The Japan Soci ety of Mechanical Engineers

284 Bulletin of the JSME, Vol 25, No. 200, February 1982

621.822.2 Paper No. 200—19

Influence of the Fluid Inertia Forces on the Dynamic Characteristics
of Externally Pressurized Thrust Bearings¥*
( 1st Report , Influence of the Fluid Inertia Forces Generated at
the Restricted Part of Externally Pressurized Circular

Thrust Bearings with Capillary Restriction )
By Yoshio HARUYAMA** 6 Tsuneji KAZAMAKI*#*%*and Haruo MORI*#*%*%*

In this paper , the authors investigated theoretically and experi-
mentally the influence of the fluid inertia forces generated at the re-
stricted part on the dynamic characteristics of externally pressurized
eircular thrust bearings with capillary restriction.

From comperison with the experiment , it may be concluded that the
influence on the dynamic characteristics should be considerable when the
kinematic viscosity of the lubricant becomes too low , and that the pre-
sented analysis ylelds good predictions for both the bearing stiffness
and the damping coefficient in a wide range of designing conditions.

istics of externally pressurized circular
thrust bearings with capillary restric-
1. Introduction tion.

In recent years , the fluids of low
Many investigators have examined the kinematic viscosity , such as water and
influence of the fluid inertia forces on liquid metals , are much used as lubri-
the static characteristics of bearings and cants. In order to predict exactly the
found the influence to be small for usual dynamic characteristics of externally
applications. However, the significant pressurized bearings which are lubricated
influence of the fluid inertia forces on with the lubricants of low kinematic vis-

the dynamic characteristics of the exter- cosity, these studies will be useful.

nally pressurized bearings in which the

speed of fluid in a bearing clearance is 2. Nomenclature
relatively high and of the self-acting 12#ni7

bearings which are opeﬁated at high speed 11==~}£z;r—

has been noted recently , and there are @ : radius of capillary

written many papers %) discussing the in- he W
ertia effect in hydrodynamic lubrication. B =—
In conventional studies of externally 770" Pa
pressurized bearings, only the inertia
forces generated at the bearing clearance
have been considered but one generated at

b : dimensionless damping
coefficient

By ; dimensionless damping coefficient
(neglect inertia force)

b : damping coefficient

the restricted part is neglected. How- e : amplitude of displacement -
ever, in the case of wusing the fluids of H =h/h,: dimensionless clearance

low kinematic viscosity, it may be possi- h : clearance

ble to consider the influence of the iner- ho: equilibrium clearance

tia forces of externally pressurized bear- . he k . .

ings with a kind of restriction. In this K“;rfpa ¢+ dimensionless stiffness

paper, the authors investigated theoreti-
cally and experimentally the influence of
the fluid inertia forces generated at the
restricted part on the dynamic character-
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K, : dimensionless stiffness (neglect
inertia force)
k : stiffness
! : length of capillary
P =p/ps:dimensionless pressure
P, : dimensionless recess pressure
P,3: amplitude of dimensionless recess
pressure
P, : dimensionless supply pressure
P, : dimensionless pressure at H=1
P, : dimensionless pressure proportion-
al to displacement
P;: dimensionless pressure proportion-
al to velocity
D ! pressure

Peo : ambient pressure

2s : supply pressure
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q
Q= 2rohoU
¢ ¢ flow rate
R=r/r, : dimensionless radial coor-

dimate or dimensionless radius

Ry =r/r, : dimensionless radius of

: dimensionless flow rate

recess
v : radial coordinate or radius
%o : outer radius of bearing
71 : radius of recess

t : time

: dimensionless radial veloc~
ity
U : characteristic
# : radial velocity
Z =2z/hy : dimensionless coordinate
across the film thickness
z : coordinate across the film thick-~

U =u/U

radial wvelocity

ness
a =-£-a_'2£‘_(—}l°—)h : inertia parameter
12‘{12 7o
e 3¢'InRy  : feeding parameter
- 3
c =8/h0 -”/20
{ =a’w/y

0 : phase difference between displace-~
ment and recess pressure

2 =(iw/v)'?
L viscosity
. Y ! kinematic viscosity
su&2¢ function of { , defined by Eq.(12)
0O : density
o =£‘ﬁ<-ﬁ-)2 ¢ squeeze number
Da ho /
T =t : dimensionless time

@ : integration constant
@ : angular speed of squeeze motion

Subscripts
in : inflow
out : outflow
st : steady
os : oscillatory
3. Theoretical analysis

The externally pressurized circular
thrust bearing with capillary restriction
analyzed here is shown in Fig.l. The ca-

pillary restriction is made of a straight
circular pipe.

