water pressure, is tested and the performance is derﬁlé_rrll)_anges. The required control effort, i.e., the air pressure vari-

strated by the test rig. All the experiments are conducted ab&ns in the rotor chamber, seems to be very small.

nominal operation condition of 207 kPa sealed water pressure, o

15 Hz shaft rotating speed anguh clearance. The seal coningP: Contact Elimination Results

angle for the experiments is held at 1.6 mrad. Experiments are conducted under different stator coning an-
Fig. 5 depicts the results of testing the inner control loogles, shaft speeds and sealed water pressures, testing if the entire

for 8 min. The desired seal clearance (set-point changes), tascade controller is able to eliminate face contact. The results

actually measured clearance and the required air pressur®ftone of the experiments (where nominal conditiof$: =

maintain the set point are plotted. In this test, clearance s&t6 mrad, water pressure207 kPaw = 15 Hz, clearance and

point changes in steps of 25%—-50% of the nominal value astator misalignment 2 mrad, prevail) are plotted in the following

introduced along with disturbances in shaft speed (up to 30%gt of figures (6—10).
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Fig. 7. Proximity probe PSD’s when the control is on and off.

Fig. 6 depicts the changes in probe displacement signals @bimpossible to see the differences between the individual PDS
tained when the control is switched on and off. Clearly, the shapteach probe signal on the linear scale the log (PSD) is plotted
and peak-to-peak values of the signals are different for the thiaeFig. 7, for the respective control on and control off cases.
probes when control is off, but they are almost identical wheXithough it is less dramatic than the linear plot, Fig. 7 clearly
the control is on. shows that the PSD’s of the control “on” match each other much

Itis easier to see these differences from the PSD’s of the thiteetter than those of the control “off.”
probes. The PSD is best presented on a linear scale. On suchkig. 8 shows that the maximum relative misalignment be-
scale, control “on” is indicated when the three probes’ PSD f&een rotor and stator is significantly reduced when the control
2.5 times higher than the PSD value obtained when the conti®l‘'on” compared to when the control is “off,” and hence the
is “off” at the prime frequency, and it is less than half the valuevo elements are better aligned and contact is less likely (in this
obtained at higher multiplications of this frequency. Becausedase contact is eliminated).
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Fig. 9. Rotor angular misalignment orbit for control on and off cases.

The rotor misalignment orbit for control “on” and controlthe clearance does indeed reduce the relative misalignment, as
“off” cases, is plotted in Fig. 9. The orbit becomes more ciwas shown analytically by Green [8]. Fig. 10 also shows that
cular for the control “on” case, and its center moves toward tloéearances calculated from the probe measurements are well
point defined by the stator misalignment and angle. correlated and in good agreement with clearances calculated

When the cascade controlis “on,” the variance loop drives tfrem leakage measurements (assuring that both methods are ad-
system toward better alignment (eliminating the contact), andeguate). The changes in the controller output required (the air
can be seen from Fig. 10 it automatically reduces the clearangeessure in the rotor chamber) are very small, demonstrating that
This is an indication that under the tested conditions reducittge control is well tuned and effective.
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