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Influence of Gas Inertia Forces Generated MWithin the Stabilizing
Restrictor on Dynamic Characteristics of Externally Pressurized
Thrust Gas Bearings*
( 1st Report, Case of Laminar Flow at the Capillary Restriction)
By Yoshio HARUYAMA*#* and  Haruo MORI#*%%
In this paper, the authors investigated theoretically and
experimentally 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.
From comparison with the experiment, <t may be concluded
that the influence on the dynamic characteristics  should be
considerable, and that the presented analysis yields good predic-
tions for both the beaving stiffness and the damping coefficient
in a wide range of designing conditions.
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Laminar Flow
in Figs.l and 2. Mori, et al@km} have
. investigated the fundamental character-
1. Introduction istics of these bearings. However,
Conventional analyses of the dy- it may be necessary to examine the
namic performances of externally pres- effect of gas inertia forces on the
surized gas bearings are based on the bearings with a large diameter capillary
equation in which the inertia forces restriction.
of 'a gas are ignored. A significant
influence of the gas dinertia forces on 2. Nomenclature
the dynamic characteristics has been
reported recently™~®  In conventional a : radius of capillary
studies of externally pressurized bear- b, B : damping coefficient
ings, only the inertia forces generated cp : discharge coefficient
at the Dbearing clearance have been ey ¢ velocity of sound
considered but one generated at the f ¢ frequency
restricted part is neglected. In the h, H : bearing clearance
previous report we investigated the hy, Hr : depth of recess
influence of the fluid dinertia forces ho ¢ equilibrium clearance
generated within the supply capillary k , K : stiffness
restriction on the dynamic characteris- 7 : length of capillary
tics of externally pressurized circular m : mass of shaft
thrust bearings and pointed out that m, + mass flow rate through supply
the influence should be considerable restrictor
when the kinematic viscosity of the m, : mass flow rate through
lubricant becomes too low. stabilizing restrictor
The present report is concerned with m, : mass flow rate through
the influence of the gas inertia forces bearing gap
generated within the stabilizing capil- 7n : number of capillaries
lary restriction on the dynamic charac- p, P : pressure
teristics of externally pressurized thrust Pq ¢ ambient pressure
gas bearings. The bearings with a Pes Pc : fluid = capacity pressure
stabilizer investigated here are shown By = Fo+hy
2
Pr» Pr : recess pressure
psy Pst suppli presz;re
r, R : radia coordinate
* Received 13th November, 1980 ; Ib,’ré : radial .coordinate of capillary
o ith May, 1981. , . rs ¢ radius of supply orifice
nstructor3 Fa?ulty of Engineering, », : outer radius of bearing
Toyama University, 1-1, Nakagawa- vy, Ry : radius of recess
Sonomachi, Takaoka, Japan. % : gas constant
*%% Professor, Faculty of Engineering, T : absolute temperature
Kyoto University, Yoshida-Honmachi, £+ time