3.1 Assumptions
The following assumptions are used in
order to simplify the analysis.

(1) The 1lubricant is an incompressible
Newtonian fluid.

(2) The flow through the bearing gap is
viscous so that the pressure follows
Reynolds equation.

(3) The depth of the recess is large

enough compared with the bearing clearance
so that the recess pressure may be uniform

and it may be equal to the bearing gap
pressure at 7r=r.
(4) The flow through capillary restric-

tion is laminar and the inlet is so short
that it may be neglected.

(5) The thrust plate is parallel to the
bearing surface.

3.2 Fundamental equations
The dimensionless bearing pressure
follows the dimensionless Reynolds equa-

- 285

Fig.l Coordinate system for thrust

bearing
tion as
H3 ¢ (,0P dH
R aR ( 8 ) g dz' ........................ ( 1)
where
Vi h ’
P=——-' = =
Pa ho R e
2
r=wt, g=l2H0 (_ro_\
Da ho !

Introducing the boundary condition that
P=1(p=ps)when R=1(r=r#,) , the dimen-

sionless bearing pressure can be written
in the form,
_ o dH 2 AD
P=1 i dr (I—R)————Ha InR oot (2)

where A=12pre0/(pehe?) , U is a charac-
teristic radial velocity which is obtained
theoretically from the mean steady radial
velocity at the outer periphery of the
bearing surface and the integration con-
stant @ 1is a function of ¢ which is
determined from the continuity condition
of flow rate described in section 3.3 .

Taking a small sinusoidal vibration ,
with amplitude ¢ which occurs around the
equilibrium state (h=ho) of bearing into
consideration, the dimensionless clearance
, H, may be given by

He=l4csing, gme/hy «eoreeerserenrenerees (3)
P and ¢ are assumed as

P=Py(R)+¢|{Pi(R)sint+Py(Rjcosz}--+(4)

Q=00+ c(@rsinTH+PrCOST) ++oerremrreenrenns (3)

Substituting Egs.(4) and (5) into Eq.(2),
we obtain the following equations

Py=1—A@oIn R
P,=AQ@B@:—01)InR

v (6)
Pz=———j—(1—R2)——A@glnR
3.3 Continuity condition
of flow rate
The dimensionless flow rate through

the bearing gap is
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Qoue=-Tout =fHURdZ=@ +¢(@sin
27L'fohoU 0 ° g 3
+@2COS‘:)——5?(}-R°COST .................. (7)

We now consider the flow through the
capillary restriction. For the case of
a laminar flow through a straight circular
pipe , in which the inlet length can be
neglected, the flow rate is given by!6)

—_matop
g = Sﬂ R ( 8 )
_ "*'cop(_gii___d_fl(v—'i )[ (9)
Qos= 00 Bz | 2 2 o(V=iD))¢
where
i=vV=1, 1=(w/v)}, {=aw®/v

and Jo, Ji are Bessel functions of the
first kind. Using the assumption (4)
the axial pressure gradient in the capil-
lary restriction can be written as

pu(Pr—Pr)/l"—-'pu[P'ro+€(Pﬂ5inT
+Pyzcos7)—Pi} /1

Then the dimensionless flow rate can be
obtained from Eqs.(8) and (9) as

- Gin — a‘p.
=l 16 ulrohal L Fs—Fro)
—&e{(&2Pr1+&1Pr2) sine
*"(_ElPﬂ’f‘ezPrz) cos r}] .................. (10)
where P, is the dimensionless supply

pressure , P,~P,, are the dimensionless
recess pressures which can be given from
Eq.(6) as
Po=1—A@yIn R,
P71=A(300—¢1)1ﬂ R, {

P,3=—--§-(1—Rl2)—A@g InR, I

$1 and f: are real variables which are
defined by

MY Yo SRt

In the case of (<1, &iand & are ap-
proximated by

. . 1142
gx"—.‘-c; Go=l— 4

5 2 Bgg e (13)

¢ 1is a dimensionless parameter which
represents the influence of the fluid in-
ertia forces on the velocity profile.
Now we put

CE(IO' ................................................ (1)

where a 1is a dimensionless  parameter

which can be expressed by

&« is a mnew parameter which has never
appeared in the conventional analysis.

