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FOREWORD

Thia report deals with hoth the thearsticnl and experimental phaacs of an iuvesligation of
the stability of externally-pressurized, gas-lubricated bearings.

The analysis, presenied is Interim Report No. 1-A2049-4, has been extended and comple-
meated by additional material in Appendices 2 through 7 and i» ‘ncluded in this report for the
sahe of completeness. Detailed descriptions of apparatus, instrumenis and experim:ni< ure givea
and are suppiemented by £5 figures, containing graphs drawings and photographic recorda.’

The theoretical predictions of the present and of earlie~ analys«s are compared with ex-
perimental results, areas of further resecich are suggested and recommendations are made for
utilizing the results »f the present investigation for desiyn jurposes.
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L ABSTRACT

The subject of this investigation is the stability of exterpally-pressurized, gas-lubricated
bearia,zs. An analvsis is made which Lcate the flow within the gas film on a distributed, rather
than on a lumped parameter basis. Rectangular and circular bearing configurations are considered
and the effect of scveral parameters on stability is investigated. Results of the present analysis
are compared and contrasted with thase obtained from earlier, simplified theories. The experi-
atental program pursue. here is guided by the analvais. An apparatus is designed, constructed
and instrumented to provide for the variation of governing parameters and for the accurate deter-
mination of their critical values. Comparison of theorv and experiment iz made and the validity
of theorctical assumptions, relative to the experimental modal, is discussed.
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o INTRODUCTION

Instiabiitties of Gad ubricated Rearings and Relsted Problems — Review of

Pertinent | iterature

Recent by mens i snaes, computer and nuelear techaology have precipitated a renewed
interest in pas lubrication, Gas bearings are being successfully incerporated in systems pre-
coading the use of vy ntional lubricants and rolling elements 1o quote contrastiny examples

of wpplication = was beatings bave been used for small turhine rotocs, driven and supported Ly
i

Lot eskaust gise o wid also at vers low remperatures in gas liquefuction machines. They have
beew cmploved s 2 metind of evroscope sepport in inertial guidance devices, as sensing elements
me computers and as lovefriction gides in accelerometers, dvnamometers, vibration tables and
torque easuring insivuments, Ir nuclear resctors, gas bearings have provided a solution for
seaied and isolated oostems, in which tadioactive gases [nrish the only available lubrication

meaiyn,
Gas bearings mav be broadiv elassitied into two tvpes:

a. Selfeccting bearing:, in which the load capacity is induccd through the relative mation

[RESTIIAT (LG

b Daernallvepressurized bearings, which rely for their load capacitv on an external

e ssure sourees,
t

or difficaltv encountered in applications of gas bearings is their susceptibility to
selfeexcited Librations. In unstable, self-acting bearings, the center of the mtating journal may
either describe a closed path within the cleucance ciccle, or follow a spiral path uatil surface
cantact and destruction tahe place. This tvpe of instabilitv, generally referred to in literature as
“whiri", aceurs also with incompressibie lubricants, but appears to be particlarly troublesome
with gases. Tt has been the subject oi numerous theoretical and experimental investiyations

A6, 37T, 38, 30, 10, 11, 12, 131%, but its mechanism is not yet fully understood.

e

The sutject of the present invertigation is un instability, associated with externally-
pressurized bearings und sometimes referred to as *‘air’’ or “‘pneumatic hammer™. It is fre.
quently encountered in valves, regulators and other elements of nreumatie and hydraulic control i
systems [R, 0,12, 13, 11, '3, 18], and is closelv allied to such seemingly unrelated phenomena
as sell-excited vibration< of fuel injecters {17, 37] and pressure reducers {52], axial auto-oscil-
lations of steam-cushioned turbine rotors [37) and violent pressuee flucwations in fan-ventiluted
chambers {18, 37). The “‘pneumatic hammeor' in externally-pressurized bearings is not associated
with the steady, relative motion of surfaces, nor greatly influenced by it at moderate rotational
speeds. If, hawever, the amplitude of vibration becomes excessivelv larse in relation to the
clearance, surfaces mav contact and scoring, or complete destruction ensue. Vlorenver, even
relatively niinute auto-oscillations cannot be wlerated in applications involving sensitive instru-
meats, or inertial guidance devices, On the other hand, unlecs the selection of geametricul and

t Numbers in brachets refor to bibliography. i

(]
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Bubd i eiors 1a governed b o fast - qualitative understanding of the physical mechanism of

s<tabiling, Bt is reoboble that dhe  oring witk be anstable in ail, or part of the contemplated

region of vperation.

Tue ghetoeenan was ohserved in externallv-pressurized thrust and journal bearings by
SIS Coan et [18], Pigott and Vacks [231 #rscher, Chetahim and Fuilec
aed Sterrs [2 Graneek .nd Kerr 1301 Allen, Stokes and Kiitley {321 and many
WEestablisd rical criterin for specific bearing configurations used in
aerttal guidarce, A nnmber of investizators have speculated on likely causes of instability and

D measures, based on nhecrvation. of on intuition [26, 30, 3, 53], The
Lanttions of the phenamenan in gas lubrication were mven independently by

have saegest " rennd
first, !
Licht, Fulicr and Stennlidint 130 whe considered the instability of a simple, air-lubricated thrust
fening, andg by Richardson 12, 53, wha concentrated on the dynamics of externaliy-pressurized,

f
ratvonal e

air-lubric ated journal beurings, a~suming the initial eccentricity to he small and motion tu be

n. Vlore recently, Licht [7) extended the aralysis to multiple-
journal bearings, assuning plane morion of the journal, initialiy in an eccentric equilibrium
pastticn, Roudebush T6] considered the stabslity of a circular thrust beaning and obtained digital
computer solutings for the nonlinear, fumped, fluid-dvnamic equativas. His conclusiors were in
agrecment with

pmited Goa single degree of freedm

nse fused on linearized analvises, althadh compater solutinns wers tecessarily

Himited to a number of specific cases.

Yhe analvses refecred 1o in the preceding paraeraphs were of the lumped-parameter tvpe
and relied on arbitrary, a priori assumptions with recard to variatiap ~f preceure peafile and flow
in the bearing cleurance. The ohjective in making these assumptions was 1o permit a simple
formulating ot the problem and to avaid the use of partial differential equations in the mathe-
mavical description of the {luid-dvnamic phenomena occurring in the bearing clearance.

2. 1oepose and Ontline of the Present favestigation

Because of the large number of parameters which influence the stability of externally-
pressurized bearings, und because of the complexity insenduced through noalincarity, the present
investigation is restricted to a perturbation analvsis. The limitation that pertnebation analvees
give necessary conditions of instability, not suilicient conditions of stability, is recognized,
Lut linearization his [requently provided a good first apprximation in the solution of fundament,!
problems of fluid dvnamics, More specifically, analog and digital computer studies of pneumatic
controls indicate that results obtoined from linenrized equations often campare very favorably
with exart solutions [10, 52]. Some encouragement may also be derived from the fact that analog
solutions of non-linear equations for a bearing using un incompressible lubricant, but geometri-
cally identical with the mndel pmpesed in this investigation. were in good agreement with results
obtained from their linearized ~qui  -ents [11].

Results wf previons experiments, reparted in reference [4], agreed only qualitetively with
theoretical predictinns of simplified analyses {4, 51. It was felt that, although the : iaplified
analyses explain.d the basic aspects of the physical mechanism of “‘pneumatic hummer” js gas
hearinga the degrrs of cimnlification in famelating the prablom was
{2, 31 recognized that dynamic chanees in pressure-profile depended on time rates of boundary

™o *
uLnatysvn

—_————

e —— e ot oo 0
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aotion. }Iiz: fuct, » prinri assumptions with regard to pressure-profiic variation and mass contin-
ity appear to have little justificatian, particularly for corfigurations in which the surface cor-
respanding to the slot constitates a large fruction of the tota! bearing area. Equally questioa-
abie are the results of simplified analvses, aceording to which stability is not influenced by the
bearing mass 74, 51.°
]

In the theprgtical part of the present irvestigation, while cetaining the method of small

perturbations wad'a cumber of simpiifving sssumpiions, the nousteady fiow iz the bearing clear-

©erce s treated on @ conlingous, rather than on a lumped basis. The fluid-dynamic phenomenon .
-in the slot is described by a partial differential equation. The latter is required to uatisfy the

boundary condition at the outer bearing perimeter and to be compatible with the continuity
cquation for u centrally focated, variable-volume recess, and also with the equation of motion of
the beacing manz, Stability analvses are made for axial motion of parallel-surface thrust bearings.
Rectangu'ar and cireular conligurationstt wro considered and stabilivy bounduries are obtuined to
show the effect of several, important Licaring paraneters and W shuw livw tie results compare '
with those (btained from lumped-parameter theories,

In the experenta’ part of the vresent inveatization, the bearing is circular and 1dentical
in geametey to the thearetical model, The snrface bounded by the perimeter of a centrally-
located, adjustable-valume recess, vonstitutes u sunil fracticn of ihe total bearing area, in order.
to hinder the cwcene of fnid and magnifv the trapping and squeezing effect in the slot. Provision
is also made 1o viry the bearing muss without altering the lcad, in order to observe the influence

of mass on stability. :
i
t See also Appendix 2. :
1t Scheratics, diawings snd photographs of actusl thruat plates are shown in Figuves I, 7, 8, 13, 19 ) . ;
and 20. ) ;

4
¥ - ‘ " » ~
¢ 5 . q . "
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ML AN aryss?

~tic Flau tiahs

frritation of lugradte

ansansty dovolone d for the rectangular and circular
t'quations_applicable to both geometries are denots
il BE r=. Those denated by the letter *a’” refer to the rectanpular gecmetry, while
tooe demaed by the letter b7 refer to the ciccular geometry.

fi v Ao foliaws, cauations are sinmi

o0 dions Sown in ¢ojgares 1o and Qb
i 1

Foativns 0 1) throagh 1) are those developed by G.[. Tavlor and F. G. Saffman [1]. who
itvestizated camaressibility effects at iow Retnolds number. One case they considered consisted
of twe paratlel discs, separated By g eartow nic gap. when rotation was accompanied by small
asplitnde. foreed viboation in the axiai direction. 1y contrast, the present investigation cencerns
itself with the onset of self-excited os-illations. It differs alsn becanuse, in the abscwce of rota-
tn tiuid flo v induced by means of an external pressure source connecte.! to an internal, vari-
ablecvilume roseryair,

ftis assumed that forces due 1o inertia are smali compared with those due to viscous
stressesand that the pressure gradient i the reaaeve sse direction of the sint 03 negligible. The
wipditwle of oxeilladons in the anticipated frequency bard width can be considered arbitrarily
seatl in corparion with the magnitude of the gap widih. *“e¢_mean flow veiocity in the annulus
Can then b obtained from the reduced Navier-Stokes equation an+ w.inen ge:

H? ap
= _ Hoar )
i TR (1a)
§.- Hoap (1b)
l‘.’# or :

Nince the dimension of the annu'us sepucating the metallic surfaces is small in comparison
with the linear dimensior of the slot. it is reasonable to assume that conductivity prevents any
appreciable vari:tion in temperature and ihat the relation

Al
% = constant N ©)]

represents the thermodynamic process to a sufficient degree of approximation.

T \atedial contained in this ~ection was piesented at the 23rd National Conference o the Applied Mechanics
Division, ASME, June 1960, ani was published under the tisle **A ftudy of the Stabrlity of ¢ xternally
Pracourivad Cuv Bonpia, 200 0 vz o CAnusi, S, Juurnei of Apriied Mecasmics, Vol. 27, %o. 2,

June 1960, pp. 250 258, ° '

o e wm—
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The continuity equation then becomes:

Y ¢ .

: 1 (p“) + ;;'-; (Pllu) =0 (3a)
‘ L2 T ()
g (p”) + - - (l"p"u) = 0 H 3
ol i Jr

Subatization of equations (1) and (2) in the continuity equation (3} yields a dynamic lubri.

¢ atian e quation:

S [ AN A (42)
=G - E TR !
' j 12
|1 (P L) - =5 (pm , (4h)
r gr / H? ot :

The basic aseumptions and the derivation of these equations are given in Appendix 6.

F quation (4) must satisfy the boundary condition

PR, t) = Py (5h)

P(X,t) = Py, (5b)

and be compatible with the equation of motiont:

0 X
m dd!f’ = 2X, (P, =P} 4 2[ {P-Py)dx + F(t) (62)
o )
&u 2 LI
m;-!—z- = nR, (P,-P,,,)} 2ef (P=p,)dr + F(1) (6b)
Ry

~

in which [F(t) iis the excitation function.

T 7. a eflect of external damping is negligibly smali

S ————

‘-
>
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I addition, the continuity equation of the variable-volume recess is as follows:
av, . -
— % LN, ®
dt boos '

Ia expressirg dic cuantities on the right hand side of equation (7). it is avsumed that the
flow can be weated as quasi-steads. Theoretical and experimental investigations of pulsating
fliw theaugh arifices were conducted by Schalts-Grunow [ 461, who discussed the conditions
under winich instantaneads flow cates could be evaluated from steadv-flow equations and gave
criteria for their applicabilits. T express ihe left haud side of equation (7). it is necessary te
daseribe un extromely snmaniex pracs s, ansociated with sinultaneous charging and discharging of
a sariable-volume container. la the present analvsis it wil! be assumed that fluid properties
threuvhnut the recess volume are uniform at anv instunt of time and that the process mav be ade-
quately described by the pressure-density relation P pY = constant. The quasi-static charging
and discharging of an adiabatic container. for example. may be considered as isentropic to the
first degree of approxunation. perf. i miving of entering gas being assumed. Fxperiments con-
ducted bv Shearer [ 9] and Shinwar au. wagner [ 361 also indicate that. for relatively rapid rates
of harging and discharging. the amsumptizn P p?¥ = constant is reasonable. The effect of wave
propagation, heat tranafer and rrever ibilities. asaociated with the processes of charging and
dischaeging ol fixed and variable volume containers. cannot always be neglected | 51,53, 54,551,
However. assuniptions identical with those made in implementing equation /7) have bewn frequently
and successfuily emploved in related problems. in the field of nneumatic contrals and reculators
[0.14.52]. Consequently, the quantities appearing in equation (7) are expressed as follows:

/,,.d’)[ . o T,
\ ) 2 2
W - 2\— o | —— (PP, =D st
1 K‘ /L.To(y-!) o
,
o, epy .
bo-- = (p%) 9a)
6u gx X . ‘
<
. \ _
W, « - (e O (9b)
“ 6u o B,
~

¥ 1he flow through the supply anzzle can be approximated clonely by @ quadrant of ua eHipne whenever
f'r/l’n is considrrably stove the critical-pransare rétiv. Tuis in Flisgner’s spproximation, and is con-

veniral for computations | pusposes.
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W, = 2X,{A+1Dp, ‘ {10a)
VY, = #R2(5+H)p, (10b)
while the pressure.density relation for the recess volume is teken as:
/ y '
P P
_'.\ - = (i)
Penj Py
In the next step the perturbation gaaniities
P-Py v p
n= P.-P, =p, a2
H-H, «h

ud their derivatives are intruduced. Neglecting their squares and cross pruducts as quautities of
hicter arder, we oblain insteud of equations (4), (6) and (7) a set of corresponding expressions.

‘I'he ronlinear, partial differential equation (4) is replaced by one which is linear, but
contains variable coefficients.

Thus in terms of perturbation quantities we have:

' . lv“.
a*p ¥, A 12, {1 L_d
a g (,,—)%'E - (r)v - —,ﬁ(p;'%’? . -'lT"dT) 130)

ax?

(T (_'_’__ A 1 (1 _ap 1 dn
a',.‘z"(ﬂ, )% (P M A L A Nt R | Ty AL




THE FRANKLIN

I'rem e juation {6' we ohtaia,

!
L

4%
m - = 2X.p
l 7 r
,

mo.

X
.z[ pdx + f(t)
Yx

b

R
= nf{,';i‘ + Zﬂjf prie + fit)
Ry

)

inowhich £ s the dictaripance,

v quation (7] reduces

[ n, db
J J4t
b
z
L

T
'y

in whick the coefficients !\';

’.'\’f \ :\‘f"'fﬂ
h, = {--01 - =fm
\ 1l /_’ RT,

/o N N g
W, - ._._,,".) - l'.J’ (,"_ . ‘) K = = =~

10

: . . 9p op,
-’\‘h ’.{‘k?‘;kﬁ)pr#kS 3—.:—'--'(2 a—‘—
: - In, Ir,
- (.‘h = ((.3 . (.5.)[)' + Cﬁ Fr— - C2 5-;—

and €, represent the quantities listed in the following:

i
K ')“"2) wo
? b/, [
x= Xy
3'-\‘2 2p'° “o
e i,
ix]J,
_’.;!_, _2 X-x'
,_l_m__.,__ in which
p .
7! B - [0l A=) ¥
m ‘ Q
N ELY
“o o - X:
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(14a)

(14b)

(15a)

(15b)

> (16a)

S ————— SV )
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AL . o, W ]
1 \:lil T RTO 5 éP Jo Pro
r=Ry
2. . 7w \
o . /0\1\ i f-'n: h, (5 *1) S W, N .-‘—2-512_0—
S 1M AL T | X s a(iE) "B,
F). ar X
=i
. T’: -2 o > (16b)
( ('ml\ _ “g_ A in which :
] AT )
e B - (p,f - B, 1%-;_)
i {
( (au,_,) W,
I T 4 T p’-p?
r-R . .Bo - R
i loe, E, A J

Solutions of equation (13) must satisfy equations (14) and (15) as well as the boundary cordition
p(X,t) =0 (17a)

s(R 1) - 0 | (17)
\.

The firat apace derivaiive in equation (13) cas be eliminated by means of the followiug
substiturion:

Y
p= P, - z_“' {13a) l
- <
v ‘
p = — (18L)
L] P, o
\

Introducing the new variable + into equations (13), (14) and (15) we take the Laplace tranaform
under the assumption of initia! rewt cunditions.

