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ABSTRACT

The feasibility of stabilizing gas bearing-rotor system by electromagnetic
meane wac invosligeicd analyticalily. Two devices appeared feasible, namely,

a unidirectional device producing a magnetic force to load the hearing with-
vut increasing the rotor mass, and an active device producing a controlled
electromagnetic force always opposing the motion of the shaft. A numerical
example shows that the power loss from using either device together with plain
journal bearings compares favorably with tilting-pad gas bearings.
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. A stea of weg .TiC core Lin" ]
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Z Ak area of circ.cior [eir. mili,)
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I amplitude of current defined in (467, [amp)
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e
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amplitude of currenc defined ia {46), [amp
A
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c radial bearing clesrenze {ia]l -
D bearing diameter {in]
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. ex,ey {nstantareo.s besrizg displelements [in]
€ o beariag 8%teacy-3Tale éraplacement [17] ‘
- -~ - x ’
e e’ eyt amplitudes 2f dyzsmc displacement [in] ;
Ep» By defined in appeniix T, {dimensionless]
E {instantazeous electromozive force [volt]
E1 voltage smpiitude of amplifier output [volt]
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£ - Yo, [dimensionless)
Fm maguetic force per air gap [ib]
Fo defined i (3}, [dzmenstonless]
Fxt’ Fyt time-depengent forces {ib]
) Ff m.m. £. {amp. Tirn
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definecd in Appzsncix i, [dimensionless.
dimensioniess bearing gap. h/C

filw thickness i1

depth of coil winding {in], see Fig., 2
instaataneous electric current [amp]

defined 1n 727), [amp]

static magnetic stiffness per air gap [lb/in]
hysteresis constant, units given in Section IV-5

bearing length [in];
inductance [Henry]

defined in (25),[Henry]

length of core [in] and rotor [in]

~equivalent length of core and rotor [in])

magnetic air gap [in]

mesn length of winding per turn [in]

width and depth of coil winding [in], see Fig. 16
mass [1b]

dimensionless mass defined in (10)

dimensionless critical mass

number of turns

pressure [lb/in2]

embient pressure [lb/inz]

hysteresis power lcss [watts/1b] &
number of laminations

resistance [Ohm]
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time [sec]
velocity [17/3ec]
defined 1n (53, [dimensionless]

dynamic maguelic stiffness and damping respectively in g-direction,
[dimensionless]

dynamic megnetic stiffness and dampirg respectively in X-directio.,
[dimensionlees]

magnet face depth [in]

dimensioniess steady-state forces
dimensionless time-dependent forces

bearing mechanical impedance, [dimensionless]

defined in (13), [dimensionless]

bearing attitude angle [rad]

defined in (55), (dimensionless)

amplifier constant defiped in (50Y, [volt sec/in)

,o/C, (dimensionless?
e.:/C, [dinenstonless]
eyt/C, (dimensionless)

polar:coordinate [rad]

6 . 2
e 357 » [dimensionless)
Py 2C
2
:o24, lines/in
viscosity [1b, sec/in ]i magnetie permeability [Amp.turns/inJ
: ] [lines/in2 "
magnetic permesbility of air and magnetic core Amp.tuinslin.

@t [dimensionless)
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Subscripts

t

X, ¥, &7
Sugerqcrigtl

dot

- prime

-

magnetic flux [lines]
phase angle defined in (47), [rad]
journal angular velocliy [rad/sec]

whirl angular velocity [rad/sec]

magnetic core
external

magnetic air gap

magnetic

stehdy-stnte
rotor

system
time-dependent’

components along the respective directions (See Fig., 1)

time derivative [1/sec]

perturbation quantity

" vector quantity ‘
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SECTION 1

INTRODUCTION

In high speed machinery applications, gas bearings have many advantages such
as low friction, high stiffness, insensitivity to extreme thermal environment,
radioactive "contamination", and so on. However, a gas bearing, because of
its low damping characteristic, is susceptive to self-excited vibration which
appears in the form of journal whirl motion. This motion, once started, will
grow in amplitude until it either reaches a finite amplitude or results in
solid contact between the journal and the'bearing>and thus causing bearing
failure. Even the finite amplitnde whirl may sometimes be considered unsat-

isfactory depending cn the particular application and the magnitude of the
whirl amplitude. - ' -

Shallow spiral grooves engraved on either the journal or the bearing surface
were found both theorétically and experimentally to be effective .in reducing
whirl instability (Ref. 1, 2 and 3)%. However, in some range of operation,
even a grooved bearing can have whiri instability. Tilting-pad ges bearings
have been used successfully in many applications. Although tilting-pad gas
bearings can be designed to operate quite stably, the designs are complex and

power loss is high. Therefore, other means of improving the stability of

journal bearings are desirable. One possibility is to utilize magnetic forces.

~

In the literature, magnetic suspension systems have been investigated (4] for
space applications. The advantage of g magnetic bearing over a gas bearing is
its ability to support load even in. the absence of any lubricant. This maskes
magnetic bearings particularly suitsble for suspension systems in high vacuum
environment. However, magnetic bearings generally have much lower load capac-
ity and stiffness than gas bearings.

In view of the above it appears logical to use the advantages of both a gas
bearing and magnetic forces, i.e., we will use gas bearings to provide load
capacity and stiffness, and” magnetic forces, hopefully to supply the damping
for bearing stabilization.

*Numbers in brackets refer to references at the end of this report.
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The purpose of this effort, summarized by this report, was to investigate the
feasibility of applying electromagnetic forces to sitebilize gas journal bear-
ings. Plain cylindrical journal bearings were chosen f¢- investigation be-
cause of thelr simplicity in analysis and because thcy served the purpose of

demonstrating how the whirl instability can be suppressed by electormagnetic
devices. ‘
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“"small oscillations with frequency Q and'amplitudes L. and e

THEQRETICAL 2ACKCGROUND

As stated in the Introduczioc. a plain ~yl:adrical journal bearing was chosen
for investigation. We shall briefly recacitula-e in this section the rhe-rer-

ical background of stability analysis.

Following the approsch (5], essume that the journal has a steady sra-e displace

ment e from concentric position. Let us choose the x-axis to :oiacide with

.the line connecting the concentric position and the displaced eQuilibrium ﬁbsi?

tion, and the y-axis, perpendiculer to it (See Fig. 1). Let the journal have

gt fa the x and y
directions respectively. Then, from Fig. 1. 1t is tllustrated that dus to the

steady-state displacement € o’ there 13 a gap variation o cos 0 {detailed
derivation is provided on Pages 41 and 42 of Ref. [10]). Similarly, for the x

and y ogcillations, e cos (it end e cos (t, the gap variations sre e . cos (94

xt yt

cos © and e _ cos (% sin © respectively. Thus, the dimensionless beariig gaf

yt
can be expressed by

H = 1 - (‘xo + ‘xt cos fwt) cos 6 - ‘yt cos fwt gin O - (D)

where H = h/C

e ]
X0

.xo = C
e ¢ = xt Sye
xt’ Syt c*' ¢ -
127
o
fﬂ)

w = journal rotational speed

Denote the steady-state lubricant pressure forces by Fxo and Fvcﬁ a1d the dvanaeir
forces by F__ and F '
xt

Then, by the linearized pH method, it is ob:azired from
Ref. [5) that '

yt’

e v A = APk e e -

FPIRE R PSS Lk
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1
x0 T mDLp. -T2 & EiF
W = EIQ__ - X E.G (3}
yo mwDL P, 2 "xo0 2
Foafu? o+t
o %0 yo J
and
W F
44 i} 1 xt
m™DL p
yt yt (’4}
Z .2 ¢ .
xx Xy Xt
- . o 1fwt
2 2 [
yx y yt
where
= 2te. ¢
zxx Uxx +1 Vxx' etc (5)

The Z matrix is the mecharical impedan.e of the bearing, the U énd V xx
are the direct dynamic stiffness and damping in the x direction, and Z
and 2 x are cross- coupling terms. The Z's, 1, Ez, F and G are given in
(5] and listed in Appendix 1 for easy reference; they are functions of

€ o’ f and w.

In general, the motion of the Journal cen be expressed by e xt e®T and eyt
esT, with T = wt. At the onsa- of inscability, 8 must be purely imaginary,
because 2 real part would make an osciliatory motion either grow or decay

depending on the sign of the real rart. Thus, we set

- i
] i fc L

~

where fc is the critical speed ratio.

e T, I W ) e A 1 S atis e e -8 e ““‘ i




And the equations of motion are

2 i £
M €t ¢1 fcw) e ¢ mF

'3
€)]
2
M eyt (1 fcw) e i fc'r ~ ch
Using (4) and setting f = fc, we have
¢ Z
xt XX Xy Xt
*m fz e i ch - - e L fct (8)
eyt Zyx Zyx eyt
which is readily reduced to
2
zxx mfc o zxy : L. N 7
' =0 (9)
2 : v
Z - [ [ 4
yx Yy ~m £ yt
' where .
' 2
o= % ’ : , (10)
]

Since Eq, (9) ia homogeneous, the determinant of the coefficient matrix
must vanish. Thus,

Vxx+vyyizi'° ] (11)
and
U, +U +2
n = 0, xx T) (12)
c f2
c

T e e etts e g e
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wher:

B o Rtk A

] r - T - 7 - \; . / f-_~ - T - 3

1 Ap = T “yy’ " xx yyo T ey Yux T ky Jyx)

: 1%
‘t -
:

I B, =4 02 V. +7 ¥ Ve U LT -

3 1 Xy yx yX Xy TEx vy RZ vy

The U's and V's are functions of i es indicated in Appendix I and Ref [51.

"For a given rotétional spged)m'and steady-state displacement L Eq. {11)
determines the critical speed ratio fc

and Eq. (l2) determines the
critical mass parameter m;. T ‘ ' ‘

It 1is customary in stability analysis to define a thresnold speed from the
critical mags. -

MC 1/2
c

. /m
W R c .
Threshold speed { ) - = {12a;
7 p LDm FolpaLDn F

The critical mass parameter and the thr:shold speed are che upper limits for
stable operation of the bearirg, The actual values should be dezigr:d to
stay below their upper limits to have a stshility margin.

-6~
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SECTION ¥IT
. In the last section, we have dezcribad thar the srazility of

L .

operation.

is always'unStabie becad&e i ¢

presented later in this secticaz.

/

be very effective in achieving the sovove plurfose; it will bz

active electromagnetic device (See Fig. 8).

Electromagnetic Relatin-srips

electromagnet, the msgneto~mective force {m.m.f.) is equal t2

turn of the wirding,

Denote

A_ = air gap area perpendicular to magnetic flux, inz

2
Lg = length of air gsp, i-=.
Lk = mean lengch of windinug per tura, in.
’ : A, = area of conductor, cirezlsr mils

A ——————— et e - R

. . .
Let us first recapitulate soms rasic elezrrom2gnetic formalae

bearing can be expressed bv. s crizicil szead and a critical mass,

zevd evivical mzss. This situ

[

. frane

the 2mpera-.

L}

It is shown in Ref. 2 ths: 3n unlsaded plain cylindrical journal hesrin
“1on

is inevitable if a bearing is to be cperazed in a zero-g environment.

the concentric position. Detail corsidaration to thiz apgrozth wiil be

out to be lower tham, the: rotor mase 5ad the system would bz unsuable,

én

-
T

g

the critical mass for instability, ir meny cazes, the criticzl mass tuvn:

Therefore, it 15 dedirnsle to devis: means to 1acrezee thz critizal mas:

One possible_meahs to make the bearing stable"is to apply 2 unidirectional

magnetic-force so that ‘the bearing wili e rurn at an eccenzcic rather thaz

Although we can calculate for a lcaded journal bearing (grooved or ungrosvad)

-

and ‘thereby make the system movre stabie. Jne such device will b2 zhown to

g ~ Best Available Copy
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L = length 2f core in

0w = magnetic fluex, lines

B = flux density, Iine/inz
¥F. = m.m.f., amp-turns

= pnumber of turas

b
3

electric current, amp

Fm = wmagnetic force per air gap, lb.

The magnetic force per air gap is given by (pages 37 of Ref. 9)
BZA -
F = e

(15)
B oe10°

Consider a magnetic circuit with relhctances of two air gaps, a magnetic core

and a rotor, connected in series. The total reluctenceR,is the sum of the re-
lyctances in series. That is,

e
R » —B& A, € £
qug lJoAg 7 ucAc l'Lr:Az'
where My Mg and M, are the magnetic permeabilities of the air gap, the core and
the rotor respectively. Because the total reluctance is usually dominated by
that of the air gaps, it is convenient to write

1 P
R = (2 £ + 1)
qus 8 <
where
c c u_ A r u_ A
c ‘¢ r 'r

is the equivalent length of core-rotor reluctance. Soft magnetic materials
with high magnetic permeability are avaiiable. The permeability of these
materials {8, in general, not constant. Suppoee that we choose from Ref. 11,




s

the supermalloy (163 Fe. 9% Ni. 3% Ma.; 1+ has3 i permeab:}ity range of 55,000
2

to 300,000 Gauss/Oeratea ar 140 000 _ 00,000 ilnealln)/'amp.tarnllr. The

saturation flux density for this caat zilloy s 50,00G Iinea/inz. As will be

seen later, the actual flux deneity it deslgned below 40,000 linea/inz.

Now, for the purpose of an order-of magnitude anmalysis, suppose that a high
permeability material such as supermalloy is chosen for both the core azd the
rotor, we may assume

i) U = Wy ™ 140,000 line/in2//:mp.tutn/1n

and 1i) that the "flux passage length'” through both the core and the iotor
is ' '

4

k>

A -
B .
+ ‘t Ar = 20 ??i

The permeability of air is uo’i 1 Gauss/dersted = 2.54-iine/amp.turn in,
Assuming the air gap to be 0,01 in.,, then,

L . __20x2.54 O S
24, 140,000 x 2 x 0,01 ~ 56 <<

Therefore, for this analysig, the combined reluctance of the core and the totor
can be neglected when compared to the reluctance of the tw»o :zir gaps., The re-
luctance of the magnetic circuit is, therefore,
1
i m === (24)
qus 8

Using the above expression for the reluctance of a magnetic circuit and follow-
ing the derivation shown on page 33 of Ref, 9, we obtein (instead of Eq. (14}
on page 33 of Ref, 9) a relationship betwesn flux density a2d m.m.f,,

Ni = 0,313 B (2 = 0,626 B : 16)
13 B (24)) 4 (16

Note that Fm given by Eq. (13) is the magnetic force produced by one (magnetic
air) gap. The total magnetic force will obviously be ZFm. Since thers are
-9
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one at zach e¢ac of thz shaft - each beariag will be

sth -y nvicting
g 4

two journal bearinqgs -
forced to carry a magnetic shatt losd:ag of Fm Lo oauediticon

shaft loads.

