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ABSTRACT

The bearing load (BL) governs the stability of axes set in the multi-support-rotor systems (MSRS) . The torque
turbulence (TT) would change BL, which could cause instability of axes set. In order to discern the torque
turbulence, the theoretical analysis about the TT effecting on the BL had been done, as well as the coupled model
about TT and BL had been established, and the experimental study was presented in the paper. The two-directions
bearing load sensor was introduced and its dynamic characteristic was analyzed as well according to its measuring
principle and structure feature. Indirectly measuring the load of bearing bracket in radial and axle direction, the
diding bearing load could be acquired. An eight-support rotor test rig which is a MSRS with sensor was
established, and its dynamics character was analyzed. The coupled model about TT and BL was set up. Finally, the
experiment about BL in different support positions with two typical TT had been done. With the experimental
results, it was manifested that the bearing load sensor has the characteristics of highly sensitivity, and the bearing
load value could be monitored online when the TT exerted on the rotor system. The coupled model is verified, which
provided the theoretical foundation and test data for the torque turbulence recognition.
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INTRODUCTION

MSRS is the key component for the large-scale imtatquipments such as the steam turbine and timpressor,
etc. For calculating the bearing load of MSRS, rttethod of transmission matrix has been appliedlong period
[1], and the result is just a reference function ifestalling the set of axes. There is little effen the elevation
adjustment and the failure predication. Besidesstigport position movement, the bearing load ieciéfd by the
moment of torque turbulence which is caused dubddoad change in electrical wire netting, theedefn steamer
blade and so on. Then the rotational speed ofdtwr is disturbed. The stability of the systemimafly destroyed
[2]. Therefore, testing the bearing load with thesineffective examining instrument directly andcbatg the
feedback information real-time are very great digance for keeping the set stability and avoidihg pernicious
accident.

Generally, there are four kinds of methods whichuMide adopted in discerning the load of utilitpayunit[3]. 1)

Dynamometry. It can be described that a dynamomedévice is installed between the bearing and bgdmacket,
and then the load could be measured directly. ZleBt@n method. It can be explained that the stdisplacement
between the axle journal and the bearing is tested then the load can be calculated by analyhiegharacteristic
of oil layer. 3) Elevation method. It can be intexfed that the dynamic elevation is examined, aed the bearing
load is obtained by calculating the value of thevation. 4) Pressure method. The bearing loadsisedied by
measuring pressure of the oil film. So, the dynamioynis the best way among them. Neverthelesse tisea little

difficulty in installing the sensor because of theucture limitation between the bearing and itacket. The
brackets are usually fixed on the base with thésb@hen rotor systems work. In this paper, the tiveetions

bearing load sensor was introduced and fixed betwlee bracket and its base. The force acted osehsor by the
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bearing bracket can reflect on the bearing loace MBERS kinetic model and the TT-BL coupling modet a
established, and the structure of the bearing $emdor was described. Meanwhile, the dynamic cterstic of the
sensor was analyzed and the dynamics of the sumbartture with sensor is analyzed. Furthermoreneso
experiments about BL in the different support pos& were done with the mentioned sensor.

I.BEARING LOAD-SENSOR

A. Principal and structure of sensor

The bearing load was realized by indirect measuneénighe measuring principle is resistance stratre $o-called
indirect measurement is that the bearing load team$o the sensor by the bearing housing. The-éemdor outputs
different voltage signals which are converted fromsistance values of the strain gauge through uliebfidge
circuit. The sensor is made of hard aluminum afizgterial, on the one hand because of its goodi@tgsin the
other hand, because of its high strength. The tstre©f the load-sensor is shown in Fig.1.

When the load body of the sensor was bearing thedmal and vertical loads of bearing bracket, ltleam would
deform greatly. In the neutral layer of the beame, shear stress and strain are maximum. Howeveshdbar stress
was not measured easily and it could only prodbeetwo perpendicular main stress and angle of 4fegeto the
beam central axis, which caused the maximum tessitss and compressive stress. Thus, four blihesheere
processed respectively in the horizontal and \ertbieam segments. The two strain gauges were palted two
directions perpendicular each other which are aofld5 degree to the central axis beam, where thling
moment was zero in the bottom of the hole. Strainggs R1, R2, R3, R4 were pasted onto the bottdstiraf hole
on the left and right horizontal segments of tharbeR5, R6, R7, R8 were pasted onto the bottoniiind hole on
the vertical segments of the beam. R1, R2, R3,0R#dd a full-bridge circuit, as shown in Fig.2., (@) measure the
bearing loads of Y direction. R5, R6, R7, R8 getezta full-bridge circuit, as shown in Fig.2. (i), measure the

bearing loads of X direction.
. Load body Y
Blind hoIe;Q . Ra  Beam

R 3% )