10
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Then with
t( ) o= -\— B J’ seT N dt
[
4:-“(11) = h = MENRAN
0
B s .
S () = f = fe™™t &t
squation (i3} transforms to:
Vol T . s I (19a}
2 Ho -
T 1 s\ © %o h ;
Vi f—~ 212V Vv - psr2p. . (19b)
(a..-ﬂ m) TR,
in which
. 2
12 12 X-X ’
L —‘:2# rii ——“-2- T'——'? (20a)
Ho Ao l, \Pro = Pat
) .
12
p - =K (20b)
L Ho
k.quation (14) transforma to: |
f = » ‘X P oo '
ms? h o :‘:_\_'_. (V)2 o - AX - X Vv T ‘
: i Hp [‘r; + 1122 2 "—% dz = f(s, (210)
° ot i ‘ro -_-P") f’,: z !
|
< i
_ e = |
. b "RV 2% M Tk _ . :
ms? — S A ( "" dr = f(s) REIN)
L il ti 1, i, Jn' i :
11
i
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Fasation (13) transfoors tor

(. ‘ =
H T (‘. ) L2 oy .
oo . h . Fes ‘BPM . ("\'
el =R Y= L (sK, N, ) —— e (7YY (22a) :
J P, TN e T T, M \aa) - '

ro . R
! . , . A -~ 14 - '
b oo e e o Pe) (R, amfp, e (%Y g
AR AR U S D B N T v Tl e Bl
! ° o/ HoRy "Pyg otle R
S

1 PN
L7 TP Lok = ¥ ¢

o w40 g Dove buen replaced by means cf the identity

;-
2P,;
Ké - oK. (23a)
| A, 2
2
2R, P :
Ce =~ —2° (4 : (23b) ‘
R, g

“Finally. the boundare condition (17) transforms to

f__ . . .
| Tip2 v oo (242)
V(R.s) - 0 . (21b)

Furthermore, by intégrating equation (16) between the appropriate limits, we can replace
the integral in eqnatian (21). Far this purpose we have:

[ - - N
b Tt puyh 1| fav v j
—_ 7z - 2P, - Pay) e - - —_— - ___) . as
f N7 T e S TIT (\174 ),'2 (,‘/z L2 (25a)
; re at

eor 2R,

4 | - .
¥ i LY (v) ‘-‘
T T o R BT (LA AL (25h)
o i i
~ n r
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nowich

Ak _
‘ Pt dr ' ) (26!;) .
Ji . ’
The for songintevral e exprossed explicaly ju Apjendix 1.
Verticniar solution of equarian (P9 is: o
(¢ F -
| AT Sy (2Ta)
%‘ | |
Ve o d ety (271)
1 it L
o ) .
If vy and v, ure ndependent solutions which <atisfy the homngeneous part of the differen- TR
tial e quation (1, then : ’

-
Vel s 000 - v D vy ()
t 14 ‘ B L3

Oz, ) = - (282)
O Cin? N p Ty (2
VI RO = v P Dy (P

j»':(r)y”(p_) - v](p)y”(r)

Ofe o) - —= - (28b) i
' . 1 .
\llll,)_\v”..l) —»yx““}'“("r) )
are also solutions having the following properties: o
0(z.z) = 0 ) : l-v
o
X 2 2 2 2
P L P pYy . b
("“m“ut) - Q”ar"ro) 1 r (29, .
l”“, ) \ + 1
=% (7,2} - constant 0
e !

" lhe Rronskian of secand-ardar diffacanrinl cqustioig haviug die jorm y 7+ f{xly +* U i & conxtant.

13
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ifle pt - I

Y
P URY < Gih ) - '
’ ! L (291) B

T ]
= {r ) constant

ey
.

The solution of (19 wii b sacfies the boundary condition (24 cau tisn be wrinten as:

[\“ AR 2 T};“ [!;';-m(v,f. 2) - z] ' (30a) -

at

Voo NGR ) _l",_ [u's;»'-’nu:r,r)_.-':p":.r,] (10b)

i Lich N(s) and Bis) are cetermined fron equations (21) and (22),

1'sing equation (25) and substituting into equation (22) the boundary values of \ and its
derivatives obtained by differentiaticn of equatiop (30). we have at our disposal twe
~imultaneous equations for the determination of A{s) and h(s). The “two by two'" de-
terminant farmed from the coefficients of the humogencous parts of these equations is then i
set cqual ta sero. The location in the complex plane of roots of this characteristic equation :
determines the stability of the bearing. The characteristic determinant referred to in the . .
forewaing is as follows: ) ‘

- t

[l Weonskinn of second-order differential equations huving the for y 7 ¢ f{x}y = 0 ixa constsnt. . : .

14
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2. Stability Houndary — Fvaluation of Critical {[.imiting) Parameters

Further proyress in the analysis depends on a knowledge of the aclutions y; and y,, of
the homogenecus part of e.juation (19). ['ven with such knowledge the location of roots in the
complax plane of the characteristic equation (31) might be very involved. Our interest lies in
asscssiag the limitiog values of certain bearing parameters which wfiucnce siability. Within
limits of applicahility of our equetions, we are guid:d in the expectad range of their magiitudes:
by results obtained by n.cans of a-simplified analysis summarized in Appendix 2. Different ap-

proaches were rmploved for the rectangular and rircular geometries and thzse are described in
what follows:

a. Rertangular Geometry
The homogeneous part of equation (19a) is
Y -eszThy 0 (32a)

Twa independent solutions. which involve Bessel functions of order £23, can he written as [601:
Iy 4 .
i =270, 32 iVes (33a)

in which « 2 3 curesponds to | and - 23 to [I.

3 : l . :
The series representing the Bessel function J (2ia ‘2) can be written as [61]:

1o by ( 1,;) 1 A a2
{2ia7) = (A =)y -
vt ' I ? G2 " 21 (v+3) (84)
" With
1, 3
v = 1—25 and 2iA? = % 2 ies

the first four terms of the expansion of 1 ‘and Y become
2
2 . o
. ? 1V €S .

3,.,2.% L8z o2, 2 M08
Y =—T-2—-_— 2 2t 5z oles) s 502 “les) + Taas 2 les) (35a)
(3) -

17
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{36a)

These truncated series are then guusmated into the expressmn Q(z, &) in (25a) and tbe
derivative {00 @)z, () evaluated with 2 and ¢ assuming the boundary values of P 2 and
B : in the ordar indicated in the components of the characteristic determinant (31a). Ta forming
lhe expressions for the afore-mentioned dcrwatwcq of (, we retain in all subsequent multiplica-
tions, divisions. and so on, terms of order 83 and lower. The assumption that higher pewers in s

< may be neglected, becuuse of the relative smallness of their coefficients, is justified post factuu

by noting the. magnitude of the complex-conjugate roots 8 = * iw of the characteristic crhic to
which the determinant (3la) is thus reduced. The coefficienta of this cubic and those obtained
by means of the simplified analysis in Appendix 2 are not the same. The effect of this difference
in resuits is best illustrated by reference to Figure 3 und the table of results in Appendix 3.

p. Circular Geometry.

la this case computer soiutions for a set of discrete values of s = iw on the axis of the
imaginurice were abtained. The probable range of values for ¢, was dictated by predictions
biced on the simplificd analysis and by taking into aceount the difference in the results of the
tw analyses for the rectangular case. Stability was assessed from physical conditicas rather than

proved. If we write
. 2
r 12w 2 : . Pro

v S =iw; B - R
R

!

O = ——

, P12

log,

then the homogeneous part of equation (19b) becomes

l_ (1. B Ioge f)‘

he solutions of which

v | — - e ]ygﬂ @) ' }
1
l
|
i

yp = ¢ (&) + i, (&) : © (a8b)
1 1

18
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catiefy the convenieut!y chosen boundury conditions

K1)

= 1; y"(l) = 0
-0 YD =1

T..e set of equatinna =nrresponding to (34b) is

.ay

ad

(1-Blog, O°

. W
(1-plog, &)7

and :lie boundary conditions (36b) become

$(1) =1; /(1) =0
S (1) = 0; &7 (1) =1

G = (1) = wit) = by (1) - 0

1-A2049-12

(39b)

(40b)

(41b)

Solutiens of equations (40b), satisfying the conditions (41b) were obtained for a fixed value of B
wid a set of values of the parameter

by mears of a digital computer. Those shown in Figure A7-1, Appendix 7.A correspond to the
vilue of a = 0,093, ’

12u0R2

] 2
L] 5,

19

e m— e e e i et




THE FRANKLIN INSTITUTE o Lalcratories for Research arnd Dmlopﬁmt

I-A2049-12
P ate pow in 0 position to express nunerically the derivatives -~
i) SR eigr (R)
e I e vt .
o, r gy (RY = i gy (R)
o o R +iug (R)
g A (126)
dp " Gy U iy (R)
) i
—_—tr e — e
oy Ry« e (R)
for disereto values of o, .
vo . g v
Fet the neusing ecometev and tie parametees PP T Ly and g be specificd. One
may tnen express the cap width, I}, as a function of the supply pressure, P, by simply equating
the outflow theoush the slot and the inflow through the nozzle. When explicit expressions are
~ubstituted for quantitics which canctitute the elements of the determinant (31b) and « is also
specified, the alv undetemined purameters are the recens depth. 8. and the supply pressure, P,
[ fact. the charactenistic equation usswmes ihe form:
e . D : - Y N
als '-'I(""'.)]‘ |h[5 gg(a.ls)] =0 {43L)
in which o and B are numerical constants . ‘Therefore, given a. the problam reduces to finding
specific values of P and &, for which the real and imaginary parts of equation (43b) vanish
sinmitareuusl, eog.
, .
Axog =gy b (44b)

The experimentil connterpart ~f this procedure is to maintain the ambient and recess
pressures constant and to set the gap width by varying the supply pressure. The recesa depth I
is then increased and its value on the threshold of instability in noted.

Critical recess depths und supply pressures were determined by trial and error. The
method is illusteated by a numerical example in Appendix 4, and in the correspending Figure Ad—1
for @ - 0.050 A plot of g) and g, agninst T\, showing the points of intersection of loci B
curresponding to a = 0.093, is contained in Figure 4. Results of the present analysis are shown '

- and compured with those buned on the lumped-parameter theory in Figure 5.

20
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S0 Piscussion A Treetioal Pesalts

cHorn ol voving several mportant parameters on the stability of tae rectangular
hewnan b reore U Here one finds reasonabls good agreement hetween resalts bused
tabuted and hun ped-parameter theories, althaugh the fatter theory tends to predict

velars of idiwaide vedoss depth whick are either conservative. when the pressure drop acros<
»isrelatively swiall, or shishthy optinistic. when the pressure difference 1s

Aureciiert o particularly good for vilues of the pressure parameier between 0,10

iroreased, [

at PR Gt s L prosaure differences in the order of 1n;

fiis seve that when the wecess width is decreased by a factor of tmo, the allowable
recess enth iz neah dasbled. wo that the critical recess volume remains essentially unaffected
I 12 S percent increase in siot length. (Compare curves and I in Figure 3.) Values of allow-
able recens dejin. cpprovimately twice as large again. may be obtained if the supply nozzle
Jigmetor i increased by a factor of 3. {Compare curves [Land I in Figure 3.)

It is appropriate to reniark at this paint that decreasing the recess area and increasing
the surnis noszle dincieter have the adverse effect of lawering the load capacity and static stiff-
neas of the bearing, o that stabilization is often a compromise in the selection of important
desivn paramicters,

\aumber of calrulitions were also carried out in order te investigate the effect of bearing
“oamm b stabilits. An incraase in mass by a factor of *en showed that the effect was generally
teglivible for thase rectungular genmetries which wer. cansidered. The effect was greatest for
the configuration corresponding to curve I, Figure 3. characterized by a relatively long slot and
wnd arelatively smali supply nozzle. At a value of the pressure parame ter of approximately 0.04,
fur example, the tenfold increase in mass had the effect of reducing the allowable recess depth

-
by 75 peroont,

On the other hand. as shown in Vigure 5. the mass had a significant effect in the case of
the circular bearing geomctry, particularly at low values of the pressure parameter. At} - P /
P ML for exaniple. an incecase in mass by a factor of 3.25 resuliad in a 50 percent decrcae-
is tire aliowable recess depth. The deviation of results based on lumped-parameter theories was
alsa significantly greater thun for the rectangular configurations, particularly in the case of the
smallest nmns. (Curve Hil. Figure 5.)

The snaller the mass of a bearing, the greater the rate of response of the bearing tends
to becaze. Whea the response rate is large, the gas in each volume clement hecomes partly
trapped. rather than squeszed out. This. in turn, causes the film “stiffuess’” in the annulus to
increase and permit greater **compliance’” of a deeper recess without compromising stubility,
Rhien the maws is [arge. the changes in presaure and density approach the quasi-static condition.
and the foregning effecta are reversed. These twn cases are illuatrated diagrammatically and in
an pxavgerated wanner in Vigure 6 for the conditions of a heavily (a) and lightly (b) luaded
braring. In the circular bearing the surface correaponding to the annulne constitutes 96 percent
of the tatal aan oot she 1oy o0 cigen luwatd e rezess periphery where the gis dennity is
highest. If the boundury moting is relatively mpid, the gas cannot readily escape from the slot.

-\l
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Fecanee of tiis. the infiuer: o of mass on stabiiity is more pronounced in the case of the circolar
bearing. as mat ke ohaenved by comparing curves L IT and 1 in Figure 5. It can alse be seen,
thiAl. a= the tuss increases. the agreement betveen results of the preseni and simplifiad analyses
it preves, because clanges occur nearly quasi-siatically.

The winplitied. inmped-parameter analy <is is based on assumptions of quasi-static chanues
st preasure and vas cortent and dovs ot properls account far the effsct of masa on the rate of
vespinse. to fact, when the inequality (42=7), \ppendix 2. is wrirtter esplicitly:

A\ A A\ A
AL I A (45
A m .\_. m )\2

tive auantits m cancels in the denominators an hoth sides. so that the stability condition is in-
dependent of mass.  Though perhaps deficient from the quantitative point of view, the simplified,

Lnnped-papameter asalvsis. Appendix 2. does give explicit relationships between other parameters
which aftec?

follows:

(/o\l) il
/. :-ﬁ(\\_,-\\l)n

" > ] (16)
ol o

— — N~ Wy

('-'pr) aly - v

o

in which Tor a given bearing geonetry.

U TG SR LR [ LT

ro’

(, =1,) - g1 PP

M )
o’ 'nl'

It follows that e stabihity condition also can be written as:

i) )
Ji dl
R _»f_ > -]t (€]
dli ) dit S :
MM AL

The physical interpretation of the ahove inequality is as follows. ‘lhe left side of in-
equaisty (17) represents a change in recess pressure caumed by a rapid change in gap width. each
volume element acting as a closed cylinder in which the gas becomes wapped. The right side of
inequality {17) re renents a change in pressure caused by slow, quasi-static displacement. the
golating, rather than gas-trapping effect. '
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the stability of the bearing. The inequality (A2-8). for example. can be writtenas™ ~
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; ) "1 {onclusione ard Summary of Theoretical Tesnlts
\n analvais was made which teeats the flow within the gas film in a thrust bearing on a
| comtive w. rather tion “lumped.” basis It shows that within the limitation imposed upon the
i : desiua of the bearing Iy other considerations. the following paremeters or combinations of param-
|

tees shauld be mummzed or mavimized in order to insure stability:

ged

Viaximized

Depth of pockets 1. Sunply anzzle diametar
|- . S Biflercnce between supply and recess . 2. ¥ enuth of annulus
. Pressuies )

3. \rea ratio of anaular and puchet

' S0 Fifective mass of bearing regions
\ B ' Coe nav alsa conclude from results of earlier, simplified analyses [ 2,3.61] which show
", veod qualitative agreement with the present one, that high gas temperatures and adiabatie condi-
L/' \ tians favar stabilits,

FThe most important factor influencing the stability of externaliy pressurized bearings is
: the interaction of the total gas-storage capacitance with the flow-regulating characteristics f ¢
fived s upnly vestrictor and a variable anrulus. ‘The ratio . mg. where I. is the load end w the
rase of tie bearing, alsn influences stability. Deeper pockets can generally only be toleroted fru
very moderate pressure drops across the sapply nozzlc. The limiting depth increases with he
nozzle diameter and Jdecreases with the length of the ainulus. as well as with the mass of the
bearing, These tremds are iliastrated in Figures 3 and 5.

The advantage of recessed packets. chaanrels. or grooves is that they increase the load
capacity and static stiffness. The recess perimeter also provides a larger areu of admission into
the annulus. therebs reducing entrance velocities and preventing shocks [19.20, 211, These ad-

vantages. however. must be weighed very carefully in the light of requirsments distated by
' stubility conditions,

n
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IV ENPERIMENTAL APPARATTS

HIE M | l‘.\p' rimental Ajpparams
Phe main objectives in desi_nine the test appavatus were the following:

abFoinsire manimum flatress and rigidii-, a5 well us herdness and material stability, of
the thrust plates,

bt do prvide ivacs of precise alignment. and of aecurate methads for checking the par-
©allelism and separation of the bearing surfaces,

2 the wode of o cillation to an axial direction with minimum friction.

41 To place a variablesvolume, leak-proof cavity in the center of one thrust plate and to
k ) P
sprovide for precise adjustmert and accurate measvrement of its depth.

e} To tumish means of applving # ronst:nt, non-massive, uxial load which would not be
affected by the motien of the bearing.

i To design fur mavimum rigidity of the enrire structure for the purpose of minimizing de-
flections and preventing a condition of system resonance within the anticipated fre-

nuency band width of oscillations,

&) To provide sensitive vibration pick-ups and associated electronic and photographic ap-
paratus in order to detect, measure  and record amplitudes of oscillations which are
swall in comparison with the magnitude of the equilibrium gap width,

i) To furnish a well sculated. relatively clean and moisture-free air supply. To select *
ieliuble pressure gauges, minometers and flow meters for the purpose of determining
the static characteristics of the test bearing,

The tent bearing assembly drawing is shown in Figure 7. The sturdy construction of indi-
virdual parts and of the entiré structure, particularly the plates and columas, is self-evidenr. All
members were machined to extremely close tolerances, subjected to proper heat treatment and in-
spected prior to, daring. and after mancfacture and nssembly, The upper thrust plate @? &euld be
ahgned | means of three 2 inch diameter, 48 threade per inch, adjusting scréws@ and securely
balted to the supporting columns @ . The lower thrust plate was integrul with the shaft @ .
Hoth thrust faces were chrome plated and lapped flat to the crder of 1-1/2 interference bands of
monachromaiic sodium light (approx. 20 x 10°5 inches). Final inspection, using 6 inch diaineter
aptical flats, showed that the convexity of a symmetric and almost circular central region of both
plates did not exceed one interference band up io approximately four-fifths of the 5 inch diameters.
Three sensing probes @ ol an air gauging system, incorporated 1n the upper plate, were equally
spaced alung the perimeter of the thrust face und lapped together with it.

An exact determinution of deflections and modes of vibrations of the thrust plates was not
attempted hecause of the complexity of the problem involving thick plates, supported in a manner

described in the foregoing, A conservative estimate, based on approximate plate theory, the

t Circled numbers carrespond 1o those in Figure 7 and refer to asiewmbly componenis,

"




Tassumption o

T beadd shawed )

.- THE YFR."\.N‘KLIN INSTIT(JTE « Laboratories for Research and Development
S l 1-A2049-12

‘ : N . . .
- . . . " o

imple support abung the column pitch circle diameter and a concentrated 500 b,

“the deflecring of the center of the upper thrust pinte with rederence to 1ts edge

S wak of thi weder of 20« 10 inches. The deflaction of the lover thrust plate. in which the canti-

feerrtile avesliong ring was subjected to pressures which in that region approached the ambient
velise, wonld be negligible in compurison.. [t was concluded, therefore, that load deflections

swonli hinve g campensating cffect on the slight, initial convexity of the surfaces,

Cespating fael:

[

+ o The theary of vibrations of plates, even in apneaximate ['orm. is verv complex. On the as-
<ol gzion that the frequeney 0. of the 'owest mode of vibration could be estimated from the

YRR

79

v ( ke )"'
PET N e, (1=

in which @ is a constant depending on the method of support, ¥ is Young’'s modulus, 1 the

Poisson's ratin, p the mass density of the metal, r and t the radius and thickness of the plate.