-
.~

1. A Device Producing a Unidirectional Magnetic Force

A schematic diagram of this device is shown in Fig. 2, The magnetic force is

produced by a d-c¢ electromagnet. Magnetic lines are emitted from one "leg"

.._ e e e e e et e, R

of the magnet (north pole) to the rotor and bac« into the other "leg" (south

pole). The rotor and the magnet should. of course. be made of magnetically

' permeable material,

! Under steady-state condition, the current in the winding is

° (17}

EO

| b = ®
|
!

where E, = steady-state electric potential [volt]
R = resistance, [ohm]

; Knowing i, one can easily calculate B from Eq. (16) and Fm from Eq. (15). Note
g that the magnetic force Fm is always an attrsctive force, A magnetic stiffness
P can be defined as the incremant of magnetic repulsive force per unit decrement
] of the air gap.

d(-F dF
n (18)

m
- —

’ I k =

- - -d d
i " % fy
Using Eqs. (15) and (16) and carrying out the differentiation, it is resdily
obtained that

(197

g
o
o

Note, first of all, that the magnetic stiffness is negative, This 8 an un-
desirable feature because the stiffness of the rotor-bearing system will be

decreased by the amount 4Fm/2¢g.

-10-
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. In order to keep the mégrizude of k_ sms. ., it is desiraple o have a welasively

large 18; this, of course, requires a proportisnally larg: N. t3 drive %he same

.

amount of magnetic flux through the afr gep. It ir ts bz noted that km is thae

L B gt e AT

static magnetic stiffness. LUndar dynemis cordztion (i.e¢., the gap nhas & sinu- :
soidal variation with time), the situation is different. First of all, the '
electric current is no lenger E/R. I.at us choose a4 coovdinate syscem £ as shown
; in Fig. 1. Assume that the motion of the roror in the f-directior be represented
'§ by €y COS (ot with e!_ mucp smaller than Eg° mhen the air gap can be expressed by
] ', ' ' ' 3
b . ‘g = zgo + zg H zg << 280 (20)
: where
:I H
: . 2
¥ . 4 = -e,  cos(it - ' 21) H
i i ' g 44 Q (21 3
| | , ]
' H
4o The inductance of the electric circuit.is given by, ;
! L do ., -8 ' . \ :
it = N rry 10 henry o (22} !
H B
!
oL 1
;i But, :
: ' Ni
| S T TETET ;
i :
! Thus, : o . -8 .3 N2fs |
‘ L = N =10 = 3.19 x 10 - (23}
: i di Zlg

Note that L is time dependent. Therefore, inst=zad of the usuai zurrent equation

o,

L £L +Ri=E
0

(2}

we should use

L a+ry- B, 124}

-11-
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'Since the current is also varying with time, we can write

Using Equations (20} and (23;. Fa. {24) rzn 22 li.caiiczed Dy neglecting quad-

ratic and higher order effects of the air gap perturbation. First, Eq. (23)
can be written as

- ]
L L, +1L (25)
where
2
g Na
L = 3.19 x 16 —B
(e} 24 .
g0 .
(26)
, _
L' = Ll L
‘go o

IR L L e can)

where io is the steady-state current and i', the perturbation. Now Eq. (24)
becomes '

-é-—' L t 0 .
at (I-o + L) (i° +4i') +R (io +1') = Fo (28)
which can be separated into a steidyfatate equation,
Ri = E ‘ _ (29)
and a perturbation equation,
di 4L’ N e
Lo it + iD n + R1' = 0 (30)

(] ]
Note that in Eq. (30), we have neglected L' 8 and i' dL , because these

dt dt
two terms are small when compsred respectively with the first two rterms in
Bq. (30), i.e L’ig- L-g; and i'gg i glil--
’ 1Rl dt << %o ar dt << %5t
1
«12-
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. E
Equation (29) indicates that thz steszdys-s:ste curreat 1s l‘-:wh;ch agrees with

EqQ. (17) and is nbviocisly velid. Equatisn (30) is the equatio- for the

oAb mbs o

povtur Latiuu curreat, Kearranging (30). we obtsin
; .
di' R ' ;. a L .
BT, —_— i F - i e (=) ( i
aa T I o a ‘L ‘N
o o

e Corresponding to s perisdic perturbed motion of the rotosr sucn that

; ‘,g L] Lgo -egt cos ()t

the sclution of Eq. (31) is [Ref, 127

' e R/L
- i’ -io-z-g--'i Q|3 2 7 singt
b ‘ g0 GTHR/L)
-l st
o’ + (r/1 )
" R " .
+ 1 exp(-L—-t) 132
o e
i The transient term, which decays exponentially, depends on the prec.se initaial

cg
condition; for instance, assuming i' (t=0) = 0, we have 1i" =i -

° 4
. go
. —2—0——3 + In any case, the time constant, LO/R, in a typical cdesign,
s g + (R/Lo)

£

PO T DVRGTR TS Yoo N

would be very sugll as will be illustrated in a numerical example on psges 17
o and 18.

e omer

From Eq. (16)

B = Ni L N(io + 1)
0. 626 0.626 1
2y (g + 25)

(33

' L'
S
.B°(1+i ‘)
o g0

,,,-w\.ﬂn'«a . o0

-13-

AN ITIRAC: S 184148 SSRGS, §-% v = T e TR e e e e e e e

L e e A2 RS e o v AT kbt D & Rt Wty - MR e I, .‘“m




e ¢ ———— o f o e o € SYAD Y R # t  W  E ny

—

where
Ni
(e}

¥ —————— " 345
c 0.626 4
g0

Finally, we can compute Fm from tq. (15, and by neglecting terms involving pro-

ducts of perturbation quarntiries.

82 A . . L
F = =SB ] + 2 2= . 2.5..)
m . i
72x10 2 3]
Let ¥ = F__+ F' (335) .
m a0 m Lo ‘ ;
Then,
B2 A ) . .
o = e . (355
72x10 :
' L. )
i
1 A .
Fm Fmo (2 io 2 lgg) ’ (35b)

Substituting Eqs. {21) and (32} iato Eq. (35b) &and assuming that the transient
term has already become negligible, we sbtain

c ﬂR/Lo

o = Foo 27— % 5 5 sin (¢

m Lg0 Q" + (R/L)
i (36)

' ~iR/L

- E——4-—-w~—§ zos (it
Q +{R/L

A e t
where C;t - —é— = dynamic ecceatriciry ratio

C = radial beari:g :learence

F; is the perturbation force due t¢ a shaft oacillation,—egt cos {&. Thus,

the in-phase and ocut-of-phase coman~nernts of Fé répresent respectively the

dynamic stiffness and damping iaduczed magnecically,

-14-




P In order to express the magnetic force in terms of stiffness and damping. we
: write Eq. (4) in che &0 coordinates. i

{ 1 Fedu| | Zoge Znen| | e . 0t (37
nDL p (Fnt)m

Zmn; o Ent

where zmgg = Umgg +1 vmgg » etc. The subscript, m, indicates quantities

due to magnetic forces. From Eq. (37) we have

(F,.) - .
—gt'm - :
. WLp, - ‘gt (Um;g cos Nt Vm{;‘lin Qt T
i + ¢ 1§ cos Nt -V sin ( ¢t 38) i
: ‘e Cugn e Q€ - Vog )] , ( ¥
i If we 1dent£fy F; of Eq. (36) with (fét’m of Eq. (38), and equate,ierms of like %:
;?g combinations of 'gt cos (t etc., we obtain ]
| P
! i 3"’ .
- C 1 ' j :
T u =2 F —
i nge Wl 14 (a, /Ry i
i |
2
V. o= 2F & _ RN (39) ‘
ngg T do 14 L, /R) 2
i S where
= Fmo
F = = +
mo DL Pg x0 yo |

Vi e i et
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Iu urder to express the magnetic force in terms of stiffness and damping, we
write Eq. (4) in the §7 coordinates.

1 Feedn! | Zmge zmg'n.] [-‘g: . o (37)
D Z A
L Py | Fredm wng “win | | e
vhere ngg = Umgg +i vmgg » etc. The subscript, m, indicates quantities

due to magnetic forces. From Eq. (37) we have

(F_)
ftm .
DL P, '[.gt (Umgg Céf Gt Ymgg sin {} t

+ ‘ﬂt (Umgn cos Dt - Vm;n sin 0 t)} (38)

If we identify F; of Eq. (36) with (th)m of Eq. (38), and equate terms of like
combinations of ¢__ cos (it etc,, we obtain

ge
-
= C 1
u ==-2 F —
nes " fgo 14 (@ /0’
«n_/n)? |
v = 2F & o (39
m;g mo zso 1 4+ (mO/R) 2
where
Fo
Fmo T Pg = X0 + yo
-
-15-

— e




ey

SRR L L L

-,

Observe that as Q= 0 “oc Q< < R/ ,, trnz megnetic dynahlc s;iffneés
approaches the steady-scite stiffrzzs 3z zive- ty Eq. [13) except a c¢anstaat
factor due to nou-dimensiorslizatine. ard ke magretic dyramic damoirg
approaches to zero. Thercfore, t2: quazi static resaits 3s expecssz?,

agree with the static results obraired ectfors.

Eovation (39) indicat=zs that the electromagner asids from providing =2

12 ’{ng on the bearing and a regative stifiness, yilelds a positive damping
dynamically; both ave inversely proportional teo the magnetic gap. They are
plotted against Q Lofﬁlin Fig. 3. Since the dampirg helps to stabillize
whereas the negative gtiffness tends to desteoiize, {t 1s desirabls to have

large values of Vmgg but ke=p the magnitude of small. in ordus to do

‘g
so, the parameter (} Lo/R should be designed to be grearer thsn urity as
can be seen from Fig 3. °~ - '

.
Recall that § is the direction >f magnetic loading. If the mrgne: face is
designed to have 2 small wrsp angle, so trat che reluctance i3 rot

appreclably changed with s sbatt motior ir the T-direction. w2 hawe

[

amm ~ i

o C 4G}

All the cross-coupling terms are also zzaro.

Now we can express the magretic dynamic stiffriess ard damping in the xy-

coordinates.
” n
{ Ve, Vi } N { Umeg. Vige } cos’a
{ Yayy, Vmyy } - {Ungv mgs } sin’a el

{ Umxy, mey% - {Umggs Vmg; } sin @ cos &

= 1Umyx, ﬂmy

-16-
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The angle o is the angle of rotation from the g7-coordinates to the xy-

coordinates as shown in Fig. 1

The dynamic stiffness and damping of the rotor-bearing system is equal to the

sum of the corresponding terms of the bearing {Uxx, «e.) and the electro-

+U
mxx

/ y

magnet ‘Uﬁmx’ eoaje
(Uxx)l - Uxx
(ny)a - »ny

+U
mxy

s etc,

where the subscript s indicates the system.

(42)

Knowing the system dynamic stiff-

ness and damping, the critical speed ratio and the critical mass can be calcu-

. lated from Eqs. (11) and (12).

Example = Plain journal bearing in zero-g field.

Input

¢
X0

ol

0-'-5}5#00

v mmmmemmmem et s p L e wats s

1 in,

14.7 psi
0.1 in,
0,001 in,
0.27 x 1072
0.1

0.2

0.2 ihz

1000 ecir, mil,
2.5 in,

1 amp

1b sec/in2




1A P W0 WY

R

2
From y = ZEL (g o g
pa

we calculate «» = 363 rad/se-.

To displace this bearing to an eccentricity of to ~ 0.2, we need a bearing
force of, from Eq. (3),

-4

W, = - 0.696 x 10

. -2
W = 0.24 x 10
yO
o« = 88.3°

Then

- » X 2 -

F,o- wio + Wi, = 0.002

which corresponds to a dimensional losding of Fmo = imo * DL Pg 0,111 1.

From Eq. (15) and Eq. (16) we calculate

B = 6326 lines/in?
N = 392 turns

The inductance is, from Eq. (26)

2
NeA
L, = 2—‘3— 3,19 x 10°% = 0.496 x 10" henry
80

If copper is used for the coil winding, the resistance is

R - 10.08 &

Ak 12

Thus, the transient time constant is

0.85 ohm

L -2
2o LWEXI0 L 000583 sec.

snd 1t would take only 0.027 sec, for the magnitude of the transient term in
Eq. (32) to be reduced to 1/100 of its initial value,

«18-
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To find the critical speed ratio fc, we try various values of f until 2Zq, (11}
is satisfied, We i1llustrato +hy FTStéduse liere Dy taking f = 0.49%95 (which is
actually the critical speed ratio), Then, U and Vm;g can be calculated

ey
from Bq. (39) and Ummx etc,, trom Eq. (41).

U = =019 x 1077
mxx .

. -6

Umxy = Umyx = 0,656 x 10
U = ~0,227 x 10”4

myy

-7

Vx = 0.201 x 10
-6

mey - mex = 0.695 x 10

-4

mey - 0.24 x 10

Now the coefficients for the system can be calculated ftqm Eq. (42) assuming

U . @ud 80 on have already been calculated from Ref. [5].

(v_) 10,716 x 10”3

XX'8

(v, )

xy’'s

0,120 x 1071

-0.123 x 10"}

W,
W), = 0.664 x 1073
(vxx)a
(Vyy)g = =0.693 x 10°3
o)y = 0.681 x 1073
(V)¢ = 0.120 x 10}

0.122 x 10”1

From Eq. (13)

Ay =~ -0.586 x 1073
B, = 0.667 x 1072
-0.1374 x 10°°

(3]
»

—0.2425 x 107}

~N
L]

-19-
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Substituting into Eq. ..17. we have V¥ 4 VoV e n - 0180
XX s yy 8 1
Thus, the value of £ » 0,4995 {5 ind2zed .he critical speed racin The divcnsion-

less critical mass is, from Eq. :12)
m = 0.108 x 10°%
c

Threshold speed = 0.067.