R3| RS
RL@J:* R6 R;:L@

Base

(a) Y direction (b) X direction

Fig.2: Full-bridge cir cuit

B. Analyze the dynamic characteristics

The dynamic characteristics were analyzed using b@insient response and frequency response frentirtie
domain and frequency domain [4]. Commonly the respacharacteristics are obtained through stepifumat the
time domain and through sine function in frequedomain. Dynamic performance indexes are mainly naatu
frequency and damping ratio. Natural frequencyhefdensor is determined mainly by the structurarpaters. The
higher thewn value, the faster the response of the sensoh Wt "virtual experiment system on mechanical mdnt
engineering”, the dynamic characteristics were yanegl. The virtual experimental system was developedhe
basis of the mechanical control theory, for timendo response, frequency domain response andistatnhlysis
of typical part.
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According to structural parameters of the sensis,vibration massng), stiffness K) and equivalent damping

coefficient C,) were calculated respectively=1.68kg, K = 4.14x 10N ™ €, =10000 g pqsititing these values
into the virtual experimental system, frequencypoese curve could be obtained under the step isipoivn in
Fig.3.
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Fig.3: Frequency response curve

To reflect the dynamic performance of the sensaettain extent, the signal of linear loading psxwas sampled
by the DASP data collection instrument in this pafde loading speed of X direction is 0.1mm /] #hat of Y

direction is 0.08 mm/s. The output curves were showFig.4. The Fig.4 reflected the sensor carktthe dynamic
signal quickly and accurately, and the dynamic abti@ristics were good.
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Fig.4: X and Y direction sampled curves

C. Dynamic analysis of the support structure with sensor

The finite element model of the support structurhthe sensor was shown in Fig.5. Structural elgnygpe was
Solid185; material property was bearing materiaB®2inear and isotropic, so its elastic modulus R10GPa,
Poisson's ratig. = 0.3, density = 7800g/cm3; the sensor material is the hard alumialloy, so the definition of
the elastic modulus E = 70GPa, Poisson's fatid).3, density = 2700g/cm3.

After the geometric model had been created, theeinads meshed using free mesh [4]. Analysis type tha
Modal. The mode extraction method was the Blockczas method. Modal extraction number was 5. Exddhct
mode frequency range was the default value. Thebeurof modal extended was 5. Modal analysis oflda€ling
only included displacement constraints. All the e®df the bottom of sensor were selected as camsp@int, and
its constraint type was "All DOF". The result tdudtrate natural frequencies of the 1st~5th ordemfPost-
Processor (POST1) can be seen in Tab 1.

Tab 1. The 1st~5th order natural frequencies of the support structurewith the sensor

Step 1 2 3 4 5
Natural frequencies Hz) 205.1| 829.21] 917.7% 964.15 1391.6

809



Xinyu Pang and Zhaojian Yang J. Chem. Pharm. Res,, 2014, 6(4):807-815

Fig. 5: Thefinite element model of the support structurewith the sensor

II. THE DYNAMICS ANALYSIS ON THE MSRS

A. The MSRStest rig

The structure of the test rig was shown in Fig3[B.model was shown in Fig.7. The test stand wamalation test
stand of the Turbo. The axes was formed by the daig connected by rigid coupling. And each axis westalled
with two 50kg round iron plates for simulating taetual quality of the rotor accessory such as tfygeiler. The
axes was driven by the motor, and its rotation dpmmuld be adjusted by frequency converter up @08min.
Between each bearing housing and the base, 8 semsog mounted on each support point. The endedcshiaft was
the magnetic brake that can be used to changeothaet In addition, vibration sensors, torque sensmd data
collection instrument were contributed to form anpdete test system, used for fault identificatiod @iagnosis [5].