Sakyo-ku, Kyoto, Japan.
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Vc ¢ volume of fluid capacity
Vr : volume of recess Ps
x : axial coordinate my oy,
_ Pe@ps f B\ |
a_—lzﬂza (r—:) : inertia parpmeter Vcl
Pc
. l 2 I
_,1.23’1_(_"1) : compressibility
Heo L To parameter x
I =_ Mmm : feeding 2Q
Paho parameter I
= Bucor/RT 1 3nat
7@ or =—~§};0—8—1an
5=,~_21V° (ﬂ.)z
3nmat \ r,
Sy : logarithmic decrement
g = a’w/v,
p o {1_ 2i(vV=iC) }“’2
Co vV =i Jo(/—iC)
K : adiabatic index
M ¢ viscosity
Vo ¢ kinematic viscosity
P ¢ density of gas within fluid Fig.l Coordinate system for thrust
capacity bearing ( Type A )
pr : density of gas within recess
po ¢ density of gas ( constant )
2
g -__-_Bﬁ“"_(.’l) : squeeze number
Da \ho :
T=wt : dimensionless time
w : angular speed of squeeze motion
In the case of two symbols, the
former is a dimensional quantity and
the latter is a dimensionless quantity. <
. : R
3. Theoretical analysis
The externa]-.ly pres.;surlzed clr:‘cular Fig.2 Coordinate system for thrust
thrust gas bearings with a stabilizer bearing ( Type B )
analyzed here are shown schematically - & P
in Figs. 1 and 2, in which some sym-
bols used are slso noted. the bearing surface.
The stabilizer consists of a fluid
capacity and a capillary restriction. 3.2 Fundamental equations
Fig. 1 shows a bearing( Type A ) of The dimensionless bearing pressure
which the stabilizer is inserted into follows the dimensionless Reynolds equa-
the gas-supply line and Fig.2 shows a tion as follows under the assumptions
bearing( Type B ) of which the stabilizer (1), (4) and (5)
is connected to the bearing recess. " 4 P
In this analysis, the supply restrictor ﬁ——é; rRP g‘; O(PH) 1)
consists of an orifice whose radius R ¢ - oz
is rg and the capillary restriction where
consists of some straight circular pipes p=-2 H-—L R=" o
whose radius is a and length is 7. Do’ T he’ T =t
. 2pw [ 7 \2
3.1 Assumptions o= <_°>
: ber
The following assumptions are made Pa \ho squeeze  mumbe
in order to simplify the analysis. Taking a small sinusoidal vibration
(1) The flow through the bearing gap which occurs around the equilibrium
is viscous so that the pressure follows state of bearing into consideration, the
Reynolds equation. dimensionless clearance, #, may be given
(2) The depth of the recess is large by  H(z)=1+esint )

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, .

The dimensionless bearing pressure, P ,

is asumed as
P(R,7)=Py(R)+¢e{Pi(R)sint+ P;(R) cos}

(3) The flow through capillary restric— (3)
tion dis laminar and the inlet is so Substituting Eqs. (2) and (3) into Eq.
short that it may be neglected. (1), we obtain the follow1ng fundamental

(4) The change of state of the gas equations for F . B &2
is disothermal. d dPy2

(5) The thrust plate is paralled to _dRM[R dlg ]=0 S
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1 d d(PoPl) 2
= p&il __cpmrdp
R dR[ dR ] oPr () == P (10)
1 d [ d(PyP) 3, 2 2
1 R ]=0(P+P - ho®pa 36P
R 4R " dR o+ Fy) (6) my=—Tomr RH S5 a1)
where
Ok \V2; P, V% P\ :-1y/x 1723
3.3 Boundary conditions ¢=( — ) ("“‘) [1~<'~°“) ]
<o £—1 P, p,
The boundary conditions for the
bearing(Type A ) can be written in the : 1§ﬁ>( 2 )’““”
forms, P, £+1
Polr-1=1, Pilra1=Popy=0 195 =( 2% )1/2( 2 )u(:_n >(12)
_ Kl v £+1 £+1
Me|z-0=m3— ot (peVe) (8) P, 9 \sG-n
) —IT.§(::+1)
malr=n=mzlz=l""5‘t‘(PrV;‘) (9) ’

: We now consider m;y . For unsteady
where m;, my and my; are the mass flow an viscous compressible  laminar flow
rates through the supply restriction, through a straight circular pipe when
the stabilizing restrictor and the bear- the inlet pressure and the outlet pres-
ing gap respectively. m, and my; are sure  pn+pnetet and Pozt+pize*®®  re-
given by spectively, the velocity component in

