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Bearing Load Distribution Studies in a Multi Bearing Rotor System
and a Remote Computing Method Based on the Internet
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A model in the form of a Bearing Load Distribution (BLD) matrix in the Multi Bearing
Rotor System (MBRS) is established by a transfer matrix equation with the consideration of a

bearing load, elevation and uniform load distribution. The concept of Bearing Load Sensitivity
(BLS) is proposed and matrices for load and elevation sensitivity are obtained. In order to share

MBRS design resources on the Internet with remote customers, the basic principle of Remote
Computing (RC) based on the Internet is introduced ; the RC of the BLD and BLS is achieved
by Microsoft Active Server Pages (ASP) technology.
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1. Introduction

A bearing rotor structure is widely used in
large machinery equipment. The MBRS is a typi-
cal form of large turbine-generator sets shown in
Fig. 1. In the MBRS, several rotors are coupled
into a series of shaft, which are fixed on different
kinds of bearings. The rotor bearing system be-
comes redundant. The bearings support the static
and dynamic load in the MBRS. The variations
of BLD among the bearings are caused by journal
fluctuation and variations of elevations on the
bearings. These include installation elevation,
base elevation as well as elevation increase caus-
ed by thermal expansion. In other words, any
alteration of bearing elevation will change the
BLD ; hence, other properties of the bearing
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load distribution and the dynamic characteristics
of the rotor-bearing system. Unbalanced BLD
and improper dynamic behavior of the MBRS
will cause serious consequences (Yang and Xie,
1997).

Previous researches on BLD in the MBRS
focuses on the following: Rotor shaft system
stability, the variations of bearing oil film co-
efficients, critical speed, vibration response caus-
ed by the changing of bearing load and elevation,
as well as the bearing load monitoring, etc. For
example, stability studies of a large complex rotor
system have been done by Lund and Bansal with
a transfer matrix method (Lund, 1974 ; Bansal,
1975). Other research has concentrated on the
influence of the elevation effect on systems’ sta-
bility and bearing load distribution (Huang,
1987 ; Ding, 1993 ; Liu, 1995). The relationship
between the displacement of the bearing journals
and bearing force is demonstrated with the three-
moments method (Li, 1988 ; Huang, 1993) and
the transfer matrix method of Lumped Mass
Mode(LMM) (Ni, 1989). The elevation sensiti-
vity has been studied by Yang (Yang et al., 2000)
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Fig. 1 MBRS diagram in a 600 MW turbine-generator set made in China

with the LMM model. Also, the authors studied
the on-line monitoring methods and sensors in
the MBRS (Yang and Xie, 1997; Yang et al.,
1998 ; Yang et al., 2003).

The above-mentioned analyses and calcula-
tions need many branches of knowledge, and this
process is complex. [t may be difficult for general
users of certain enterprises to master it within a
short period of time. As a result, the cooperative
research on product design based on the Internet,
a distributed network of capturing information
resource systems, is proposed here and this system
is used to share available design resources with
other remote customers in different places. This
design concept is easy to put into practice and it
will prove to be a good way to improve product
quality, increase safety for the MBRS operation
and result in a competent product. It is very
important to analyze and diagnose any faults even
remote ones of the MBRS.

Based on the above research, the following
work has been done in this study : By the transfer
matrix method of the Uniform Load Mode
(ULM) (Xu, 1994),
trices were derived, and a new concept of BLS
with load was proposed. The RC of the BLD and
BLS based on the Internet is achieved by ASP
technology. This research has the important sig-

the loading sensitivity ma-

nificance of guaranteeing the safe operation of
the MBRS, as well as on the sharing design
resources and achieving a remote design and fault
diagnosis.

2. Computational Mode of BLD

2.1 Rotor-bearing system
The MBRS constitutes a multi-support redun-
dant beam system. Fig. 2 shows a typical por-
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Fig. 2 Multi-support redundant beam system

tion of an ordinary multi-support and multi-span
redundant beam system from the MBRS. It is
composed of a rotor and bearings, it has # sup-
ports and #+1 beam spans (simply supported
span is formed between the two bearings, and
the two extended spans are formed at two ends),
and the distribute load g can be decided with
respect to the rotor diameter. For a MBRS with
n bearings, there are #+1 spans and #+2 nodes
in the beam (Fig. 2). In the following sections,
nodal numbers are expressed as 7=0, I, 2, ---,
n+1, the span number j=(1), (2), -, (n+1),
bearing (support) number £=[1], [2], -+, [#].