Fig.7 3D model of the test stand

B. The dynamics model for MSRS

The MSRS is an elastic system which has the featuttee mass continuous distribution [6]. In ortteanalyze the
dynamics character, the succinct and reasonabléan&as model must be established. The mass anatiigon

inertia of the shaft were distributed to two enddiich formed the integrated-rigid-disc. The axeselit was

simplified to the uniform-section elastic shaft latit any mass in Fig.8. The positions at the bgasupport were
called exterior node, and else were called interaute.

interior node

exterior node

the sensor

Fig.8: The mechanics model for MSRS
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So far as the MSRS be concerned, there are fodslifforces, the spring force, the damping foneersectional
spring force and intersectional damping force, beeaof the kinetic lubrication bearing existingtla¢ external
nodes. The force at the external nodes, F, codsidtthe inertial force, the spring force, the emé¢ damping force
and the out-of-balance excitation force. Howevbergé are only two kinds of force, the inertial forand the
excitation force, at the interior node [7]. In thaper, the axes and the bearing were regardedeasxbernal node.
For analyzing mainly the structure formed by thesee combined with bearing support, and the extetamping

force and the intersectional stiffness excitatiorcé were not taken into account. Assuming the zadgid and the
bearing bracket is regarded as elastic supporghuvas equivalent to an elastic body when the semas installed
between the node and the base. The mass partigpativibration included bearing bracket mass dred gensor
mass. The Fig. 9 shows the structural mechanicehmdthe XY datum.

y
kp

yf
k

Fig. 9: The structural mechanics model when the bearing load sensor wasinstalled

Where,y is the distance-the node center deviated fronstéic equilibrium positiony; is the distance-the sensor
deviated from its equilibrium positiotk, is the isotropic spring stiffness coefficient betsimplified bearingk; is
the isotropic spring stiffness coefficient of thienglified sensor;m is the external node mass participating in
vibration which includes the integrated-rigid-dis@ass, the bearing mass and the bearing bracket maissthe
sensor mass participating in vibration. So the raa@s equations at the external node could be ithescras
following:

F =my+kp(y_yf)
kp(y_yf)szyf+kfyf (1)

C. The axes dynamics eguation

The MSRS is a multi-degree of freedom system. Bsssttie oil film coupled force, there were the cedpffects
among the each bearing support force. Supposedmiveint of support position a&s and the coupled effect was
taken into account in the MSRS, then dynamics égumt(2) as following could be established basedthmn
formula(l).

[M{V}+[K, [{Y-Y,} =[M]esin(Qt+5) +{F}
(M ¥+ K v =K, [y -v ]
{F} =[Ql{aF} @)

where [M]=[m,m,,-m)] is the concentrated mass at different supporttsow']:[mfl‘mm”'m'"]' is the

participation vibration mass at different suppooings. [Kp}z[km‘ kpz""’kp"} is the stiffness of the each sliding

bearing.[K']=[k'1’k'2""‘kf"] is the stiffness of suppor{.Y} :{ VYoo 'y"} is the vibration displacement of the
each support point along vertical directio{1Yf}={y“’y”"”’yf"} is the vibration displacement of the each
participation mass at the support poi{1't:.} ={ it £} is the support coupled force at the different supp

point. {oF} ={af,,of, - 00} is the value of the bearing load fluctuation dfedent support point.{Q} is the
sensitive coefficient of BL [8].
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D. The BL model under the condition of TT

When the position of bearing is defined, the dymalmad of bearing is related to the rotor revolatidhe faster of
revolution was, then the larger of eccentrigfythe axle journal mounted by the bearing was, taedoad along Y
direction became less. Obviously, the rotor rotapeed was changed directly by TT. Then the dyndmaid of
bearing was interfered with TT. For the single-spator structure, the rotation speed of the axesaive low

transient under the condition of TT. Additional do&F was also generated. The mapping relationship bettree
value of the BL fluctuation and the torque was désd as following:

AF :iajK(Tj,T)
< 3)

a, . . KI(T.,T) . . .
Where, ! is the torque factorT is the external torque. ( J ) is the radial base kernel function.

m

SUpposedX ={AFi}i=1, then D _{ X ’T‘}i=1 represents a set of training data. Supposing dnenpeter vector for

discernment a%<5 = [al] , and thenl could be defined according to the equation (4).

