The Japan Soci ety of Mechani cal

Engi neers

303

Effects of Gas Inertia Forces on Dynamic
Characteristics of Externally Pressurized
Gas-Lubricated Thrust Bearings*

(Evaluation of Various Approximate Solutions
Under Highly Unsteady Conditions)

Yoshio HARUYAMA** Atsunobu MORI***, Haruo MORI***
Fusao MIKAMI** and Hiroki AIKAWA****

In this report, the modified averaging approach to the solution for the dynamic
performance of an externally pressurized, gas-lubricated, circular thrust bearing in a
laminar flow regime, is presented under the assumption of a small harmonic vibration.
This approach can evaluate the inertia effects under highly unsteady conditions. The
accuracy of the approximate solutions presented in a previous report are compared
and evaluated under similar conditions and the "following conclusions are obtained:
(1) The conventional averaging approach,in which all the inertia terms are averaged
out across the film thickness, gives a good approximation. (2 ) The first-order solution
of the perturbation method becomes remarkably inaccurate as the unsteadiness
becomes high.
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highly unsteady conditions because of the exact treat-

1. Introduction . .
oductt ment of the local acceleration terms in the momentum

In a previous report‘’, analytical models were
introduced to predict the effects of the inertia forces
of a gas film flow on the dynamic properties of an
externally pressurized, gas-lubricated, circular thrust
bearing with a single central supply hole. Those
models enabled the analysis of the dynamic perfor-
mance of such a bearing over a wide range of design
conditions. The calculated results may, however,
become inaccurate as the unsteadiness becomes high.
In other previous reports®®, the modified averaging
approach was introduced for the dynamic perfor-
mance of an externally pressurized thrust bearing
lubricated with an incompressible fluid, and it was
found that this approach yield good results under
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equation. In this report, the dynamic performance of
an externally pressurized gas-lubricated circular

* thrust bearing is analyzed by means of such a modified

averaging approach. The previous approximate solu-
tions'” are compared with this to evaluate their accu-
racy under highly unsteady conditions.

2. Governing Equations and Boundary
Conditions

Figure 1 shows schematically the externally pres-

 surized circular thrust, gas bearing with a single

~ central supply hole of inherent compensation. This

bearing, subjects to analysis, has a uniform film thick-
ness without any recess. The gas, with a constant
pressure ps, is fed into the central hole. The flow is
assumed to be laminar and isothermal. With these
assumptions and the usual assumptions of gas-film
lubrication theory the momentum equations, the conti-
nuity equation and the equation of state are given as
follows :

ou Ju

p<a—+ U+ wﬂ‘—>= —jﬁ+ﬂ%

¢ or 0z or (1)
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do 1 0
8t+r ar(rpu) (3)
b (4)
o k7T (4)

where » and w are the velocity components in the »
and z directions, p is the pressure, o is the density, ¢
is the time, ® is the gas constant, and 7, is the
temperature of the bearing. The boundary conditions
are

z2=0u=w=0

dh
z=h.u=0 w= w73 (5)
y=1% . p=Dba |
Y=vs. p=p: |

where p. is the ambient pressure and p: is the pressure
at the feeding section which is determined by the
continuity condition of mass flow rate.

It is difficult to obtain exact solutions to the above
governing equations. Therefore, various approximate
solutions have been introduced. In the next chapter,
assuuming a small harmonic vibration, we will formu-
late the modified averaging approach, in which the
local acceleration terms in the momentum equation
are treated as exactly as possible.

3. Modified Averaging Approach

To apply the modified averaging approach to this
problem, it should be premised that the flow is uncho-
ked at the inlet to the clearance space, because this
approach cannot be formulated for a choked condi-
tion. Since the velocity and the pressure can be divided
into two-components of the quasi-statical (subscript
¢ ) and the dynamical (subscript ¢) ones, we can write

h\f “r P,

Fig. 1 Schematic view of externally pressurized thrust
bearing with a single central supply hole
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them as

(u, w, P):(uq, Waq, pq)—‘*-(u,, wt,D:). (6)
Assuming a small harmonic variation in the film thick-
ness,

h=ho+ hie’®*. (7)
Corresponded to this expression, the dynamical com-
ponents of velocity and pressure are given :

(we, we, pe)=(de, We, pe)e’™ (8)

(a, wa, pa)>(ue, we, pe) (9)
Substituting Egs.(6) through (8) into Egs.(1)
through (5), we can formulate the following govern-
ing differential equations and boundary conditions:

Quasi-statical components

pe | 3”?+wqa”’i>=—@1*#a-zlﬁ (10)

RT,\¥5 oz or 7 9z*

—0bq

0 8zq (11)
*1; a—az( 7bqlta) +a—az(1>qwq)=0 (12)

Boundary conditions
z2=0,h: ug=we=0
r=70: pe=7pa (13)
ry=vs . Dpa=Dug
Dynamical components

Dq duq
[ERT ("”h‘ o
+wqauc+n auq>+ Pt

e+ 1 O 8au¢ i, Baz;q

2z " “az )T kT
5’uq auq ]
X<uq ar T Wa 0z ) h=h0
__0p. dd.
= T2 14
0= —1—’- (15)
apq ii 7.+ D
[ < )+ P Br{r(p"u‘ ; ptuq>}

+ g+ Favy)|_, =0 (16)

Boundary conditions

z2=0": U= W =0

z=ho . U:=0, W:=joh
Z’t:()
5: = 51:
where j=/—1, and w is the angular frequency of the
squeeze motion, From Eq.( 7), it should be noted that
the real parts of the complex quantities in the solu-
tions, u.,w: and p., have physical meaning. Since it is
difficult to obtain exact solutions of the above govern-
ing equations, we use the averaging approach, in
which the inertia terms, except the term of jwpqe@./( R
Tv), are averaged out across the film thickness. fq
and 7. are defined as:

. an
Y¥=17%0 .

y¥=7s.

1 9pa ( duq
fo= u or ﬂ.‘RTohf U7y
+ qaau”>dz (18)
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F=1 9pe | [
fe= u or ' u.URTOho./ pq(]whl 8/2
+uq ‘98“‘ + . aa“; + wq ‘75;‘ + @ a(;?)
+§t<uq 8rq Waq 85; )]h=hodz. (19)
The velocity components are obtained as follows :
_Jfq z(z %) (20)
We= 12‘7}) dr(rquq)zz(Zz 3%) (21)
7= -/ f _ cosh(2y Ve 2— 7VPao ho)}
T l cosh( 7 vpao o)
(22)
o1 dpq =
We=—F— Dao ’: ]C()<h1 dh +D¢>Z
1 sin h(2yvpq0 2— VD0 1)
+ 177 ar[rf'{ 27V Paocos h( 7y pqo ho) H
1 d(¥fan D) 2%(22—3ho)

2r  dr
- 87137 d—‘i{ /;i;o—tanh(r/p?ho)ﬂ (23)

where y*=jo/(4pRTy), (pao, foo) =[Da, foln=ro
With the boundary conditions of Eqgs.(13) and (17),
Egs.(21) and (23) result in:

J _
= (7bafa)=0 (24)
1 d _ tanh(yvpaeo 20) ] 7
r a’r[r{l WoyVbao }ft]
=4jh(2)“/260<h1 ddD}; h=h0+ 5: +‘%pqo>
_ By d(rfwbe) (25)
3r dr .

On the other hand, substitution of Egs.(20) through
(23) into Eqgs.(18) and (19) leads to the following

equations :
fa= ;11 (éprq TIoaT dr(’?”qf) (26)
b sl
3 fun)+ Ful il +135. )}
& e T AN
A A ) s
+4!;q; 17 dr(rgfz)} @n
where o=ttt Mt G,

Equations (24) through (27) are the governing equa-
tions for the gas film pressure which could be derived
through the modified averaging approach. From the
following dimensionless quantities,

R:L pq=%1 F,=

~be _ﬁ”o
e ,Fo= fe,

ﬂrofq = hl

}l{)'
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G-,%,qor Daho,

— 12#(1) (_ ( tho >
o= b ho) 2R Toro
we can obtain normalized forms of Eqs. (24),(26),(25)
and (27) as follows:

L (RPF)=0 (28)
dP,  6aH' d

Fo=" 5+ p— Zp(RPF?) (29)

1 d 1 -

ﬁﬁ[R{l_ SDJP—Wtan h(QNqu)}Fg:I

_ 1'5220<dP . )
3 \di H=1+Pf+P°°

_ ¢ d

E, =%%+ a[—ja{qu( ZZ‘" +3Fq°>

+ Fq.)( ‘éf,"