2.2 Transfer matrix method

Usually, a span is composed of several shaft
segments with different diameters (Fig. 3). For
the 7™ span, it has m shaft segments. Nodes are
formed between the different shaft segments, there
are m+1 nodes in the span as shown in Fig. 3,
these nodes are expressed as 0, 1, 2, ---, m. It
should be mentioned that node 0 in span j is
the (j—1)™ bearing. Meanwhile, the node m in
span j is the ™ node of bearing. The transfor-
mation for the conditional variable between the
left and right nodes is established by the fol-
lowing proposed ULM transfer matrix method.

Fig. 4 shows the deformation and applied
forces of the ™ shaft on the ;™ beam span in
voz plane. The z axis is chosen as the baseline
of the shaft. When the rotor is stationed inside
the bearing, the center of the journal in the
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Fig. 4 Deformation and applied force of a shaft
segment

bearing is chosen as static elevation; when the
rotor is rotating, its » coordinate represents a
dynamic elevation. Uniform distribution loading
g: (N/m) is applied to the 7** shaft.

From the equilibrium of forces and moments,
equation (1) isderived (Timoshenko, 1955), where,
Qi1 and M;-, are the shear force and bending
moment on the (/—1)™ section. @; and M; are
the shear force and bending moment for the 7'
section. y;, 0: and, ¥, O, are the vertical
deformation and deflection angles for the two
sections, respectively. E is Young’s modulus, J;
is the moment of inertia, /; is the length of the
shaft 7, and g; is the uniform load

M=M: _Qi—lli+qi1z‘2/2

Q Ql— z z

YVi—Yia— 61l (n
=M/ (2E]) +Qil¥/ (3E]) +q.lt/ BE]J))
191'—‘0;'—1

'—'Mili/(E]i) +QJ?/(2E]:') +Qi/¢‘2/(6E]i)

or in matrix form
{Z}lz[N]1{2}1—1+{L}1 (2)

where,

{Z}z={y~ 0’ M’ Q}zT
{LYi=q{ 1/ (24E]), P/(6E]), I*/2, —I }]

11 I/Q2E]) —13/(6E]) (3)
_|ot I/(E]) —12/(2E])
Nl=lgo —1
00 0 1 i

and superscript 7" means transpose of a matrix.

Equation (2) is the transfer relationship be-
tween the {—1 node and 7 node. For the whole
segment of span, the following equation can be
derived.

{Z}n=[N]a{Z }m 1H{ L}n
=[N m[ m- l{Z} —Z+[N]M{L}m+{L}m—l (4)
=[A{Z }h+[B]

where

[A}=[N],,.|:N],,,_1-“[N:|2[NL

(B]={L}at+[Nln[Llnst N[Nl nof L Yzt
+[N1alN]n-r[N][L]s

from Fig. 3,

{ VA }o:{ Zz }5—1
where the superscript & means Right, L means
Left.

The transfer matrix between the j-1'™ node and
7™ node is defined by equations (4) and (5),

(5)

{ZYi=[AlA Z }.+ (B, (6)
namely,
vt [1 aw ais au v\ I
g |01 au au g b:
M| |00 1 au|| M +b3 @)
Ql; 100 0 1l @) bali
where
Q34— — 12, Q13— A24=— Q12423 (8)
and
vi=yf=y, QI=Qf=¢, (9)
By equations (7), (8), (9)
M1L= cu Clz} y _[Su 312] y +1ba _[Cu Cu} b
QL len colil8)i Lsu selil8li |85 Lea caliltls (10)
]M[R:[eu eu] y] _[hu hnz} y _[eu €12J bl’
Q)i e enlslOlin Ll hmlnl8); Len enlinlbe)in) s
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2.3 Bearing load calculation
P; is the interactive force applied by the ;%

bearing on the shaft, namely, the vertical force
applied by the 7' bearing on the shaft. The force