This parameter is concerned with the fluid
inertia forces generated in the restricted
part and may be named the inertia parame-
ter in this paper.

The flow rate through the bearing
recess is the sum of the flow rate through
the restriction and the flow rate produced
by the change of the recess clearance.
Therefore , the continuity condition of
flow rate at R=R, 1is given by

6)m—-5—?{—70R,%os:-:Qc,“t}R:,{l ............ (16)

Now the term "dimensionless parameter" is
defined as

Then , substituting Eqs.(7) and (10) into
Eq.(16) and introducing Eq.(17) , we get
the following equations

(14-I") (Ps—Pro) =0o(Ps—1)
(L M) (§2Pri+§1Pre) =—01 (P —1)
A+ {(—&1Pr+EePry) =—@2( Pi—1)

where [ is called the feeding parameter
which 1s equivalent to the ratio of the
flow resistance within the restriction and
the bearing gap. With this parameter, ],
the term of A may be written as

I P-—1
TR R, e (19)

Substituting this equation into Eq.(11),
and eliminating P,y ~P,e from Eqs.(11l) and
(18), the following relations are induced

[: 1+& &r j”:@]
=& 1+& L 0.
36+ — 51(1+P)

= T . (21)

—8& I+ S (14 1) - R‘l

A=—

—Rl

Substituting this @,~¢, into Eqs.(6) and
(11), the bearing gap pressure and the
recess pressure can be determined.

3.4 Stiffness and damping coefficient

The reaction force can be derived by
integrating the pressure over the whole
bearing surface. The stiffness and the
damping coefficient are defined by a com-—
ponent of the reaction force proportional
to the displacement and one proportional
to the velocity of the displacement re-
spectively. The dimensionless stiffness
and the dimensionless damping coefficient
normalized by w7o’De/he and zri®pe/(how),re~
spectively, are given by

ho
770’ Pa
_ B—=0)I 1Ry

2(1+7") InR,

R1 ' 1
——2 f P RAR—2 ﬁ Pi(R)RdR
0 o/ fry

A
n=

(Pg—1) +oreereen(22)
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Ry 1 .
B=t00_ 4 o f PrRAR—2 L Py(R)RAR
0 1

:rfozpa

= 6 1 [T =
0.1 1—R;2 (Po—1) 10|« =10 1 JOO o
20+) InR ° '

= (R +

Vi
£
77

generated at the restricted part on X and 1 L //}
B depends on the value of (. Finally, FH !
both K and B can be derived wusing the
parameters: R;( the ratio of the radius of
the inner periphery to one of the outer - - + R
periphery ), P, ( the supply pressure nor- | J I l \\
malized by the ambient pressure ), [" ( the 01 01 1 10 100
feeding parameter ), ¢ ( the squeeze num- r
ber ) and « ( the inertia parameter ).
It is equivalent to assuming =0 Fig.2 K for different «

(§1=0, £&.=1) to neglect the inertia
forces, and so the dimensionless stiffness
and the dimensionless damping coefficient
can be obtained as

3 I 1—-R,?

E==o0i " IR

_ _]:_.(..I;Rlzlz. (05 Ak
Bo—g{(l—RnHHF R } (25)

i |
The influence of the fluid inertia forces ‘ - F‘\\.]‘ AN \ -
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(Po—1) v (24)

1l

F

o

In the case of ¢—0 , the damping co- i
efficient is obtained from Egs.(13), (21) 1
and (23) as follows,

77

a8

NI

A A 1—R:2 _ et - Kq { AN
4 (148 InR, (Pe—1) 7 H

............ (26) o1

V7
4

B/did"OL—TBO/O'—

0.1 10 100

The influence of the inertia forces on the
flow within the capillary is not so re-
markable when the frequency is low.  How- Fig.3 K for different ZA;
ever, it is obvious from Eq.(26) that the
influence on the damping coefficient of

the inertia parameter, ¢ , is not small

even when the squeeze number, ¢ , is very 10
small.

il
Yl

6 100
=g, 50

4. Examples of calculated < 2
results i

I

O o

Do

Fo Y
ré4)