, LY L) L
ng + kl[a) Hy - kz[aj Hy + al H[E + LT] =0
ey =Y Y.
Fu=ky
F.= K.Y,

(4)

Where, Yis tilt angle in theY direction; kland k2 are the stiffness at its own support p0|Xt.andy2 are the
respective vertical displacement at two supponnnsoil— is the span distance between two support po!ﬁtsis the

. " F F . .
distance from the TT position to support point’* and ~ Y2 are the respective BL at the support point. Then th
objective function could be defined as follows:

A(1)=CT T )5 (f. 1) =CT L) (1)
i=1 i=1
Where, L(f (T)'Tﬂ') is the loss function.TS is the measured torqu@, is the penalty function.‘](f) is the

minimum for identification object.

€ was adopted as insensitivity loss function in S$teindard. Then the loss function can be describédllaws:

62{0 (1),

& others

L((T).T,)=]f(T)-T, ¢

Three steps should be taken for finishing the cdatmnal process above mentioned [9][10]. The fiist

m

constructing the training sample Br:{xi’Ti}m. The second is selecting the model which supptbetsvector
machine. The regression algorithm supporting veotachine model was determined by kernel functioss |
function and capacity control. The radial base &krfunction is adopted because of its strongeritgbof
generalization. The last step is obtaining theroj@tion solution. Then the BL model under the d¢bod of TT
with the number of support points of n in MSRS wasatibed as follows:

{AE}={§§%K(TH,I)}

(5)
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[Il. THE EXPERIMENT OF BL UNDER OF THE CONDITION OF TT

A. The experiment process

In order to analyze the relationship between TT Bhdthe experimental solution was designed aov¥at two

different kinds of TT were exerted respectively MBRS when the rotor ran at acceleration phase taonspeed
phase and deceleration phase. Then the curvesadhgdoad could be acquired. The infinite variabeeed of the
rotor was realized by the motor which was contbliy the frequency converter. The maximum rotasipaed of
rotor was 500r/min. The sample frequency is 51ZHw®e experiment parameters were shown in Tab.2.

Tab.2 Therun status and data of MSRS

Run status Acceleration phase Constant-speed ph&seleration phase
Duration(s) 0-180 181-380 381-560
The moment of impact torque working (s) 20 90,130 60 1
The moment of linear torque working (s) 20~30 100~130 160~170

Under the condition listed in Table. 2, the imptague curve and linear torque curve of the roterevshown
respectively in Fig.10 and Fig. 11.

im) [19:M] - A=7.43925 Nm

-100 |-

Fig.10: Theimpact torque

im) [IB‘M]‘ A=13.7733Nm

100 4
E18 4

100 -

150 |-

e s wm B  m wm m
Fig.11: Thelinear torque

B. Experiment result
The results of the BL along X direction and Y dtfec were shown in Fig. 12, which were the systesponse
under the condition of impact torque turbulence.
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Fig.12: The variation torque contours of therotor under the condition of impact tor que tur bulence exerted

The results of the BL along X direction and Y dtfec were shown in Fig. 13, which were the systesponse
under the condition of linear torque turbulence.
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Fig.13: Thevariation torque contours of the rotor under the condition of linear tor que turbulence exerted

The TT must lead to the reducing of rotational sbekthe rotor and the decline of eccentric rateah be seen in
Fig. 12 and Fig. 13. The variation tendency ofeheh support load was examined in the experimeanwime rotor
worked in the turbulence torque exerted. Interveioeglue turbulence, the variation contours of tharimg load and
the torque was almost in the same tendency. Thengedad was extremely greater than it withoutqter
turbulence exerted in the same rotation speed.UEotgrbulence being away from the nearest suppmnt,pthe
variation of bearing load was greater than thaitbér position.

CONCLUSION
a) The bearing load sensor was installed betwesdaring bracket and base. It could not changsttheture of
the bearing. So it would not have influence toltlkaring. The sensor has the better dynamic chaisiteand the

higher sensitive. The critical speed of revolutmuld be derived by analyzing its dynamics propeatya result,
the operating rotation speed could be obtained.

b) It was manifested in experiment that the bealaagling in each support point was generating gmarkable
variation when the torque turbulence exerted onatkes set. Its amplitude of variation was even drighan the
load caused by changing the position of bearing. $ure that measuring BL after TT exerted is yestfective in
real-time testing BL of MSRS.
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