For a plain journal bearing with L/D= 1, C = 0.001 in. and éxo = 0.2, the thres-
hold speed is plotted against A for various valies of ﬂgo in Fi1g. 4. 1t 13 seen
that the threshold speed increases with L in the small A region. when 2 S
the stability curve becomes that of a gravxtatlonally 1>aded bearing. the number
of ampere-turns required to magnetically load the bearing 1s of course infinite
(because Ego = ®), For moderate and high A the magnetically loaded bearing is as
good as the gravity-loaded bearing. --Similar stability naps for €0 = 0.4 and 0.6
are shown in Figs. 5 and 6, respecrtively. Iu Fig. 7 the number »f t:rns, N 1g
plotted against A for the same journal beariag at exo = 0.6, rhe electric current

in the coil is assumed to be fixed ar ore amp.

2. An Active-Electromagnetic Device

In an active electromagnetic device, the mocion of the shaft is sensed by capac
itance probes. (See Fig. 8). Since the whirl notion is two-dimeusioral, two
probes are needed and should-be-placed 90 degre=s from each other. The ouatput
of the sensing probes will be amplified, chen sent from the amglifisrs :5 the
windings of the electromegnets placed around the shaft. The electrical system
will be connected in such 3 way that the electromagnezs always exert iorces
opposing the motion of the shaft. Sinze an eleciromagnet can only exert astrac-
tive forces on the shaft, two electromagnets are needed in the norizoura: direc-
tion and two in the vertical direction. Therefnre, a total of fiur «lectromag-
nets are required for the device. Figure 8 1llustrates a schematic disgrem of
the device. It is seen that there are two independent but identical subsystems

- ~ one to control the x-motion, and the other to control the y-motion. Each
-20-
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subsystem consists of -7z zzpacitd-ce pruse. Jn: gifrerectzator. e <mpl:-
fier. one signael split~er 3-d %w> Zl2IfT tagucta, 1L 19 TETESSITY T3 [PUES:
tigate the characteriscics 2f ar=2 =vbsystem 2miy. Let the displaicement in

the x-direction be represz=t:zd by
e = e +e ccsx ‘437

where €0 is the stesa;- stave dispia-zment determined by the loading and the
bearing characteristica, and - i3 the peak amplitude of the time dependent
term, Because the loading may change either in magnitude or in direction or
both, €0 would change acccrdingly, GEut as far 28 improving the system sta-
bility is concerned, we have no direct interest in € 0’ As a matter of fact,
it is desirable to scense only the time dependent part of the diaplacement; £o
that each time there is a new €0 VE do not heve to readjust tne‘syspem.
However, a displacement probe can only read'gx. Thia 18 why a differeatiator
18 needed; it differentiates with respect to time the output of the
displacement probe, The input to the emplifier is, thetefore, ;x or - e, 9]
sin (t. Finally, the signal splitter is to decide which cleciromegnet to
energize with the output of the gmplifiet. Physically, it is cizar zast :f
éx is negstive, eclectromagnet  should bte e-ergized, or electromagnsc €]
if otherwise., A description on the differentiator and the sigral splirter

is given in Appendix I1.

The output of the differentiator or the iupu* to the amplifier .=z proporﬁlonal
to the shaft center velocity., — € e £3 sin (R, Lzt “he peak amplitvide o% rhe
amplifier output e El.
If we assume the time ilsag intraduced by the amplifier as well as the probe
and differentiator) 1s negligibly small, then the amplifier output poteatisl
can be represented by El sin (t, In the swercn, ome f£ull cycle of El sin (X 15
shown, The positive psrticn (35i:d lire™ will b2 chainnelled to energive

EM @ whereas the negative portica (ditted iiue® 18 to energize EM Q@

-21-
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on EM @ can be represented by

. solution of Eq. (45) is

l E1

L//,,——‘{—~s\\\\\ ] .
3\\\ -
Q -—

through the use of the signal splitter, The questisu then arises as *o whether
the current in the winding would be sble t2 responda to the iatermizten: oriv.ag
voltage illustrated in Fig, 9. To srswer this. let us focus our sttent1dn on

EM @ , it being a typicsl electromsgret .- the sys-em, The drivi g voltage

Stk i e L .

b
E = l:‘.1 ein (i, <t < a ‘a4
The glectric current equation is, therefore
di ’ ] .
LE-'-Ri-Elsich, _Osts_a_ £45;

Suppose that the magnetic air gep i3 oue order >f magaitude larger *hs= the :
bearing gap, so that rthe inductance L can be assumed +o be comstarn, he

1 = A sin (Gt - ¥) + a4 sin Y exp (- % t) T4e

o w_— b — #

where

EI/L

A = ; Y = tan ! (-RQI-‘) _ (&7
3 /Q! + (R/L}

In order for the transient term in Eq. 74€) to atienvate in a reiativeiy short
time interval, and in order for the phase angle ¥ to be small, the following
inequality must be satisfied.

oiE

L . 3
F << -g; or << m : (48" P

-22-




Only if inequzlity w8 is ratizfied czr ne e sctrvi¢ clrront an M (T) Se butit
UP Gt u oppreczante tme .ag ard daaped o0 gulckly wiep 11 L€ nor rreded This
usually requires an additiona. ex:ernal electr. © resistance In cAries yw
winding. Having made R zuff.c:enziy large o satisfy :48:. Eq {47} can be ap-

proximated by

X@EI/R ) (49)

In gome applications, rthe lvs: due t¢ the 2ddi-i1on of external elec-rical resis-
tance can be quite large L: can evern 37 ke domirating 'ass n the bearing system.
Therefore, it is interesting to consider <he sicernstive of using & transistor in
the circuit as shown in the following disgram for EM (:) . Tdentical systems
should be applied to the other thre¢ electromagnets.

Inductance and Resistance of winding of EM (:)
£

i o .
RS 1/<2b/\

2 e ’/Transistof

- d .
F ¢ . : E. driving voitage from
signal spliceer
1 | ‘ K

The driving voltage from sigasl ecl.tter : s coancnzed ~o p38g througn a resistance
Riwhich is much higher than the transiatuv resietance. This deécreasee the value

of il and causes it to be essentially ‘n-prnsse with #, The acrual csrrent passing
through the winding, 1, can be on the order 0% 100 times -he curren: 1, controlling
the transistor, { e.. the =vane 'scor as:te 33 a curvent amplifier Lie to the oper-
ating characteristics of transistors “he current { will be proportinnal to and in-
phase with il(and therefore in phace wi:h I) and will be indepeadent of the voltage
drop L di/dt provided Edc > Lo di/dt + Rii}max - AE, where Af .8 tae voalrage thres-
hold of the transisror. AF is typicslly L :5 2 vwoles. and gen=va’ly l'esg than 5
volts It is pointed out here that the pcwer loss due =9 i% R] wili be reigrively

low because il is on the order of i/100

.’L).

e e g — e

|
|

i
i
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. , Since the driviag voltage on EM (:) and L4 () L3 ZTTPOTL Snel toothe 3Tacl

- velocity, one can write by letiing tne propart.cnaiiTy COnsTant be Yy

Eq. (43) has been used ina Zderiving Eq. .3Ci. Tvote %ast B o1s alt:ircatel;
applied to EM (D in the interval 0 <t <« 7, 522 25 EM @ 1a the iatsrval
=

T <t <2n. The electric zurrents in the windings ars agai1 alternacely

. B .Y de e, sin o
R R dt K o

A

in the respective intervals., R is the wxteraal resiscsnce 1= 3¢rics wirn tne

winding, or in the case of the tranilsnor zirtuit, an equivaleat coastsnt. The

-
hd (i) by virtoe

cambined time-dependernt mzgne. . f£arze, o X’lﬂ. B4 (:) isc

2%}
ryy

N of Eqs, (15}, {16} aad {31, zzn be expresiza o4

(F ) - —Ag f N X 2 ff_l{ if_} 2

= { 3 - :
Xt'm 72 x 106 0.626 Lg K dr dt
Employing an identical arrsagemew:r I the y-Firestion fsee fige 2 M (Z) 328

EM (:) would similariy 2xert 2z tims deparcdenl msg ol if

3
i

A . v. 2 e 2z
g . N . ¥ v .
i (F_) = —— ST Y, PO = 33
yt'm 72 % 106 U.626 £g E ct a

Note that these forces, whil:z s<ting to 3pgase ths velscity of tns sas:c

N

center, are proportionsl te the square of its megmiztude., Tnzr:zfore tne sta-

)

1 bility analyeis preseanted in Secktior 1T, i which various force compore-ts

-l -
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are reanived to be linsavle o \Sf the Jdispiacement or the
velocity of the shaft center, can not be applied directly. In Appendix IV,
a virtual damping criterion is derived showing that if magnetic forces such

as those given in Eqs. (52) and (53) are employed to control the dynamic or-
bit of a shaft-bearing system, which would be otherwise unstable, an orbit of
finite emplitude would develop. Thus, the type of magnetic forces discussed
in this section does not stabilize the shaft in the absolute sense, but in-
stead, it limits the amplitude of the shaft orbit. Equations (52) and (53)
csn be rewvitten in & dimensionless form consistent with common conventions

employed in bearing analysis, e.g. in Section I1 and Appendix IV.

L o (0 "
¢ xt'm _ p‘ﬂDL ) m |dT dr
- (54)
F de de
W) = .(..Lt_)E = g — —
yt'm paﬂDL m |dT ar
where
2.2 A 2
e (LY By N X
8 = G ¢ AT {55)
a 72 x 10 1 .

Let us consider for example the case of an unloaded journal bearing. This
bearing is inherently unstable. However, in the presence of stabilizing
forces of the type considered here, the whirl motion is limitéd to an orbit
of finite magnitude. As treated in detail in Appendix IV, the dominant com-
ponent of such an orbit as estimated by a one-step iterative Fourier analysis

would be a circle with the dimensionless radius

EL IS S/, N S T S Wl 2 N
8 YtV 8, 8 £8_
«25-




Y 1 ~ r a S o
where (Uﬂl’ V” 1’ QLI’ Vl 1 ere dyiamically perturbea beari=g forces . le«

Appendices I and IV) at the fiequznly rat::

Upp Yy

m

which is approximacely 0,5 regardless af the precise value of ms Thus. :f the
orbit size is to be limited to a designated amplitude, the required value of

B must be sufficiently large.

For a loaded journal bhearing, o # 0. the analysis of Appendix IV would have
to be extended to allow for the lack of symmetyy between x szad y direcuiosas,
For a heuristic first approximstion, one may replace Eqs, (34} by their dom-
inant Fourier components evaluated at an acceptable upper bound of the:ir

amplitudes, say ¢ - In other words, one may make the approximatica

(th)m i vmmx 0 ‘xt
; - : : ) exp(ift) (56)
(wyt)mJ 0 i mey eyt
where
8 2 s e
w vmyy ® gm £ B c1 )

and then use the linear stabiliry snaivsis according to Secriorn U., Tor .a-
stance, with e, = 0.1, an unstatle svstem (according to the linear stabilicy
analysis) w0u1é have an orbit with its dominant Fourier compomnent larger thawn
0.1, Conversely, a stable system would have an orbic with its dominaz:
Fourier component smaller than O.l.

If one strives for a means to reduce the orbit size to an absolute zers, the
magnetic damping must be not only phased to oppose the instantanesuas veloazity,
but should also be made linearly proportional to its magnitude. Iwo ways >f

achieving linear megnetic dynamic damping appear possible, These are by means

" of a square root function generator and by means of d-c current bizs. Each has

serious shortcomings. 1In what follows below their operating prianciples wili be

-26-
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explained and shortcomings pointed oit, 32 t1° Jne €3t, in the foture. ¢na-

sider them as alternatives L1 3 more rigorn.: trale-off study.

Square-Root Function Generator

A square-root function generator (SRFG, 18 a device which when fed by
an input f (t) would przduce an sutput VE(ti, If we connect in series
one SRFG before each electromagnet, then it is quire odbvious that the
force produced will be propsrtional to e e This will enable us to

t
use the linear stability theory.

One such SRFG we have found is the General Electric Square-Root Con-
vertor (GEMAC System HEX 8058B;., According to the G.E. Brochure, it
has the following chevacteristics:

Weight =c-=ve-- <= 5 pound net
Size --~<-on- ---- 3" x 6" x 13"
Frequency Response ----~-= Down 3db at 3 Hz

The frequency response i3 definitely uunssuisfactory because we are in-
terested in the range of 100 Hz or higher.

D-C Current Bias

Apply a d-c bias electric current 1s the coll of each electromagnet,

This bias current should be &% least one order-of magnitude iarger than
the current driven by the amplifier, |Let JO and 11 denote resapectively
the d-c¢ bias electric current sad tne;current drivea by the amplifier

(Io >> 11). Now the force produiced éy rthe electromagnet is proporticqsl

) 2
3
to (I0 + Il’ . i

Electromagnet Force ~ (Io + 11)2 R 102 + 2!0 1 Note that we can neglect
the Ii term with the use of the d-c bias current, The for:e proasces by
the electromagnet is therefore proportionsl to I and hence et Again;

1
one can now use the linear stability rheory.

-27-
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However, this bias c.trept gives: r.s- -2 3 strady magnetic force which 1n
turn results in a negative sriftress. Ta:s negat:ve stiffsess should pe

appreciable because :n >> .. Alse the aprlicazion of th.s bias current

causes a large incrense in power !os3 which will be discussed in the sec-

tion entitled, Power loss a2nd Weight Fezalties.

In summary, we do not recommend the use of eirher the SRFG or the d-c¢ Bias Current
just for the purpose of makiag the :inear s=iad:lity theory applicable Due to the
lack of knowledge about the influence of non-l:near dynamic damping 1t is difficult
to predict whether a linear or non-linear dynamic damping is more effective in sup-
pressing whirl instability. But, qualitatively it is beyond doubt cthat the non-
linear dynamic daemping produced by the proposed active device will be effective in
suppressing instabilities. 'In the following example, some preliminary stability
results will be obtained by using the linear stability theory and Eq. (57)

EXAMPLE: Loaded Plain Journal Bearing

,./
Ioput
D = 1 inch
C = 0.00l inch
M = 0,27 x 1078 1b.sec/in2
A = 0.33
'xo = 0.2
L/D = 1

From the definition of A we calcula:e the journal speed ® = 1270 rad/sec. If we
further specify the following:

Additional Iaput
N = 30 turns

i = 1 amp

R = 10 ohm (including external resistance)
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E = 11.8 volt

1
A = 0,2 in‘

g

g = 0.0l inch

In order to have El = 11.8 volts, and suppose that the tolerable el is 0,118,
then {1t 13 required that the amplifier can yield vy N C = 100 volts, With
the above input data, the magnetic dynamic damping can be readily calculated
from (57). '

v = V a 0.0139
mxx myy

The values of vmx and mey can be easily increased by increasing the ampli-

x
fication ratio of the amplifier, v.