axial direction is given by
a*(poi— Poz) 2 1 7 ol pa(e™4e ™) 4 py (749 4 g-1¢-2)
U =— (1 /%) —~ | e
4povol iwpo L e"—e" " l
Jo(rs'v/ —i0) |
X{1 -0 el etot
-5 a3
where
T i 2h(V=if) ™"
'= =wa? =1, =~__{1._—-_—.:—-—_.—;_— ,
rd=r/a, (=wa’/v, i=V 7= V=i Io(\/—tC)}
Jo, Ji are Bessel functions of the first kind. Assuming the fluid capac-
ity pressure and the recess pressure as
P.=Pyy+e(Pasint+ Peacost) as Pr=Pyy+e(Prsint+ Prcost) (15)
we get the following equations for malz-0, Moz
_nratp,’
malz-o= SURT] Perof (Peo— Pro) + (D1 Pey+ D2 Pea+ Dy Py + Dy Pry)esint
+(D1Pey—D2Poy+ Dy Pra— Dy Py e cos ) (16)
nratp,?
e z= 8#91{;1 Pyrof (Poo— 70) = (D1 Pry+ Do Pro+ D3 Pay+ Dy Pig)esine
*(Dlprz—Dan+D3Pc2-—D.P¢1)scosr} an
where
pn:=paEm/(fRT) ) Pc70=(Pco+Pro)/2
D1=A1$2+A251, Dz’—‘AxEl—AzEz, Da=—~A352-A‘€1, Dg—"—‘-‘AsEL‘}'A‘Ez
€1 , & and 43~ 4, are real variables which are defined by
fx(\/'—_iC)E\/—iC EV—il (Ertits) (18)
J(V—=i0)~ 2 16
l(e" o) /(e"—e ™) = A+ { A a9) , 2pl/(e"—e ") = As +i A (20)
t and 1 are dimensionless parameters which represent the gas inertia forces
and the gas compressibility. Now we put
ifo
= = e — === 22
{=ar @1, M= TRV =0 V= IV =) @2

where o and B are dimensionless parameters which, respectively, can be expressed

by Poazpa ho \2 Dal ho \2
a=55 (7] @ | B[R )

o and B are new parameters which have never appeared in the conventional a-
nalysis. These parameters may be mnamed the dinertia parameter and the compress-
ibility parameter respectively in this paper.
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ma )given by treating quasisteadily the flow rate through the capillary
as follows

. nmatpat
2=%<p,z-m=. Ford [Pm{ww Puo) +(Pa—Py)esint

Pco"“PrO
2

Substituting Eqs. (10), (11), (2) and (14) ~ (17) into Eqs. (8) and (9), we obtain
the following equations as boundary conditions for the bearing( Type A)

+ (Pey—Pp2)ecost)+ {(Po+ Pr)esint + (Pez+ Pr2)e COST)} (25)

dPt| __ TI'Pgy (26)
dR |g-2. ¢'
TP0¢0=P670(P<:0“P1-0) (27)
d(P,P;) 1
dR R—Ih ¢'T Pcr(){ '(PcO"Pro) +““(D1Pﬂ
+D2P, Po
tPrat DyPo+ Do) |~ oRi(1+ )L (28)
1'0 R=R:
d(POPZ) 1 PoPl
AR |e.n. 207 Pcfh(DlP'rz"‘szn+D3Pc2_'D4Pcl)+"2_0R1{Pr0+(1 +Hr)—5— Pra ‘R Rx} (29)
Foro(D1Poy+ Do Poa+ Dy Pri+ Dy Pre) = — 27 Pipo A Pey+ 60 Py (30)
Pcro(-Dchz“DZPcl+D3Prz""D4Prl> =“2?'P:¢0AP02“50'P¢;1 (31)
where
=go—2¢oAe(Persint + Pep cOST) 0=¢|Po=Peo 4 A=— 1 _82_
$=do—2¢o ’ ¢ ¢ 2¢0 0P: |p,-p,
__ 12pcorVRT _ 8pcor /' RTI = 2Ve [ ho\?
r= Dakia® R, r= m;‘p,. - ) 8 3nrat ( 7o )

