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Influence of Gas Inertia Forces Generated Within the Stabilizing
Restrictor on Dynamic Characteristics of Externally Pressurized
Thrust Gas Bearings¥*

( 2nd Report, Case of Turbulent Flow at the Capillary Restriction)

By Yoshio HARUYAMA*#, Tsuneji KAZAMAKI##%*
Haruo MORI**#*%* and Kenji NAKAGAWA#*#%#%#

The +influence of the gas inertia forces generated within the
stabilizing restrictor in capillary form has been discussed about
the case of a laminar flow in the first report'?) In this paper,
we 1imvestigated theoretically and experimentally the inertia effect
generated within the capillary restricted part in the case of a
turbulent flow.

From comparison with the experiment, it is concluded that the
influence on the dynmamic characteristics should be considerable,
and that the presented analysis yields good predictions of both
the bearing stiffness and the damping coefficient in a wide range
of designing conditions.
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supply pressure is high(z.) In this
paper, the authors investigated theo-
1. Introduction retically and experimentally the influ-
ence of the gas inertia forces gen—
In the first report(l,] the authors erated within the stabilizing restrictor
investigated theoretically and experi- on the dynamic characteristics for the
mentally the influence of the gas in- case when the flow of gas from the
ertia forces generated within the sta- capillary restriction becomes turbulent.
bilizing capillary restrictor on  the The bearing analyzed here is the
dynamic characteristics of externally same externally pressurized circular
pressurized thrust gas bearings and thrust gas bearing as the one in the first
pointed out that the influence should report. The stabilizer is inserted
be considerable. It should be noted into the gas supply-line.
that the conventional analysis 1is based
on the assumption that the flow of 2. Nomenclature
gas from the capillary restriction is
a laminar flow and therefore the a- We wuse the same s8ymbols as the
nalysis would be dimpossible when the ones described in the first report,
Reynolds number becomes large. In and the new main symboles are added
fact, the experimental data of the damping to this paper as follows and further-
coefficient deviate considerably from more the rest ones are given in thr
the theoretical estimations when the body of the paper.
eps cpp ¢ discharge coefficient
9= Pio/ Py
P; : dimensionless pressure at
entrance of capillary
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1= epud®
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O = W2nrpcoa/ R\ 7,

N ¢ wave propagatioil constant

At coefficient of fluid friction

Tw: wall shear stress

Vit modified kinematic eddy
viscosity

Subscripts

J : denotes the quantities
in the j’th region

m: denotes the cross-sectional
mean values

os : denotes the oscillating
component due to pulsation

st : denotes the steady component

denotes the short-time

average values

3. Theoretical analysis

The externally pressurized circular
thrust gas bearing with a stabilizer
analyzed in this paper, which is the
same bearing as one in the first
report, is shown schematically in Fig.l.
In the first report, the pressure drop
at the entrance of capillary restriction
is neglected. It may be necessary
to consider a pressure drop, however,
when the flow within the capillary has
high speed. In this paper, therefore,
the pressure drop 1is evaluated by the
formula for the flow through an orifice
with the same sectional area as the
capillary.

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

(1) The flow through the bearing gap
is viscous so that the variation of
gas pressure is ruled by Reynolds
equation.

(2) The depth of the recess is large
enough compared with the bearing clear-
ance so that the recess pressure may
be uniform and it may be equal to
the bearing gap pressure at r=r;i.

(3) The flow through the capillary re-
striction 1is turbulent. The pressure
drop at the entrance of capillary is
evaluated by the formula for the flow
through an orifice with the same sec-
tional area as the capillary and the
inlet is so short that it may be
neglected.

(4) The change
is isothermal.