Before we go any further, let us check i1f inequality (48) is satisfied. First
of all, Q s typically one half (or smaller) the journal speed, 3 = 635 rad/sec.
From £q. (23), L = 2.87 x 1074 henry :

635 x 2.87 x 10°°
10

=R

0.0182

which Is indeed much smaller than ™ required by inequality (48).

The linear ctability results for different values of magnetic.dynamic damping
are tabulated as follows:

v (s V ) Dimensionless

_n_uch' _myy’ Threshold Speed (Eq. 12a)
0 0.286
0.005 0.375
0.010 0.575
0.015 0.891
0,020 1.373

At mex = 0.0139, the threshold speed is 0.83, which is three times the
value at V = 0.
mxx
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SECTION W

POWER LISS AND WEiGHT PENALTIES

—————

In the previous secticns we have shown thet both the device prodicing unidi-
rectional magnetic force anc the active device are capable of making a journal
bearing more stable. It is then 1a order to estimate what penalties are
associated with the use of either of the devices. OQOne major peaslty is of
course the power loss gssociated with the electrowagnetic sysiem The nther
major item is the weight peralty 1f the gas bearrag 158 to be used ia a space
unit or any other circumstaances where weight is an important consideracion.

It is {1llustrative to investigat: an actual machinse utilizing gas besring
suspension and compare the power loss with cthe machine power rating aad the
additional weight with the total weight of the machine.

Tilting~pad gas/bearings supporting a 9 kw turboalternator were designed

by MTI for NASA (under subcontract to Pratt-Whitney Aircraft). The bearings
had been succeasfully operated for more than 1200 hours and they are srill in
operation. The bearing dimensions and generator characteristic data are
listed below for easy reference.

9 kw , 4 pole. 400 Hz

Shaft diameter = 3-1/2 inch
Shaft speed = 12.000 rpm
Stator-rotor &ir gap » 20 mil
Rotor mass =~ 56 1b

1. Preliminary Design - Unidirectional Device

Suppose that we want to operate the unit described above in @ zero-g environment

with two plain journal gas bearings whose D = 3-1/2 inch, C = 0 001 inch and
L/D = 1. One possible way to achieve a stable operation is utilizing the de-
vice producing a unidirectional magnetic force. Tn order to obtain a critical
mass. of 28 pounds which is half of the rotor mass (because there are two
bearings), it is found that the besrings have to be loaded magnetically to

an eccentricity of ‘xo s 0.41, or Fm = B2 1b, Let the flux density

be 40,000 line/inzn Then, the area of the air gap needed is
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- A6
F x 72 x 10 - 6
A - 1 , - 82 x 72 x £0 - 3.69 in2
B~ (40,000)°

(e

Lesign a cross-saetinan of, say, w = 1-7/8 Inch and d = 2 {nch (see Fig. 13).
Assume an alr gap of ‘g = 0,01 inch, the ampere-turn required for the air

gep 18,
(Nz)gap = (0,313 B 18)2 = 250 amp-turns

a3zsume 50 amp-turns to take into accouat the drops in iron and leakage, Thus
K1 = 250 + 50 = 300 amp-turns, Choose i = 1 amp, N = 300 turns and use #18
wire which has an o.d, of 0,04 inch and Ak = 1600 c.m. The cross-section of
the coil winding would be 0.04 x 0,04 x 300 = 0,48 in « Allow an additional
{see Fig. 13} 0.75 in2 for insulation, Thus, to accommodntﬁ the coil winding

and some margin we design a cross-sectional area of 2 1n2, 80 that

L = 2 inches, hw = 1 inch

2, Prelimipary Design - Active Device

Dezign the system to be able to yield & maximum of mex = 0,1 at o = 0.118,
Then, the peak magnitude of magnetic time-dependent force 1is

('Pa TTD L) mex ‘1'

a (14,7 x T.x 3.5 x 3.5) 0.1 x 0,118
= 6.€7 pounds

Assume B = 20 000 lines/in®. ‘Thea, the area of the air gap is

6.67 (72 x 10%)

2
1.2 in
& . 20,0002

A
We car. make the crbaa-secticn to be, say, w = 1,1 inch, d = 1,1 inch. Again
assume an air gap of 0,01 inch. The enpere-turn required is 125, Allow an
additional 25 amp-turns for leaksge, etc., We need a peak total of 150 amp-turns.
Choose a peak current of 1 amp and use #18 wire., N = 150 turns,
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3irce the ampere turn I8 one half of that of the unidirectional
desice. the cross-secrional area of the coil and insulation is also about
half of it. (0.48 + 0.75)/2 = C.62 in.

8, 1ioaded Bearing

If the bearing is loaded by its own weight, (28 lb/bearing) it will reach a
static equilibrium position. For C = 0,00l inch, the bearing will develop
this load capacity at €0 = 0.15. The critical mass can be calculaced to

be three pounds. Since the critical mass is smaller than one half of the

N
rotor mass, the bearing would be unstable., In order to miee the rotor

bearing system stable, the criticel mass should be no less than 28 pounds.
This can be achieved by using the active device. A plot of the critical

mass against V
o . mxx
approximately 0.103 is need2d to achieve a critical mass of 28 pounds.

is shown in Fig. 11. It is seen that a mex of

In fact, 1f we design the bearing to have a larger clearance, the bearing
would operate at a higher €0 but have smaller dynamic stiffness. As a V
result, the critical mass would have a lower value when vﬁxx = mey = 0.
However, it rises rather quickly with increasing magnetic damping as shown
in Fig. 11. The following table summarizes the magnetic damping needed for
various C to achieve a critical mass of 28 pounds. '

¢ [4in] c v
A X0 mxXx Critical Mass [lbl
0.0010 4.28 0.15 0.103 28
0.0015 1.90 0.24 0.092 28
0.0020 1.07 0.39 0.076 28

b, Unloadzd Beari

If the bearing is unloaded (e.g., in a zero-g environment}, the critical
m288 13 again plotted against mex in Fig. 12. Note that the critical mass
approaches zero when thx- 0. This indicates the well-known fact that an
unloaded journal bearing is always unstable. When mex = 0,1, the critical

mass becomes as high as 252.6 pounds. In the following we again summarize
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the dyrnamic magnetic damping, mex’ needed for various C to achieve & critical
m&3s of 28 pouands @t zero eccentricity.

C [in] Voxx Critical Mass [1b]
0.0010 0.109 28
0.0015 0.096 28
0,0920 0.077 28

It i3 therefore recommended to design the bearing st C = 0,002 inch, if the
active device is to be used. To operate stably._it would need V -.mey‘
0.076 when it 13 loaded, mex - mey = 0,077 when 1t is not 10|ded For sub-
sequeat caiculations, 0.08 will be used for the value of V I In Section
iV-7, it will be seen that larger clearance would result in lower benring
frictioral losa although the eccentricity will be higher.

3. FEddy Current Loss

The magnetic flux while passing through the shaft arc'cut'by the rotation of
the shaft and thus generating e.m.f. This e.m.f, will produce eddy-current

and dissipate 1n “he form of heat, In the foflowing we will make an estimate
of this eddy-current loss.

Magnetic flux wzll complete its path from one air gap through the shaft, the
cther air gap aud back into the magnet, It will penetrate the entire depth of
the shaft in a three-dimensional fashion which will be affected by the ratio of
the megnet dimensions to the shaft diameter, ths variation in permeability due
to change in 3, and the presence of eddy-=current in the shaft,

Wnile an zctual analysis for the flux distribution is rather complicated, we
asdume for a first approximation, that the flux is flowing uniformly in a
charnel inside the shaft. The channel penetrates to depth d and width w in
the shaft (i,e., the same dimensione as the outer core) as shown in Fig. 13.
If che rotation of the shaft is as shown in Fig. 13, and the flux direction is
to the right as showr, then the e.m.f. generated is radial in the central

region and axial near the gap according to

dE_ =~ (vxB db 107° o (58)
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A curreat (eddy-current) is produced because of the induced e.m.f. and is

in the same direction as Ein' A force proportional to the product of
e xd
Eig

thé curreur, acts 10 a direction to oppose the shaft motion. Hence,

there is a drag, and eddy~current loss must be supplied mechanically by the
shafc.

Let us focus our attention in the central region where the flux is toward
the right and Ein is in the radial direction. The magnitude of the velocity
is v = aur and df = dr where w is the rotating speed of the shaft and r the

radial coordinate. Using the above and integrating (58) 'we have

D
2
-8
E =B ow S r dr x 10
in
D
2 - d

-%nw(m—d5x1€8

Substituting values from the preliminary design

40,000 1ines/in?

12000 rpm = 1255 rad/sec
3.5 inches

d = 2 inch

o E W
| I

E = % X 40,000 x 1255 (7 = 4) x 10°°

—in

= 0,756 volts.

In order to calculate the eddy-current loss due to this induced voltage,
it is necessary to estimate the electrical resistance of the current path.
Assume that current is flowing over an area of cross section équal to the
length and width of the magnet. Thus,

Area of cross section = (Lw +d) w

Length of current path = d
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The electrical resistance of the inducrion path = 23.6 x 10°
= 23.6 x 10-6 x -l . 6.27 x LO'6 ohm if the shaft is made of super-
(2 +2)1.88 ’

malloy which has a resistivity of 23.6 x 1()'6 ohm per inch length per square
inch cross section. (See Page 5-180 of Ref. 14). Since electrical current
will return through some path in the shaft. we assume that the to*al resistance
is twice the value calculated above

E 2

R = 12.5 x 10°° ohm. Eddy-current power loss = 2? = 136

watts = 45.6 kw. 12.5 x 10

3

i 45.6 x 10

Thus. the estimated eddy-current power loss is about 5 times greater tham the
power rating of the turboalternator. Whatever the assumprions'that are made

regarding the flux distribution and current path etc., it i{s obvious that the

_eddy-current ‘logses will be'prohibitive at the speed and flux density specified.

If we use rhe active device instead, the eddy-current logss is then estimated to
be 4 kw which is srill very high.

A common practice in electrical machinery design to reduce eddy—curtent loss is
by lamination, but it appears very difficult to laeminate a shaft. We there-
fore propose to mount a laminated disk onto the shaft as shown in Figs. 14

and 15. Note that the electromagnets in Figs. l4 and 15 have been oriented

ir such 2 way that the induced e.m.f. is always perpendicular to the lamina-
tions. The laminated disk and the shaft are separated by a ring made of non-
magnetic, nonconducting material such as ceramic. It is seen that the induced
¢ o { {s now only In the regions nezar the gaps. Suppose that there are q
1aﬁinat10ns The induced e.m.f. and electrical resistance in each lamina-

tion are Ein/q and qR, regpectively. The total eddy-current loss is clearly
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Thus, the eddy-current loss being proportional to the inverse square of q.
can be very effectively reduced to a tolerable level by the addition of a
laminated disk., 4 0.02 inch thickners lamination is quite common, It will .
be seen later that the disk thickness is designed to be four inches for the

unidirectional device and one inch for the active device,

Thus, s

9 =~ go: " 200 laminations for the unidirectional device

9 = 502 " 50 laminations for the active device

Eddy-current loss = QQAEQ%_EEEEQ - 45,620
q 200

= 1,1 watta for the unidirectional device

4000 watts 4000

qZ 502

Eddy-current loss

= 1,6 watts for the active device

4, Proposed Design

Since it is always desirable to have the magnetic forde concentrating at a
particular radial direction rather than over a wide area, a bettor magnet de-
sign is shown in Fig. 16 in which the spacing between the pole pieces is re-
duced, Data of the improved designs for the magnet and tihe laminated disk are
tabulated in the following., The subsequent estimates on power losses and
weight penalty are based on this configuration,
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Unidirectional

Device Active Device

Laminated Disk Thickness 4 inches 1 inch

0.D. 6 inches 6 inches

I1.D. 4 inches 4 fnchesr
Magnet Face Width, d 0.92 inch 1.1 inch
Magnetr Face Depth, w 4 inches l.1 inch
Coil Cross-sectional Area 1.25 in2 0,62 in2

% 1.25 inch 1 inch

z; 1 inch 0.62 inch
Number of Magnets Needed 1 4

5. _Hysteresis Loss

The hysteresis loss is given by (Ref. 6)

1.6

P, = K £B [watt/1b]

h
where £ 15 the frequency in Hz, Bm is the maximum flux density in linealinz,
and Kh s a material constant (which for the units stated above is 4 x 10'13
for supermalloy, Ref. 13, page 513), .

In the device producing a unidirectional magnetic force, the flux density,
according to the preliminary design is 40,000 linel/inz. The flux fluxuation
i1s due to shaft rotation, 8o that Bm = 40,000 lines/inz,and f =200 ¢cps. In
the active device, B, is 20,000 lineslin2 and the frequency f is 100 cps. if we
assume a half-frequenmcy whirl motion., Thus, the hystereais losses are, using
supermalloy as the magnetic material,

3 1.6

Po= 4x 10~ 1 % 100 x 20,000 = 0.0003 watts/1b

for the active device. and

3 6

P, = 4x 10"1 x 200 x 40,0001‘ = 0.0018 watts/lb

h

for the unidirectional device.
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The elements having magnetic flux fluctuaztion are the laminated disk and magnet J
cores in the active device, the laminated disk in the unidirectional devire As ; _
shown in Section IV-9, the weight of these elements is 4.98 + 4 x 2.92 = 16.7 lb.

for the acrive devize, and 19,2 1k, for the unidirectional device. Tonus, the E

hysteresis loss is

P ' 0.0003 x 16.7 = 0. : watts for the active device and
: 0.C018 x 19.9 = 0.036 wotts for the unidirectional device

6. Copper Loss

a. Unidirectional Device
Mean length of_one turn = (w + l; + d <+ l&)Z = (44 1+4092+1)2
= 13.8 in.
Total length = 300 x 13.8 = 4130 inches = 344 feet
Aregc of #18 copper wire = 1600 c.m.

womoe

. 10.7 x 3.44 _
R = ~—1t00 2.3 ohm
i = current = 1 amp

Power loss = iZR = 2.3 watts v

T )

For each bearing, the copper lcss is Zié = 1.15 watts/bearing.

P abalal

b. Active Device

»

e o o P D = WG Y TN AT P KTV % Py s e e

Mean length of one turn = (w ++ l; +d+ 1;)2 = (1.1 4+ 0.62+ 1.1
+ 0.62)2 ~ 6.88 in.

llhnt i

Toral length = 150 x 6.88 = 1030 inches = 86 feet
Area of #18 copper wire = 1600 c.m.