\
Examples of calculated results are 3
given in Figs.2 to 7. The influence of N
the inertia forces has a tendency to be- P4 L TTTTT Ko A
come remarkable when the feeding parameter =1 N
, I’ , increases in value. 01 l IH“] ’ N
Fig.2 shows the influence of the . 0.1 1 10 100
inertia parameter, ¢, on the dimensionless T
stiffness, K. As a value of « increases,
the influence of the inertia forces be- Fig.4 K for different o
comes significant and the value of /" which
makes a maximum value of K increases.
Fig.3 shows the influence of the supply
pressure, P, , on the stiffness, K. The R=6
influence of P, is not so remarkable. Jd =10
Fig.4 shows the influence of the squeeze Ri=06 =
number, ¢ . The influence of the inertia B BEb
forces becomes significant as ¢ increases 01
in value.
Fig.5 shows the influence of a on the t 3.
dimensionless damping coefficient, B . —-——— Bo/d TN ¥
As a value of @ increases, the influence | l ”I I
of the inertia forces becomes significant 001 :
and the value of 7 which makes a maximum 0.1 ) 10 100
value of B increases. Fig.6 shows the r
influence of P, on B . The influence
of the inertia forces becomes significant
as P, increases in value. Fig.7

?jq
I
O
O
\

TAN

1\

Bl
i

Fig.5 B for different «a
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shows the influence of o on B. The
influence of the inertia forces becomes
significant as 0 decreases in value. In

this figure, the values of B/gle0  which
are given by Eq.(26) are indicated with an
alternately long and short dash line. It
can be known from this figure that the
values of B/g approach this line as ¢
decreases in value. The values of B are
proportional to the squeeze number, ¢ ,
when the influence of the inertia forces
is neglected, and so the ordinate is given
in the form of B/g in Figs.5 to 7.

=1 -
o =10 e i1
= L et
Ry=06 P ] 6 <
0.1 5t = ~
"y
@ E- 9
~ N N "N
0.01 S
0.1 i 10 100
r
Fig.6 B for different P,
T 31111 T 1]
R=6 d=5] t
£=1 1005 -
Ry=0.6 " =
ZeqiiERE
e
0.1 S S = N
¥ : 50 =
= i 100 —
——- 8wy ] !
_— /d‘d-’O i~ N
00 = ;
01 1 10 100
r
Fig.7 B for different ¢

5. Comparison with the
experimental results

In this chapter, comparison with the
experimental results will be made to con-
firm the wvalidity of the presented
analysis.

The experimental apparatus 1is sche-
matically dillustrated in Fig.8 . The
rotor is supported by externally pres-
surized thrust bearing() , externally
pressurized gas journal bearing(:) and a
back pressure (4) of lower volume. The
vibrator which is connected to the end of
the rotor causes the rotor to vibrate with
a small sinusoidal vibration in the axial
direction. The bearing clearance is set
by adjusting the back pressure. The dis-
placement of the thrust plate is measured
by the electric capacitance micrometer().
The lubricant which is pressurized by the
compressed air is supplied into the bear-
ing recess through the capillary restric-
tion C) . In this experiment, the capil-
lary is set long enough so that the influ-
ence of the oil column within the capil-

lary on the supply pressure can be con- .
sidered.

Experimental procedure is as follows:
(1) Control the back pressure to get a
specified value of the bearing clearance,
(2) make the rotor vibrate with a steady
sinusoidal wvibration of which the fre-
quency is 60 Hz , (3) measure the dis-
placement of the thrust plate and the os-
cillatory recess pressure by the electric
capacitance micrometer() and the pressure
transducer respectively and (4) analyze
the frequency, the amplitude and the phase
difference by means of an oscilloscope.

The temperature of the lubricant was
measured at both the entrance of the res-
triction and the exit of the bearing by a
thermocouple. Since the difference is 1°C
at the most, it may be assumed that the
temperature of the lubricant is equal to
the average of these temperatures.

The dimensions of the test bearings
and the conditions of the experiments are
shown in Fig.9 and Table 1 respectively.
Since the ambient pressure Ps is almost
equal to the atmospheric pressure, it may
be assumed that the values of Pe are equal

Pressurized oil

Capacitance
micrometer

) = Oscilloscope
]
E . DC.amplitie
] ™~ Ai |
compressor

Pressure gauget ¢ '
| Valve |

- Ll ] P %
I Fine

pressure gauge

I [T 3
Electric 3
vibrator

Fig.8 Schematic of experimental
apparatus

|

2a

AQmm |l mm
No.1 0.95 655
2| 1.50 2 000

Fig.9 Dimensions of test bearings
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Table 1 Conditions of experiments
i 10 =
Be;:::ng Py p kgs?/cm*| P kgs/em? R, kg/cm? i jane
=5 =6
1|2 |o0.880°%0 | 0.174"0 | 1.04 o [ LR
] P abedndy S ™
1 3 |0.880 0.172 1.04 a S Bo= T TRKD BElih
2 {2 |o0.881 0.184 1.03 1 HH /éH:F:t 3 B YL
2 3 |0.880 0.173 1.03 A 2 : (195l i
i Xp. aata na= mm
‘L; o P= . | i _ j
e 3 l BRI