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

of the state of gas

3.2 Fundamental equations

The governing equations for the
bearing gap pressure are exactly the
same equations as those 1in the first

[S3 my
Ve |
R |
M
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pq l N, rpr—l ms

Fig.l Coordinate system for thrust
bearing

report. Taking a small sinusoidal
vibration which occurs around the equi-
librium state of bearing into consid-
eration, the dimensionless clearance, #,
may be given by

H=1+¢sint ¢D)

Assuming the dimensionless bearing pres-
sure, P, as

P(R,7)=Py(R)+¢&(P(R)sint+ P:(R) cost}
(2)

we obtain the following fundamental
equations for Po~Py

R R ar =0 3)
1 d 7, dPP)
RaR R g =h )
l_d___r d(Pon)]_
+am |REgn |=a(Pt P) (5)

3.3 Boundary conditions

Adding the condition for the pres-
sure drop at the entrance of capillary
restriction to the same conditions as
those in the first report, the bound-
ary conditions can be written in the
forms,

Pylpai=1, Pig1=Pe|p1=0 (6)
mz]z=o=ml—%(pch) (7)
Mol ri=talsmi— 2= (PV) ®)
3 (=Tt T=l 62 rVr

CDema Do

”\R/z—‘s_t—i“—Pc¢z=M2!z=o (9
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where

¢2=( 2k )l/z( P, \)1/:[1_(5)(:-1)/:]1/2: £>(;2_A);/(.;_,,

£—1 —Fc P, 7. w ,
=(Ic2—:1 >l/z<xil)l/(x-n : %g(}i—lylw—“

and P; 1is a dimensionless pressure at the entrance of capillary restriction.
my and mz are given by

= EDTrépa 11
N an

_ Thpe

oP?
T2 RED 12)

R

where

¢l=( 2k )1/2<£)m[1_(5_)0:_1)/:]1/2 : fc_>( 2 )"/(A‘-l)

£—1 P, P, P, £+1
3 3 [ + (13)
-( 2 I )1/2 2 )1/('—1) P‘ 2 k/(k~1)
=(e1) (79 ‘P, §(5+1)

We now consider the mass flow rate through stabilizing capillary restric-
tion, m, , Unsteady viscous compressible turbulent flow through a straight
circular pipe was investigated by Ohmi, et a1 We now obtain the mass flow
jrate,m;, by the three region B model in their paper. In this model, the

section of pipe is divided into three regions and the modified kinematic eddy
viscosity in the g'th region, Vz,j’ is written in the form,

vz, s/ vo=kyy*+n, (14)
where Y¥*=ury/vo, y=a—r., u¥*=v'Tu,e/Po and 7y, is the wall shear stress in
steady flow. The values of k;j and #n; are given by the assumption. For

the case of a sinusoidal oscillating flow with angular speed, w, the pressure
and the velocity distributions are given by
( steady - component )

Pue=Fo+Gox (15)
R* 7o \2
e —‘m(*a—) +E; ( in the region kj=0 )
w1 7e \ 1 7n; (16)
Z(Tz—)-#(.k—;-'-_ﬁ*vk;—’) In(vs,s/ve) + E; (in the region k;%0 )

(oscillating component )

Pos=( Ae" + Be-7%) gtot a17)
#3,00= {1}/ (iwpo)) (Ae"™—Be="%) (C,lo(2y) + DyKo(zs) — 1} et (18)
where
Rz M0 7 fw/cy th ti
= R =715 > CTlz “D.R .z (a : the wave propagation
Vo V1—=1{2/(av/iw/v)} [Cili {2:(a)] — DK, (z:(a)} ] constant,
2i(re)=r.Viw/vy,, (in the region k;=0 )
=2Viwvy,;/ (ku*) ( in the region kix0)
A,B,Cs, Dy, E;, Fo,Go:  integration constants,
I, I, : modified Bessel functions of the first kind of orders zero
and first, respectively,
Ko, K, : modified Bessel functions of the second kind of orders zero
and first, respectively
and ~ denotes the short-time average values ( refer to the reference (3)).
Reynolds number  R,*=2aiim,s/Vo is related to R¥* as 2R*=R.*V/1/8 and
the coefficient of fluid friction, A, 1is determined only by Re* in the case of
smooth pipe wall. Therefore R* depends only on Re%*, In this paper, we use
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Rarman-Nikuradse formula
V7 =2 log o (R*V 1)—0.8 (19)