10.7 x 86 . ‘
R = 1600 = (.575 ohm ;
1
As indicated before, an exterual resistance is often necessary in order to make :
. the circuit resistive rather than inductive. The inductance is by Eq. (23).
-39-
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P = L)

y -

-8 NTA
I'" = 3.1Y X 10 2 t
B
2 -2
= 3.19 % 10 8 I;Ox X éizl = 4.35 x 10 ° henry

Assume that the whirl speed is half the shaft speed, chen

VIS % 1225 = 628 rad/sec

0L = 628 x 4.35 x 1072 = 27.3 ohm
1f we add an external resistance to make a total resistarce of Rf = 140 ohm, then
(E/Re = 0.195 which is one order of magnitude smaller than 1. Wirh a peak current
of 1 amp, tlie current in EM (:) is, from Eqs. (46) and (49). 1 = Lmax sip Cit.
Thus, _ C o1 ) .R o
' 1 ¢ 2 .2 o2
copper loss in EM (:) = 5 5 i Re d (Ct) ) Lmax sin” Gu d ()
° o
2
ImaxRe 140

= _T—-T = 35 watt

Since there are four electromagnets in the active device, tota. copper logs =
4 x 35 = 140 watts. And becguse there are two beariags, the copper loss per
bearing is 140/2 = 70 watts/bearing.

As indicated on Page 23, one can use a transistor circuit instead of adding external
resistance, to achieve the same purpose. From the calcuiations »n pages 39 and 40,

we have

L

L)

6.35 x 102 henry
R = Resistance of coil winding
© 0.575 ohm

Imax sin {1t

Imax= 1 amp.

[

i

L}
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Thus, we calculate

L
Iz

(L Ri)

ax (L ImaxQ cos (Ot + R Imax sin Qt)mex

o
r

= (4.35 x 1072

x 628 cos (%t 4+ 0.575 sin Qt)max
= (27.3 cos Ot + 0.575 sin Dt)max

= 27.3 volt

1f we allow conservatively 5 volts for the transistor threshold voltage, then
from the forrula on Page 23

E = (L

di
de t

+ Ri)max + AE
- 27.3 + 5 = 32.3'volt minimum

The transistor circuit loss in one of the electromagnets, say, EM (:) , 1s then

a E T
= ) B d@n = 52 (o e o don
o [+
E. I '
~de_max = 323 . 0.3 yate ;
n m

There are two sub-systems and each has two transistor circuits. The loss for )

the system is: ’ f.
Transistor Circuit Loss = 10.3 x 4 = 41.2 watts
or 20.6 watts/?earing.

This transistor circuit loss is to replace the copper loss.
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s _Bearing Film Loss

The loss in the bearing film is predominantly frictional loss due to shesr.

The shear strcss 15 equal to the product of viscosity and veluvcity gradient,

o ﬁ‘c - ; the effect of eccentricity hss been neglected.

Yo obtsin power loss, we should multiply the shear stress by an area (mDL).
snd a velncity wD/2. Thus,

.

Bearing film loss = 4 leg (mDL) %2

Wov 2.7 % 107 lb-sec/tn’
w = 1255 rad/sec
D = L = 3.5 inches ,
0.001 inch for unidirectional device

0.002 inch for active device

we cglcuiate
56,5 watts/bearing for unidirectional device
Bearlug film loss =

28,3 watta/bearing for sctive device

H, Tocal Power Loss

The total-pJWer iloss is the sum of eddy-current loas, hysteresis loss, copper
055 gnd besriag film loss, Thus,

Total Power Loss = 1,1 +0.036 +2.3 + 2 x 56,5

= 116.4 watts for unidirectional device
Total Power Loss = 1.6 + 0,005 + 140 + 2 x 28.3

= 198.2 watts for active device with external resistance
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Total Power Loss = 1.6 + 0.005 + 41.2 + 2 x 28.3

= 99,4 watts for active device with transistor circuits.

The above power losses are to be compared with the loss in the tilting pad gas

bearings currently in use; it was reported to be 180 watts for the two bearings.

9, Weight Penalties

a. Unidirectional Device

The laminated disk has a thickness of 4 inches, and outside and inside

diame;ers of 6 in. and 4 in. regpectively (See Section IV-4).

Volume of Laminated Disk = & x 3 (62~ 4?) = 62.8 1o’
Weight of Laminated Disk = Density x Volume= 0.317 x 62.8

= 19.9 1b. (Supgrmalloy)
The Dénéity of Supermalloy is 0.317 1L/1n3 -

Volume of Magnet Core = (wxd) (lw +d+ z; + d)2
' ‘ w (4 x 0.92) (1.25 4+ 0.92 + 1 + 0.92)2
= 30.3 in S
Weight nof Magnet Core = Density x Volume = 0.317 x 30.3 = 9.6 1b.
(Supermalloy)

Volume of Coil Winding (L x 4') d+ L' +w+ £")2
w w o w W

= (125%1) (0.92+ 144+ 1)2=17.3 fa°

From Section IV-1l, the cross sectiongl areas of the copper and the insula-
tion in the winding are respectively 0.48 1n2 and 0.75 1n2. Therefore,

. the volumetric percentage of copper in the winding is 0.48/(0.48 + 0.75)
= 39%, and the remaining 61% 1is insulation. The density of copper is
0.324 1b/in3. Assume the density of insulation to be 2.065 1b/in3 (20%
vf copper density). Then, the density of the coil winding is (0.324 x
0.39 + 0.065 x 0.61) = 0.166 1b/in>.

Weight of Coil Winding = Density x Volume = 0.166 x 17.3 = 2.87 1b.

L AP A
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.} Volume of One Magnet Core

Since only a-c¢ power is available from the turboalternator and d-c power
is needed for the electromagnet, a rectifier is required whose weight is
estimated at 0.5 lb.

Total Weight Penalty = 19.9 + 9.6 + 2.87 + 0.5 = 32.9 1b.

b. Active Device

The laminated disk has a thickness of 1 inch, and outside and inside

diameters of & in. and 4 in. réspectively (See Section IV-4).

. Voluie of Leminated Disk = 1x 3 (67 - 4%)
o = 15.7 a3 | ,
© Weight of Laminated Disk = Density x Volume = 0.317 x 15.7 =~ 4.98 lb.
Bl . ' (Supermalloy)
. . . ' ]
= wxd) (4 +d+ L +d)2

e (L1 x 1.1) (L4 1.140.62 4+ 1.1)2
= 9.2 in>

”;{thght;of One Magnet Core = Density x Volume = 0.317 x 9.2

a 2,92 1b. (Supermalloy)

. Volumé of One Coil Winding = (£ x £') (d'x £' + w'+ £')2
. . S . W w w w

= (1 x0.62) (1.1 40.62 + 1.1 + 0.62)2
- 4.26 in3

- The density of coil winding is as shown in Section IV-9-a, 0.166 1b/1n3.

Weignt of One Coil Winding = Density x Volume = 0.166 x &4.26 = 0,708 lb.
Total Weight of Disk, and Four Sets of Magnet and Coil Winding

= 4.98 + 4 (2.92 + 0.708) = 19.5 1b.

b=
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Allow three pounds for the amplifier-transformer unit and 0.5 1lb, for the
probe, ditterentiator and signal splitter (See Fig, 8); and there are two

subsystems in the active device.

Total Weight Penalty = 19,5 +2 (3 +0.5) = 26,5 lbs,
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SUMMARY

The major results of this feasibility atudy are summarized as folluws:

1.

Two devices appear to be feasible to improve the stability

of rotor-bearing systems.

A. Unidirectional Device--producing a unidirectional

magnetic force to load the bearing.

B. Active Device--producing a controlled electromagnetic

force always opposing the motion. of the shaft. -

Plain journal bearings operating in a zero-g environmen£ can be
made stable by using either the unidirectional device .or the
active device; the stability margin achieved by>£ha unidirectional
device is at best equal to that of a gravity-loaded bearing if

A is large or moderately large (A 2 0.3 roughly).

The active device is very effective in suppressing whirl
instabilities. A nominal magnetic damping produced by the

active device can increase the ctitica1 mass several-fold.
Preliminary calculation shows that for A = 1,0, the critical mass
is increased 100 times with a Yoz ™ mey = 0.1 which can be gasily

achieved. The effect becomes even more profound for smaller A,

but less for larger A.

The magnetic damping produced by the active device is not linear
with the rotor displacement. A quasi-linear approach is used in

the critical mass calculation.

There are two possible ways to make the magnetic damping linear.
One is to use square root function generators, and the other is to
apply a d-c current bias. Both methods have their shortcomings as
stated in the text. We do not recommend to use either of the two
until it is proven that the linear magnetic demping is auperior to

the non-linear one..
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6.

A 9 kw turboalternator supported by two tilting pad gas bearings
was ugsed as a reference to assess the power loss and weight penal-
ties asgociated with the use of either device. They are ligted in
the following.

Plain Journal Bearings with Unidirectional Device

Power Loss = 116.4 watts
Weight Penalty = 32.9 1lks,

Plain Journal Bearings with Active Device

Power Loss = 99,4 watts
Weight Penalty = 26,5 1lbs.

Compq:ing with the rotor weight of 56 lbs., the weight penalty of

using either device is appreciable. The above power losgses compare

_favorably with the existing bearing system as the frictional loss

in the two gas bearings of tilting-pad design was reported to be 180

watcts.
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RECUMMENUA LLUNS
It is recommended to design and fabricate a rotor-bearing unit employing
plain journal gas bearings and the active electromagnetic device. The
rotor-bearing system should be designed to be in & dyramically unstable
condition without the aid of the active devive. By switching the active
device on and off, one would be able to demonstrate its effectiveness in

suppressing the whirl instability of the rotor.
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AFPEXDIX 1: Definition of Quantities Associated with the Besring Mechanical
Impedance

The following definitions were given in [5]. They are listed below for easy

reference
E, = 2 M- Vie %21
1 2 L xo
€ l-¢
X0 X0
E. = ~2 [1 Ve 27
= - -
2 2 xo
_exo : - »

. 2 ) £, 2,3/2 2
E3 : 3,. 3/2 {2 L(l o ) 1] + 3‘xo }

)
o o 178y )
2 2, 2 ' _.o23/20
; E, = =3 200 {0 (6o = I +2 [1- a-e,h i}
i ' o 6o ) '
| | /D
P+ ot6s 3@ 3 (u + 1v)dg
“L/D

Fety . F(A+ys L/D)

i - Mty = AL T 2f)

u and v are functions of A, L/D and ¢; they are given in {7] and Eq. (68) of [5]

1 A
2, * -3 [con3F +E (K, + 120 )]
1 F 7
ny i - 2 L-con‘bG + EI(KL + 1fmi)J
' -67-
N .

‘ - . =~ i -. —_— . -




[}

L}

+
ol

ECXOE&‘G - EZ(KJ_ + :lf.wC-L )-]

- Wi )
2, = +3 l—exozaF + Ez("" + L, )Jf

e Tt T T e

fug, = 3 (+)'

xm 4 o+ <+>] . L
[ |

ia Appendix IV, where hlrmonica of the whir
followLng uomenclature is used:

1 frequency are considered, the

: Zxxn = uxxn + ivxxn etc,
i

n being the harmonic number, n = 1, 2, 3, In particuler, for “o " 0

%‘ : end n = ],

L

;Ei ‘ Uxxl - Uyyl - U“I - K”
!' i Va1 ™ Yy = Yy = By
o

! { R T
S Vey ™ T
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APPENDIX 11: Differentiator and Signal Splitcer

in an active device, differentiators and signal splitters are required as in-
dicated in the text. Their operating principles and circuit diagrams will be
illustrated here.

A standard differentiator circuit shown below can be agsembled to perform the
[E differentiation operation upon the input voltage which in this particular ap-
: plication is the output of the displacement probe. In the sketch, A& is an

VVVv .
C
) i A\
l o — |
L E
L U Einput . . : : output

L

——
-

Differentiator Circuit

; operational ampliffer, C a capacitor and RF a regigtor. The resistor and the
operational amplifier form a feedback network to regulate the gein. The capac-
gi itor and this feedback nctwork would then perform the differentiation operation.
A more detailed explanation on the differentiator circuit can be found in [8].

L T T

LA B G

-69-




A signal splitter consists vi two diodes D and D, as shown in the sketch.

1 2
i
| VN ° 2N
—~ > o out ¢
; Ein
E—
; —— t
D2

Signal Splitter

The two diodes are connected so that a positive-going signal will be routed to
E:ut and a negative-going signal will be routed to E;Qt The two output term-

inals are to be connected to the two coil windings of, say, EM @ and EH@
of Fig. 8. .
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APPENDIX III: Computer Program - PN 424 - Influences cf Magnetic Forces (Uni-

|

directional or by an Active Device) on Stability of Plain Journal

Bearings
INPUT
Card 1 (80H) Title card
card 2 (8E10.3) This card contains the following five values:
Eg = magnetic air gap [in]
C = vradial besring clearance "in]
uw = viscosity {lb—sec/inz]
, = ambient pressure [lb/inz]
D = diameter of shaft [in]
- Card 3 (8E10.3) ' This card contains the following three dimension-
less quantities:
c ' ' £, = initial value of frequency ratio f
E” L : fb = final value of frequency ratio f
é. - Af = increment used in scanning frequency
o ratios from f_ to f
i . a b
%‘>' Card 4 (8E10.3) This card contains the following three dimension-
E' less quantities:
A = compressibility number
. . €. dimensionless bearing steady-state
£ x displacement
i : L/D = bearing length diameter ratio
Card 5 (415) This card containg the following four control

integers: MORE, MD, MP, MACT
MORE = 1, another case to follow

R Sl T

ot o mtm Fan e m— e+

= rT—————

0, thig is the last case
MD = 1, print El’ EZ’ E3, Ea

0, print basic quantities only in
the output

P eI

-7]=
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Card 5% (BE10.3)

Card 5% (8E10.3)

Card 6. (11,E14.7)

Card 7

MP = (, take positive sign for complex
square root

-1, rake negative sign for complex
sauare root

MACT

3

0, for unidirectional device

1, for active device

If MACT = 1, two cards containing the following

information are needed:

U s, U, U, U
mxx mxy my:: myy

A s Vv y V s, v
mxx mxy myx myy

I1f MACT = 0, one card containing the followiﬁg

four values 18 needed insteud:

A8 = area of magnetic air gap [in2]
A, = area of conductor [eir. mil]
L, = length of conductor [in]

i = current [amp)

-Change cards containing one integer code and one

real number. The real number replaces the current

value of an input quantity designated by the fol-
lowing code: '

Code 1.