"l lowest frequency was estimated to be of the order of 104 radians per second and, consequently,.
“vabsiderably bigher thon the anticipated frequency band width of auto-oscillations, _ -

.. proximately 13.9,
" and thrust plate construction and no provision could be made to obtain experimental data for the

o~ The upper thrust plate, Figure 8, contained a centrally lncated recess, the depth of which
could he varied by means of a sliding piston @ and a miviometer adjusting screw @ Three
ik thy fitted 0" rings served us sliding seals. The piston cauld be locked in any desired posi-
tion and the recess depth varied from 7ero te 3/4 inches. Air was supplied through a 7 16 inch
diametcr, drilled duct in the upper plate. It fiowed into a chamber, the volume of which comprised N -
the sewded space between the **0” rings and the bore of the piston, Figure 9. The flow restric-
tion between this chamber and the recess was effected by means of a short, bell-mouthed, 0.055 '
inch diameter nozzle @.f The drawing pf an auxiliarv piston (Figure 10}, shows a 0.0135 inch
diameter pressure tap, tocated ai 1132 {nches from the piston center. The tap was connected e
through an inteenal duct to a4 gauge which indicated the static, equilibrium recess pressure at that
point.. In the madified version of the piston, the pressure tap was centrally located and plugged
whei dynamic tests were conducted,

© The drawing of the shaft and lower thrust plate is shown in Figure 13. The shaft was hol-
low 5o ihial the movable mass corresponded 1o 2% Ibs., The weight could be increased to 435 Ibs.
by attaching a 20 1b. bronze dinc to the shaft, midway between the 3 inch journals, (It will be re-
called that theoretical stahility loci were constructed for masnes correaponding to weights of ap-

<,

25 and 45 bs.) Rigidity requirements, however, precluded a less nassive shaft

smallest mans.  the < inen diametes, « reular area of the plugged end of the shaft provided a sur-
face exposed to the pressure of the loading cylinder @ Ly means of which the thrust load was
applied ta the bearing. Impulse turhine huckets were milled in the shaft to provide a high speed
drive for experimental work involving rotation which could be conducted upon the completion of

e e —————— e ¢

Vin a modified, later version of the piston, provision was made for replacement of a singla roctrictar b A0
or 12 nuzzles, In each case the totul crosseacctional throatl area was adjusted to give approximately cal.
culated rates of mass flow (see Figures 11 and 12,
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ihis ph wse of the .avestigation.T The size, concentricity, roundness and taper of the shaft jour-
iats weve found to ful! within tolerances specified on drawings. The total indicated runout of the-
tnrust fave with respect to the journals, mevsured on a 5-374 inch diameter; was less than (.0002
inches, Fhe shaft was balaaced to within 0.00025 inch-pounds.

Vhe prablem of restraining the motion of the shalt and the lower thrust plate to a purely
axial direction by means of low-friction guid-s was solved by mounting the shaft in externally-
pressurized, air-lukricated journul hearings (3 . There were two main reasons for this tvpe of
luterd wupport, First, the analysis was predicted on the assumption that external damping was
negligible, since primary interest was only in those stability parameters associated with th : hear-
ing itself. Secondly, from the practical point of view. it was desirable to simulate as far as pos-
sible « imethod of gas bearing supporr which could be eventually applied to small turbines, com-
pressors or centrifugers. A drawing of one bearing is shown in Figure 14. The main feature of the
desiun wis a set of six, grooved, centrally located and equally spaced preasure pads. Air was
supplied to the pads through 0.016 iach diameter, brass orifices @ , shown ia Figure 15. The
purpose of the gronves was to minimize the storage volume of each pad, while extending a rela-
tivelv uniform, high-preasure area to the outer perimeter of the granves. The net effect of this ar-
rungement contributed to the stability of the bearing and produced a steep joad-deflection charac-
teristic, Figure 16. Needle valves (236) were placed in drilled air ducts leading to altemate pads..
The function of the needle valves was t allow for controlled misalignment of the shaft within the
limits of the bearing clearance. By varving the pressure in individual puds, an excellent nethod
ol making final adjustmeats in the alignment of the thrust surfaces was provided, furnishing im-
provement on the high degree of paralielism already achieved bv means of the levelling screws:

The bearings were dawel-pinned and bolted to the supporting memhera pricr to final ma-
chining, during which both bearings and the sleeve of the loading cylinder were yound to sizé in
one uperation. The grinding operaticn was performed with a degree of precision which made it
possible to span all three bores with a single plag gage, barely 0.000% igchaa smaller than the
minimum, measured bearing diameter. All grooves were indicated or. the grinding machine and
their depth varied from 0.006 to 0.007 inches. The orificc inserts, needle valves and the smnular
supply chumber of the bearing were sealed by means of **0’" rings.

It wae estimated that a bearing stiffoesst? of 3 x 105 to 5 « 105 pounda per inch could be
realized when the journal was in the concenric position. With the hearings and the shaft assumed
as a spring-mass system Laving two degrees of freedom, approximate values of fiequencies of
natural modes of vibrations were calculated by considering a pivoting motion of the shaft about
one bearing, the other journal being acted upon. by a spring. The *‘constrained” frequencies, p,

.re given by [58]:
’ k 1/2
p =4 (i‘. ‘\m{c)

tThe grooves at the end of the shaft were intended to suppress instability (whirl) due to hydrodysamic
forces in the clearance of the loading cylinder slerve,

'l he slope of the load-deflection curve in sometimes referred to as the “atilfness’ of mue cortectly, as
the “static stiffness'*, (See Figare 16.)

- ce
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i
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in wiich o is the span feagth between the hearings, 4 . the distance from the chosen pivot to the
center of yravity of the shaft, k the stiffness, m and l . the mass and moment of inertia of the
shaft abovt i ;e--.:»-— of geavite, ‘The estimated natural frequenrx»s far the 25 ib. shaft were in
the order of 3 103 and 3 x 303 radians per se.ond and could be substantially reduced, or raised,
by ing the supnly pressare. {t was concluded, thereforc, that in the absence of appreciable
uthalave e an § morwnts in planes passing through the shaft axis, the pitching motion of the shaft
within the clearance of the journal bearings would be relatively small in comparison with the am-
pinude ot axial gaciliations. ‘

The loading evimder @ consisted of a T-1 2 x 3-1:2 inches pressure vessel atached to
the lower end of the supjurting structure. A constant pressnre maintained in the cylinder and act-
ing on the eaid of the ~haft protruding through the evlinder slcaie, balanced the load applied to the
lower thaust plare. For smail amplitudes of oscillation, volume changes would be negligible in
comparison with 1 iic inhes of evlader displacement. The cylinder pressure wounld remain
essentially constant, unless the frequency of oscillation produced a condition of accoustic reso-
nance in the chamber, in which case the shape and volume of the cylinder cnuld be altered accord-

ingly. The cvlinder provided « simple methad of applving a «oustant. non-massive load to the test
bearing, I

the fow er on cads of the 3 jnon diamztes o s of the test rig wese prems-fitted into u 2
inch thick plate @ in which one of the jurma' Lonzings was iounied. The upper ends of the
calumns were lacated and bolted to a similar plare \.—) Y

wairing the second journs] hearing.

The column locating holes in both plairs were jig bated in tandem. The concenirivity and square-
ness of the columas and locatiug bosses were indicated from the hoad of e 'm'"lsmn grinder aft-
er the bearings anid the bare of the loading cylinder sivcve ware finished to size. Thz aseembly
was bolted to a.massive and verv rigid tripod. I'he weight of the entire structure was approximate=
¥ 750 Ibs. In the conrse of experimentation it was found necessary to iaterpase relatively soft
isolators hetween the tripod and the foundation flaor. The reason for dsing so is discussed later

in the text, A schematic of the air supply svstem is shown in Figure 17. Phatugraphs of tear ap-
paratus, its components and of auxiliary eqnipment are shown in Figures 18 through 25.

2 Instaments - Pedformance and Calibeation

a, Air Gavges

The tkrecfoli function of the air gm.gmg svstem, briefly referred to in the foregoing sec-
tion, was {(a) to facilitate the m'gnmpm ol thrust surtaces to a high degree of paralielism, (b) to
measure the equilibiriem gap widih, Ho, and {J) to provide a quick and direct method of calibrating
the primary capucitance probe without disturbing its initial position and offset.

The well-knowa methold of measuring small displacements in terms of pressurc utiiizes two
flery renivicrars placed in setics, a constant, well reguluted pressure source and suitable pressure
indicators, Air enters an intermediate chambe- fram o constant pressure resecvoir through a small,
fixed (or adjustable) orifice. The variation of pressure in the intermediate chamber is recorded
and depends on the supply pressure level, an well as the relative size und flow characteristics of
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the restriztors, The crassesectional flow area of the second restrictor is made to vary ~vith dis-
J-lacement, so rhat resistance to flow i fumished by a slot, or a circumferential orifice formed
betwoen the surfaces of the senging peobe and the displaced member,

Fora fixed orifice size. the slape and curvature of the presswie-displacement ~haracteris-
tic depend mainly on the size and geometry of the prmbe restriction, and on the magnitude of the
suppir peeasure. The characteriwtics are nonlinear and exhibit an inflection point, in the neigh-
borhaad of which the amplification is highest. The probc can be made ia the shape of a short,
trinswalled or amick-walled evlinder. In the lattor case, the resuictioa between the probe and
the displaced member lus die form of 4 narrow, redial slot rather than tnat of a circumferential
artfire. A ether factors beinz e, a1 siat-like, varishle restrictor produces a higher sensitiv-
ity. though ai some exprane of Luearinn 1 the jicasure-displacement characteristict. This effect

15 due to a more pronounced infisence ~f viseous Virces in a natvow slot than in & circumferential
"ril’l ce, .

It was considered that a low supply-pressure gauging system, inte gral with the upper
theust plate, would have an advantage over commercially availahle units, ahich generally operate
at sup-h.presure levels of thirty to sixty pounds per square inch. The system was to be craven-
ieatly incarporated into the test rig assemblyv, with probes rigidly mounted in the upper thrust
plate and lapped in the plane of the thrust surfuce. A well regulated supply head of two to three
feet of water could be obtained by means of a stundpipe, with the excess air in the supply reser-
voir being allowed to escape at the end of an immersed tube. It was also desirable ta avoid the
impingeannt of relatively high velacity probe jets a<saciated with high pressure systems. since
tiis impingement micht hive involved d:ff -1 oo valibratiou, and possaibly minor effects of heat

" tramsfer on the accumcy of measurement.

An estimate of orifice an pinhe dimensions for & low pressure sysiem was made hy assum-
ing the flow to be incompressible. Dimensionless pressure-displacement charsctasizticg wore ob-

....... -

tained hy equating the inflow through the orifice to the autflow through the probe restrictian, con-
<iiered either as (a) a narrow, radial slot or (b) a circumierentinl orifice. Results of these pre-
liminary calculations used in establishing approximate values of de<ign parameters are shown in

Figure 26, which also containa a achematic of the supply head regulator,

The effect of changes in barometric pressure on gap widik measurement could be estimared
from equationa (8) and (9), the flow th rough the orifice and probe reswrictions heing essetially
unalogous to that through the bearing supplv nozzle and gap. The gap width is then given by-

_p2yl/2
ws g (PePu=P2IV

=
o

pr3 _Pa?l

T The nrinriples fzvelei d in 0t ninia liie presnure-dinpiacement characteristic of an sir gauge are ennen-
priveip ® the p 4 A '~
tially aimilar 1n sthe- e which apply 0 loud-displucement churacteristios of externally pressurized, gas
heariggs.

28
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i E i, and £, now reler to the absolute values of the supply, intermediste and am-
b nt pressires of the air gauze system, and K is a renetant. Taking the logarithm of both sides
of this ~xpeesainn and ditferes tiating, the appruximate error in gap width measurement, associated
with a vaange wf t A" i baiometnic pressure, is:

where in the last step it was assumed that the pressure differences are sensibly small, e.g.,
b P =, = PUA change of + 0.5 psi, relative to the barometer reading during cali-
bration, wonld cause an error of 7 0.5 perceat in the measured gap width, less than 10 n.icro-
invhes,

Initial difficulties were encountered bacause of supply pressure fluctuations caused by the
surface tension of bubbles, forming and breaking away from drillings at the immersed end of the
tebe. This was circumvented by inserting a damper in the form of a series of perforated discs in
the resenvoir end of the tube and reduced the ripple to an almost imperceptible magnitude, relative
io the smallest manometer scale reading or 110 of an inch. The supply pressure was adjusted to
a steady, constant value of 38.2 inches of water by varying the setting of a fine, long taper needle
valve,

The calibration wan performed in steps of 0.0001 inches over a gap width range from 0.001
to 0.002 inches. Square, | x I inch precision gauge blocks, having a dimensional and parallelism
tolerunce of | microinches, were used for this purpose. Two blocks, differing in thickaess by a
multiple of 0.0001 inches, and a third block were wrung together, The step gauge created in this
fushion was then wrung together with the lapped thrust surface, the step extending from the edge
of and overlapping the entire probe diameter. {See schematic in Figure 27.) The probes were
spaced 120 degrees apart and located 1/4 of an inch from the edge of the upper thrust surface.
The blocks were taken apart and reassembled after each round of manometer rcadings for all three
probes, This was repeated 21 times for each probe and everyon= of the 11 calibration points, a
total of 21 manometer readings. The gauge blocks werc assembled at random and it was reason-
able to assume the arithmetic average of 21 manometer readings as the most probable value cor-
responding to the nominal dimension of the step gauge offset. The curvature of the pressure-dis-
placement characteriatic in the experimental range of gap width was very slight. The maximum
differvnce in any sct of 21 manometec readings was less thun 0.4 inches of water. At a represent-
ative sensitivity of 0.15 inches of water per 10°5 jnches displacement, this was equivalent to
2.7 x 10°% inches, or less than 3 percent of minimum gap width in the experimental range, Lenat-
square-fitted calibration curves, Figures 27, 28 and 29, were considered adequate for gap width
measurement to an acruracy of 1 to 2 percent.

b, Vibrometcrs — Primary and Auxiliary Probe Systems

The validity of assumptions made in the analysis increases if the amplitude of motion is
small in comparison with the equilibrium gap width. For reasons arising from practical considera-
tions, such as the impossibility of insuring perfect isolation, ideal rigidity of structural members.
absolute steadiness of air flow etc., the feasibility of detection and, above all, meaningful inter-
pretation ct amplitudes in the order of 10°° inches was doultful. It was arbitrarily decided, there-

fors. to regerd amplitudes of oscillation in the order of one percent of the gap width, or to 1075
inches, as small, .

2
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Thaspecatyme ! e se vibaometers was heed on different principles. Their operation, perform-

TMLO5T-1, the variable probe capacitance, €
caparcitors of an impedance bridee, The source of bridue excitation was a 450 K.C. oscillator
fmedudated b 208 N whien using the sreter for static
st bridge was applied i succession to the tube wrids of 4 two-stage, radio frequenu} 'amplifiner.
e cam of the amplifier contd be canteoled by o variable, tapped resistar in the cathode circuit

GUBIR forr
was applied toone pair of tecwinsds of a dual trace preamplifier of the cathnde rav ascilioscape.
The pecamplifier had Gine <ensitivity settings in the range of 0,05y m to 20v cm and a variable

3320 and dualetracs precmpli
higher than that of the Fielden ‘nstrument,

probe ho!
of the outer shicld was pi
gripping ¢ tamp, Wich the radie fr cquency amplifier contro’ adjusted to approximatels one third of
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Proe fumetion af e b probe ss spess st b interp ot Jvaamie capacitance changes in terns

f

C\bratie pemiier, S priners pl');n‘ A3 sivon, shown
vourine the avial oseitlations with which the experi-
Tie wanthwes prohe svsten, shown on the right side of Figure 30
smploved anther Capaotine pickeup, whici «ould be mounted in se veral pesitions along and

. detect transverse meales of vibrations

b and

it Leevupd=d wath the avaal piotion of the shaft. Howas, of course, desirable to reduce
wotiop to o hare wipivene ol the wielubri cated mide hearings wese designed with this objec-
The auviliors sustem thus plaved o maritaring wole in the conrse of experimentation.

ane e oated caldaation oo deseribed o the nest ’ul:-lur-lll}lh-

G waar i of the iman instriesent, o Fielden Peoximity Meter, model

I thee wehoen

oo i shown shanted across one of the two balancing

casurements). The out-of-halance voltage

of the amplifier tubes Iyomeans of 0 siveposition switch providing an attenvation up to 530 deci-
bel~ in steps of 10 decibets, The bridee could be fakuced by means of capacitors, C 0 and (...,
and the potentioneter B wiich balaneed the probe Jead resistance, The frequency respunse of the
instrpeent, Figoee 310 was flat fram DU, b approximatels 1200 eps and. therefore, more thar adc-

aeasirements i the anticipared P06=300 cps band width, The ouiput of the instrument

veemer adjustient, The frequency response of the osdilloscope-preamplifier unit (Tektronix, type

rotvpe 33 5300 was Vdesibels down at 5 megacy cles, considerably

The primasy jodees Figure 24 consisted of a1 tinch diameter, brass disc, mounted in an

insulating sleeve, The disc anr sleeve assembly were pressed inte the opening of a 4.5 inch long

of the boider, which also served as part

and Lippod square with it~ axis. The body
. ! - upper thrust plate by means of o split eoliet and a

gain and a preamplifier vertical deflection setting of 1 volt per centimeter, the sensitiv-

ity corresponded to 1 centimeter vertieal deflecton per 1077 inckes displacement when viewed on
the ;li\pl.l_\ of the cathode vay oseillose ope The obsemved noise level and dreift at this setting,
after an initiad, one hour wami up period, was of the order of 0L05 to 0.7 velts. The muximum room
temperatnre viriation during oot ot run was between Thand 77 degrees Faheenheit. The probe
Tead was doublesshielded to prevent steay voltage pickeup and relatively short, in order to mini-
mize capacitunce in parallel with that of the probe. For this reason also. the thickness of the in-
sulating sleeve (diciectric constant of 2) was 0.1 inches and, therefore, large in comparison with
the initial, 0.007% :a0h offsct between the T 1 inch probe dise and the lower thrust plate,

sirailel atiganeat of thrust surfaces, the prnhc was r1hhrah'-l in three posi-
sinin of lie experinental moge of gap .

l“u”owing the

] v R
Toaipepn e st iy pne nll aIH(I th

widths, The calibration was performed, using the aie gauges as a standand. The calibestion
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curves are shiown in Figures 32, 33 and 38, Fram their appearance it enuld be concluded that for
amplitwdes of displacement in the arder of 1 107" inches to 2 x 107 inches, no large error would
be incurred by assumin linearity in the neighborhood of null points and « sensitivity value of |

wlt per 1077 inclies displacement,

Tiie schematie ddiagram of the auxiliary instrament {Decker, Delta Unit 902-1 and Monitor
Pait 05221 shews the capacitance prabe, €. mounted in one of the positions along the shaft.
Tico main comporent of the svsten was a tube, containing gast under reduced pressure. The tube
was nlaced hetween two external electrades connected to a 250 KC vscillator. The excitation
o msed a lumitous disctharge, sa that the two internal electrodes of the tube were in contact with
tae plasma of the Gonized vas. Any asvmmetiv in the spacing of the electiodes would give rise to
a potential difference betv.een the 1atemal electrodes, caused by the migration of electrons. The
effect of asvinmetry could aiso be produced by changing the magnitude of the sensing capacitar,
(- relative 1o the balancing capacitr, C,, both shown in the schematic diagram of Figure 30.
The operatinn of the auxiliarv prabe, €, was based on this principle [62]. A cathade fnllower
provided a Tow supedance outpet at the preamplifier terminals und a filtering network eliminated -
the fraction of ascillator excitation passcd through the transducer.