+‘5‘ W(quPz)'*‘

SG quO
+ ¢* dR

6FLP,
+P,)}+—L5R

3Pq02F‘q0
¥

Fral %Z’ )

3Fa (RGF,)]

¢’R dR

F.+

(31)
where (Pqo,Fa)=[Pq,Faln-1,a is a parameter which
represents the contribution from the inertia forces,
and o is the squeeze number. The boundary conditions
in non-dimensional forms are :

R=1: P,=1, P,=0

R=R;: Pi=P,, Pc Plt (32)

Fo=F,, F.=Fy
where Pig,Fiq, Py, Fi: are determined through the conti-
nuity condition of the mass flow rate at the feeding
section. Equations (28) through(31) are calculated
numerically by means of the Runge-Kutta-Gill
method.

The dimensionless dynamic stiffness (X) and the
dimensionless damping coefficient (B) are defined in
the same manner as those in the previous report®.
They are determined by the following four dimension-
less designing parameters :

Rs=% . (the dimensionless radius of the supply
hole)
Ps='£i : (the dimensionless supply pressure)
r=—12u i”;;' R 1R, : (the feeding parame-
ter)
Re **—Jo—h"— : (the unsteadiness parameter)

and the dxscharge coefficient (Cp). In the unsteadiness
parameters, oo is the density at the ambient pressure
(pa). The unsteadiness parameter (Re**) represents
the ratio of the local acceleration term to the viscous
term. The above parameters are related to ¢, ¢ and ¢
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by the following equations:

L = o w% .

o= 12( CoRs1n Rs> Re (33)

a=(TCoB IR (34)
[T %%

R (35)

As mentioned already calculated results by this
modified averaging approach are expected to be ac-
curated under highly unsteady conditions because the
local acceleration terms are treated exactly.

4. Comparison among Various Approximate Solu-
tions

The approximate solutions presented in the previ-
ous paper'” are valid under the conditions of <1 and
Re**<1 because they are based on rough treatment of
the inertia terms including the local acceleration
terms. On the other hand, the modified averaging
approach is expected to be valid for any value of
Re**. The calculated results by this approach can be
accurate under highly unsteady conditions because, in
this approach, the local acceleration termes in the
momentum equation are treated as exactly as pos-
sible. In this chapter, the previous approximate solu-
tions'" are compared with the calculated results by
the modified averaging approach to evaluate their
accracy. This comparison is made for an unchoked
conditions because the modified averaging approach

R= 3
i RS: 0.75
« = 1,2
Co= 0.7
0.5 \
| \
_____________ \Solution 2
\
Solution 1
0 L L
0.6
!
0.4 F
o
0.2 +
Q = L . Il
10 1 Pt 10 10

Fig. 2 Comparison of approximate solutions for dynamic
stiffness and damping coefficient
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cannot be applied for a choked condition.

Figure 2 shows the comparison of various approx-
imate solutions for the dimensionless dynamic
stiffness (X) and the dimensionless damping
coefficient (B). In this figure, the symboles, MAA, AA
and PM indicate the results by the modified averaging
approach, the averaging approach, and the first-order
perturbation method, respectively. The symbols, Solu-
tion 1 and Solution 2, indicate the results by the
analytical models presented in a previous report™.
The broken lines (LT) show the results by the classi-
cal lubrication theory. One can find in this figure that
the conventional averaging approach, in which all the
inertia terms are averaged out across the film thick-
ness, gives a good approximation even under highly
unsteady conditions, and that the results of Solution 1
also give a fairly good approximation. The results of
Solution 2 are inaccurate except the region of small
values of Re**. The first-order solutions of the pertur-
bation method become remarkably inaccurate when
the value of Re** is large.

5. Conclusions

The modified averaging approach to the solution
for the dynamic stiffness and the damping coefficient
of an externally pressurized, gas-lubricated, circular
thrust bearing, was presented under the assumption of
a small harmonic vibration. The previous approxi-
mate solutions was compared with the results of this
approach to evaluate their accuracy under highly
unsteady conditions. The following conclusions have
been obtained :

(1) The averaging approach gives good approxi-
mations, and solution 1 gives fairly good approxima-
tions.

(2) The perturbation method becomes remark-
ably inaccurate when the value of Re** is large.

(3) Solution 2 is quite inaccurate except for
small values of Re**.

These conclusions are obtained for an unchoked
condition. Similar conclusions may be expected for a
choked condition.
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