Code 3.

28
Code 2. C
A
Code 4. ¢
X

o

Blank card

Cards 6 and 7 may be repeated as many times as desired.

Card 8

An additicnal blank card to terminate

“72e
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The entire above sequeice may be repeated a3 many times as desired with MORE = 1.

QUTRUT

Each output page is for a2 particular value of [, Lhe frequency ratio. It will
begin with f = fa and increase with increment Af until either a critical frequency
ratio is found or the final value £ = fb is reached. The following is an 1llus-
tration of a typical output page:

Line 1. Frequency ratio
Line 2. -~~~ FP = F(+)

FM = F(-) v See Appendix I

CAP-F = FJ

-y

Line 3, GP = G(+)

GM = G(-) See Appendix I

G'CJ.
Line 4 K(PARL) = K”,- Bearing stiffness in line with line of centers of

bearing and journal

F*OMEGA*C(PARL) = fw Cy ™ Parallel damping in line with line of
centers of bearing and journal

K(PERP) = K, = Bearing stiffness normal to line of centers of
bearing and journal

F*OMEGA*C(PERP) = foc, = Bearing damping normal to line of cen-
ters of bearing and journal

Line 5. W-SUB-X0 = W, . [dimensionless]
W-SUB-Y0 = wyo [dimensionless]
ALPHA = = attitude angle

a
= F = 2 2,1/2
F-BAR F, [(wxo) + (Wyo) 1*/*%, [dimensionless]

Line 6. F-SUB-M = F_ = F_mDlp,, [1b]

et mi] e et

L

i

PP RRE N L DAL W




e —— e b

sty e W e

————. -

K-SUB-M = k - 2% F {dimensionless]
m Lg m

K-3Ub-Mx = E;x = E; ¢cos ¢ uimensionless])

K-SUB-MY = k = % ein 5 [dimersiouless]
my m

Lines 7 & 8. Systems dynamic stiffnese and damping including those contributed
by bearing film forces and magnetic forces.

Line 9. A = A1
BB
ZR = Zr
21 = Zi
Line 10. W(F) = 1left hand side of (11)
Line 11. This additional line will show only on'the last output ,

page, if a critical frequency ratio is found.
M = L dimensionless critical mass

CAP-M = M = critical mass [1b)
T.S. = threshold speed [dimensionless]

A Fortran listing of program PN 424 is provided in the next few pages. Typical
listings of input and output are also given. '
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// FDR TNOMS

*I0CS(CARD 1443 PRINTER)
*NUNPRQCESS PRIOGRAM

®0ONE WORD INTEGERS

SLIST ALL

*PUNCH

INFLUENCE OF MAGNETIC FORCES

{(UNIDIRECTIONAL OR BY AN ACTIVE DEVICE) _ ___  _
ON STARTLITY UF PLAIN JOURNAL AEARING

6. ARYNOLFSON FOR T,CHIANG 2/23/768

INPUT FOR TOMS

1. (B0OH) TITLE CARD

2. (8E10.3) SMALL LyCoMU,P=-SUB=A,;D

3. (8El0.3) F-S5UB-A,F~-SUB=R,DELTA-F

4, (8E10.3) LAMBOAyEPSILUN~-SUB=X04CAP-L/D
5, (415) MUORE yMDyMP ,MACT

MORE=] ANOTHER CASE TO FOLLOW - _
MORE=0 THIS IS LAST CASE
MD=1 PRINT El.E24£34E4
MD=0 ONLY BASIC PRINT
MP=0Q + SIGN FOR COMPLEX SQUARE ROOT
MPs~-1 - SIGN FOR COMPLEX SQUARE ROOT -
MACT=0 UNIDIRECTIDNAL MAGNETIC FORCE
- MACT=]l MAGNETIC FORCE FROM ACTIVE DEVICE
5+ (BE10,3) 1F MACT=1, TWO(2) CARDS AS FOLLOWS
AUXX s AUXY, AUYX, AUYY :
AVXXe AVXY, AVYX, AVYY
5++ (8E10.3) I1F MACT=0, ONE CARD AS FOLLOWS
: AG"K' LK'I
6. (114E14,7) CHANGE CARDS

T BLANK CARD
ITEMS 6o AND 7, MAY BE REPEATED AS MANY TIMES AS DESIRED
8. AN ADDYTIONAL BLANK CARD TO TERMINATE

THE ENTIRE ABOVE SEQUENCE MAY BE REPEATED AS MANY TIMES AS_DESIRED
WITH MORE=1

CHANGE CARDS CONTAIN ONE INTEGER CODE AND ONE REAL NUMBER,
THE REAL NUMRER REPLACES THE CURRENT VALUE OF AN INPUT QUANTITY
DESIGNATED BY THE INTEGER CNDE,

THE CODES AND THEIR CORRESPNONDING QUANTITIES ARE

1 SMALL L

2 c

3 LAMBDA

“ EPSILON=-SUR-XO

DIMENSION W(30),FF(30)

DATA NR o NW/2,3/
DATA RD2DGy PI/57,2957843,1415926535/

CALL TEST
CALL DUMPP
1 READ (NR,2000)

M 7. B (4 gt £t e B¢ AR © o e e
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14

15

16
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READ (NR,y2010) EL«CoZMU,PSUBA,LD
READ (NR,2010) FA,FB,DELF

READ (NR,y2010) ZLAMLEPS,ELQVD e e et e
READ (NR,2020) MORE MD MP, MACT

IF (MACT) 9,9,5

RFAD (NR.2DIOT AHIXY L ALIXYY . ALIVY . ALIVY

READ (NR,2010) AVXX,AVXY AVYXoAVYY

GN 10 10

READ (NR,2010) AG+AK,ELK Q1

WRITE(NW,3000)

WRITE(NW,2000)

WRITE(NW,3001)

WRITE(NWs3010) ELCoZMU,PSUBA,D

WRITE(NW,3002)

WRITE(NW,3010) FA,FB,DELF
WRITE(NW, 3003)

WRITE(NW,3010) ZLAMLEPS,ELOVD
WRITE(NW,30064)

WRITE(NW,3020) MORE,MD, MP.NACT
LE (MACT) 15,1514 :
WRITE(NW,3022)

WRITE(NW,3010) AUXX s AUXY g AUY X,y AUYY
WRITE(NW,3023)

WRITE(NW,3010) AYXX.AVXY.AVYX.AVYY.
GD TO 1¢6

WRITE(NW, 3025) . .
WRITE(NW,3010) AG,AK,ELK,0I

A e ————

CAPL-D‘ELOVD
‘OMEGA®2,0%C/D

: OHEGAIZLAH‘PSUOI'DMEGA*DHEGAI(6 Q*ZHU)

21

WRITE(NW,3017)
WRITE(NW,3010) OMEGA

CALL EPFUNIEPSE1,E2,E3,E4)
IfF (MD) 22,22,2]

WRITE (NW,3005)

" WRITE(NW,3010) EPS,E1,E2,E3,E4

22

25

30

EN=0.0

I=0

Jmi

FeFA+EN®DELF

FF(J)2F

IF (FB8-F) 150,30,30

WRITE(NW,3101) F -
CALL KCEFGIF,ZLAM.ELOVD,FP, FH.CAPF.GP.GH.CAPG,ZKPLL.FCPLL 2KPRP,

. ®FCPRP)

31

32

IF (MD) 32,432,131

WRITE(MNW,3014)

WRITE (NW,3010) FP,FM,CAPF
WRITE(NW,3015)
WRITE(NW,3010) GP,GM,CAPG
WRITE(NW,3016)

WRITE (MWy3010) ZKPLL,FCPLLyZKPRP,FCPRP

WXO0=-0 ,S*EPSHE 1 L APF

WYOxD ,S*EPS*E2#CAPG

ALFAZATAN( ~WYO /WXO ) T
ALFDG=ALFA*RD2DG

FMBAR=SORT (WXO*NXO+WYORWYQ}
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WRITE (NW,3006)
WRITE(NW,3010) WXO,WYD,ALFDG,FMBAR

AL I L A A

, . FM=FMBAR“P | #«D*PSUBASCAPL
P IKM==2,0%CaFMBAR/EL
CSALFsCOS(ALFA)
SNALF=SINCALFA)
IRRABIRMPCIALF
IKMY=ZKMESNALF
CSA2sCSALF*CSALF
CSSNSCSALFSSNALF
SNA2=SNALF*SNALF

WRITE (NW,3007)

WRITE (NW;3010) FMoZKMyZKMX,ZKMY

PRRPRIFRUSPRPN - MWL Y TERSERAIPRRTEIE ST R TR I et L

Dot UXX=0.5#(EPS*E3CAPF+EL*ZKPLL])
i . UYX2~0,5%(EPS*E4*CAPG+E2*ZKPRP}
5 UXY20,5%(EL1*ZKPRP~EPS*E4=CAPG)
UYY =0 S*(EPS*E4»CAPF+E2*ZKPLL)

IF (MACT) 33,33,34

ﬁrw

Er

- MODIFIED /68 - NEW COEFFICIENTS FOR UNIDIRECT IONAL CASE
33 B=SORT({72.,0E6*FM/AG)
- QN=0,62*B8*EL/QI )
. RE=0,B86T*QON*ELK/AK : o :
ELZRN=QON*B*AG*») ,0E~-8/Q1 . . . . S
_ROVL=RE/ELZRO - _ <
WRITE (NW,3026) .
WRITE (NW,3010) 8,0N,RE,ELZRD
FOMEG=F*OMEGA
TasFOMEG*FOMEG+ROVL*ROVYL
Fl= ROVI *ROVL/T
 F2=FDOME oviL/T
WRITE (Nwy3027)
WRITE (NW,3010) Fl,F2
TeZKM2F]
‘ BUXX=T*CSA2
P BUXYaT*CSSN
_BUYXsBUXY
BUYYsT2SNA2
WRITE (NW,3032)
WRITE(NW,3010) BUXX,BUXY,BUYX,8UYY
Tes=ZKMEF2
. BVXXeT®CSA2
o . ... BYXY=T®*CSSN
l'l BVYX=BVXY

s

L ik LA

i
.
.
i
L
!
v
]
[}
1
A}

e

; BVYYY=TkSNA2 .
J WRITE (NW,3033) ‘'
ok WRITE (NWy3010) BVXX,BVXY,BVYX,BVYY
UXX sUXX+B8UXX
UXYsUXY+BUXY
UYX=UYX+BUYX
UYY=UYY+BUYY
WRITE{NW,3019)
GD TO 1035
34 UXXsUXX+AUXX
_ UXYsUXY+AUXY o
UYXsUYX+AUYX ' Y ”
- UYY=UYY+AUYY
. WRITE(NW,3021)

e ——— et — —— - —

[EESURPSTR VSR . [ T




g e g 1 e T B v 0

R L]

c

s X2}

1036 VXX=VXX+AVXX

_36_CONTINUE

1035 WRITE (NW,3008)

WRITE(NW,3010) UXX,UXY,UYX,UYY
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VXX=0,5%E1%FCPLL
VYX==0,5%E2%FCPRP
VXYsO.5%E1*FCPRP
VYY=0,5%E2%FCPLL

IF (MACT) 1037,1037,1036

VXYsVXY+AVXY
VYX=VYX+AVYX
VYY=VYY+AVYY
GO TO 1038

1037 VXX=sVXX+BVXX

VXYsVXY+BVXY

VYX=VYX+BVYX
VYY=VYY4+BVYY

1038 WRITE(NW,3009)

WRITE(NW,3010) VXX,VXYsVYX,VYY

AR (UXX=UYY | #82= (VXX-YYY )88 2¢ 6, 08 {UXYRUYX-YXYSVYX)

Bub 0% (UXYRVYX+UYXSVXY) 42,05 (UXX=UYY)®(VXX=VYY)
CALL CSQRT(A.B42R,11)
IF(MP+1)36,35,36
35 IR==2R
11s-21

WRITE(NW,3010)
WRITE (NW,3010) A,B8,ZR,Z!
WiJ)=VXX+VYYSI]

WRITE (NW,3102) W(J)

IF (1) 40,40,100

40 IF (J=1) 99,99,45

48 IF (WlJ)sW(J=1)) 50,100,999

50 Ta(W(J)=W(J=11)/Z(FF(J)=FF{J~1}]}
TTeWlJ=l)=T*FF(J=])
Fe=T1/1

I=1
GO 7O 30

99 ENsEN+1,0
JeJ+1
G0 TD 25

c
c

100 SMLMaUXX®VYY+UYYRYXX=UXYSVYX=UYXRYXY
SMLMaSMLM/ (FRF#{VXX+VYY) )

100 SMLMe 0. 5%(UXX+UYY+IR)/(FuF)
TsC*NMEGA*OMEGA®D . 00259067
EM=PISCAPL*D*PSUBARSMLM/T

TSeSORT(EMRT/FM)
WRITE (NW,3011)
WRITE(NW,3010) SMLM,EM, TS
CALL TEST

108 CALL MORIN(ELCoZLAMIEPS,])

IF (1) 10,110,110
116 IF (MORE) 111,111,1
111 CALL EXIT
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150
WRITF(NW,3013)
J=J-1

DO 155  =1,J
WRITE(N\,3040)
155 CONT INUE

re T sna
v o Tw v

C

C FORMATS

2900 FORMAT{@0H
.

2010 FORMAT(8E10,3)

2020 FORMAT (415)

WRITE(MNW,3012) FA,FB
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FF{E)oW(1)

3000 FORMAT({/1H1,26X,' INFLUENCE OF MAGNETIC FORCES',/21X,' (UNIDIRECTION

#AL OR BY AN ACTIVE DEVICE)*y/22X,'ON STABILITY OF PLAIN JOURNAL BE

*ARING! /)

3010 FORMAT(1X,8(3XE12.5))
3020 FORMAT(2X,4(2X1542X1541X}))

3030, FORMAT(1X 1 3XE12¢51.3XEL205) _
~ - 3001 FORMAT({1HO 10X 1HL 14X ¢ 1HC413X32HMU9 11X yTHP=SUB=A 11X, 1HD)

"3002 FORMAT(1HO,7Xy7HF=SUB~A8X) THF=SUB~B,8X,THDELTA~F)
3003 FORMAT ( 1HO 48X s 6HLAMBOA y8X o THEPSILONy 8X ¢ THCAP-L/D)

3004 FORMAT(1HO ,5Xy4HMORE 93Xy SHMDIAGy 4X ¢ 2HMP y4 X y4HMACT)

3005 FORMAT (1H0,7X,

__THEPSILON, 10X, 2HE] 41 3X

. Xy ZHE213X 1 2HED, 13X, 2HE4
3005 FORMAT ( 1HO ,6 X, 8HW=-5UB- xo.7x,anu-sqa-vo.9x.SHALPHA.nox,SHF “BAR)

3007 FORMAT(1HO,7X,

. THF-SUB - n.ax.7ux-sue-n.vx,aux-sua-nx,7x.aux-sus-nv»
3008 FORMAT{ 1HO ,8X y4HU=XX y 11Xy 4HU=XY s 11X 9 4HU=YX ¢ 11X p4HU~YY)
3009 FORMAT [ 1HO ) 8X o 4HV=XX s 11X ¢ 4HV=XY 11Xy 4HV=-YXy 11X 4 HV=YY )
3011 -FORMAT{ 1HO ,9X , 1HMy 1 2X o SHCAP=My 10X o4 HT oS4 )

3012 FORMAT (6HO®#s% ,3W(F)=0 HAS NO ROOT ON THE CLOSED F~INTERVAL (',

SEL12,591Hy9EL2:5/)1H))

3013 FORMAT (1HO y9Xy LHF g 12X (4HW(F ) )
3014 FORMAT({1HO,8X 42HFP, 13Xy2HFM,]12XSHCAP=F)

3015 FORMAT{1HO,8X,2HGP,

13X+ 2HGM, 14Xy 1HG)

3017 FORMAT{1HO,8X S5HOMEGA)
3018 FORMAT {1HO 98Xy 1HA 14X ) 1HB 14X 92HZRy13X 42MH21)
3019 FORMAT(1HO,*FORCE COEFFICIENTS WITH UNIDIRECTIONAL MAGNETIC FORCE!