' oqbdl 1 iHPHi
01 T 10 100

Fig.1l1 Comparison with experiment

Pressure Displacement
AN 1“3
Sy <

=
=]
<> —
I
11
X3
1)
iy

10

20
4
5
|

L

HH

o s f
ay i j N
Fig.10 Examples of measurements ! e C X o Frsd
to the atmospheric pressure which is meas~ B ——H
ured by a mercurial barometer. The ; - Exp.data
examples of the measurements for the dis- MmoR=2
placement and the oscillatory pressure are e =3
shown in Fig.10 . As seen from this 0.1 i L1
example, the wave profile of pressure is 0.1 1 r 10 100
not always sinusoidal. The bearing
clearance is given by Fig.12 Comparison with experiment

H=14gsint ooevorveeeronseensonsanssanssaeesns(27)

-
i
N T
o
| ©
(@]
;

and then the recess pressure can be ex-
pressed as follows il 11T ] LA
= : 135 HHF —— i1l a=095mm |
Pr—.PrO"l"E(PrlSmwt+Pr2COSwt) -f’ Y S ad| | l=555mm i

=P+ ePrgsin (O)t—o) tetresritestnrersanee (28)

deg.
\
T
il
i

and so the values of P, and § may be ob- 90 HHi—1
tained by the amplitude of the oscillatory i ]
pressure and the difference in the center . Exp. doIa
of the wave respectively. For the waves 45 oR=2 | &R, bie
of P.,; and @ are adopted the arithmetic e =3 N
mean values, because the values differ 3 NN RE] T Ses
depending on whether the bearing clearance SPHE N i |
increases or decreases in value. 0 L I i 1
In Figs.ll to 14, the theoretical es- 0.1 1 r 10 100
timations of P,; and § are compared with
the experimental results. The frequency
is 60 Hz . In these figures, the theo- Fig.13 Comparison with experiment
retical results in which the influence of
inertia forces is neglected are indicated
with a broken line. From these figures,
it is seen that good agreement can be
. . T T T T TTTTT
found between the estimations by the pres- .
ent theory and the experimental data and e TN o]~ 4‘ u
that the experimental data of # tend to ;
diviate from the theoretical estimations
depending on whether [* is small or large. 0 2
In this experiment, the diameter of |iH|| h
the capillary 1is considerably large so Exp. data ]%

e

o deg
—
Y
U
o
w0
]
&I
/
Z 1
T
1/
f
’{J.—
y n
§ A A

©

that the influence of the inertia forces T i
generated at the restricted part appears 45 |l eR=2 P
too large to be neglected. e =3

|
IH \::L
i |
0

0.1 1 r 10 1

/le

6. Conclusions [l i

The influence of the fluid inertia
forces generated at the restricted part on
the dynamic characteristics of externally Fig.1l4 Comparison with experiment

NI | -El ectronic Library Service



The Japan Soci ety of Mechanical Engineers

290

pressurized circular thrust bearings with
capillary restriction was examined theo-
retically and experimentally. In conse-
quence, the following conclusions have
been obtained:

(1) The influence of the fluid inertia
forces generated at the restricted part on
the dynamic characteristics i1s considera-
ble when the kinematic viscosity of the
lubricant is low.

(2) The inertia effect becomes remarkable
as the feeding parameter,]’ , increases
in value.

(3) The inertia effect on the bearing
stiffness becomes remarkable as both the
inertia parameter, ¢ , and the squeeze
number, ¢ , increase in value. In gen=-
eral, however, the inertia effect hardly
depend on the supply pressure, P, .

(4) In general, the damping coefficient
increases 1n value as the fluid inertia
forces do. The influence beecomes signif-
icant as both the inertia parameter, « ,
and the supply pressure, P, , increase in
value and as the values of the squeeze
number, ¢ , decrease.

These results imply that the dynamic

characteristics are influenced by the
inertia parameter, even ‘if the bearings
are similarly designed in the conventional
sense. In any practical bearings, the in-
fluence of the fluid inertia forces gener-
ated at both the restricted part and the
bearing clearance may be considerable when
the kinematic viscosity of the lubricant
is low.
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