as the relation between A and Re¥.
Assuming P; and P, as

Pi=P¢o+8(PuSinZ'+P¢2COST) (20)
Pp==Pyy+e(Prsint+ P cost) (21)
we get the following equations for Ma|z-0 and M|zt
nratpa® .
m2lz=u=W Piro {((1—Mo) (Pyo— Pro) + (M1 Piy+ M2 Pia+ Ms Pri+ My Pr2)esinT
+ (M1Piz— M2 Piy + MsPro— My Pr1 )€ cOs T} (22)
nratp.® .
mz|z=4=WPiro{(1—-Mo)(Pw—Pro)'—(Mlpn+M2Pr2+MsPﬂ+M4Ptz)55mT
— (M1 Pro— My Pry+ M3 Pis— M, Py )€ cos T) (23)
where
Mo=Rett — — {1‘2—&1+ (Rt =Rat®) +2(Res?— Ra®) + 4(Ree—Rer) 4 ARa )
o=Reit =25 170,07 a*—Rer 2 —Rei®) +4(Ree—Rer) +41n 1°R., i (24)

and M;~M, are real variables which are determined by the Reynolds number, Re¥,
the inertia parameter, a=Q0o@*p.hot/(12¢%r#) , the compressibility parameter, f=
Palho?/ (12 picoro®) and the squeeze number, 0.

my, 1is given by treating quasisteadily the flow rate through the capillary
as follows

nratpa*(1—Mp)

_ e’ pa{1—Mo) p2_p2
m=""ygumry (e b
dp 2
= %Y_M—Q (Pm {( Pu— Pyo) + ( Pi— Pry)esint + (Pi— Pre)e cos T}
Pio—Pro . _
+ 2 {(Pil+Prl)5Smf+(Pt2+P72)ECOSZ'} (25)

Substituting Egs.(10) ~ (13), (1) and (20) ~ (23) into Eqs.(7) ~(9), we obtain
the following equations as boundary conditions

apP? _ TP
dR R=R, ¢' (26)
T2Pspro= Peoghzo (27)
Pooppeo= ‘% (1—Mo) Piro( Pio— Pro) (28)
d( Py P; 3 1
% Bk = J;l Piyo {"é‘(l“"Mo) (Pio— Pro) + "2-(MlPrl+M2P72+M3P(1+M4Pi2)
1
——oR(1+H,) H’Pz | (29)
2 ‘I{Alh
d( Py Py) | I P,
”TID{‘“!R:R‘ 207 Piro( M1 Pra— M2 Pry+ Ms P .z-—M;Pu)-F———o‘R;J P+ (14+H,) }gf:l . Rl} (30)
PooArgh2o( Pii—9 Por1) =72 PsproA1 Por—90 Pea/2 (31)
PooAsgpeo( Pro—gPez) =72 PsgproA1 Poa+ 00 Per/2 (32)
Piro( M1 Piu+ M2 Piz+ Ms Pri+ My Pre) = — 27 PeoAegpoo( Pu—9 Por) /72 (33)
Pipo( M1 Pie— M2 Pis+ My Pro— M Pr1) = —2 71 PeoAzpao( Pia—g Pe2) / T2 (34)
where 1 a¢ p
1 oog | am=L 0B ,_Po
= =Peos 20= , A= -5 = =
Pr=filpc-reas  Pr=g Pe=Peo T 2010 0P: |pere 2¢2° 9P I;g_f;“g Peo

| Py=Pio

12[!61)#31\/% InR,
h 3

I == Palto

: the feeding parameter
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change of Ps; is not so remarkable.
7= 8ucprVET | Fig.6 shows the influence of o
na*p, on XK and B/0. The influence on B
becomes significant when ¢ decreases
__cpirid in wvalue. In general, however, the

nc paa’