Xe2H

HE4 )

3016 FORMAT(1HO 6X ,7THK(PARL) s4Xs ] 5HF*OMEGA Q(PARL[;#X,7H§!PEKP!;4X1
*15HF*OMEGA®C (PERP) )

3021 FORHAT(IHO,'FORCE COEFFICIENTS WITH MAGNETIC FORCES GENERATED BY A

T #N ACTIVE OEVICE")
3022
3023
3025

FORMAT(1HO 48X ¢ SHAU=XX y 10X y SHAU=XY ;18X s SHAU=YX 410Xy 5HAU~YY)
FORMAT ( 1HO 38X o SHAV=XX s 10X s SHAV=XY y 10Xy SHAV=-YX y 10X ySHAV=YY )
FORMAT( 1HO +8X s 2HAG » 13Xy 2HAK 3 13Xy 2HLK 414Xy 1HT )

ey~ e T ——

A T s 2T -

T ——

~—ERD -—

; 3026 FORMAT (1HO 49X o 1HB 414X ¢ 1HN ¢ 13X, 2HRE »13X 42HLO )
; 3027 FORMAT(1H048X ,2HF] 413X, 2HF2)
i 3032
3033
I ("
3101 FORMAT(/1HL,15X, 3HF =,E12,5/}
; c3102 FORMAT (1HO 12X y6HW(F) =4E12.5/)

FORMAT (1HO o 8X ¢ SHBU~XX'y 10X 5SHBU=XY s 10X, SHBU=YX 4 10X , S HBU~YY)
FORMAT(1HO ¢ 8X ¢ SHBV=XX s 10Xy SHBVY=XY 10Xy 5HBV~YX 910X 5HBV=-YY)
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// FOR MORIN
¢NONPROCFSS PROGRAM

*ONE WQRD INTEGERS

*LIST ALL
*PUNCH

c

c
¢,

faliel

(s N el

[N gl

c

c

SUBROUTINE MORIN(EL+CoZLAMGEPS,T)

DATA NR/7Z2/

CHECK FIKRST CARD FOR BLANK OR BAD INTEGER CODE
? READ (NR,2015) K,VAL

[F (K} 60,60,1
1 IF (5-K) 60,80,5

CCHECK SUBSEQUENT CARD(S),

z READ (NR,2015) KyVAL
IF (K) 50,50,3
3 IF (5eK) 50,50,5

IF O.K. CODE GO TO MODIFY CORRESPONDING INPUT.
... 60 70 (10520,30,%0)5K

10 EL =vaAL
GO TO 2
20 C sVAL
GO TO 2
30 ZLAMEVAL

GO TO 2

END OF CHANGE CARDS, RETURN W/ FLAG SET-TO RUN AGAIN.
50 Is0 . . : . -
" RETURN

~ TFIRST CARD BLANK, END OF CASE,
60 I=1 :
RETURN

2015 FORMAT(I1,El14,7)
END
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f // FOR EPFUN
- *NONPROCESS PROGRAM
*ONE WQRD INTEGERS
®L IST ALL
L *PUNCH
! . SUBROUTINE EPFUN(E E1 E2,E3,E%)
: IF(E) 1+1,42
. 1l €1=1,0
E2=1.0
€3=0,0 :
E4=0,0 ]
G0 TO 3 H
2 EEsE=E 3
EEE=EE*E
EM=1,0-EE
ES=SQRT (EM)
tSIESEEM
€2=2,0/EE*(1,0-ES)
El=E2/ES
E4=(1.,0-ES3)*2,0
£6522,0/EEE/ESD
EI=ES* (3, 0%EE-EH) "
E4sESH (EEX(EE-3.01+E4)
3 RETURN
END '
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/7 FOR KCEFG
#NONPRUCFSS PROGRAM
=0ONE WORD INTEGEKS
*LIST ALL

*PUNCH

SUBROUTINE KCEFG(FRePLAMoALODFPyFMyFO+GPGM,GD9AKL,AC)+AK2,AC2)

[
" — i 3

PePL AM
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3 P2z1,0+PxpP
PS=SORT (P2)
PF= P/P2
AL=D,5%(PS+1,.0)
BE=D,5%(P5~1.0)
BEx SORT (B8E)

AL=SQRT (AL)

IF(P} 1ele2

1 BE=-8E

2 ABP=AL-BE=P
APR=AL*P+BE
IF(ALOD=100,0) 748,

T _PS=ALOD®PS_ -

ARG2=2,0*BE=ALOD
E=EXP (ARG1)
SH=0,5*({E~1,0/E)
CH=0,5%(E+1.0/E)
SF=SIN (ARG2)

CF=C0OS (ARG2)
DEN=P S (CH+CF)

8 XFePFxp
XGm=PF )
IF(ALOD-100,0) 9,10,10

"ARG1=2.0%AL%ALOD o

9 XFaPFEe(ABPERSF-APB*SH) /DEN+ XF

10 1F(K) 4,45,6
4 FO=X¢
GO=-XG

K=0
PePLAMR(). . 042,0%FR)

XG= PEX(ABP*SH+APBASF)/DEN+XG

GO 7o 3
5 FP=XF
GP=~XG
K=l
P=PLAM®(]1,0-2,0=FR}
GO 10 3

6 FM=XF
GMe-XG
AK120,5% (FM+FP)
ACl==0,5%{CM~GP)
AKZ220,5% (GM+GP )
AC220 5% (FM-FP)

" RETURN
END

S
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fF = J3s000-00 T T
v-SUB-xn - w-SUB-YO AL PHA F-BaR f
. =alSH33-D1  eub9B1-01  L71815¢02  ,49451-01 .
. F-sup-w M-SUB-M  K-SUB-MX _ K-tuB-MY .
- Prar.ns IETETY T Se8iTis-0Z L isryz-a1
FOPCI COEFFICIFNTS WITH MEGNETTC FORCES GENERATED BY AN ACTIVE DEVICE
0- XX u-xvy U-vx u-vy
_ €2524-01 .i06Bu4s00 -.1 18235400 «51175-03
V- XY V-ry o v-vy
: el D7ngon0 '.’08732‘01 .UU!SM‘DI .lDleﬂO
i L] kil 77
| - 4167001 ~42385-01 -.94252-01 ° -, 22685-00
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T YT U waRn-op B
. w- SHP-XN ¥-Sur-vo AL OH A F-BAR i
. __~el5832-01 * 4648 1-01 71816402 » 4945 1- 01
' e Fyp W Sitll-M K- SHa-mX K-<ug-my :‘
’ «271275 7 -«18 80-01 -.617%3-0n> -, 187a2%- M 4
N FOACE COFFFTCIENTS WITH MAGNEYIF FOACES FENERATED BY AN ACTIVE CEVICE 1
& o u=xx u-yv - yx vevy 1
: 630 n-nt 210528+C0 -.116 79400 <5245 3- 01 4
'+ Vexy . v-xy S A
1111800 -+51014-01 4 7019-01 « 1088 5¢ Q0 i
3 A A » 21
i - 3949701 eU37L6-Nj -.98r 7201 -.22188-00 :
l WF) = -.53465-02 . :
3 .
? -
i— F T J4boso-o00 7 1
‘e - v- S A-¥0 W-SURTYD T TTTTTTUALPHA T F-BAR T 3
- +] 543301 <4698 1-01 27181532 4945 1-0) 3 -
F-SUB-¥ K-Sua-w K=SUR-MX H-SUB-MY '
227976402 -=19780-01 -.61733-p2 ~ ~-.18792-00 - i
FORCE COEFFT TENTS WITH MAGNETIC FOPCES GENEPATED BY AN ACTIVE DEvICE %
l U= %Y G-XV U=-v7% (15 2 ! '
{ +65369-n1 <1036 6+00 -+11530+00 .53179 7-01 :
i V- XY v-xy V- v-vYy
«1 15249400 -+53233-01 «49085-01 « 1085 9+ 00
i T ] . Fi r 44 '
o ~e37268-01 +%505%-01 -.10297¢00 -. 2187 8-90 .
:
’ WIF) =  .504565-02 :
i
be
§ 3
i ’
3 ¥
H j
[
i —— L
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i ’ F - .3907u-00 - T o
w- SHa-x ¥-SUR-YQ ALPHA F -8B AR
 -a15433-n <4698 1- 01 71815402 L 49851-01
F S8 =™ K~SUP-M K-—-SUFf -mMx H-SUB-HY
.27 ei3705-Gi _  -ewir33-UL - 18 792-01
TTFOBTT OITTFICYTRTS S YTH RAGNETIC TONIES GENERAYED 8y AN ACYIVE DEVICE
N u-xY u-vx u-vy
HUGR4-N} «10uu 2+00 ~e1 160000 * 53166-01
V- XX ) vV-XY v-vX v-yy
«1 1336000 -«522113-01 48lUk-01] « 1068 6400
A R 4 z7
-.38302-01 o 4@ 4-01 -¢10099400 -2 220
VIF) = -.A5137-05
M CAP-M T.S.
«552nM2-01 o 37478+01} «10566¢0 1

EXIT CALLED AT LOCATION D15526
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APPENDIX IV: STABILIZATION WITH QUADRATIC DAMPING

SPECIAL SYMBOLS FOR APPENDIX 1V

Nore: The unit is dimensionless unless otherwise indicaled in brackets.
c radial bearing clearance [in.)

D bearing diameter [in.]

é? dimensionless work per cycle dissipated by virtual damping
3 Vw, frequency ratio

L bearing length'[in.W

M rotor mass [lb-seczjin.j
“u ﬁth37(p.ﬂLD), dimensionless rotor mass

n harmonic number of the shaft center orbitv \

P, dﬁbignt pressure [psial

t time [sec.]

peak gmplitude of the 1n-pha§e component of th in response to the nth

harmonic of the " component nf the shaft center orbit

} peak amplitude of the in-phase component of Wy

) nyn ¢ in resnonse to the nth
. x —
Luyyn harmonic of the y:} component of theishaft center orbit
9 1 - yyn
l q?n = vyyn
for e =90
u i n J -nyn X0
~En .-%mn
ig cos nf¢~
Fourier coefficient of ein nft of (th)m
Vxn
D cos nfr
Fourier coefficient of of (W
,> ¢ sin nfr ( yt)m
-87-
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€
X0

xtn

<
yta

Rt I

peak amplitude of the quadrature component of W__ in response to

-~ xt
the nth harmonic of the { ; E component of the shaft conter orbit
peak amplitudes »f the quidrature component of W__ in response to

the nth harmonic of the ;‘} component of the shaft center orbit
dimensjionless time dependent bearing forces reséectively in x and
y directions

dimensionless time dependent bearing forces of the electromagnets

respectively in x and y directions

dimensionless virtual damping coefficient
dimensfonless coefficient of the damping force of the electro-
magnets

for ¢ =0
X

€xtl © eytl o

static portion of ¢

peak amplitude of the nth.harmonic of the x component of the
dimengsionless shaft center orbit |

peak amplitude of the nth harmonic of the y component of the
dimensionless“shaft center orbit

dimensionless shaft center displacements respectively in x and
y directions

compressibility number of gas bearing

wt, dimensionless time

shaft rotational speed [radian/sec.]

On ~ Oyn +mn/2 fore =0 s
phase angle of the nth harmonic of the x component of the shaft

center orbit [radians]
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’ myn phase angle of the nth harmonic of the y component of the shaft :

‘i . center orbit [radians] :
: Q fundewental orbit frequency of shaft center [radians/sec.] ;
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The stability analysis cited in Section Il and Appendix I {s appltcabﬁe only to
linear systems, and therefore it is not capable of coping with the coﬁcept pro-

posed in Section I1I B, in which electro-magnets would be used to impqse quadratic

damping forces on the shaft. In this Appendix, & more general criterion to e-

termine the stability of the shaft-bearing system will be derived. The more .-

: 4.
general criterion is based on the concept of "virtusl damping for a stationary
staze'.