The transducer, probe, mounting bracket and calibration fixture are shown in Figure 23.
The probe and the balancing capacitor were mounted very close to the internal tube elecirodes and
all Teads were refatively short in order to minimize the adverse effect of stray capacitances on the
nutput and fre.quency response of the instrument,

The frequency response of the auxiliary instrument, Figure 31, was flat 0 approximately .
300 cps. 0.5 decibels down at 400 cps and, therefore, quite adequate in the anticipated, experi-
mental frequency band width. ‘The calibration curve of the auxiliary prabe, Figure 35, displaved a.
greater degree of nonlinearity than that of the primary probe. The sensitivity in the naighborhood
of the nuil point was upproximateiy U.U2 volts per 1U™ inches displacement, representing 0.4 cen-
timeters vertical deflection per 10°3 inches displacement on the cathode ray oscilloscope display
at the highest preamplifier sensitivity setting of 0.05 volts per centimeter. The observed noise
level was of the order of 0.005 volts. Since the maximum sensitivity of the auxiliary probe was
considerably less than that of the primarv, the monitoring test of lateral shaft vibrations was con-
ducted under conditions of axial oscillations approximately twenty times as large as the ampli-
tudes of self-excited vibrations nbserved in the course of stability experiments.

¢. Pressure Gauges, Flowmeters and Regulators

The supply, recess and loading piston pressures were measured hy means of two, dual
bourdon tube construction, eight and one half inch dial diameter, absolute pressure gauges, The
gauges were graduuted in steps of 0.1 and 0.2 psi over their respective ranges of 0~100 and ‘
0-150 psia. The ranges were covered in approximately two revolutions of the puinter. The scale
Lad a mirrored surface reflecting the fine blade of the pointer to eliminate parallax errors und the
size of the smallest subdivisions permitted relinble estimates of readings to the nearest 0.05 psi.
The preasure pangee waoes calihrated hy the mannfactuesr hy means of a precision mercury b

eter, a duplicate of a Bureau of Standards referen.ce bafometer. The accumcy of the pressure

1 Argon or Neoo
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gauges was gnaranteed to be within 0.02 percent of full scale defiection, representmg 0.027 per- ;
<vut for the 0100 psia gauge and 0.041 percent {nr the 0-130 psia gauge at 72.5 psia, the lowest ‘ !
test reading,  The scales vere lmnd drawn to match over one hurdred calibration points. The hys- - :
“eresis, backlash and *‘dead zone’’ of the pressure gacges v <o entirely negligible. As an addi-
tional check, the gauges were conne -ted to the sane pressurs source and their readlngs compared.
No'perceptible difference was observed in the range from 50 to 100 psia.

Flow measurements were performed, using a variable area {low meter (rotameter) in con-
jui tion with a culibrated, bellows type gas meter. ‘The position of the rotameter float was regis-
tered alorg the scale of the 600 millimeter lung tube for any particular setting of the beariag sup-
piy pressure. With this setting maintained and the position of the rotameter float uncianged, the
flow was diverted to the gas meter. The iotameter thus merely vesved as a secondary, indicating
instrument, while the actual flow rates were determined from the gas meter readings. The calibra-
tion of the gas meter was performed by means of an inverted-tank-type gasometer of 20 cubic feet ,
capacity, used as a standard by a lacal utility company, Five calibration runs were made after
the final adjustment of the counter mechanism, at a representative bearing flow rate of 5 cubic
feet per minute, reterred to standard atmospheric conditions. (Approximately four revolutions of
the five cubic foot counter.) The differences in the final positions of the gasometer displacement
indicater were negligible in comparison with the toia! disglacement. ‘The speed of the counter,
approximately one revolution per minute, was slow enough to enable the observer to estimate the
position of the pointer, relative to a predetermined mark, at least within 6 degrces, or better.
This, in terms of displacement, corresponded to approximately 0.5 percent of the gasometer vol-

Jumey

The ctameter float was operatedin the J"p“r' calfofthe tube Slight oscillations of the float
were observed in the uppermost tube region, but their peak-to-peak amplitudes were of the orderof
2 to 3 millimeters, s compared with the 600 millimeter length of the tube. An estimate of 210 3
percent accuriacy in flow measurements obtuined in the course of experimentation appears to be
reasonable,

The pressure reculators used in the test-beering air-supply system, Figure 17, were capa-
ble of maintainiag a downstream pressure setting within 0.1 psi over their entire flow range and a
25 psi variation in delivery pressure. (ne regulator was installed ahead of a 7.5 cubic foot air

‘storage tark and individual regulators were placed in the supply lines leading from the tank to the

loading cylinder, test und guide bearings. The performance of the regulators was most satisfac-
tory and pressure settings could be accurately maintained, with drift not exceeding 0.05 psi over
periods of two to three hours. ~

\
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oootarie bewrs

i . . - . . . R e 9=
ihe calibrated air wanges furnished the s cans of bearing surface alignment. The 25 1b.

sivdl was desentedin the peessurized suide bearings and the wpper throst plate placed on the col-

R . )
i boe atine hasces, The concentrizitg of the bearing membees was checked and adjusted to with-

v anchies. fie thrust sacfaces were tlen brought inta parallel alignment by means of level.
o Bz werew < and i wnges and secored 1o the columns, As an additional check of parallelism,
1.73'x 1073 inches thick, was lightly
champed between the theust sefiees ot twelve, thirty degree. angular intervals along their perim-

die Ballowing test was pecformed, A spiteer. apnroximately

eter, Manometer reanding o f e air wauge nn{'\ were registered for cach position. This was re-

peated nine tmes and the withwelic averaze of readings for cach position was taken. An identical

test was carsied oui with a spacer 133 x 107" inches thick. In the process of sampling, the spacer

wos o bamoed by Constant 05 The foree, at an average distance of tw inches from the bearing

center. The guide Loarings. spaced nine inches apart, weee pressurized and their stiffness in the

concentric positien. Figure 16, was in the order of § x 167" pounds per inch per beering, Any mis-
aliwnment, therefore, caused by the memant of the small clamping lorce, would be negligible. The .
resulis of thic alizrment test are shown in Figure 36, in which the circularly spaced numhers re-
fer Lo average aanoneter readings of gauge No. 1 obtained with both spacers, By reference to the
calthiation curve in Figure 2700t can be Seen that the thrust surfaces were paratlel within one
peccent of the equiliberam gap widths. that is inclined under an angle in the oraer of 4 ¢ 1075 da.
grees.t The shaft thrust face had o otal indicare § runout of 0.00027 relative to the journals and
the alignment would have been destraved, had the shaft tecu allowed to drift in its guide bcarings,

bhe
An additional constening, therefore, was fumished by means of two opposed and narrowly spaced
air jets, impinging oa o light, thin fin, attached to the skaft collue, {See Figure 18, for example.)
The alignment was thus performed with the shaft maintained in the same position relative to the

gide bearings.

' The analysis was based on the existence of an essentially uniform pressure plateau, ex-
temding over the entire, one inch diumeter recess area. It was postulated that, as long as the re-
cean Prelativedy Lage, the effects of the air jet issuing from the 0.055 inch diameter
nozzle and the acceleration of ‘he fluid as it entered the slot would be local apd detract little

from the recess volume conceived us u consfant pressure reservoir, Since the stability boundary
for critical recess depths in the order of 1072 inches wis of particular interest, the question which
presented itself was the degree to which the fore g-ing suppnsitions were valid for recess depths
smaller than the naizle thruat diameicr und comparable in wagmitude with the bearing gap width,
The following possibilitiés deserved careful consideration. {a} For & - 1 1dg,the cylindrical
erea bounded by the nuzzle diameter and its projrction on the lower thrust surface would replace
the nozzle throat as the ceatrolling restriction. (b The recess, its depth sufficiently reduced,
could act as an inward extension of the bearing gap and virtually cease to function as an interme-
: diate reservoir. (c) The accelerating flow in the diverging region adjoining the nozzle exit could

i attain supersonic velacities, followed by shock and a transition to the predominantly viscous flow

o e e et e e . Ay e,

+ . . .. -

"Interterence fringes observed under optical flats indicated thar sach 1.5 x 10 5 to 2.0 x 10'5
convexity was quite concentric and approaching in shape that of & surface of revolution.
or inclination, therefure could be thought of in reference to the circulsr bases of those

late
Parallalism,
elevations.
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region in the sfot [19, 20, 2t], 4 sitwation analogous to diat wisich misht exist in a duet fed by

converging diverging nozzle, .

\ test was conducted, in whick the load and a representative value of the supply pressure.
H7.5 paiae were held constant, while tiie recess was being reduced in depth from a relatively large
value. The objective of the test was to determine the *“cut-off’” point, at which any further reduc-
tion in depth would cause o change in the steady-state flow pattern and pressure distribution.
hie wenhd then b ecompanied by an easily detectable and measurable departure from the initial
ain setting, Results of this test, presented in Figure 37, indicate that. for a centaaltly lucated,
LSS inch diameter nnzzle, the “cut-nff”” point corresponded to a recess depth of G.070 inches,

Since the critical stability parsmeter was thhe volume. rather than the depth of the recess,
the fiest, suesevsfu! attenpt ab a remedy was to surreund the nozzle exit by a 0,375 inch diameter,
6,020 inches deep cavity (see Figure 22, This, however, did not provide an entirely satisfactory
solution, since for small critical volumes the delineation hetween slat and recess becan.e rather
vaune, For this reason, and because the linear dimensions of th + restrictor influence the degree
of un-teadiness in pulsating flow, the pistons were replaced hy madified v2rsion, Figure 11, which
incorporated interchangeable, multiplesnozzle plates. The plates, Figures 12 and 23, contained
cither four, nine, or twelve short, bell-mouthed nozzles, equally spaced on a 0.5 inch diameter cir-
cle. Their total, cross-sectional throat area was later adjusted to give a flow characteristic ap-
provimating the calculated one within the experimental range of pressure ratios. The twelve noz-
/sle plate was used in the conduding experiments. At a supply pressure of 87.5 psia, a reduction
in recess depth fiom 0.008 inches, the “‘cut-off” point. to 6.006 inches, was accompanied by a de-
crease i gap width fi the order of two percent only. The effects of decrease in recess depth an
pap width for single and multiple nozzle feeders are compared in Figure 37,

The calculated load capacity of the test bearing, based on the assurptions of laminar flow
in the clearance, negligible entrunce effects and uniformity of i essure in the recess. varies al-
most linearly with th~ recess pressure and is independent of tie supply pressure.

In order to ascertain the extent to which the actual conditions conformed ta this idealiza.
tion, a test was conducted in which (a) the load was adjusted to maintain a constant recess pres-
suret of 73,5 psia, or (b) the load was held constant at the calculated value of 172 b, and the
tecess pressureT  was aliowed to seek its own level . ‘The result of this test is presented in Via-
ure 38 and indicates that in case ‘a) an increase of the supply pressure to 95 psia was accon-
panied by a5 percent reduction in load capacity, whereas in case h) a 1 percent increase in re-
cess pressure was observed. Throughout this test the recess depth was lasger than the *cut-off"
vaiue, referred to in the preceding paragraphs.

The desirability of minimizing differences hetween the actual and thearetical, steadv-state
hearing characteristics was of consideiable importance with reference to the mass flaw rate, since
its partial derivatives with respect to gap width and pressure, equation (16b), played an important
tole in establishing the limiting values of stability parameters, Preliminary flow measurements in-
dicated, that in the experimental range of pressure ratios the overall discharge coefficient, using a

t Pressure tap conrally Ineated, Recoss depth 6 > 0,010 inches,
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torlve nos2le supply restricior, varied approvimately from 0.78 to 87, The total theoat area was

then ncreased beappraximately 10 percent, in order to narrow down the gap between actual and

calenlated flow rates,?

\liss flow rates were determined in ihe tange of supply pressures from 73 tu 93 psia, with
a constant load of 172 1b,, the calculated value corresponding to a recess pressure of 73.5 psia
and anlicat pressure of 11T psin., applied to the test bearing, (A condition analogous to that -
ander which stabifity tests were conducted.)  The recess depth was always maintaincd at a value
sreater than the “cut-ofi’™ point referred to in the preceding paragraphs. The mass flow rates in
the evperimental range of supply pressures, obtained with slightly increased novzzle dian.eters,
were 04 to 97 percent of the calculated values, while deviations of measured gap widths were i‘n
the arder of one peccent, Results of mass flow and gap width measurements are presented in Fig-

‘ . ")rrr“ i‘.n .

= —7—:—{— 1s
# o ~=THe

ures 39 and . The correspowling bearing Reynolds number, Ny =

aiven in Figure $1, Vlass flow rates and the Reynolds number obtzined in a supply pressure
range for a bearing load of 222 !b. and corresponding to a stability test conducted under reduced
foad conditions are given in Figures 32 and 43,

It seemed highly unlikely that absolute, one-to-one correspondence between calculated and
actnal, steads -state vaiues of pressure, gap widihs, and flow rates could be simultaneon 1y
achieved throughout the experimentai range. It was considered that, in the preseace of slight de-
vietions in several static bearing characteristics from those of the idealized model, a fair compro-
mise was redched, and that the devialions were of a reasonable order of magnitude.

2, Preliminary Stability Tests

Initial differences in cuiculated and actual, static bearing characteristics and subsequent
madifications incorporated in the apparatus, were described in the preceding section. These mud-
ifications, and a number of additional changes, were also dictated by evidence gathered from re-
sults of simultaneousls conductcd. preliminary, dynamic tests. The preliminary tests fumished
~anniderable information, of intevest in itsclf, and useful from a4 practical point of view. In this
section an account of preliminary experiments is presented in a logical sequence, not necessarily
in the urder in which they were conducted.

The dvnamic experiments, with the exception of one comparison test, in which the recess
pressurett was held constunl, were conducted under constant load conditions. Results of static
tests indicated that, in the latter case, deviations frou predicted, static bearing characteristics
appearci to be less proncunced. Vloreover, since the.reccss pressure could be measured at one
point only, there remained the uncertainty of its distributior in the entire recess region, wheieas,
on the other hand, the joad could easily be set and held constant at a predetermined value.

* Flow rates were calculated for a 0.055 inch diamete. nozzle, The single nozzle was replaced by twelve
nnzslea and thair dinmatases wore calarecd

were ealargcd fom 80103 Judhies v approximately U.uivs inches,
t1 As measured by a tap located at a radial distance of 0.344 inches from the center,

-
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The tests were conductad in the following manner, The load was applied 1o the 'beurmg
aand e sopply pressare wdjusted tea pradetermined value, The recess depth was< then increased
Gl G quasi-statiealiv, unti! the beaing becanie unstable. [n certain cases the prm_:cdurc
wares reversed. eg, the recess depth was et and the sunply pressure ineceased (or decrcase'.u verv
araduat, up to the theesholbd of instabilitv, The anial oscillations were detected by tue primary
capatc itmee probe and viewed on the display of ke cathode ray oscilloscope. Photographic rec-
ards of amplitudes and froemencies of oscitlations were made for a number of runs. \ simuit:'lnc-
ans cheek o previously determined. steady-state flow rates and gap widths was made for points
it tie inmediate viviaity of the stability boundary, The bosadury was alwavs approached by pro-

cewding from the stable region to the unstable region.

The figst, peeliminars stabilits test was performed, using a plane-faced pi-lon and a cen-
trally Toeated, 0,033 ineh diameter supphy nozzle. Results of this test are shown in Figure 11,
The abrupt transition in tive lower branch of the curve, associated with the reduction in recess
depth below the “cut-of* point (see Figure 37), provided yet another, valid reason for modifyving
the piston and, finalls, replacing the single nozzle feed by a multiple-nozzle supply system. The
upper bianeh of the stability boundary constituted a marked departure from the predicted, single-

valued locus, This trond persisted in all subsequent experiments.

Figure 15 contains results obtained with a modified piston, having a secandary, fixed vol-
ume recess, but retaining a single, centrallv-located supoly nozzle. It can be seen that the un-
stable region caclased by the curve corresponding to a constant load test was smaller than the
unstable region bounded by the locus obtained when the load was adjusted in order to maintain a
constant pressare @i a tap, located 0.334 inches from the recess center. Both curves were marked
v the absence of the sharp transition observed in the case of the plane-faced pistont, but contia-
ued to display two characteristic branches, separated by the point at which their slopes became
infinite, i »

\ secondary stability experiment was conducted in parallel with previously described.
static iests, the objective of the latter being to ussess the reliability of the assumption that the
recess pressure at constant load was not apprecinbly affected by changes in the supplv pressure.
It was observed that when the 0.0135 inch diameter, 0.123 inch long pressure tap (see Figure
I pomnected the recess Lo g relatively lurge, closed volumet?t, an effect, which could justly be
described as Ly steresis. was present, With the bearing stable at a particular setting of supply
pressure aud recess depth. the supply pressure was increased very slowly and gradually, particu-
far care being exercised to avoid disturbances which might be large in comparisen with those ran-
domly produced and always present in the fluid, foundation and the surrounding atmosphere. Under
those conditinns it was possible to increuse the supply pressure considerably above the value at
which the beuring became wnstable if jarred, displaced or subjected toa sharp impact in the axial
direction. The supplv pressure was then reduced to a level at which the bearing became stable
again, At this level, instability conld no longer be induced, regardless of rate and magmitude of
the disturbance. Identical effects could be observed with the supply pressure held constant and
the recess depthi being varied quasi-statically. With an isolated recess volume (e.g., closed pres-
sure tap), no hysteresis effects were present, ut leust no measurablc diffzrence in limiting values

11t is to be poted that in Figure 45 the ordinate is the mean recess depth, that i« the recess volume divided
by the trorss area,
t1 Consisting of drilled pussages, boiex and the volume of the bourdon tibe,
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ohsersations of this rathee remaskable phenomenon
s, that the region Canstable if disturbed” is quite

Aabiline paireters was o

e shewn i Firgure dos 10is eeadized, of o
CHb i the sustent conld remain in the state of dostable eqailibrinm if a1l dis-

an. s, ne matter hew s safl, were absent,

Ly the conduct of stabiiits expecinents described up to this point, the emphasis was rather
on prditarive thon on quaetitative aspects of bearing performance. Subsequent iests, although

. - L . . PRSI T I
theeir descritiog amd 1osults are presented in this seetion ueder the heading of “prelinidaary ™,

were carried ot with o rablv creater aveuracy and precision of measurements, Closer spac

. inz of iniervals at which dite was recorded and the detesmination of frequencies of agte-ascilla.
, : tions on the threshold of in<tabilitnn contributed to the detection and elaninaiion of certain troubie-
' ' somie characteristics, inherent in the test rig, and subsequent improvenents in correlation between
preddic ted ansd experimental resualts, i o
Nabilitv boundaries, obtained with a twelve supply nozzie, plane-faced piston, under con-
stant Toud (72 W) canditions. for 0,477 < 10°° and 1168 x 1077 lbesec? in effective bearing
nasses?, are presented and compared with predicted results in Figure 17, Measured and predicted
critical frequencies, voafrequencies, w0 assaciated with limiting values of parsmeters on the
ohaerved threshobl of istabilite and their caleatated equivalents, for which the roots of the char-
acteristiv edquation U on the axis of imaginaries were S = tie , are presenied and compared
in Figure 18, Resalts af arest conducted under reduced foad (222 1b) conditions are shown in
Fizue 10, The stabiling bonndaries referred to in the foregoing, although similar in shape to those
shown in Fi

ures Hho 15 and 16, exhibited vet another, unusual property in regions denoted by

. P . . . ) . . : .
“resonance”” on all pectinent figures. This peculiar trend in all loci, characterized by inflecticn
points and abrapt changes in curvature, occurred invariably at frequencies between 220 and 223

cps, indicating the existence of resonance in the svstem.