5= 2aVe ( ko )2
12nncps@®pt/RT\ 7o

L

¢=—R,InR, i

1
==

3.4 Dimensionless stiffness and 3000
dimensionless damping coef-
ficient "

The bearing pressure,Py~P;, can 10
be analyzed by solving the fundamental
equations, Egs.(3) ~ (5) under the bound-
ary conditions, Eqs.(6) and (26) ~ (34).
Py and P, are obtained by Runge-Kutta- 0.2
Gill method, because these are insoluble o |
analytically. The dimensionless stiff-
ness, X, and the dimensionless damping
coefficient, B, are defined in the same 0.1
way as those in the first report.
Finally, both X and B can be derived
using the eight conventional dimension- »
less designing parameters: T, PR, Ry,Hr , o
Yi, Y2, 8, 0 and three new dimen- N 4
sionless parameter : o ( the inertia
parameter ), B ( the compressibility pa-
rameter ), Re*( the Reynolds number ).
The influence of the gas inertia forces
within the capillary restriction on the
dynamic characteristics can be determined Fig.2 K,B for different Re¥
by o, B and Re¥,

In this model for turbulent flow,
the Reynolds number, Re¥*, must be about

2000 and above'® 1 T = T
=100

- —F—

I N— —

1 T T T T
©_.g3900w®
NOONNUIO AN

:u;o:litoQQ;U

e
Jm S w—
7
Y

\=-8

|
3 \

-0.05 ; Ly .

01 T 10 100

mAns

4. Examples of calculated < S8 SS \j+5°

results — 20

16" /!

Examples of calculated results for =

R1=0.5, Hy=10, v1=0.2, "{2=0.2 and §=100 -
are given in Figs.2 to 6. In these
figures, the theoretical results in

which the flow within the capillary 2

restriction is treated quasisteadily are 0 _

indicated with a broken line. [T TTIT mr 1

Figs.2 to 5 show the influence 0.3 Ps

of Re*¥, oo, B and Ps respectively on g
K and B. The influence 1is consid-

erable when I' takes the values for 0.2

practical applications from 1 to 10. o

In general, the inertia effect on B T Hr

is more remarkable than that on X. Ry = 0.

Fig.2 gives the influence of Re* on X 01 Re'= 6000 / ! \\ \
and B. In general, the inertia ef- ! Pau:

AV“ 50

-
[ (A TR T (A A L

/o

fect becomes remarkable as Re*decreases {
in value. Fig.3 gives the influence Y = PN
of oo on X and B. In general, the mi “
inertia effect becomes remarkable as o } 1
increases in value. Fig.5 shows the -0.1 ] L
influence of P on K and B. The
influence on B becomes significant as
Ps increases .in value. In general, Fig.3 K ,B for different o
however, the influence on X of the

g )
1

A\

0.1 r 10 100
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influence of the inertia forces is
not so remarkable when o0 is large.
These characteristics are almost
in agreement qualitatively with those
in the first report.
1 T
T
] 1
g —tHHH 2.0
S 1.0
167 AT TN 05
T ‘k
B=5.0 \01 N
N
162
I ( T T TTTTT —;' ‘
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Fig.5 K,B for different Ps

with the
results

5. Comparison
experimental

The experimental apparatus and pro-
cedure are the same as reported in
the first paper. The shaft is sup-
ported by a test thrust bearing, an
externally pressurized gas journal bear—
ing and a back pressure of lower volume.

The bearing stiffness and the damp-
ing coefficient are obtained by the fol-
lowing method. An  impulse load is
given to the shaft, while the response to
it is recorded by a digital memory,

1 =T 1 T
[ =1 O o N
I AN W™
< = —]~4 4 - =
o ' ISR <N 2
ot HE - > B I R R
1 T’ﬁ) H- | ’ﬁr/ 1
i ﬂr | B i‘: i %
0.3 T T
! | AT o2 L
=10 \ B =05
0.2 7= 02
AN an \ p=o02 ]
6 = 100 ‘_
Hr: 10 ;
o1 (=4 Ri= 0.5 H
Ré= 6000 |
’F"‘?"\— = | _L r»«
0 / o 7 W3¢ =
/
/ S A
o1 f, r-
- T 1.0
il I
0.01 0.1 1 p 10

Fig.6 Variation of K , B

with squeeze number
Constant ! Ps
pressure b
reservoir Capacity
Supply Volume V¢
restrictor .
Stabilizing
/ restrictor
B 2a
—] 1
Rece»ss~~~\~
©25.5
$39.5
Bearing 7
No. a mm mm | »
1 0.50 200 3
2 0.95 250

Fig.7 Dimensions of test bearings
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and analyzed by an oscilloscope yielding
the logarithmic decrement and frequency
of shaft wvibration. The stiffness
and the damping coefficient are cal-
culated using the logarithmic decrement
and frequency. The mass of shaft
is 1.50 kg (1.53 x107% kgf s?/cm ).