1 ar
01

J

1 as
01!

equilibrium in the vertical direction at j* bearing

Il A

For the boundary condition shown in Fig. 2, (12)
should be satisfied

[gljz[g]Ll=[g] (12)

by inserting equation (10) into (11) and (12),

requires :

the following two matrix equations can be ob-
tained

[Kul{ Y+ [K{6}=—(F} (13)
[Ka){ Y }+[Ke{ 6}=—{P}-{S} (14

Where,
[f] =[b3] _[Cn C12:| bl] +[eu 212}
S)i AR Ca Czz|i\ b2)s e ez |il b
7j=2,3, -, n—1

(- A2
S b41 6’216222b22

fl _|bs 1 —as ba
[S]n_[b4]n+[0 i :|n+l[b4]n+1

{Y)={m 3o .ym}: {0}={6 & - 6u}:
{F}:{fl, Sa, o, fn}; {5}2{81, S2, ts Sn};
{P}={p ta . Pn)

b

J+1

Combing equations (13), (14), a simplified equa-
tion can be reached

{(P}=[KH{F}-{S}+[THY} (5

Where,
(K] =[Kz][Kiz] !
[T]=[Ke] [Ki2] ' [ Ku] — [Ka]
[ Hp el ‘
—eff W+l —eff
[Ku] =
—e ) WP+t —eff
L - eéé" CI({I) dnxn
[ el '
—e h+c® —ef
[Kel=
—elf B+l —eff
L _e{g) Cg” Inxn
P —efp
—ef MY+ —ef
[Ka]= he
-V P+ —es
L - eél") C§§') Jnxn

and, [Kz]=[Kul", x. y=1 or 2 in the k%, €%,
c$), superscript ; is the corresponding parameters
for the 7 span.

Equation (15) can be used to estimate the
vertical load P: on the shaft in a static equili-
brium position or to solve a series of the shaft
elevation y; by nonlinear iteration. By the same
method, the matrix equation in the horizontal
direction can be obtained. It has the same form
as equation (15), but with { FF}={S }=0, due
to the fact that there is no uniform load g in
horizontal direction, namely, b= b= by=b,=0.

3. Analysis for Bearing Load
Sensitivity

3.1 BLS to elevation variation

In equation (15), the first two terms on the
Right Hand Side (RHS), [K]{ F }—[S] can be
interpreted as the bearing loads when the eleva-
tion of all bearings within the MBRS are at the
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same level or the bearing loads are at the same
installation elevation with static shaft. The rest of
the term on the RHS of equation (15) [TJ{ Y }.
denotes the effect of elevation upon bearing loads.
It should be noted that the loads are decided by
relative elevation, and not by absolute elevation.
Supposing that {™ elevation y; varies, the other
n—1 elevations remain unchanged, and the par-
tial derivative on y; in equation (15) can be

shown as
O 0
ay; . ta
t hz -t hell :
oy: |=| ™ =|ta (16)
: Y :
aDn iy tnz * tun . tn
ay: 0

Thus, it is evident that the 7' column of the
matrix [ T"] expresses the changes of every bear-
ing load caused by the unit elevation change of
the /™ bearing. The matrix [ 7°] reflects the load
sensitivity to elevation, and it is called an eleva-
tion sensitivity matrix. The element #; in the
matrix [ 7°] shows the load change of the ;™
bearing is related to the unit elevation change
(1 m) of the ;™ bearing. The elements on ;™ row
in the matrix [ 7] are elevation sensitivity co-
efficients of all bearings to the load on the ;™
bearing. Therefore, if the elevation variation for
all bearings is obtained, all bearing loads can
be obtained upon the linear combination of
elevations.

3.2 BLS to load variation

It is hard to monitor the operating condition of
the MBRS with the method of the monitoring
bearing elevations. This is because the on site
monitoring bearing elevation is very difficult.
One study shows that a small variation in the
elevation will result in a larger variation of BLD
in the MBRS (Huang, 1993). To avoid this diffi-
culty, the authors suggest an indirect monitoring
scheme (Yang and Xie, 1997 ; Yang et al., 1998 ;
Yang et al., 2003). In this scheme, the monitoring
is done with an operating condition and the
BLD of the MBRS is measured by monitoring

the bearing load. It is important that reciprocal
relationships for the variations of loads between
one bearing with the rest of the bearings in the
MBRS be investigated.