The phencmenan described in the foregoing, a nujor source of discrepancy between fheory
and experiment, might wel! bave gone unnoticed if critical values of supply pressure and recess
depth ol beva recordied at more widely spaced intervals, Fortunately also, frequencies were re-
corded in paraticl with other measurements, sa that the local, abrupt transitions in several stabil.
ity Ioci could be ideatified wish the same calun of approvimately 220-225 cps.  The preliminary

dyna

o tests dndicated a considerable area of qualitative and quantitative disagreement between
predicted anid experimental resalts, far in excess of what might have been anticipated on the basis

of comparison between calculated

and aetual, static bearing characteristics, There remained the
problem of detecting possible sources of trouble inherent in the experimental apparatus and the ap-
plicat’ a of corrective measures before final experiments could be conducted. Specifically, it was
essential to ) identify parts and components of the test rig assembly responsible for the exist-
ence of resonance it particular frequencies of auto-oscillition and (b) to investigate possible in-

tecactivas betwern the motion of the bearing and tizid flow in regulatons, supply lines, guide béar.
ings, the loading eviinder, ctc.

e e e e i ST P~ ot

tthe effective bearing 1 consisted of the shaft and lower thrast plite assembly (Aporovimately 25 [b
and 45 Ih weights respectively), ’

. . ] . 37




fHE FRANKLIN INSTITUTE .« Laboratories for Research and Deveiopment.
' 1-A2049-12

3. Concluding Stobili Faperiments

This section begins wiih the description of preparatory test.and adjustments of tl}e experi-
mentu. apparatus which preceded and were of considerable impostance in the final, expenmenta_l
phase of the investigation, It contains a detailed repors of concluding experinents and ends with
an avcount of tests, performed as a check of repeatability of results.

It was suspected that the singular wends assc :iated with frequencies of auto—oscilla.lions
in the neighburhosd of 220.025 cps, were caused by resununce of the entire test stand, consndcr"'d
as one large mass (Approximately 750 b weight), supported on an elastic foundation, The possi-
bitity of exciting one of the graver modes of vibrations in the massive, upper thrust plate was
highly unlikely, bot could rot be entirely excluded, because of the rather indefinite manner of sup-

port on three columns aad levelling screws.

The test bearing assemblv was bolted to a very sturdy and rigid tripad (see Figure 18 for
example), mounted directly on an asphalt tile covered, concrete floor. Crude deflection measure-
ments, using a dial indicator and the experimenter’s weight for the applied load, yielded a natural
frequency for the test riz mass and the clastic foundation of approximately 230 cps, a value ex-
tremely close 11 the narrow band in which the iaflection puints and rapid changes in curvature of
stability loci were observed. In order to measure the natural frequency of this mass-spring system,
4> well as the response of the upper theust plate, it was decided to utilize the floated shaft as \\ »
seismic mass and the primary capacitance probe as the sensing element of a vibrometer, provident-
lv, though inadvertently incorporated in the test rig design. A very minute, axial load was applied
1o the shaft thrust plate and balanced by the pressure in the loading cylinder. This furnished the
desired ““soft” suspension for the floated mass and a correspondingly low, damped natural fre-
queéncy of less than 1 cps. The base of the tripod was then pressed down and released, while the
response was recorded by means of the oscilloscope camera. As anticipated, the recorded fre-
quency was approximately 220-225 cps.

The cause of the observed singularities thus firmly establishcd, the entire test rig struc-
ture was mounted on isolators. A record, obtained in a manner similur to that described in the
foregoing, showed that the natural frequency of the isnlated structure was 15 cps. A further, ef-
fective reduction of isolator stiffness, such as conld he ohtained with a Julius suspewsion, for
example, or a sizeable increase in mass, was not feasible because of physical limitations. The
response of the upper thrust plate was also of interest. The plate was struck a light blow near the

center with a small hammer, and the resulting trace of the cathode ray nscilloscope was recorded.
" ‘The frequency observed in this rase was approximately 730 cps, twice as large as the maximum

frequency of wuro-osciiintions encoumered in oll experiments, but considerably lower than the mag-
nitude estimated in the design phase of the apparatus,

Photographic records of frequency measurements described in the preceding paragraphs are
presented in Figure 50, in which 1 represents the trace obtained with the structure resting on the
floor, I is the responsc <f the upper thrust plate and IH refers to the structure when mounted on
isolatws, The uneven appearance of traces is due to the fact that, with relatively low pressures
applied at the extremities, the shafl drifted co: tinuvusly in the axial direction, producing corre~
sponding changen in the electrantatic fiald hetwesn the probe and the *“csismic mass’. The os-
cillations of the upper thrust plate, Il, are superiposed on the trace preduced by vibrations of the
test rig structure on isolators, both induced by the light hammer biow.
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ihe concluding stability experiments were conducted with an isolated structure, so that - -

the ratos of lowest, observed frequencies of autuoscillatirns and the natural frequency of ghe as.
sembly-isalatar system were in the order of 11:1. Bearing alignment, lcakproofness, zero settings
of lustruments ete.. were thoreughly checked, A tow frequency generator, the triangnjlar’wave"_:_».‘
output of which was used as & marker an photagraphic records. was checked against an electronic,
digital counter and found 1o be stable and accurate within 1 percent in the 500-1200 cps band
width, Particularly great care was taken in recording readings of the recens depth dial indicator
and of pressure gauges. Pressure readings were rorrected to the nearest 0,05 psi for head loss’
between the measuring station and the point of admission to the reservoir, upstream ol the supply
noceles, Inapproaching the critical eerras dnpth on the threshold of instability, the piston was "’

lacked, <o that final setting was made by vory gradually overcoming a substantial amount of fric- - .
tional resistance. in addition to that offered by four sliding *0""-ring seals, Whenever the stabil- L
ity boundary was approached by varying the supplv pressure, the regulator control was adjusted in

« manner, for which, perhaps, the most apt description would be “creeping’’.

It will be recalled that the stability analysis was hased on linearized equations of motion,’
implving among ~ther things that. in the course of tha experimental part of this investigation,
sersibly small amplitudes of oscillaion, possibly one percent of the equilibrium gap widtk, would
have ta be observed. Now, since soarces of smull, random disturbances were always present in-
the fluid, the foundation and the surrounding atmosphere, more or less well defined wave forms of -
bearing resporse. with amplitudes of the order of microinches, were always observed on the dis- -
play of the cathode ray oscilloscope. On the other hand, no signifirant growth of osciliation was
noted for very large chenges of supply pressure and recess depth, until their values approaciied a”
region in which relatively minuts changes in either parameter were accompanied by an abrupt in-
trease in the amplitude of vibration. In this narrow transition region the amplitude of vibration’

was modulated by irregular ““beats™. Their incideuce, relative to the frequency of oscillation, oc--

curred at more {requent intervals foz large values of the critical recess depth.

Perfect discontinuities and ideally defined boundaries seldom occur in physical problems,
Nevertheless, the transition in arplitudes from the microinch nojse level to magnitudes. approach-
ing the gap width itself was invariably accomplished by changes smaller than one percent of the

- stability parameters designuted an *‘critical®’. Thus the stability boundary is sharply defined, B
Otherwise stated. the amplitnde of oscillation renrained very smail and its rate of change (slope) -
with recess depth, ui constant supply pressuret, remained essentially zero, until both changed al- -

most discontinuously in a narrow region, the amplitude becoming very large and its rate of change
{elcpe) almost infinite.

The concepts and idcas contained in the preceding paragruphs can be summarized by stat-
ing (a) that amplitudes of the order of 10°5 inches were small compared with the bearing gap
width, (b} thnt the evailable instruments were capable of detecting and measuring amrlitudes of
the order of 1075 inches and, inoreover, (c) that the order of magnitnde of 10°3 inches was not -
very critical as a criterion of limiting values of recess depth and supply pressure at the incep!ién
of instability. o

T Altematively, with supply pressure at constant rcess depth.
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The furegeing statement mav be substantiated by referring to Figures 51, 52, 53 and 5»4,
which illustrate the abrupe wansition in amplitude growth when approaching the bnt}ndary from the
~tible side. by increasing {or decreasing) the recess denth at several settings of :L.2 zupply pres-
sure. The lower photographs in each row were obtained with long exposure times and slow sweep
rates. They show quite clearly the irregular “*beats™ referred to previously. The upper Ph°t'°'
graphs display wave forms of auto-oscillations in randum time intervals and were obtained with

sweep wates one thousand times faster than corresponding photographs in the lower rows,

Stability boundaries aad frequency determinations, obtained in the course of concluding ex-

" periments, are preseutcd und compared with predicted results in Figures 53 and 56. A correspond-

ing tabulation of experimental data is included in Appendix 4, following the table of calculated
results. Photographic records of frequency measu;cments are shown in Figures 57 and 58. In the
presence of irregular beats, described in the foregoing paragraphs, particularly at large values of
the recess depth, the determination of critical parameters was unavoidably subject to judgment of
the observer. The procedure followed by the cxperimenter was to observe the wucc on the cathode
rav oscilloscope while adjusting the recess depth, without noting the reading of the recess depth
dial indicatar, The objective was to avoid bias in selecting the point st which auto-oscillations
were estimated to have reached amplitudes between approvimately 1 x 105 o 2 x 10°5 inches.

An alternative method was used for a number of points in which the stability boundary was ap-
proached by varving the supply pressure instead of the recess depth, thus providing a check on
the reliability of measurement. In the latter case, the attention of the experimenter was focusned
on the oscilloscone display without observiug tic pressure gauge reading until the critical point
wazs determined. No significant differences were noted, regardless of the manner in which the sta-
bility boundary wa= approached, indicating that results were reproducible according to the select-
ed criterion, as well as rather insensitive to inexactitudes involved in its selection. Several
measurements were repeated on days when the barometric pressure and the ambient (room) temper-
ature were slightly higher, or lower, but the observed differences were negligibly small. It is ~..
timated that the repeatability of limiting stability parameter measurements is at least within lto2
percent of readings obtained in the course of coneluding experimental runs.

The very substantial and, in this ase, rather encouraging qualitative and quantitative dil-
ferences in results of preliminary and concluding experiments were attribated entirely to the jsoli.
tion of the test rig structure. since no othar changes were eftected in the system. On the other
hand. all staiic and dynamic experiments seemed to indicaie that, under certain conditions, even
minute changes in svstem characteristics had an enormous effect on the stability of the bearing.

In the final phase of this investigation, therefore, the experiments were accomnaunied by. numerous
and important secondary tests, with the objective of (a) discovering possible causes of remaining
divergencies hetween thearv and experiment, particulail; ~uch as iigh. have accounted for the
double-valuedness of stability loci, or, failing this, (b) adding weight to the reliability of the con-
luding experiments. Those secondary tests will now be described,

Ail experimentally determined stability houndaries were double-valued and exhibited an
“‘upper’ branch, not predicted by the present analysis. Although no ca'culated data were avail-
able for recess pressures other than 73.5 psia (corresponding to a 472 1b load), a stability test
under reduced load conditions (222 1b), cursnr ' mentioned in a preceding section, was carried
out, The reducad loud taes warn dizrascd Ly the demisabitity of ascertaiming whether the double-
valuedness would also persist in the case of a locus corresponding to lewer Reynolds number,
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wres 3T and 1,00 conjunction with reference 1o Figures 11 and 42, clearly indicaies the presence
of “upper branches" in loci corresponding te different ranges of the Revnolds number.

Next. effects of misalignment were investigated. This investigation was accomplished by
two methods, First, the constraint of the shaftt was removed and the relative positions of the up-
res and tower (UL6st plaiza werd wnered, These changes prodiced a very substantial -nisalign-
ment dic to the run-out of the lower thrust surface with respect to the shaft journals. Although
ver minor differences in limiting values of supply pressure and recess depth were noted, no sig-
rificant change i the trend of the stability boundary was abserved. Similar conditions prevailed
shen the rotor was brought up to a speed of approximately 2500 rpm, by means of an air jet direct-
ed onto the turbine wheel buckets. In the second misalignment test, the supply pressures of the
upper and lower guide bearings was varied in such a wanner as to tilt the shaft within the limits
ol bwaring claamnce, Tu addition to wisalignmest, the accompanying effect, in this case, was to
change the “stiffness’” of the guide bearings. No substantial changes in stability characteristics
were observed, except when the supply pressure to one, or both bearings, was reduced to the ex-
tenl which precluded their functioning as effective guides and constraints, or when metal to metal
contact hetween the bearings and journals was established.

Experiments conducted with the isolated and non-isolated test rig assembly not only dem-
onstrated local effects in the vicinity of the resonance point, but also the presence of large differ-
ences i limiting values of stability narametere for frequcucies of incipient auto-uscillation vone
siderably removed from the critical. The existencs of otker critical frequencies in the experimen-
tal band width and the effect of smal! vibrations of the upper thrust plate could not be entirely dis-
missed. It was, therefore, decided to stiffen the upper thrust plate. This was accomplished by
piacing three 3 4 inch diameter jacking screws between the column-bracing, upper plate and the
upper thrust plate tase assembly drawing Figure 7) in positions straddling the columns and as
closc to the bearing center as was feasible. The jacking resulted in a slight amount of controlled,
symmetrical deflection. It was known, however, at that time that no significant changes in stahil-
ity characterisiics were associated with a moderate degree of misalignment. The rigidity of the
upper thrust plate thus considerably increased, measurements for a series of previously estab-

lished, experimental p.ints were repeated, without, however, any appreciable departures having
been nated,

In the analysis, as well as in the rourse of experimental investigat. .s, it was postulated
that the load, and consequently the pressure in the loading cylinder, remained constant at all
times. Accordingly, the. design of the loading cell was such that fractional press ire changes, as-
sociated with motion of the shaft, were to be of the order of smallness of the displaced 1o total
cvlinder volume ratio. (Approximately 10°0.) There existed the possibility, how: er, that the
lower end of the shaft, acting as a piston type source, gave rise to a complex, 'stationary wave
system. If wave reinforcement occurred, the effect could be appreciatle and divergence between

the theoretical and the physical moduls signifi-ant. The possible presence and influence of res.

onance in the chamher couid he ronfirmed or diapraved by altesing it shape amd yolume of tiie

1 Two jets impinging on each side & guide fin, mounted on the shaft collar. See Fignes 18
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lowding evBinder, A <ivple method was emploved, inwhich the ¢y linder was fitted with i s o
TN

siandpipe and ther filled vith water in increments up to three quarters of the total volume,
~ignifican departurs s o howover, from previeasly established results were observed.

Phe vabihits of ine cancept oF a *constant pressure supply reservoir”” depends on the ab-
senve of pulsations teanssatted throueh the supply restrictors, ‘The likelihand of propagation and,
possiblv, of eflection of pressure disturbances dapsiceam of the supply nozzles could not be dise
missed. L afortunateiv, insiotbatios <8 saitably small and sensitive pressure pick-ups. or hot wire
anemonieters, in the immediate vicinity of the nozsle entrance and exit would have involved sub-
stantial changes in design and elaborate, additional instromentation, Subsequent investigations,
ries of simple checks, intended to locate possible sources of trouble

therefore, were himited to a se .
in the wir suppts ~sstem, [Uis, pechaps, both useful und instructive to render a brief account of

sone of the steps tihen in this “trocblesshooting” procedure:

a. A two cubic foot plenum chamber was instatled at a point where the supply line was
joined tu the upper threst plate {(see assembly dzawing in Figare 7), in order to increase
and provide a zone ir which small fluid disturb.

the capacity ot the supply resers
ances conid be dissipated.

h. The compressor was shut off so that no unsteadiness of flow originated at the source
of the supply while readings were recorded. The capacity of the main supply reservoir
was wufficiently lurge to maintain a constant supply pressure in a time interval requiced

to perform one or several measurements

< Since instabilities of pressure regulators and, ppeumatic valves are similar in nature to
Yose occusting in externally pressurized bearings, ine regulators and valves, placed in
series in lines supplving the bearings and Joading cylinder (see Figure 17), were ad~
justed for varying degrees of pressure drop across the metering elemeutz. Various set-
tings were made and a number of measurements were repeated,

None of the foregaing measures had anv effect on the stability chaiacteristics of the test

hearing,

Valid comparisons belween theoretical and experimental results could only be made if the
pitching (cockingd wation of the shall temained smaii in comparson with the amplitudes of axial
oscillation. In the course of several preliminary and final runs, the zuxiliary capacitance probe
was moynted in diffcrens positions arcund and along the shaft, but no measuzable amplitudes were
detected. Preliminary calculativns curried out in the design phase of the appuratus, in which the
shaft and the guide bearings were considered as « simple, two-degree-of-freedom systens, indicated

“that the slower mole of vibration could possibly be excited by frequenzizs of autowoscillation in
the upper range o the experimental band width, Figuie 39 shows results of a vibration test, in
“which the auxiliary zapacitance probe was located in u positiont where large an.plitudey at ire-
quencies close to that of the fimt mode could most readily be observed, Since the sensitivity of
the auxiliary probe was considerably less than that of the primary probe, the gain of the primary
instrument was decreased and the amplitude of auto-oscillations increased to $ x 104 inches, ap-
provimately twenty times the value observed on the threshold of instability. This permitted a ber-
ter comparison to he drawr. between amplitudes or axinl ond pitching motions. The freanency nf

I Along the six inch outer diameter of the shaft thrust plate,
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automoscillations was then varied from 375 to 200 cps. The second photoagraph in Figure 59 shows
the lazgest amplitude of pitching which was ohserved, necueing at 2091 rad/sec (333 cps), Ttis’
ren f'ir"" of casese. that mere than two modes could be excited, that the shaft canld perform small,
canical grrations within the limits of bearing clearance, or mumentarily rotate and translale, but
net necessaniy m the piane of the capacitance probe. Nevertheless, Figure 59 shows the largest
approximately 100:1) ever observed in any of the monitoring positions and there is

amplitude ratio {

little doubt. therefore, that the overall effect of pitching was a very minor one,
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ML DISCUSSION

L. Comparison of Analvtical and l‘f'\j'kl‘l‘;nll"n(d',"t“hl‘lh-“

Compuarison of thearetical al l'\pt-unn(‘nl.d Iml in Figure 53 mduc.alec rmsonablv good
aureement in the regton in which pressure differences between the supply reservoir and the recess

In this vecion, values.of 5, obtained fram the present analvsis represent a consid-|

are highest, ‘

crable improvenient when compared- with thase pn-duled from the simplified, lumped-parameter
theary. (See Uigure 3.0 Xs the pressure drop across the supply nozzle decreases, the deviation
of empirical curves from their cafenbated equivalents beeomes more pronounced. Beyond the
goints of vertical tangency neither quantitative nor qualitative agreement exists.

With reward to slope, empirical curves and those predicted from she present analy sis agree
fairly well over a considerable part 5f the-¢xperimental range. The sume situation does not hold
true for'the single lncus obtained from the simplified theory. The present analysis predicts
conservative (safe) limits, whereas the simplified analysis gives values which are either too high
of toe low. A'most significant improvement, introduced through the refinements incorporated in
the distributed-pacameter approach, is that the present analysis gives a correct interpretation with
regard 1o jnfluence of the effective hearing mass on stability, a fact to which experimental results
lend unequivocal support.  As emphasized previously, one of the major shortcomings of lumped-
parameter analyses is that they predict the same locus, regardless of magnitude of the bearing

+
M-,

It is interesting to note that for the larger mass, agreement between predicted and experi-
mental Toci in Figure 53 is better and extends over a larger portion of the curves. It is more than
peobablethat, as the beann,fz mass increases, agreement between predlcted and actual results pro-
This ‘inference mav be particularly important, becanse in actual applications
one might expeet considerably higher than 0. G 3 ar 0,100 weight to thrust ratios. Since from a prac-
tical point of view onc is usvally interested in **safe depths” of the order of 5 x 1030 20 x10™*
inches, it is encouraging to note that is is precisely in this region where'predictions based on the
present analvsis constitute a considerable improvement in comparlson with those based on simpli-

aressively improves.

fied analvses.