¢=—RiInR

In the same manner as the above, the boundary conditions for the bear-
ing( Type B ) can be obtained in the forms,

art | I'Pgo
dR |r-r, ¢ (32)
d(PPy) I"P. 3 1 i)
- Pl —ZRO+H
dR R—E; [2 1'0 (PO l)-jR=Rl 1( ’) 0 R=Ry
P,
+L ;(DxPu+DzPrz+D,Pc1+D4Pcz) 33
d(PaPz) FP¢0 f el [ POPI]
: — R\ P. 1+ H.
R zr P (P°P”)] o T3 R Pt QA HD TR o
TPro
¢ (D:Prz—-'DzPﬂ+D3P02—D4Pcl) (34)
Pro(D1Pey+ DaPis+ DsPri+ Dy Pr2) =30 Pez (35
Pyo( D1 Pig— Dy Pey+ Dy Pre— Dy Pri) = —30 Py (36)
where
1 29
=@|pr=pro, A=— . . s
go=glzr-pro 2¢o 0P |prapro 3.4 Dimensionless stiffness and
dimensionless damping coef-
r=— 3nal | R ficient
21he? Py ~P, can be analyzed by solving
the fundamental equations, Egqs. (4) ~ (6)
2 \172, p )\ (E=1)/E 172 under the boundary conditions.
o) T R e
3
P,Z( 2 )w n Py = P"’ L inr+1 (37)
P, £+1
2% (W2 9 \1GE-D P, and P, are obtained by Runge-Kutta-
=(:c+1) (x+1) : Gill method, because these are insoluble
analytically.
__Pj-_s( 2 )"("” The dimensionless stiffness, X , and
P, \x+1 the dimensionless damping coefficient,
B, respectively, are defined by
=t
T rrepe
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=—2 (" p.r ‘
= , Pn dR—ZﬁI.PleR (38)
O
T e pa
R1 1
———~2‘f; PHR(I'R-—«Zf:‘?1 PRdR (39)
Finally, both X and B can be de-—
rived using the seven conventional di-
mensionless designing parameters: I', P,

i o= o
£ {50
B ——— 10f<
< [y
| Z N
o'l L s
a J};T A \i
-
i ‘ ! E i
162 | L L
T i t T
04t = 2 HH N | ’ :
rp= I ‘
03 7 =05
o [ 6 =10011]
& He= 10 i | 1
0.2+ Ry =0.5 — ;
0.1 7 l O N
0 Bans P / ’;/._J Ry m—— __j‘\“"""
HLNE C’j —; | v] k i e
‘ L L
-0 prrrt—t— e E
VLT T
0.1 1 r 10 100

Fig.3 K, B for different o ( Type A)
1
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Fig.4 K , B for different B ( Type A)

Ry, H, Y, §, 0 and two new dimensionless
parameters: o ( the inertia parameter )
and B ( the compressibility parameter ).
The influence of the gas inertia forces
within the capillary restriction on the
dynamic characteristics can be determined
by o and B.

4. Examples of calculated

results

Examples of calculated results for
Ry=0.5, Hy=10, v=0.5 (Type A), 10 (TypeB)
and &=100 are given in Figs.3 to 10.

In these figures, the theoretical results
== S s e e o e 20 :
; : R=
] THEE=S= 3
x AR 1~ L NI 2 W
F—A — {
A ’// ’;//4"/— I TSN N T
10 pfpf— S\
- 1.5 =
] i Il
T J, T | T N\
T { N
1 | \\
ﬂ 1 N
162 l J
02 T T A] [
=05 ™
oa=10 / HX 3
® B=1 b |
'r =05 T~ 2
0.1 6 =]1000 \\\
He= L1
R=0.5 T
] ! D Y
S L 1s< ]y
0 AN ;7- =S e H
~ A —;:%; R
~ e ! ; .
3 i ‘ i
il I il L Ll
Tl 1 10 100

Fig.5 K , B for different P ( Type A )
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Fig.6 Variation of X , B with
squeeze number ( Type A )
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in which the flow within the capillary however, the influence of a change of
restriction is treated quasisteadily are P, on K is not so remarkable.
indicated with a broken 1line. Figs.6 and 10 show the influence