Consider the dynamic equilibrium amongst the virtual damping force, the .D'alembert

force of the shaft, and the bearing force and the force of the electro-magnet in
the dimensionless form:

dex ' dzex
-B 3= -m —-—dTZ + th"'(th)ﬁi' 0 (Iv.la)
-8 dr - m d?z + wyt +'(Hyt)ﬁ =0 (1v.1b)

B is the 'virtual damping coefficieat" (written non-dimensionally). It {s assumed,

that with the introduction of the virtual damping, the system would sustain a state
of periodic motion such that

€, (tr = 2n/f) = € (r = 0)

(Iv.2)

ey (e = 2n/f) = cy (t = 0)

The energy dissipated by the virtual damping per cycle of the periodic motion is

obtained by multiplying dtx/dT and dty/dT into Eqs. (IV.la) and (IV.1b) then in-
tegrating over one period: '




. - i e e m—

e

1t e ity 48

--d ‘x
Since =——=
dr 7 dr

de de
+ g [{th+ (th)n}a;i + (wyt+ (wyt). dr d

2 2 2

de - - de d°e
—

2 dr 2

de

de _
periodic condition applies to —= and Fz as well

dr

82“/f dzcx de_ d?e  de
: d#Z .odr de dr

L ’ .g:z . ;E:i 2. o .
d'r--z-d(d—.r— and ——2t " d‘r-id(d‘r) and since the

Clearly, this simply indicates that the D'alembert furces would alternately

store and release energy during different parts of the period, but would have

no net contribution to the energy of the system when the entire period is con-

sidered.

e e g Y o - R e e ey ¢

Thus

A

2n/f -d‘x 2 ::z
Vooled v @ e
0

2n/f
P

de de
. X
.g \ Weet (th)nJEr + (wyt;+ (wyt)&}c‘ﬁl dr

r‘2ﬂ/f dch de 2
) [<aT> + G e
0
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(1Iv.3)
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1f B is zero, the prescribed motion (¢x,xsy) defines a stationary state of
periodic motion. I1f Pis positive, implying the need of additional damping to
sustain the prescribed motion, the system is unstable; and if £ is negative,

conversely, the system is stable,

In general, one must permit the periodic motion to contain harmonic components,

e.g:

¢ -¢°+27¢x

x » coq (nfT - cPm)_

tn o
(Iv.4)
€, "™ Te

y vtn cos (nfr - cpyn)

Coupling between the two degrees of freedom, x and y, is usually imposed through

the bearingr forces, w;‘t 'and Wyt. both of which generally depend on both ,."x and cy.

Assuning that €tn and ‘ytn are small enough so that the orbit amplitude is

small in comparison with the bearing film thickness, then, coneistent with

Equation (IV.4), the dynamic bearing forces can be expressed gs:

L
X<
--E{EUxm cos (nfr - @ ) = V... sin (ofT- ‘p:'tn)]‘xtn }
+ vayn cos (nfT - thn) - nyn si_m(nf‘r- CPyn) ‘yt:ﬂ}
> (IV.5)
W
yt :
--z{@m cos (nfr - cpm) - vyxn sin (nfr- q;m)J € in
\
+ (:Uyyn cos (nfr - q:yn) - vyyn sin (nfr - cpyn)] ‘ytn} )
. ~
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bﬁm ia a coefficient determined by the circuit design.

Ugxn» Vxxns Uxyn, Vx ar Uyxn, Yyxn,» Uyyn, and Vyyn are solutions of the
y y M yxn» Vyy Yy

dynamically perturbed gas lubrication equation and are generally dependent on

the bearing geomerrv A -  and of,

- - X0
The relative magniiudes of extn and cytn as well as the relative phase angles
LY

xn and m&n must satisfy Equations (IV.la) and (1V.lb) and make B most positive

(so that the system may select its own orbit to become unstable). The forces

of the electromagnets described in Section IIIR according to Equations (52

and (53) can be expressed as:

de_jde )

x
(th)m- - Bm dt |d~r

de
- . A
(Wyt)m L ?Frx‘

J

It is not possible to evaluate Equations (IV.6) when the coefficients in

Equation (IV.4) are not yet determined. Therefore, one muai begin with the

approximation:

& ™t Sl c?s (£7)
‘? (IV . 7)

ly = ‘ytl cos (fT - wyl)

and seek the harmonic terms in an iterative manner.
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For an example, consider

e =0
X0

consequently, due to symmetry,

Uxxn - Uyyn = QIn )
xxn vyyn * Y
?
nyn = 'nyn * Y
v&yn - -vyxn = Vin J

(1v.8)

(1Iv.9)

which arc dynamic perturbation solutions corresponding to the frequency of the

unloadéd plain journal bearing cited in Appendix I and [Ref. 5].

th [(U//1 cos fr - "//1 sin f'r)Jcxtl

- E(U,(l cos (ft - coyl) - !tl sin (£t - rpyl)] eytl

-

Wyt = L U.tl cos fr - ‘{ll sin f'rJ ‘xtl

- EU“ cos (ft - wyl) - ‘;/1 sin (f7 - oyl)] 'yt:l

Differentiating Equations (IV.7) with respect to *:

dex
e = « f sxtl sin fT
i f cytl sin (f7 - royl)

YA

Thus,

(IvV.10)

(1Iv.11)

P
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Consequently,
C2x/f de \ de
_x .2 _.12'].-1,_”:/.2';-2\ s i
% ( - YT+ ( )) T £ (% yt1’ (Lv.12)
L 2n/f de de P
~X -
&0 (th 37 + Hyt it ) dr
eenlv, (e? +e¢?)-20, sing_ € __ ¢ .
I B Y 4 L1 y1 xt1 Sye1) (1V.13)

2x/f dc dc !
SD {(th)m dar %+ (w )m dr ))d'r

_ .3 ’ :
- 2n/f£(de de .
P So H:;;’E + l Ty ]d’ : .

. Sl
8 2, 3 . : : : ;-
- By £ (e * € (IV.14) ;
|
Now, substitute Equations (IV.12), (IV.13), and (IV.14) into Equation (1IV.3), .
and one finds:
2¢xt1.yt1 i
.-ty - ' ~ gin @ 7 £
£ Hn 2 2 1 .ll | :
¢ + ¢ :
xt yt :
¥
&
3 3 1
e + ¢ Ed
8 xtl ytl > .,:
- — S ———— IV.lS pd
3x Bmf ( ¢e2 4 e2 ) ( )
xtl ytl
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To make B most positive, one finds

Ceel eytl =€ : | (1v.16)

and

sin o, = 2 (v, )

Actually, since 911 is always positive according to numerical results, one simply
has:

n .
%17 2 L v.L7)
Thus,
Bt |-v, +vU, |- 2 8 fe : O avas
£ 1Y) 3 Fnt B . : ‘
At-the stationary state, B = 0, then
W -y .
Jam 41 'n
(cl)stationary 8 8 2 : (1v.19)
o
If € < (el)stationary’ B would be positive, then tﬁe system is unstable, and

8 would be negstive, and ¢

€ would grow. If ¢, > (cl) would

stationary, 1

diminish. Thus the presence of (th)m and (wyt)m stabilizes the orbit size at

€ which, however, can not be completely reduced to zero. To determine f, sub-
stitute Equations (IV.6), (IV,7), (IV.10), (IV.1ll), (IV.16), (IV.17) and B = O into
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Equation {(1lV.la):

2

- - oo L -
i L Ve u,ll cus L1

+ Vﬁl sin fr - qll sin fr - V11 cos fT

2
+ Bm £ €

sin le sin T

-
) S A 2 :
= . sin f7 [UJI Vm Bm f g |sin f‘rl _Jl

- cos fT [:Ulll +V,- mfz:]

e 0 (Iv.20)

One should note that the last expression cannot bg“préginely zero because the
truncated description of the periodic motion is'only"ah'approximation4 Also,
Eq. (IV.1b) needs not be separately considegéd'bécadie of the prevailing sym-

metry. ‘Since, even and odd functions of 7 should separately vanish in the

above expression, one would find

/ -
Fu,. +v,,
£ ,-\’/ —/Ll—m-—‘i-l- . . (IV 21)

Harﬁonxc contents in the mﬁtion of the stationary state can be obtained from
Eqs. {1IV.1l a;b) by performing a Fourier analysis in an iterative manner begin-
ning with the truncated expressions, Eq. {IV.7), as the initial guess in the
non- linear terms, which are defined by Eq. (IV.6). The iterative procedure may
be continued to impro.e accuracy further. The process begins with finding the
harmonic contents of Eq. (IV.6) by the substitution of Eqs. (IV.11), (IV.16}
snd (IV.17) and then performing the appropriate Fourier analysis:
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o L T R

e e — e

ey s

(th)mz - (uxn cos nfT + Vo Sin RET)
n=1
o
(Wyt)m= L (uyn cos nfrT + Voo sin nfT)
n=l
] PZn/f dexl dex
Un = ﬁm p 3 dr | g7 cos nfr dr
5 .
g 2n/t de_| de_
Ven | B, P S 55 , v sin nfr dr
0
¢ 2n/f I de , f:x
= - ‘ L
Syn . Bm = S !—1‘” ' g7 cos nfr dr
' 0
m = B 5 S - 37 sin ofT dr
0

Or, with the aid of Eqs. (Iv.11)

and (IV.17)
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_(IV-23)
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x1

x1

x2

x2

Xn

A/
Xxn

Xxn

yl

yl

yn

yn

yu

32 2r/f

f ¢ -
= Bm —nL \ Isin f'risin fT cos frdr = 0O
' n
f3“:21 2n/f | , BBm ) 5
& Bm p- S Isin fT{sin fT dr = 5 f €]
0
32 2n/f
f- e ~
~ Bm —n'L 3 ,sin fr l sin fT cos 2fT = 0
0
. f3‘2 2n/f _
~ Bm —"'L Iain fT l sin 7 sin 2fr dr = Q
s 0 for all n
& O forrall even n
8p
& -+ f2 € for all odd n
n(n“=4)n 1 :
32 /£
f X 8p
e Bm p- cos £fT| cos“fr dr rrallis <
f2‘21 r_21'r/t'
8. ﬂm . ) ,cos fr| cos fr sin fTr dT = 0O
0
& 0 for all even n
88
= _2_m fz ‘2 for all odd n
n{n“-4)n 1
s 0 for all n
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Sabstituting Eqs. (IV.4), (IV.5), (IV.9). sad (IV.22) into Eq. (IV.1a) and 71w 1ty

setring P = U for the stationary state:

@
<2 R .
m o, o f cxtn cos (nirT cnxn)
n=1
[ ]
-
. v - - 4 -
L {extn D’//n cos (nfr mxn) Vi Sin (nfT _ CD:_m)]
n=}l L '

+ cym [L‘Jrix" °°_° (nﬁ - wyn)' - vln sin (nfr - coyn)]}

[ -
+ (u,_cos nfT 4+ v__ gin afT)
s xn xn
n=)
@ L
s . 2.2 : )
J . -3 )
- L {cqs nfr [(an sin O, "~ Wn f° cos Opn + U//n cos L + V//n sin L. ‘x

+ (U..ln cos o

v +V, sin O’ ‘ytn - uxn]
+ sin afr [(-an cos o ~ mn-zf2 sino_+ U, sineo, -V, coswg D¢
“xn xn /[ xn 4 ®n’ xtn

+ (U-ln sin Oun ~ v,  cos 'Dyn) €en " vxnj}

-10¢.

tn




_v“,_,,_‘ w
B

or,
r(m n2f2 « 1 Y rAc s - 7 i . A w
. - 174:% “xn e 7777 Uxn ) Txtn -
- (U‘n cos myn +V, ein cayn) eym == U
> (1V.25a)
[(m“2f2'U)sinm +V,  coso ¢
//n xn 1741} xn Ltn
- (U _ sin wyn - VJn cos wyn) ‘ytn == Vo J

and similarly,

' 2.2
- [(m nf" = U//n) cos ‘Dyn - V//n sin ynJ‘ytn

b+ (qln cos wxn + V.Jn 8in mxn) ‘xt.n =" L‘yn

L . . g (1V.25b)

2.2 . y
[(m a’f b//n) sin wyn + V//n cos wyn]cytn

+ (U snao -V -cos coxn) “etn " Vyn

It is not necessary to consider Eqs. (IV.25) with n = 1 since theze conditions

would be consistent with Eqs. (IV.7), (IV.16), (IV.17), and (IV.19). For n = an
even integer,because Uen™ uyn’ vx

a ™ Vyn " 0, one also must have ¢ ., = €yt 0.
For n = an odd integer, Eqs. (IV.25) cen be rewritten into the following matrix
form:
. -101-
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e e e = e

. T ———— e o tea - ems e =t

——— L . T W

(o 1l oa ]
mnf" - U//n -V//n U . -V,: e . cos o ,
m an -0 v - c sin §§
wn #n Ln Li xtn " Yxn 5
2.2 .
q‘n Yln m n"f an '{ln cytn cas o n
2.2 1
“in U.zn v//n mn-f U//n eyl:n sin myn
L J U -
7
[ o
aBm f2 2.
2 ‘1
, n{n"=4)n
a (1v.26)
‘ - 88m 2
- R
n(n®=4)n
_ Y J
Solving, 7 ’
extn cos D ™ cytn sin coyn :
Ya '_U‘én) : 88, £2 2 :
) a2 -v,_-v )2+, -u )% aadon 1o
/m £n n £n ' S L b
exyn sin Opn ™ -cym cos coyn
2.2
, (m a™f" - Uy - V.0 88, 2 2
T e v e U neom 1
n #/n  Un /n £n nin
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Or,
on = (L} - ﬂ/g
xn “yn
q @oe -y v
= tan (U _—f,n:) = {Iv.27)
' /n
and by virtuve of Eq. (IV.19),
®xtn = Sytn
3¢, v /1)
- — .—.V-—z————F====!==————=—” : = (1v.28)
‘n(lo-n ) (m n“£° - U//n- - ‘.’ln) + (U.‘n - V//n) g |

These two formulae are valid for all positive odd integers, including n=1] 1in

principle, additional iterations can be performed.

Summarizing, according to the one-step iteration analysis carried out above, an
unloaded, plain journal bearing-shaft system would be stabilized by the electro-
magnets to assume a "steady-tate".orbit. Collecting the relevant formulae, Eqs.
(Iv.21), (IV.19), (1v.27), and (IIV.28) and rearranging somewhat for clearer pres-
entation, the "steady-state" orbit can be described as follows:

€
X
_ 3 (U,zl " v//l) m Z 3 U,y * V) cos (afr - o)
’8 ] B ———- 2 W——.?
nt 3 nel,3,5¢ n{4-n") (mn"f /n v.m) + (U.Ln v,
Sy
- g(ll'v/ll)_m_ Z 3 (q‘l'vl)lin(nf‘l’-m)
8 ‘U, + V B —. :V—ﬂ—-k ——
71 Ll - , . - ]
B el,3,5¢ n(4-n") m a“f U ) + (Jn //n)
-103~ (1v.29)
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where,
’ R a?e? .y
2 = tan
n .
in
e an/intVn
m
r 9 :
Yn | = | Un )
Vn | 7| Y (E)
lln = U, (nf)
L v ) = Ly o ]
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