Suppose that load p; and elevation y; vary
on the 7™ bearing and the other z-1 bearing
elevations remain constant, the varying load is,
(0pe/0p:), (B=1, 2, --, n), namely, the partial

derivative on the p; equation on equation
(15) gives
/8
b 0
Opi1 :
op: Ly bz - hal|| O
1 b1 b2t bon || Oy:
= . . - ven 17
Opirt : : ap: (17)
api tn tuz > tan 0
3bn 0
s
Then, there are
i1 (18)

op: s

and

<8p1 op . 3pn>T_(iﬂ, to, vy tm) T (19)

op:’ dp:”  C aps tii
namely,

[ 1 ﬂ ﬂ 1
ta2 tnn
I 1 e ton

[D]=| tu - (20)

I b

L fu b _

Thus, it can be seen that all column elements /;;
(=1, 2, ---, ») in matrix [ T"] are divided by the
diagonal term f;; in matrix [ 7], and matrix [ D]
reflects the load sensitivity of the bearings with
respect to the load variation. This is called the
load sensitivity matrix. The element d;; in matrix
[D] shows that the load variations for the ;'
bearing is caused by the unit load change (1N) of
the 7™ bearing. The elements on the ™ row in
matrix [D] are load sensitivity coefficients of all
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bearings relative to the ;™ bearing load. There-
fore, if the load variations for all bearings are
obtained, all bearing loads will have the linear
combination of the load variations.

3.3 Example

3.3.1 Symmetrical loading

Fig. 5 shows a symmetrical loading rotor-
bearing system that has 7 supports and 8 spans.
The span length and corresponding diameters
(L, D) are (0, 0), (2,0.3), (2,0.3), (3, 04),
(3, 0.4), (2, 03), (2, 0.3) and (0, 0) meters,
respectively, where the subscript j=1, 2, -+, 8.
The nonlinear iteration algorithm is implemented
by Visual C++ and MATLAB. The computa-
tional solution for this shaft is shown as

[—1718 4048 -179.18 6359 —I1596 419 -0699
4048 —11734 10759 -3l 957 252 49
-19.08 10159 —13731 8655 3643 957 1596

[T]=| 6350 -3816 8655 —10952 8655 ~—3816 6359 |X16°(20)
~1596 957 3643 8655 —1332 10759 -219.8
419 =252 9574 ~RLS 10759 —11734 4048
L0699 419 —1596 6359 -279.8 4048 —IT18 ]
Tl —0345 0207 —0058 0012 —0004 0.004 ]
=235 1 0783 0348 —0070 0021 —0.024
1625 —0517 1 —0790 0265 —0082 0.093
[D]=|-0370 0325 —0630 | -0630 0325 -0370| (21)

0093 —0082 0265 —0790 [ —0917 1625
—0024 0021 —0070 0.348 —0783 1 -2354
L 0.004 —0.004 0012 —0058 0207 —0345 1

3.3.2 Unsymmetrical loading

The rotor-bearing system is the same as in Fig.
5, but the span length and diameter (L;, D)
(j=1, 2, -, 8) are, (0,0), (2,0.3), (2,03), (2,
0.35), (2, 0.35), (2, 0.4), (2, 0.4) and (0, 0)
meters, respectively. The computational solution
is shown as:

— e 4 e = @ @ e et ¢ = e e o e = e € — — —— . — |

AN A
n 2() 5> 6(5)7

a
3 & 2@ 3

Fig. 5 Seven supports rotor-bearing system

[—171.2 40066 —3038 9543 17732 7885 -1314]
40066 1151 11965 —572.58 16639 —413 78847
—3038 1196.5 —1938.2 1699.7 —83L1 236.29 —39.38
95430 5728 1697 —17247 23288 9921 1653 |X10° (22)
=273 16639 —831.08 23288 3449 25719 7385
18847 4131 23629 99197 25719 294 1147
L—1314 78847 —30.382 16533 —7585 1147 —52L.04J