Figs.3 to 5 and 7 to 9 show the of 0 on K and B/o. The dinfluence
influence of o, B and R respectively on B is wsignificant when o decreases
on K and B. The influence is con- in value. In general, however, the
siderable when I takes the values for influence of the inertia forces is not
practical applications. In general, so remarkable when o© is 1large.
the inertia effect becomes remarkable
as 0 increases in value. The din-
fluence on B becomes significant as P
increases in value. In general, — ‘ .

il e |
1 - b L
e e e S TR
I \‘[\” | ( | ' ‘ RN E T ] I B=6H
1 1‘ /b‘ I | x il ! | Z — - B
=SNG e = N 1]
i [ mEna i i /‘j"*"\‘ N ; \\ i
Ees L N
x T - ‘ N 4 Py .4 1z = + L ) R
=4 N g v j e ?% """ 3
1 D e e wy ik w
o A N Ko
b \ T'ET \\]‘“ “' Vi V’ . ! 3 1 | \{_‘i
v }r 1 7‘+ A frgetAH 10'2 I i l ) LI
L %d 1 ] ‘ —
LA | \ il
1 I )
10_2 ’ﬁ | an ‘
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4_,..4 Ps = 3 lr‘ | |
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o T %/ki\‘ ]
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i ‘ o2
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B =014 N o ! T XTIV 1
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Fig.1l0 Variation of K , B with
Fig.8 X , B for different B (Type B) squeeze number ( Type B )
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5. Comparison with the shows bearings of which the stabilizer
experimental results is inserted into the gas supply line.
Fig.13 shows a bearing of which the
The experimental apparatus is sche- fluid capacity is connected to the bear-
matically illustrated in TFig.ll. A ing recess.
test bearing is fixed downward under Experimental procedure is as follows:
the upper plate which is attached (1) Apply the supply pressure to the
perpendicularly to the housing of the test  bearing, (2) control the back
journal bearing. The upward thrust pressure to get a specified wvalue of
plate attached on the vertical shaft the bearing clearance, (3) impose on
faces the test bearing. The shaft the thrust plate an impulsive load and
is supported by the test thrust bear- record the resulting vibration by a
ing, the externally pressurized gas digital memory, and (4) analyze the
journal bearing and a back pressure of frequency, f, and the logarithmic de-
lower volume. The bearing clearance crement, 8y, by means of an oscilloscope.
is set by adjusting the back pressure. K and B are analyzed experimen-
The displacement of the thrust plate tally from measured f and &y, by using
is measured by an electric capacitance the following relations
micrometer.
Details of the test bearings are K= ho mf2(4n?+00%) (40)
shown in Figs.1l2 and 13. Fig. 12 770’ Da
, B=~@°—227—r—f;2mféo (41)
s \-Capac:ty _ T70"Da
Pacer Test bearing
\_& Q ! /Y—Capacutanceprobe where m ias mass of shaft { 1.50 kg
a7 T : (1.53%107° kgfs?cem ).
compressor | [ — 7 Capacitance In TFigs.l4 to 18, the theoretical
L micrometer estimations of K and B are compared
Air filter [ with the experimental results.

The volume of fluid capacity, ¥, is
100 cm3 . In these figures, the the~

Oscilloscope oretical results in which the flow
within the capillary restriction is

treated quasisteadily are indicated with

Pressure gauge :DA

;