Details of the test bearing are
shown in Fig.7. The supply restrictor
consists of an orifice whose diameter
is 0.7 mm. The stabilizing restrictor
consists of some straight circular pipes
whose radius,a, and length,l, are
shown in Fig.7. The fluid capacity
s Ve , 1is 100 em®.

In Figs.8 and 9, the theoretical
estimations of K and B are compared
with the experimental results. In
these figures, the theoretical results
in which the flow within the capillary
restriction is treated quasisteadily are
indicated with a broken line and those
in which the flow within the capillary
is treated as a laminar flow'! are in-
dicated with an alternately long and
short dash line. In this experiment,
the theoretical Reynolds number within
the capillary restriction dis 2500 and
above. We use Perry’s experimental
equation‘'”as discharge coefficient,cpi ,Cp2
, of the orifice.

In these figures, it can be found
in the good agreement between the es-
timations by the present theory and

(4)

the experimental data of X. As for
'E&G=00 pm=F
— - l”““ — Exp. data —]
i | *pR=5 ]
x R= Q 3 |
3 o 2
101‘2 s
= ‘\E5§; oo ‘ﬁ:£~
~ o\
102_ 3
10° 5
3
2
st N R
- o~ N .
103 2_0 [N . ~
o\ g
ISNV A i =
T1& 7 e 1/ i
G NS
Yle i ~
-4 3 l o ]
’]O dr 15
u

60 80 100 h 120 140
0 m

Fig.8 Comparison with experiment
( Bearing 1 )
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B, it is seen that the experimental
data tend to deviate widely from the
conventional theoretical estimations and
that good agreement can be found between
the estimations by the present theory
and the experimental data.

From these results, it
concluded that the present analysis
yields the good predictions for the
dynamic characteristics of bearings in
a wide range of designing conditions.

may be

6. Conclusions

The influence of the gas inertia
forces generated within the stabilizing
restrictor on the dynamic characteristics
of externally pressurized circular thrust
gas bearings with a stabilizer was
examined theoretically and experimentally
for the case when the flow of gas
from the capillary restriction becomes
turbulent. The stabilizer is inserted
into the gas-supply line which consists
of a fluid capacity and a capillary
restriction. In consequence, the
following conclusions have been obtained:

(1) The influence of the gas inertia
forces 1is almost 1in agreement quali-
tatively with that in the first report.
The influence can be determined by the
inertia parameter, o, the compressibility
parameter, B , and the Reynolds num~
ber, Re¥*.

(2) The dinertia effect 1is considerable

T T T
J a=0.95mm
~ -
"\ ]
16‘ P5—3
x v —
1 . N~
-2 <
10 15 ==
1 T
- 1 I
10 — 2 —_— I
[ N AN
17X
—— s\ 3 N
w& 2
S /B N5 \\\
10 F A\ "
‘6% A X
7 NN N
m 3/ \\ -
WA N
N
A
153:: Exp.data ot \ .
— eR=3 —] \ Y
— e 2 2.5 .
— —t 7
— o 15 FL15 | RESS
177 ‘\I\ N
T 7 N
—ty l J 3 \\\
10
0 50, 100 ,m 150

Fig.9 Comparison with experiment
( Bearing 2 )
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when the feeding parameter, T,
values for practical applications

1 to 10. In general,

effect on the damping coefficient
more remarkable than that

stiffness.

(3) The inertia effect becomes
able as the Reynolds number, Re*,

creases in value and as
parameter, 0., increases.

(4) The influence on the damping
efficient becomes significant
supply pressure, Ps, increases in value.

In general, however, the

the bearing stiffness  hardly

on Ps.

(5) The inertia effect becomes

icant when the squeeze number, 0, de-
creases in value. In general, however,
it is not so remarkable when C is large.
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