2. Remarks on the Relative Validity ui;v'l'}h}'eoretil:ul Assumptions and Their Applicability ¢
. To the Fxperimental \lodel

The present investigation included both, analysis and experiment. To the investigators,
who have engaged in this daal undertaking, falls the difficult task of accounting for disagreement
in areas where it exists. In what follows,.an attempt is made to inquire into likely causes of
divergence between analytical predictions and empirical results, particularly the single and
double valuedness of the respective stabilitv laci.

It wiil be recalled that the dynamic lubrication equation (4) was required to satisfy a’
boundary candition at the outer bearing perimeter .nd to be compatible with the continuity cquation

1'The bearing mass becomes » significant stability parameter in preseace of appreciahle, Pﬂ-mal damping
only. (See Appendix 2.)

e e et S e st e e
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(7Y of the variable.valume recess, Now, n implementing the continuity equation, it was assumed
that i el throneh the supply rozzle, Wl. and the outflow along the perimeter of the recess,

W o conbd he considered as quasiesteady. The quasi-steady approach has been successfully em-
phoved in probdems of chargine and discharging of fixed and variabie-volume cvlinders, in research
related o the dvnamics of pneumatic controls. A typical example is the work of Shearer [2). The
flow threush orifices, under pulsating downstrezu conditions, hus been investigated, both theoret-
jeall. and esperimeniaily, by Schultz-Grorew [161, [le sugeested that limits of applicability of
steady-How equations could be assessed from the reciprocal of the Strouhal number:

Ut
& —

d
T = Average velocity
t, - Period of pulsation
d = Orifice diameter

“whici i oiyrectly related in ynidimensional, inviscid flow to the ratio of local and convective

: Lol fal P =
acceleration components, | A e concluded. that ivr values of ¢ > 510, the steady-
etx ¥
flow evuations vielded acturate values of instantaneous flow rates and the effect of loca arcel-

eration was negligible,  \lthoueh maximum values of ¢ obtained in the course of present experi-
3 «
ments were Lacger that 107, magnitudes of & weie &

rally comparable with 510, and thus not
sufficiently far removed from a transition zone, in which the effect of pulsation may have been
significdnt. Other investicators discovered that pulsations propagated upstream of the restrictor

and gave rise to complex wave patterns and phase relations on either side of the orifice {47, 18,
1, 50t '

The adequacy of considering infiow as quasi-steady is questionable. at least in crrtain
ranzes of pressure, frequency and geometrical parameters of the svstem. In the limiting case, when
PP _ approaches the critical ratin. no pressure pulses propagate apstream of the nozzle throat.
if ane assumes. however. that acoustic equations hold when P “P_ appieaches unity, the theory
of horns. to wiich the snnalv nozzles bear a geametrical reseniblunce, predicts definite phase
relations Letween pressure and flow at the throat [64]. The existence, therefore, of appreciable
time lags cannot be entire!v dismissed, in which case the as-med, “‘in phase’ perturbation
relatioa, w = Cspr. mav be deficient.

If we now direct our attention to the outfiow from the recess, the entrance eficcts, associated
with fluid acceleration and flow eeparztion at the sharp edge of the perimeter, uie further com-
plicated by the variation of the area of adinission 1o the slot under dvnamic conditions. llere,

] P
the use of equation (9), e.g., B, - — (constant) Ilsl’r—a—’. implied not onlv that the outflow could
r
he considered as quasi-steady, but also that there was no transition and that a viscouns, laminar
flow regime became at once established as ti.e flnid entered the slot. Consider also the case of

small-amplitade vibration when the recess volume 1s large and the pressure deviatinn, Tey tomda

to become very small in comparison with p, the perturbation pressure in the slot. In fact, due to
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the trapping and squeezing of the Huid in the slot, maxima of p are likelv to oceur close to the
fecess perimater where the gas is refatively dense. ‘This may cause large variations of the
perturhation pressure gradient in the immediate vicinity of the recess and, in turn, induce appre-
ciabte fluid acceleration and deceleration in the region of admission to the slot..f \loreover, the

5 .
Iy

lincarized expression, Wa - Ch- Cep, - C, L. orrespending to equation (9), does not tale

Yer

into account the complex phenomena occurring in the neighborhood of the recess boundary.
Bivergence of results mav be due partle to the cumnlative discrepancy inwlved in expressing the
difference. w = wy, corresponding to the righthand side of the continuity equation ().

Next, we consider possible shortcomings of assumptions involved in the mass accumulation
team on the left-hand side of the continuitv equation (7). If we now focus our attention on the inter-
nal pmeesses accurring within the variable-vnlume recess, such as the impingement, deflection or.
disintegration of jets and the interaction between decelerating and accelerating fluid streams,
the phyvsical picture defies mathematical description. 'navoidably, therefore, it becomes neces-
sary to resort to simplifving assumptions, or pastulates, sach as uniformity of “‘average’ prop-
erties at any instant of time. The latter assumption was made in the qualitative analysis of
periodic charging and discharging of the variable-volume recess in Appendix 5.

{iranted the high degree of oversimplification in formulating the problem, the analysis of Ap-
pendix Snevertheless suggests that the presaure and density in the recess are not in phase. Numer-
ital cxamples, indicate, however, that no appreciable time lug is involved, so that the process
mav he reasonably well described by P p"= canstant. Although the exponent, n. is then not a
function of time, it does depend on a dimensionless ‘charge’ parameter, @ = Wo/pm\’mm, in
which W . p .V refer to the equiiibrium flow rate, the recess gas density and the recess
wolume, and (v is the circular frequency of oscillation,

Considerable numerical discrepancies between theoretical and experimental results could be
accounted for by selecting mare ““representative’ values of the exponent n, but it i= by no means
implied here that an explanation for the double valuedness of experimental loci could be supplied
by assiening to n values ather than y = 1. 4in the recess, or ather than n ~ 1 in the slot. !t

It is cousidered thut the inertia forces in the slot were small in conparison with viscous
forces. Although no definite, analytical proof kas been furnished to support this contention, the
derivation in Appendix 6 suggests that the neglect of inertia contributions in the bearing clearance
may not be very serious, and that the dvnamic lubrication equation(4)is a poad first approximation.
Moreover, in the presen=e of significant inertia effects, one would expect the disagreement be-
tween predicted and empirical vesults to be greatest at reiatively high frequencies of oscillation,
whereus exactly the opposite is indicated by the experimental evidence.

In the foregoing discussion, an attempt was made to probe into the more questionable aspects
of the present analvsis, A critical inquiry would he incomplete and one-sided, if one omitted ta

t An analogo 18 condition is illustrated diagrammatic +lly in Figure 6a., showing a grossly ciuggerated,

o

instantanecus presxure profile and positive gradient at the edge of the recess.

t1in the slot, P/p = constat was the assumed relation. See also Appendix 6,
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evamine both the experimental -model and the procedure for possible deficiencies and mher.c;n‘t
sources af opmr. Hepe, lowever, the numerous, secondary tests, described in the ~ection Con-
cluding Stability Faperiments.” have narrawed down considerably the wiea of search for a feas-

ible exnlanation,

The turning point in the experimental phase of this investigation was the discovery of reso-
nance in the svstem. [solation of the test structure not only altered the shape of stability lnci near
resonance roints, hut also displiced the curves in a directior effecting considerably better agrce-
meet between thearv and experiment. The extent to which actual motion departs from the ideali-
Zation ol an andamned, sinzie-degreessf-freedom system, for which perfect isolation, absolute
gty and absence of external damping are assumed. is most difficult to assess. One need
r that 107 inches represented 10 percent of what could be meaningfully inter-
preted in the presence of mechanical and electronic noise. Since the capacitance gauge meas-
ured the relative, instantaneous disnlacement of bearing surfaces at a point, it provided no
information with regard to the absolute motion of houndaries. Nor was it feusible to furnish a
peefertly isalated and immobile reference frame for external mounting of capacitance probes.

“only to conside

The extension of the simplified unalvsis of Appendix 2 to a damped, two-degrzes-ol-lreedom
svstem suggested the possibility of « double valued stability locus. An approximate value of the
critical damping ratio was estimated from Figuee 50,7 Calculations then indicated limiting values
of critical recess depth on the upper branch of the Incus to he of the order 103 inches, as com-
pared with 10~V inches in the case of experimental results. The simplified analysis, of course,
lends onlv qualitative support to the existence of double valued loci and may predict grossly
exageerated results in this region. It is not unlikely that the extension of the present analvsis,
to include the effects of elastic and damping properties of the entire system, would result in
more realistic predictions of critical values of stability parameters. At any rate, one cannot rule
out that the divergence between theory and experiment was due to appreciable motion and accom-
panviag dissipative effects in the supporting structure, whereas perfect rigidity and niotion of
ane boundary only were hypothesized for the idealized modei. The importance of considering the
motion of the supporting structure was stressed ir = recent naper by Tsai [52], who investigated
the stabilitv of a simple, pneumatic pressure reducer. - The author states in the introduction:
*Also, the vibrations of the mounting strucrure may induce undesirahle oscillations in the re-
ducer. To obtain a complete picture of performance, one must therefore investigate the dynamic
churacteristics of the reducer and analyze the problems of its natural frequency and stability.”

Of equal importance is the extent to which the actual, steady-flow pattern conforms to that
which has been postulated for the idealized model. The flow of compressible fluids in narrow chan-
nels and in externally-pressurized bearings, in varivus Reynolds and Mach number regimes, has
heenthe subject of numerous, theovetical and experimental investigations.tt The Re /nolds and Vach
numbers corresponding to the flow range of the present investigation were sensibly smwll, and
deviations from calculated, steady-flow bearing characteristics were of the order 2-5 percent.
Nevertheless, once oscillation i's started, the influence of entrance phennmena on stability may be-
come of far greater significance than their effect under static conditions would seem to indicate.

t Trace of decaying vibration of structure when mo ~ted on isolators,

¥ T Hepresentative examples may he found in references [19, 20, 21, 22, 23, 24, 27, 31]. A rather complete
list is rontained in a bibliography by F.B. Sciulli, reference [44].
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The flow pattern in the ente mee region does noi vouform to the idealization of the expeori-
mental madet, o the fow sround the sharp e of the recess, aeparation takes place and the Taid
: L loroidal vortes forming beacati the contraction. McGinn £351 obtained stream-
I, radial diffuser by means of dve filaments, and re-
vorded phatvgraphieails the sortices formed downstrear of the separation point. Shires {22},
ustng air, demonstrated the existence of pressure depressions in the entrance zones of several,
paratlel-surfuce slot configarations, for various pressware ratios and slot width. The Revnolds
number in the experiments of MeGinn and Shires was of the same order as that in the present

Sond Uerlnvea e

Line poaiterns for water flow 1o o Sharpeed:
]

investication.

Consider @ vilimtion, induced In o raadom distorbunce and accompanied by changes of pres.
sure gradient in the entrance region. The vibration will cause alternate elongation and contraction
of the transverse dinension of tiee vortes ring. The outflow fron the recess depends an the width
of the effective fiow arca ratker than sn the width of the siot. The umplitude and phase relation
Letween, the slot width and the width of the contraction may not be a simple one, and the repre-

’ . ab
sentation of the instantancons flow rate by the axpression %y = —(canstant) l|3l'r# may lead to

cansiderable seme Canceivably also, un appreciable amount of energy, which would otherwise be
dissipated in the process of a sell-sustained oscillation, may instead he ahsorbed thmugh en-
tranee losses. The entrance zone mav thus provide an internal damping mechanism and have a
stabilizing effect on the bearing. Since entrance phenomena were not considersd in the analysis,
theoey mav predict instability in regions which experiments skow te be stable.

On the other hand. as one follows the lower branch of a lacus and departure fram predicted
results increases, the Revnolds and Vlach nunibees do crease, so that eatrance effects become less
pranounced, up to the point of vertical tuneenes of the locus. Thereafter, the upposite holds true,
It would be inconsistent, therefare, to attribute the main cause of divergence of results solely to
entrance effects, except to sav that their disceward may have heen a contributing factor.

In this section. a number of fikelv, but by o eans proven sources of divergence hetween
theoretical and empirical result=_ h we been discossed, Although the observed discrepancies may

have been a cumufative result of seve ai deficiencies involved in the theoretical assunptions, as
well as those inherent in the experimental apparatus. the most prabable sources of erm: which
suggest themselves are:

a The noceible faaffi foaqc o the uasi-steady flow representatioa und of the postulation
of uniform propertics in expressing the continuity equation of the varisble-wlume re-

coss,

b, Ao appreciable effect of the refative notion of the bearing surfaces, assaciated with
imperfect isnlation and or the distributed, clastic and dampiag pmperties of the sup-
porting structure,

c. The presence of entrance cffects in the experimental nodel, contrasted v - ieir neglect
in the present analysis, ' :
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VI CONCLUDING REMARKS AND RF(O\!\II‘\DATI( NS

It s been demonstrated that the dynamic lubrication cquation (#) gives a more faithful
cepresentation of the effects of partial trapping and squeezing of a compressible fluid film in a
fone and narcow slot than could hitherto be ahtained with the aid of arbitrary assumptions with
reard 1o the flow and the pressure profile. Vloreover, the present results have been obtained
without resnet tn any eareedtion factars, It hac alse Leen shown, both thearetically and experi-
mestaliv, that the bearing mass has a significant effect on stability and that stalility is en-
hanved by decreasing the bearing muss. %5 a consequence of results of the analvtical and the
evperimental phases of this investigation, it has been possible to assess more critically the
carlier, lumped-parameter theories,

Fxperience wained in the course of experiments has shown that the response of the bearing
van be greatly influenced by the method of wounting, indicating that in actual applications the
mass and the elastic und dampiny properties of the supporting structure may have to be considered
in tormulating the stabilitv prohlem. Stability has been shown to be extremely sensitive to minute
changes of certain hearing parameters and svstem characteristics and quite insensitive to others.
The experimental results have also substantiated the validitv of the linearized approach in the
analysis, since, in regions designated as “‘stable,” no self-sustaining oscillation could be in-
dueed romardleas of the magnitude of disturbance.

There arc scveral areas in which the present research could be further extended and sup-
plemented. The stability of bearings cannot be treated as a separate problem and must be dealt
with in conjunction with other aspects of an entire svstem. [t is not always possible, however,
to formulate the equations of motion of a complex system in terms of distributed parameters,

Fven after such formulation, it may be inpossible to obtain solutions. Moreover, system consider-
ations aside, the distributed parameter approach may also become too involved for more complex
bearing configurations. Clearly, therefore, a more rational methud of lumped-parameter represen-
tation would be desirable.

The present analysis suggests an approach in this direction which merits further consider-
ation, It will be recalled in the case of the rectangular geometry, that in the series representa.
tion of the functions v and yy; we capitalized on the smallness of the parameter € and neglected
higher order terms of the expansion. When the first four terms of the expansion are retained, the
characteristic equation reduces to a polynomial of the third degree in s. On thc other hand, it haa
been shown in Appendix 2 that the characteristic equation obtained from the simple analysis is
also a polynomial of the third degree iu 5. Since both equations are of the same form and differ
only in their coefficients, the results of the present analysis may be helpful in devising a
rational method of correlation of the distributed and the lumped-parameter reprasentations. In the
case of the circular bearing, it may also be feasible to obtain solutions y; and y in the form of
series expansions in terms of the small parameter, 124 R 2/F' oM 2. which characterizes the
equation (19b). [t may then be possible to represent the charactenth equation (31b) by a poly-
nomial in's, following a procedure analogous to that which was employed in the case of the rec-
tangular bearing configuraticn. A correlation cf coefficients in the characteristic polynomials of
the nresent and simnlified analvara wanld give the advantape of formelating tha neblam in terme

of ordinary, rather than partial differential equations.
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to ectain the quasi-steadv flow representation in future stability
analvases, because of the inherent stmplicity of such an approach. Nevertheless, in certain flow
graees b may become necessary w andifv the mathematical description of the charging — dis-
; ) charging process of wariable valumes in bearings,. Perhaps, as a first step in this direction, it
) waithd he useful 1o determine the theoat impedaices of sinple nozzles and of orifices, in & wanner
analogous 1o derivations in the acoustic theorv, A better understanding of the phenamena
occarring in the entrance region of a siot is also needed, before an attempt is made at an improved
attthematical deseription of fluid How in the enteance zone. A study of streamline patterns and
ai vortex formatians should be made, when the boundary oscillutes in the transverse direction of
the <lot. A complete time recard of flaw rttioas condd be abtained with the aid of a high speed
camera, using otherwise methads similar to those emploved vy McGinn [35] for the case of steady

flow of water 1n the entrance zone of a sharp-edged. radial slot,

It would be desirable

Advance consideration has been given to future experiments which would invalve rotation
of the shaft. For this purpose, an air-driven turbine has been incorporated in the desiyn of the
shaft. details of shich are shown in Vigure 13, Tne effect on stability and other rotor character-
istics due to pressure gradients, induced through centrifugal forces and surfuce misalignment, is

o of considerable intevest and should be studied. Also, additional stability loci could be obtuined
for various pressure ratios and types of supply restrictor, under rotating, or non-eotating con-
~litions. ‘The experimental apparatus is capable of providing a great deal of valuable infarmation
and can also be wodified fur the purpose of experimentation with other bearing configurations. !t
i~ recommended. therefore, that full use be made in the future of the cuisting facility.