f
| a broken 1line. In this experiment,
| . the theoretical Reynolds number within the
| Valve ! p,',en:su,,e auge capillary restriction is 1800 or less.
L 9 y X . (9)
e —0 We use Perry’s experimental equation
as discharge coefficient, cp, of the
; ; supply orifice.
L 1 - L [ 1 In Figs.l4 to 16, it is seen that
. good agreement can be found between the
Fig.11 Schematic of experimental estimations by the present theory and
apparatus the experimental data and that the
experimental data of K tend to deviate
Constant !ps from the theoretical estimations.
pressure
reservoir Capacity
Supply ‘ Volume Vc
restrictor . .
! o L — Capacity
Stabilizing Constant Volume Vc
restrictor !
| pressure ‘P j Stabilizing
— 20 reservoir ! |// restrictor
1 |
I .
B { Supp[y _ <2a
Recess—_| T restrictor |
sr Recess ——— |
®25.5
©39.5 | 5255 |
' e 0395
Bearing
No. 2 mm L mm no P mm Bearing 7
Yo. a mm mm | 7
1 0.27 | 100 | 10 | 0.25
. 4 0.50 300
2 0.50 | 200 31 0.35
5 0.95 1000
3 0.95 | 250 11 0.25
Fig.12 Dimensions of test bearings Fig.13 Dimensions of test bearings
( Type A ) ( Type B )
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<1
In TFigs.1l7 and 18 good agreement can 10 . E— e e S—
be found between the estimations by the — a=027 -
present theory and the experimental data. “ VL% NG mm —
From these results, it may be - o0 2 0%
concluded that the presented analysis Q ‘(65
yields good predictions for the dynamic A
characteristics of bearings in a wide -2 g!
range of designing conditions. 10 — > B=3
JxDA{; 1.8 4
1.5 ]
o)
Q
TSI T
4 T
10  —— — & ]
— A=0.50 mm —] y“*
33292 1.8 < ! T
| Ps= ==
< a7 e -2 \.5'\ Exp.data
¥1.2 N ° 10 = SO op =18 ——
| & o 2SS o 15 —
0 T TN o 12
\ffEfTT‘ o X |
o
1 o
T T -3 \1.2. ©
e Exp. data 10 =TSR
o R=13 — L2 ToRR
1-3/ o 1.2 7 4
-2 N
10 T |'2 \\ ],51__/;'8 :A "
X i lo N
AN . N
N ™ -
[20]
'\ 0 50 p, 100 L 150
3 L Fig.l4 Comparison with experiment
10 v ( Bearing 1 )
1
AN ===
\\ —— 3=0.95
=4
10 AN x
~ B o0 I...
— R= LX T PY
12 1= — == 102 s o0obag ] °®
~+413 15 =
0 50 hy 100 150 — e
1.3
Fig.1l5 Comparison with experiment
( Bearing 2 )
10°
102 b—
E1.5 = hi.
:a — |
o© [}
Ol
Exp.data \Doo 0\. |
-3
10 = eR=15 T
— o 1.3 I\ >
N
\ o
ol \
\
1055 20 €0 80 100
ho Hm

Fig.16 Comparison with experiment
( Bearing 3 )
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6. Conclusions 1 /= T T T T T

o0

"
o
<
3
34

|

l
&
°
8.1
a

The influence of the gas inertia
forces generated within the stabilizing X °P, =30
restrictor on the dynamic characteristics ° 2.0
of externally pressurized circular thrust \Q’% > o 1.5
gas bearings with a stabilizer was -1 |
examined theoretically and experimentally. 10 I
The stabilizer consists of a fluid L p =3.0
capacity and a capillary restriction. - S RN ™
The following conclusions have been : o o
obtained: 1.5 L
(1) The dinfluence of the gas inertia
forces can be determined by the iner- -2
tia parameter, 0, and the compressi- 10
bility parameter, B . The dinfluence
is considerable when the feeding param- -2
eter, I', taks the values for practical 10
applications.

(2) In general, the inertia effect oY
becomes remarkable as the inertia param- il
eter, o, increases 1in value. 0/ °©

(3) The influence on the damping co- / I / ® o
efficient becomes significant as the -3 — 23

—
—

supply pressure, P;, increases in value. 10 Z —
In general, however, the influence of /
a change of the supply pressure, R, ! / 7
on the Dbearing stiffness is not so / [ /
remarkable. ,’ ! /
(4) The dinfluence on the damping co- . ' ! I
efficient becomes significant when the -4
squeeze number, 0, decreases in value. 10 40 60 80 100 120
In general, however, the influence of ho Am
the inertia forces is not so remarkable
when the squeeze number, ¢, is large. Fig.l7 Comparison with experiment
( Bearing 4 )
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