—
=
il

I —0348 0.I55 —0.035 0008 —0003 0.003 ]
-2341 1 0611 0210 —0.048 0016 —0015
1775 —1.039 1 —0624 0241 —0081 0.076
—0558 0497 0868 | —0675 0339 -0317] (23)
0062 —0.144 0424 —0855 | —0880 (456
—0046 0041 —0.121 0364 —0746 1 -—2.201
L 0.008 —0.007 0.020 —0.06! 0220 —0.392 | J

=)
I

3.4 Discussion and analysis

Matrices [ 7] and [D] for the symmetrical
load rotor-bearing system are symmetrical, name-
ly, tii=tij, C{ji:dn+1—j, n+1-1, Where, #n is the
number of bearings. For example, in equations
(20), (21), ts=t; means that load variations
(N) at the 3" bearing, which is caused by the unit
elevation variation (1 m) at the 2nd bearing,
equal the load variations (N) at the 2" bearing,
which is caused by the unit elevation variation
(1 m) of the 3™ bearing. When =7, ds=dss
shows the load change (N) at the 3™ bearing,
which is caused by the unit load variations (1 N)
at the 2™ bearing, this equals the load variations
(N) at the 5" bearing, which is caused by the unit
load variation (1 N) at the 6™ bearing. There is
an unsymmetrical property in the unsymmetrical
loading rotor-bearing system, shown in equations
(22), and (23).

By estimating the signs of elements in matrices
[T] and [D], it can be concluded that the
variations of load or elevation for one bearing
affect the load direction of the adjacent bearings
in negative ways. The variation of load or eleva-
tion at one bearing place within the MBRS will
affect greatly the load of an adjacent bearing. The
variation of the bearing load or elevation at one
bearing will not certainly cause a large effect on
itself. For example, the absolute value of element
dsz in equation (23), | dsz [=1.039>| de2 | =1, and
the. absolute value of element #, in equation
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(22), | t2|=1196.>| tz2 |=1151, show that the
variation of load or elevation at the 3™ bearing,
which is caused by the variations of the load or
elevation at the 2" bearing location, are bigger
than the variation of the load and elevation at the
2™ bearing itself.

The numerical value in matrix [ 7'] is usually
large; it shows that a small variation of the
relative elevation will result in large variations
of the bearing load. By judging d;:>1 or <1, it
can be seen that matrix [D] is clear in under-
standing the load effect caused by the variation
of load at a certain bearing position to its neigh-
bors.

4. RC Method

The idea of the RC method based on the In-
ternet is in accordance with the working manner
of the client/server. The clients understand the
RC aim, algorithm and meaning of the para-
meters browsing the design website, then clients
input the design parameters. The server obtains
the request and activates the relevant processing
program and output results to the customer web-
site. The interface between the processing pro-
gram and the HTML (Hypertext Markup Lan-
guage) pages is connected with ASP, Java Applet
and the CGI technique. The key to this technique
is the data exchange between the underlying
programs and the server application programs.

4.1 ASP method

ASP is a server script manager, it can be used
to establish and operate a dynamic interactive
Web server application program. The ASP script
starts operating when the client browser requests
the ASP file in the Web server, then the Web
server calls the ASP and the ASP reads the re-
quired document, redirect the parameters filled
in by client to the EXE and DLL files, and
executes the script command and the EXE and
DLL files. When computation is finished, the
result is fed back to the server; from there the
server sends back the calculated results into the
Web page for browsing. The process is shown in
Fig. 6. Since the script runs on the server rather

Browser
. X
Submit data ‘ Return data
Server
Operate v Retumn
Writing Reading
ASP Program
Data EXEC Data
4
I——b. EXE & DLL Files J
Reading Writing

Fig. 6 ASP calling model

than the client-side and the Web page transmitted
to the client browser is generated on the Web
server, the browser can’t deal with the script file.
The standardized HTML will be transmitted to
the browser after the Web server deals with all
script files. Since only the calculated result is
returned to the browser, the server-side script file
is not easily copied and the client-side doesn’t
have to understand the script commands of the
Web page being browsed. The ASP groupware is
the Dynamic Link Library (DLL) file in essence ;
theoretically, it can meet any needs from the
client.