<

Finallv, since the simple geometries considered in this investigation are frequently en-
countered in practical appiications, and since god agreement exists in regions which are of in-
terest, the programming of a digital computer, to provide design data for a representative range of
parameters, is warranted and recommended.
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IX. NOMENCLATURE

. FIRST
SYMBOI MEANING APPEARANCE
‘:\;‘ “Uyuivalent’’ arca, défineni. in Appendix 2 A2-1
A, Recess area A2-1, A5-6
; ‘ A Coefficient, - (PE-P, /X=X, 168
Ats) Complex function, defined in text 30
. B Coeflicient, - (P102 - Pnz)/loge T 16b
r
Cig Coefficients, defined in text 15b
¢ Damping constant a.as;)cialed with mass M, A2-10
Appendix 2
€y Specific heat at constant pressure A6-4
¢, Specific heat at constant wlume
dy Nozzle throat diameter 8
e Base of antural logaritlulns, 2ma.. 16b
F(v Forcing function 6 -
) Perturbation farcing function in text, (H)/H* in 14, (A6=7)
Appendix 6) '
g2 Functions of ¢ and P, defined in text 43b
] Bearing gap width . 1
n, Bearino gap width  equilibrivm iz
h Bearing gap width perturbation, H - H 12
h, Bearing gap width periurbatipn amplitude A5-6
A Pressure integral, defined in text and expressed 26b, A1-3
in Appendix |
i Va1 33a
b Bessel function 33a
K Spring constant associated with mass M, A2-10
Appendix 2
Kl.. s Coefficients, defined in text 15a
k Thermal conductivity AR4
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S RO : MEANING Appg,l\‘y‘:::\[m‘, UNITS
1 . Hearing load in texe and in Appendix 1 (R - R, A1-9, (A6 b, (in)
in Appendiv 6
Y Mass of bearing support A2-10 Ibenn2/in
- \ Potal gos mass-content of bearine A2~4 lb-sec?’in
M, (oas mass-content of recess volume . ) T Ib-sec?’in
m : tearing mass (Vavable, or effective bearing 6 ' Ib-sec?in
mass}
1 Preasure in bearing wan, abs, 1 Ib/in?
P \tmosphcric (ambient) pressure, she. . & ' lb/in?
P, ., Pressure in beuring gap, abs., equilibrium 6 Ib/i?
P, P'ressure in bearing recess, abs, 6 . Ib/in?
P Pressure in bearing recess, abs., equilibrium 6 ib/in?
", Supply pressure, abs. 8 1b/in?
P Perturbation pressure in bearing gapf. p- Po 12 Ib/in?
B, Perturbation pressure in bearing recess, P - P 12 Ib/in2
0 Complex function, defined in test : 28 ' No dim.
G “‘Charge’’ parameter, defined in Appendix 5 As-11 . No dim.
R Radius of bearing 5 - in
Rk, Radiug of recess 6b in
= (as constant, =Sy 8 . in?/sec2-°F
r Radial ccordinate 15 ) in
s Complex variable » 19 . 1/sec
T . Temperature, abs. A6--4 : °F '
T, Temperature in bearing gap, abs., equilibrium 8 °F ' ?
(TO = 'ral * 'rfo = Ts, .
t Tince 3 sec \
Fi Velocity functions, defined in Appendix 6 A6-15 No dim,
U Component of velocity in the x and/or 1~direction . A6-1 in/sec ,
u Mean velocity in the x and/or r-direction ) 1 . in‘sec l

1 Facepu n appepaix b, 1 which p=P - Pm is the perturbation pressure in the recess und the sabscript l

——
Y]

r'’ is omitted.
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FIRST
SENTHY FANING APPEARANCE:
,' (‘1 Velovity functions, defined in Appendiv 6 A6-15
v, Reerss volume .A5—6
v Recoss volume, aquilibrium A5-6
'; Prewstre vartable, defined in text 18
LR Bearing gas mass fow rate, equilibrium 16
W, Rate of cas inflow through supply nozzle 7
|\ . Rate of was ontflow from recess Lor outflow from 7,A5=1,(A2-9)
hearing) ‘ ' '
'EI ‘ Velocity functinns, defined i1 Apnendix 6 A6-15
w Velocits romponent in the z-direction A6-1
" Pcrt‘urbd!i-.m inflow, Wl - W‘; AS5-6
w., Pesturbation auflow, By~ W/ A
T \ Half width of rectanuular bearing Sa
AW Half width of rectangular recess 6a
\ Coordinate la
’ .VI.H Solutions of homogeneous part of equation 19 . 28, 32a,37b
Substitution variable, z = P°2 18
v F4 Coordinate A6-1
a Compressibility parameter, 12u 0 Rf/PmHoz 3%
P < il )2 log, b, AL-3
B arameter, 1 -~ P o, Re 37b, Al-
B Parameter, H /5 + H, A5—6
y Rutio of specific heats. e, 8
[ Recess depth 10
8, Critical recess depth 43b
2
€ Coeflicient, 12u /_x:_x_'_\\ . text MNa
n2\er2i-ply ‘
v N T =7
€ Dimensionless amplitude, ho/'Ho. Appendix 5 A5-6
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SYMBOL,

us
)

@

© MEANING

Parameter, /R - Rr. Appendix 6

Dummy variable, corresponding to z = Po?
Coefficient, 12, /H 2

Temperature functions, defined in Appendix 6
Coellicients, defined in Appendix 2
Coefficients. defined in Appeadiv 2

Dynamic viscosity

Kinematic viscosity

Dimensionleas radius, r/Rr

Constant, 3.141...

Pressure functions, defined in Appendix 6

* Dummy variable, corresponding to r

Gas density in bearing gap

Gas density in bearing recess

Gas density in bearing recess, equilibrium
Perturbation density, p, - F;ro

Real component of Y

Imaginary component of Yin

Phase angle, defined ip Appendix 5
Phose angle, defined in Appendix 5

Circular frequency of forced vibration )

In.aginary part of 8, & = aPmHoz/IZuR'z

.itical frequency, cortesponding o s=tio

<

and § = 5
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FIRST
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A6-7
28a
2nh
A6-15
A2
A2-17
i
A6-7
37h
8
A6-15
2b

)
s

10

-
A5-6

38b

38b
A5-36
A8-37
A5-6

37

37b
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UNITS

No dim.
1b%/in?
lb-sec/in?

No dim.

Ib-sec/in®
in?/sec
No dim.
No dim.
No dim.

in

Ib-sec?/in*

lb—se'c:z/'in4

Ib-sec?/in4

Ib-sec?/in*

No dim.
No dim.
1/sec
1/sec

1/sec
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SU'RSCRIPTS AND OPERATORS
REFERS TN

Atmospheric, ar ambicnt

Criticul

Faquivalent

Ordering subscript (also isentropic, Appendix 5)
Aniplitude of perturbatinn, Appendix 5

Hoceoss and recess boundary

Supply

Equilibrivm condition’

Differentiation with reapect tot = mt, Appendix 5
. A . - r* "
Differentiation wilh respect to t =l—._2- t, Appendix 6

Differentiation with respect to t, Appendix 2
Differentiation with respect to z = Poz, text
Differentiation with respect to x and r {or £ =¢/R ), text
l.aplace transform of variable

Dimensionless quantity

Mean value of quantity

Rofarance muantie:
ieleronce quaniity
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FIRST
APPEARANCE

5
44h
A2-1
16, (A5-20)
A5-36
6
8
6

A5-12
A6-8

A2-1
19a, 32a
13,(37b)
19
A5-6, 467
1
A6-T
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APPENDIX 1
THE PRESSURF INTEGRAL, §.1

"
P f P (t)rdr
1

In the integral

_ir which
%
T
RnW =R, (' -7 l%'ﬁ,') '
and
2
[; - pl'o
g : ®
°€¢ R
let

2 -~
w2 =p set

ro

The quantities under the integral sign then become:

o (£Y
o (3) ¢

2
Pro
2_ 2 ol
R Pro-Pat -
r=R, (‘l"— e
’ 2
P
]
p2p? &
R\ o “Par -3
dr—-ntl—) e - Cav
\ R,
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(Al-D

(A1-2)

(A1-3)

(A1-4)

1The method employed here iu deriving an expression for A is identical with that coutained in reference {27




THE FRANKLIN INSTITUTE » Laboratories for Research and Development

1-A2049-12
so that:
. 2Pn? . !
’ ' 2 2
« Po=-P ” ﬂn) .
8 =-pP? (_“_) " "(.@_) f 62 a6 (A1-6)
R/ 2/ Jomy
2 .
Integration by parts and introduction of the factor o= then yields:
z
2P .
, : . Py "; 3 6(R)
. g [ 7F el 2 H2 2 82
a=p R*( = —R— ot = et - = 0% 46 (A1-7)
rer o\ 32 R, ver v
' 8(R,)
in which
. o\ K
£(R) =(-,;)
£
' (A1-9)

P %
e = -2 (—2-)
Pro EJ-

Values of the probability integral

~
2 2
7—"[ e dx
vm
' 0

“are listed in standard nathematical tables. The integral can be used in determicing the load
capacity, 1., of the bearing:

2
- a2 2y Pu R
L= "nr Prn (n nz- —“'-2 4'1\ (A1-9)
: o r -

\.ﬂ;‘>' A Po .

A good approximation of the load capacity, L, may alsc be obtained in assuming a linear
pressure profile. (See Figure Al-1.) ‘
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APPFNDIX 2
SIMPLIFIED STARILITY ANALYSES

In the simplified approach to the stability problem [2,5], the fluw iu the slot is treated in
terms of lumped parameters. and ihe dynamic pressure profile at any instant of time is assumed to
be similer tn that which would result if the bearing load were applied statically. In the case of
the ~ircular bearing, a further simplification is made by assuming a linear profile along the annu-
lus. (See Figure Al~1, Appendix 1.) :

The perturbation equutions, which correspond to equations (13}, (14) and (15) of the more
exact analysis, ean then be expresard in terms of the variaticn of gap width, h, and of the recess

pressure. p . as foilows.

.o Ld
mho=Apt Jf pdA i@ =ap b1 (A2-1)
A,
C A Agp == Ak - (A + Agdp, "~ (A2-2)

< in which
‘\r = area over recess

A, = area over apnulus

A, T “equivalent” area

the explicit expression for A; being:

9/
A, = 2¥ [1+ 3 \X (A2-3a) !
3 \X, (&) R 2
P B
/ .
1 o[/ r\ /Ry ' |
A, = 3 nR, —RT + E’) '+l (A2-3b)
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while the coefficients A, are as follows:
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NEI
i (\_»“>n

2
\ (RN _./RY
3y R \/a \R,J “°\R, +2,
07 (-’-—— - (-———¢l +.y \
- “p VAT I\ H
\ r/') > '\ Y

/
s
. A W Prs
TR ) T e
r ° TG0 -—: - 1
—— Prﬂ /
(r’-un‘\ m,
wcE) T,
3 °p 2 2
Tl Pro -Pll

Combining equations (A2-1) and (A2~2) we obtain:

A, tA A AN
PP IR AR R ) IO
}\2 m)\z

The characteriatic enuation ja a ruhie.

(=3

4 =
-}\—2-) b = gt

53 + A8 A sHA =0
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and s:akility conditions require that all coefficients A; he positive, and that
ArAy > AL (A2-7) .
e inequality (A2=7V reduces toe
A A
1 4
_—> - (A2-8)
Aoy Ayt

from which the rrmml recess depth, indicated with broken lines in Figures 3 and 3, was calcu-
lated.

It is to be noted that the coefficients A, are analogous to the coefficients C; and K; in
the more exact analysis, but that there is no one-to-one cotrespondence, except for A, and A,.

Next, consider the relative, axial motion of two thrust plates, one integral vith a rotor, of
of mass m, the other with a support, of mass M. resting on isolators, or on an elas.'« foundation.
We associate with the supporting structure the lumped elastic and damping constants, K and c.
For the resulting, two-degrees-of-freedom system, shown diagrammatically in the appended Figure
A2-1, the following set of equations may be written:

mx, ~A_p, = [(1) : ' (A2-9)
Wi, +ek, +Kx +Ap =0 ' (A2-10)
AR+ Ayp + A B+ (Ag ¥ Adp, = 0 - (A2-1)
in which
h = xy-x, (A2-12)

Applying the Laplace transformation to equations (A2-9) through (A2-11), and assummg initial
rest conditions, we obtain:

A rt
- e _ - flg) .
g, g o M {A2=14)
m m
67
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(s _\7) il AR B (A2-19)
y .
{'st‘z*/\a*)\s -
'__“.‘ < . —— 5 =0 ("2—1:)
N \ 8f +i\‘ )[‘, » . >

Yhe characteristic deteszinant. corresponding to the set of equations (1213} through V2—15) is:

: : 0 s2 ~h
N (s v .': 2 0 H . (A2-1A%
! s?xg TAy A
! sny + A‘
in wiich
N \,
b4 _— |1 Jp—
\ !
C \n-
c - = b -
\ m
The charactéristic equation is a quintic:
Ags® + A st + st v st e s =0 (A2-17)
in which the coefficients, A;.are as follows:
A\, Cry + (.\3 t Ag)
Ay = D24y + Clrg +Ag) + (B +BIA (A2-18)
=02 .
Ay =050, +hg)+ ChA + (B +§)A‘
A. =h(O2x. +02 ) 4
'y 1 9 ?.
1
% = 102 i
&5 A, =02, ‘,
6R
- " o N
- . ' ~ - . -
et e ' N SN T T
, .
E Y
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Yithout loss of generality, one may assume that £, > 0. The necessary and sufficient
conditisns that all roots of the quintic have negative ral parts and the wystem be stable can be

stated s follows n:;;
\ AR (A2-19)
: RO RN LY T AR S S (A2-20)
2 AV A A TR W Al
1,4, 0 i
By - _ o
RN KW \41 LA, = A A AR, > 0 (r2-21)
VWA
YA, 00
UALALA
.- AR | - 2 _
IR NN [(AgA, = A A + (AJA, = A A, ] > 0
0 0A A (A2-22)
= {AO_S
By T AAy >0 (A2-23)

Since A;. A, and A are generally positive, it is sufficient to examine the signs of 4,,
LY A N .
fqoand 2.

Two points in the latter part of this analysis arc of particular interest:

a. If the damping coefficient. ¢, is zero, the stability conditions of this system are identi-
cal with those given in the inequality (A2-8) for the case of a rigidly supported
bearing.

b. Since Ay = A, is the only coefficient conter sing ihe recess depth, 3, as a parameter,
the determinants A, and A, yield a quadratic and a cubic in 3, Conmequently, uniike
in the case of the undampcd rigidly supported bearing, more than one value of 3, may
correspond to the same value of the pressure parameter, P, - /

In the toregoing analysis, it was assumed that the external damping for the rotor, nt mass
m, was negligible. This, indeed, would ve the case if gas bearings were employed as a meuns
of lateral suppori, Lat zo difficuliy, wibes thaz an ulg.leaic one, is iavolved in adding a damping
term, =c,%, , w the left hand side of equation (A2-9).

6Y
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£IG._A2-1. SCHEMATIC DIAGRAM OF BEARING AND FLEXIBLE SUFPORT




THE FRANKLIN INSTITUTE o Lakoratories for Rescarch and Development

1-A2049.12

APPENDIX 2
RUCTONETE AR GPANTTRY - TARULATION OF CALCULATED RUSULTS

i 2X = lin
P, © 147psia
' P, = 88.2 puio

m ™ 1.65 x 1073 Ibscc? ‘i unit length.
530" F aba :
. 7 2.65 x 109 Ib-sec/in?

‘ " = cp.'cv = 1.4

I 2%, = 0.2in; ay = 7.54 x 1074 in?
I 2X =201in; ay = 2.54 x 107¢in?

NI 2\ " 0.lin; ey 7 6.86 x 1073 in?

o —
]

Note: > refers to results of the simplified analysis.

pm—— Sy 7
l‘rn p.-q - pl'o/Pm ac 8(‘ 6c
paia - rad 103 in x 10° in x 10

secC .

{[ I

poo725 0.217 493 - 1.90 2.21

Eoesn 0.176 4.82 2.65 2.95

toang 0.103 4.35 5.75 5.64

Iog3.2 0.060 3,75 11.8 9.70
85.0 0.0376 3.19 22,6 15.0
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APPFNDIX 4.
CIRCTUT A GEoME TRY = DETERMINATION OF CRITICAL
RECESS DEPTHS. - TARULATION OF CALCULATED AND
FXPERIMENTAIL RFSULTS.

When evplicit expression of the coefficients €';; in equation (16b), are substituted into the
chacacteristic determinant (31b) and the complex variable, s, is taken an equal to iw, the latter
Cad be wiitten as: : '

. . . !
“'n oy l r‘lz"cer[
i

Y

= — 1 =0 (A=-D)
!l*zn*“zl | Fzz"czz" S
il’. 10 'ﬁc’l
~

IR ml"‘)llu2 _
by i — ah )’

PR tueR®

Ty r
by " by 7 ia
l'n

> (A4-2)
o - \00(\)(_” G/Pn\‘n aQ(,,
». = e =), -] — el el PR )
IENAT: \e,/\®) 52"
2 2
Pt i " ) Fat
-2 11+|—= =] =B+ -{—
o/ I\ R ) o¢ w /)

. \ K
S D CRPRRRY & T - I
Gy q 2 == (5 ) =2y == {11} v
A \r,) ae J

N
L
!
i
t
|
¢
—
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. l,
) \ an o /'al\ /lt an i ! (A1)
e Ve D - - — + B | $ -
Yy RUWAUF ) T Cont
, , r
o \ a0 1
- fiy -' — G
- ad
) J
and
, '.“.‘ G [’(d'g)“ + “l“ll' + !\o"u -d;lu") f
o T 3. - {
P - .
S B L i+ L
Rt £=5 L
_ I
. (S & + U ) + iy Ury =G0 : v
M‘ 1 !
1.5 - 1n-n n*u n*u I |l \ (A4—3) '
U{ é 2, o
“n ll L=
: o, -id
v oy oL
I e
1 ll
A// ‘ = S J
In the foregning expre saions:
N
2R
a =
- .
Pro"a
2 :
. p (Ade
Lpreee B - ro ] 4 {A4-4)
/ x n
| ok, T
4
R
d - f P (rrdr  (Appendix 1.)
Rr s
and (£, G{J) are the variables in equation (40b), solutions of which, for discrete values of a
atd fur 3 - 0.59648), are tabulated in Appendix 7.

!
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[ et the bearing geometry and the patameters P Prgr Tor ¥ aad u be specified. The gap
width, U . can then be exnreaned in terms of P. the supply preanure, by equating the cteady.

state musx-flow rate-w through the nozzle and through the slot, e.g.:°

ap? Z.*..:. p &T&
" e q : Y=t .
N, e B e 2T -ﬁl_(—z—) ".J(‘l’-l) (A4-5)
12457, 4 T, \y+1 P,

Civen a. the unknown parameters which appeur explicitly in the characteristi- determinant
are ' and &, which must be selected in suck a manaer as to reduce simuitaneously to zero the

reai and imaginary parts of the characteristic equation. (e.g., g; = g, =8, in equation 43h.)

Tuis 1eduction was accomplished by trial and error, as shown in the following sample
calculation.

Sample (alculation

Given:
m = 6.477 > 1072 Ib-sec¥in
? - 05in
R = 25in
P, = 147 psia
P, = 73.5 psia
To - 530° Fabs,
€L 247 x 10% in¥/sec2-°F
y. - 1.4
u  ~ 2.65x107% Ib-sec/in®
Tet
a = 0.050
and assume
P, - 79.6 psia
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Then
I O, 00670,
R RIS TS

and from \ppendix T have:
TS .37

e (5 = 0.4772

e = 0a3RV I, 0(R) - 06RY)

e = 0,915 ; u.l'l(s) = 0.8906

From equaticn (Ad4-3) have:

o)

2 —= (5, 1) - 0,260+ 0,200
l’;
a0

2 —'- (1.51 = 0.4860 + i 0.3788
an)

2—= (1D = 0.5312 - i 0.1378

a€

Fquation (14-3) yields:

PQ
W - 0.2089 « 104 |
[+] . p

ro
ro taat

] 3
B - 0.4096 x1073 &

it 1
—1> = 0.6019 x 10~5

= 0.2465 » 1072

. 0.1825 x 10”5

ne -
H, = 0.1351 x 10~2
and
(all )* = 0.3082 x 10712
e
e e - - \

1-A2049-12
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He clemenis of Gie detesminant (V4=1) then become:

Y

~ i 05377
- «0.8620 > 107! = §0.5983

© = 0.8620 % 147! - § 0.4060 x 10~}

- 0.3205 21070 038571 % 10~! < 0.2644 x 102 5

020t 10V - 60000

< =0.1550 5 10! = 0.2377 - 0.2644 x 102§

i 0.3000 » 10~!