42 RC of DLL

It is an ideal choice to facilitate the concept of
modern design by calling ASP in the form of
DLL at different places. The ASP groupware can
be designed by any High-level Language (HL).
The special functions that are needed in the
design can be encapsulated with function in
advance and data exchanges can be achieved by
files or a database in groupware. When the client
proposes a request, the server runs the ASP
programs. The data, which is filled by the client,
will be saved in files or on databases and the ASP
calls the groupware and functions, reads back
data from files or databases and processing, and
then the processed results are returned to the ASP
files. Finally, the results designed in the special
form are sent back to the client-side browser.
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4.3 RC of EXE

Design computations in the engineering field
may be called by the browser in places far away
from home as long as it can be programmed in the
form of EXE with HL. The server sends out the
original data table to the client browser when the
client needs to call the remote calculating pro-
grams, saves the data filled in by the client in files
or on a database, and then runs the script file.
The EXE reads the data and deals with it, and
then ASP reads the calculating results saved in
files or on databases. The Web server transmits
the standardized HTML (the results) to the client
browser after all design computation tasks have
been completed. The EXE and DDL methods are
in accordance with each other.

4.4 RC of BLD and BLS

The computational model of the BLD and
BLS in the MBRS is complied in FORTRAN,
VC and MATLAB. The groupware includes 4
ASP files, 4 HTML flies and | DLL file.

The 4 ASP files are used to input and output
data. Fig. 7 shows the RC output of the BLD
of 7 support rotor systems (for example 3.3.1
Symmetrical loading) ; the first column shows the
bearing loads, the second shows the relevant
eccentricities, and the third shows the relevant
off normal angles. Fig. 8 shows the RC results of
the BLS matrix [D] in the system. Four HTML
files are used to introduce the bearing rotor sys-
tem, which includes the parameter filling method
and calculation results. The DLL file is used to
link dynamically the computing process.

4.5 Discussion

Modern machine designs based on the Internet
are a natural product and a developing tendency
in the information age. It closely brings mechani-
cal engineering techniques, network and com-
puter techniques together. The RC of BLD and
BLS in the MBRS provide a knowledge-acqui-
ring platform to share technology and resources
for the MBRS manufacturers, factories that use
the MBRS and scientists in this field. This is
necessary to boost product quality and competi-
tion capability.

ELY il £ ot e Prt.- a i 101 x)

: : K|
R0 [ bk T SRR Rt 1
S ek e Seerh feariss Feds Mty “_

et P ke sk e L CAL ot vo 8 w| e |

S A& £ 7oy 5 M 0 F - BLD Matrix:

1614, SERETTEY W T081TES £ irl ||

RS e SR 1 Wk, GALEEE T Bl [ (L Je S
i Sy Aedraih v

- A — F

Fig. 8 RC output of BLS matrix [D]

The above-mentioned RC programs have been
established on the Modern Design and Research
Network web site (hitp ://mdesign.tyut.edu.cn).
The end user is only required to fill in some
primary design data. Design solutions from dif-
ferent places can easily be obtained.

5. Conclusions

This research shows that the ideas of BLS
are easy, new and practical in order to investi-
gate the BLD in MBRS. The matrices [ 7] and
[D] of the symmetrical loading bearing-rotor
system are symmetrical, namely, #;:;=&; d;i=
dn+1-5, n+1-1. There is an unsymmetrical property
in the unsymmetrical loading rotor-bearing sys-
tem.

This study shows the following : The direction
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of the bearing load or load induced by varying
the elevation between adjacent bearing is affected
in a negative way to the signs of terms at matrices
[T] and [D]. The variation of the load or
elevation at one bearing place within the MBRS
will affect the load of an adjacent bearing greatly.

Terms in the matrix [ 7] are usually large;
previous studies show that a small change in the
relative elevation will cause large variations in
the bearing load. By judging the matrix [D], it
will be easier for us to understand the load
variation relations between one bearing and its
neighbors.

The RC model and method based on the
Internet are suitable. The RC of BLD and BLS in
the MBRS are carried out.
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