= 0.7600 . 10~ . 0.5101

0.7600 » 1071 .+ i 0.5601

i 0.5000 v 101

= 01812 » 10 45 0.2143

0.1812 « 10! . 0.2613

for a=0.050 and P_‘ = 79.€. the characteristic determinant (A4-1) reducc; to:

= Ty Ta "leTzl

ald-g) + ib(5 - &)

= = 1.073(S - 0.3668) + * 2.279(5 - 0.3639)

1-A2049-12

e
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fiesults of wimilar caleulations for other values of P are as follows:

T, . & & .
B0 . o.ms0 . 0.3724
80.0 0.3274 0.3675
7.8 0.3455 : 6.3655
79.6 § ! 0.3668 11.3A30

Lot of 2 and gy s P for = 0.050, is shows in the appended Figure A4--1.

1-A2049-12




g, AND 9, (IN)Y

——

THE FRANKLIN INSTITUTE . Laboratories for Rescar‘chvaml. Devclopment
| o 1-A2049-12

0 380 — — —

~f et

0.370 [ 1 Lyt
41\ i .l..l z- it S et PRERd

\
A

- 3 L ‘ o BEN -
0.360 |—trdf—r \ .

0.340 |— s R

2
j a =~ 2298 - 55000 x10"
’ ProHo

- 2
B = LlB/ Pl | 5o6s

0.330 = LOG R/R,

2
L m = 06477z 10 E_T_NE_&

79.6 798 - , 80.0
P, ~SUPPLY PRESSURE (FSia}

0.320

FIG. A4-[. DETERMINATION OF THE CRITICAL RECESS OEPTH FOR a = 0.050
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TABULATION 7 CALCULATED RESULTS
PRESENT ANALYSIS
oo e e .
P S 1S o 2R = Sin
‘ ! 5 ’ 3 rad _ 2nr = lin
T e dy = 0.0% in (ay = 0.237x 107" in?)
3 Lom o 550 5 1077 Jbesee? 2 F 14.7 psia
DY I - T S nei
SRMAE AT biss 1.55 e T 0S™
pEROT 0 Do 1.72 = 530° Fabs.
S 0 953 1.81 ° A .
Pesa 0se I @0 1.85 = 2.65x1077 ib.sec ‘in®
1833 | 0133 83.5 1.90- c
(3.4 0135 .3 1.94 y = =14
81.2 1 0.136 9.0 2,24 v
oo o= 6.477 > 1077 lb-sec” ‘in
9.0 0080y | 2650 0.334 SIMPLIFIED ANALYSIS
706 ¢ 0.0820 364 0.845
1 803 0.0925 1"z 1.22 P ip.-pP /P & ©
[AaA ' 0.0966 | 116 1.33 S DR ° L ¢
{8 RTDU 90,1 L4 . .y | rad _1
B2 0.118 34.6 1.67 psia - in x 107 | =~ x 107
8281 o0.127 15.4 1.75
831 0,133 11.6 1.79 7501 0.0204 158 1.65
836 0.137 36.6 1.84 80.) | 0.0834 42.0 1.76
RL.2 . 0.146, L4 1.59 5.0 1 0.157 23.3 2.07
321 0.159 5.4 1.97 90.0 0.225 15.2 2,25
1. 0185 18.1 2.09 95.0 |  0.203 . 10.5 3T
89.6  0.219 . 12.3 2.19
5181 0.28 9.09 227
9381 0.276 6.96 2.32 !
M. m = 11.68 ¥ 1072 lb-sec?/in
W] 0.0626 m 0.769
8141 0108 50.8 1.20
8241 012 39.9 1.36
88.47 0.203 13.8 1.62
(ool oxe | o6l ven |
i
) ;
- R I ‘
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TARUT ATION OF FXPERIVENTAL RESULTS
- e
M 5in
MY }in
14
Twelve 0.0167 in diam. nozzles (Total throat area = 0.263x 10~2 in?)
P 21k (lheoretical load ar P =5 P =75 psia)
Loom o 6477 21077 thesec?. in; l'“ = LLTY psia; T,, = 537° Fubs.
" Mmoo 008 > 1072 tbnec® i Py = 1463 psia; T, = 5367 kabs.
I ]

l: u‘.)(_ w, Ps 6&‘ w,
peia inx 107 rad sec psia in % 10% rad ‘sec
a6, 47 T 2242 96,45 6.1 1713
[ 3 N e . 2227 95. 15 6.9 1706
91,15 8.3 2214 84.45 7.5 1699
03,45 .l 2185 93.45 8.3 1684
9215 10.7 2153 92.45 9.2 1676
91.15 13.0 2126 91.45 10.6 1647
a0, 50 16.8 2076 90.50 12.5 1621
89.50 23.5 1987 89.50 14.7 1590
BR.TD 32.7 1884 88.50 7.7 1552
87.50 .0 1802 87.50 22,2 1515
86.50 0.0 727 86.50 20.3 1471
R6.05 69.0 1689 85.55 38.2 1421
85.75 89.5 ‘16] 0 84.55 49.1 - 1362
85.75 122 1487 83.55 62.5 1313
86.05 1'6 14204 82.60 61.5 1239
86.50 170 1380 f2.10 187 1179
ur.nn 200 1330 81.60 147 1094
89.50 214 {107 81.60 06 1055
91,15 274 Voo 82.10 290 929
93.145 203 1232 82.60 333 210
95,15 302 1334 83.55 405 873

730 308 1346 84.55 451 864

85.55 487 857
7.5 545 866
89.50 590 a7
91.45 620 903
93.45 635 908
95.45 640 937
97 40 530 a70

80
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APPENDIX 5
TP RIONE LCHARGING AND DISCHARGING
OF A VARIABLE-VOLTME RECESS

The purpose of this appendix is t= inventizate, at least quatitatively, the agequacy oi the
asauiiption that the process of alternate charging and discharging of the variable-volume recess
“wnid be represented by the iseatropic pressure-density relation P pY = constant to a reasonable
deuree of anprocimation.

Tn the conrse of experimentation, small amplitude avto-oscijiations and sine waves have
been viewed sinultancousiy and compared on the display of the cathode ray oscilloscope. Ob-
served differences i wave form were slight. We shall consider, therefore, the case of prescribed.
sinusnidal motion of one bearing surface and. making a series of simplifying assumptious. similar o u
to those in \ppendix 2, utilize the energy equation, instead of resorting to an a pr'on assumption \

of the pre<sure-density relation in the recess reginn. \

- In what follows, pertinent equations will be devclnped and linearized. Resulting perturba-
tion amplitides of pressure and density, as well as phase angles, will be related to those obtained
when I’ p? = constant. Numerical examples will be given for parameter values corresponding to
repre<entative points on ihe double valued, experimental stability locus I, Figure 55.

It will be assumed that perfect mixing of the entering gas occurs. but that fluid velocities
in tie region V. are negligible and properties uniform throughout at any instent of time. Adiaba-
ticity und equality of temperatures T and T_ of initially steady flow will also be assumed (e.g..
T, =T, = 1,) The flow rates and their perturbations will be expressed identically as in Appen-
dix 2., implving the quasi-steady flow and lumped parameter approach to the problem. The fluid
will be treated as a perfect gas with constant specific heats. e.g.: 1

P .
P ' ‘ P V' e,

so0 that

1
~e T = —
y -

.,
wi-

y
h=¢c T~ e
- P y -

...
ol

e~ *

where u ie the internai energy and h the enthalpy.

al
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Lbe continuity and energy equations for the system shown in Figure A5--1 are as follows:

dy, d

~R, = — = (p.V)
P a P
d dv,
“lhs_ “Ehr = &t (pr‘r!r) + pr dt
which cnln be written as:
dv, r dp,
Y =% =p d v, at
g Py Bl @ 1y
4 de

! b ¢ py LT

The following dimensionless perturbation quantities are now introduced:

Ry =W, +w = \"o(l "‘Tl) . )
R, = Woewy = wo(nw;)

o=, +p =P (1+p)

P =Py tO = Pro(l +3) ‘ ?
I =H +h =H1+R

v, - :\__\'S+"°) + A =V« AR =V (O +ﬁil’)3 A= 8—1}9}—{:

i =&—lj7' | ,‘ J

Tet also h be prescribed as:

-
h = h sinet = H esinet: ¢ = 2 << 1
[] [} "
[
so that ' ) y
y

Iy
. -~ € 3L J

(AS5-1)

(A5-3)

(A5-4)

(A5-5)

(A5-6)




\lso, as in Appendix 2., we tukes

so that with:

.

“m

. 2~ —

(”“l) v, < 5 . 1 Peo

3 IP ) Py, L Py )
ro
/J"\_,> LI - 2

:\.5 - \i "'!—_._‘ A AS - 5

equations {A5-3) and (A5-4) yield:

in which

and (+) =

dt

B S
Ay + Ay = ——(1+)\5)=-p—-.'\
ro ro J
¥ -, = ~AF-Ah
= - 1 =
a+00-;’-p—(_)p=0

0- —=
Pro Yre l

" ﬁ,
s+ H,

1d . _— . . . S
= — .= denntes differentiation with respect to dimensionless time, 1.
p .

ot

/3
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{AS=T)

(A5-8)

(AG~9)

{A5-10)

(\5-11)

IO
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" \ . ‘ T in apesational forn, equations (A5=0} and (A5-10) are:
[ : : | ez - (LD )— -0 ' (a5-12)
] , .(!4—,)0 (y!n,} P o - (a5-
D5 + QNP = —e(AD + OF,)sint (A5-13)
where
o
n - 3
On the uther Lanid, an assumed relation
. y ‘
. P (e (A5-14)
P ro .
vields
LU ' (A5-15)
5 :
50 that equation (A5=3), with the aid of equations (15-8) and (A5-15), reduces to:
, % P+ QAP = - QX esint - Becost  (AS-16)
of: )
( -}' l)+OX)i)‘ = -e(AD «-O:\")si:.z- (A5-17)
. .- '
Operatiot: on equations (A5—12) und (A5-13) with (D) and (D + Q), followed by subtraction, and S
operation with {(A) ard (1'y D + Q), followed by addition, yields the following set of equations:
~ ~ | B2 +Q(,B4X4)D+()2X‘]eir
P - — T
[; nz +o(l + A) N+ Q"A]
: - o5, - ) +i0(B + 7] |
J - = f
N = 4 Acost + isint) “(A5-18) \

(02?\'- %)+i0(1+7\'_)

84
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.. < i
'K//;‘ 4J €
A
B {rost ~isint) (A5=19)
i%‘» . Ot cover Band, e comation (8023 7) we abtaine
[T
oo = el e Qaelt ~ Xy +ip)
Ty i : = tcost + isint) {\5-20)
i (-l-n.()\) Oy i -
. ‘) ' ¥
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Phe <teadv-<tate pressure and density responses to a sinusoidal displacement input:
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The evpressions for [ and G contain the parameters ¢, }, X4. A, B and (), of which ¢, y

and K‘ are constants and \ is fixed for any given set of pressure raties P ‘D, and I, D, . We
note. once again. the form of the parameters /3 and ():

3]
R = —2
' s+ N,
and
X
) = — : :
Pro \ro(“

Prior to solving equations (A5-21) through (A5-24) for a set of numerical valu>s, it is of
interest to consider the asymptotic behavior of f and & for limiting values of the **che rge”
parameter ) We shall consider the cases when:

(a) € is a very large nun ber

and  (b) O is a very small number

whiic /) remains finite. !
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Case 1k ) is vers Lymee
I avations (V=110 and (A5-22) reduce ‘to:
_ Ay . - o
! ' b o-e Kt sint (A5-25}
X .
A,
Fooo-e = sint {A5-26)
A
<o that
9
— P a
Pl oo D P 2 (A5-27)
U o Pra
We note that equation (45-23) also reduces to:
:\-4 .-
[-)i = -¢ T sint (.‘85—28)

but since the assumption ©r) (pr,"p‘;o)y prescribes the ; and 3, relation, we have:

B, P P
= =y o 4+ o XL _,2 (A5~29)
9; 9% Pro

In case (a). the following conclusions can be drawn:

L. The pressure-density relation is nearly jsothermal.

2. The pressure and density are in phase and both wre 180° out of phase with the dis-

placement h - enin T, (e.g., increasing with decreas-ing gap 'width.) The coefficient

Y X
PR .
A Xy + Xg

is a measure of the **static stiffness™. The phyzical significance of the foregoing ia
that, if the motion is very slow (guasi-static), or if the mass flow rate is relatively

large and the maca cartant of the receas regicn is relatively small, the iaiges veew
* nearly isothermallv. : :
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et s veny i,
Caeations V=01 and (AL=22) reduce to:
P -g-y,":sin? {A5-30)
T = -efsint : (45-31)
~o that .
i y oor - - W 2 (45-32)
‘ Pro v .
I'quation (A\5=23) alse reduces to:
P, = - eyBsint (As-aéi
<o that identically as in cquation (A5-32):
i v o B 7l - al (A5-34)
% % Apro

which was the assumed reiation.

In case (b). the following conclusions can be drawn:
1. The pressure-density relation is nearly isentropic.

9. ‘The pressure and density are in phase and both are 180° out of phase with the dis-
placement h = ¢sin T. (e.g., increasing with decreasing gap width.) The coefficient

]
'
~
|

—eyf = ~ye

is indicative of the *“dynamic stiffness’’, such as would be the case of gas in a closed
cylinder and piston system. undsrgoing isentropic compression or expansion. The
physical significance of the loregoing is that, if the motion is very fast, or if the mass
flow rate is relatively small and the recess mass content is relatively large, the changes
occur nearly iscntropically.
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Ta correlate the analvais with sxperimental resulta, the numerical examples were selected
i vorresnond cpproximately to two points of the experimental stability locus I Figire 55, for
which tne data are as follows:

(A5-35}




UL FRANKLIN INS 1 TUTE o Laborawories for Research and Development

1-A2049-12

. vy
b nge 3

PR sin(To 6 s el 0,70250inT + 01621 cosT)
0.162.
ane - ML p g

- 0.650z b (A=
G 1B T - 166.6° '

P - 0085
™ .58

a0 6T sin(t=4) = el =0.5290 sinT .+ 0.2232c0sT)

FRusney W

0.2232

L A T |
~ 0,529] r {A5-37)
IV H R i L v b
g 05Tn

« -4 = 95° (13-38)

b, - ef sin(t =) - e(=0.7135sinT - 0.1386 cos 1)

—

.. 01386
tan ¢, = o 0.1943
¢, = 180°~11° - 169° r (45-39)

Fo.o= 0.7269

n

5 1 s 05192 ’
%mi = 3 Pmi = UL ]
G -d = 2.8 (A5—10)

<,’)i-|,’l = 11.9° (A5-41)
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Fxample 2

P, sinit =¢) ~ (=009 sint « 0.2218cosT)
O LS N
~ 0001
¢ - 180°-67.93% - 1i21°
F, - 02H5
AT an{t-u) = e(-0.0611 sint +0.1625 cos 1)

"

(.1625

01893 L 2660
- 0.0611

tan v =
o - 180°-69.4° = 110.6°
o = 0.1765

é¢-v = 1.3°

F, = e sin(T-a,) « (~0.0923 sint + 0.2322 cos t)

0.2322
--0.0923

#

fan &, - -25l6

180° - 68.32° = 111.7°
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p .= 0.2439
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{4542}

(A5-11)

(A5~44)

(A5~145)

(A5-16)

(A5—4T)
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{ cupari <o of resaits of oxanples | end 2 shows that pressure-density phasé angles are

reativets small approvis ol 27 and 1 3% respeetively, Rhen the assumed relation is

. . Iy i

b }‘r - ‘pr ,'vl.‘\' Lttt e eenivatent to procrribine that the deasity and pressurs he in phase,
y ) . . s - >

i vvar ple 1. the anele hietw=en pressures is approximately 2.47 and that between densities 11.97.

' b I3 .
fa evample 2 the corresponding angles are veiy small; 0.4 and 117 respectively .
P ! ¥ !
Since ol ancdes are relatively small. so that all densities and pressures wre *“aimost in
phase™ o conparison of anplitudes s of interest as a criterion of validity of the isentropic

[N
tesll e

rom exarplie 1 we have:
! e ) i

r-‘mi arr.i
—_— = 1O and = = 0.504 (A5-48)
p”l o"l
.||~'01
r, Peni
—— = 1.2, as compered- with -— =y = 140 (15-19)
" . Ti
In example I the r‘\tin:_.lro-
.‘mi - . ;;mi - -
— 1.02 and = — = 1.01 (AR=30)
pm am .
-ll‘l'f
P P .
_—m = 137, as compared with —_-:1 =y = L0 (A5-31)
m T

In the faregoing examples, all parameters were identical, with the exception of the fre-
sueacies and the recess volumes. The ratio of the former was of the order 2; that of the latter
of the order 1 20. Significantly, as might have been anticipated from physical considerations,
the pressure and density amplitudes of example 2 were havely 1°3 of those in example 1.

For a sufficiently large volume, pressure and density changes in the recess, ussociated

with small but finite motion. could become negligible. A very different canditian, of course, would -

prevail in the bearing gap. due tn the combined squee ring and trapping of the fluid between the
nerrowly spaced haundaries, .

fies tits of calculations of examples 1 and 2 are illustrated in Figure 15-2.
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APPENDIX 6 .
NERIVATION OF THE BYNAMIC LTURRICATION EQUATION

The purpase of this appendix is to show that the diffsrential equation (4) of the main text
priesdes an adecuate descripting of fluid-dynamical phenomena in the bearing slot. provided orders
tsnttade of characteristic parameters felfill certain requirements. The development follows

wely the method of Fleed [ 151 vho employed a small-parameter technique ir the derivation of
raquations for gas Inbrieation.

It will be assumed that the fluid obeys the perfect gas law and that the specific heats,
viscosity and thermal canductivity are constant. Continuity and constancy of temperature of the
boundaries will also be assumed. In the range of presanres and temperatures considered, the fore-
#ning assumptions aie reasonable for gas flow in a sarrow slot between metallic members.

The momentum. continuity and energy equations, stated in cylindrical coordinates, for

aviail; symmetric, laminar wotion, und the cquation of state are [651: '

et
s 2N Ly

\‘ 'ﬂAWﬁ)I:—ﬂ’sﬁq— (_f.'.l+‘;!.+@
it ar az dr. Ydr\ar T [t¥4

. iﬁ) (46-1)

LTy :-i'_‘-'_‘é_(?_uy.ﬂw)
At ar dz )
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[
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2w , 1 3w -2
+[L( +rar+-_.) (A6-2)
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N
[S]

2 2 (rpu) v & (pw) = 0 (A6-3)
T tem az :

D
- = R (A6-5)
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(A6-6)

Denoting reference quantities with( )* and dirensionless quantities with {7, the follow-

ine set of variabies is forn ed:

d

&, k.

Pt

T T

canstant

n

(i) 7

whe.o ) is 0, (1)

n* ),

- LT,

H*iz

o
1. .
P
vt
I.

H* p*

where [, = R - R,

*
H
where ¢ = '

(16=7)
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! ol =T B T P ~pr pe 71.‘ L
- LT [
P = = =n o=
P‘ P T
. - e
Tn the furewning ¢ - '—“'LR_ - —;'—- is the small parameter used in developing
LI A 1 . . !
the dynamic lulwication enquations.
, In transforming the equations of fiuid .wotion into their dimensionless equivlla[ents, the
follawing relations between derivatives hold:
\
AN L S| S
> . (i 1= dr ’ Jdz
af L4 9t 0 : A ¢
or L dz dat
Tk S 2z __vogi o, 9 g
"z tn* : i 1r o f Jr
(A6-8)
so dhat:
9
9 .4 2 .1 a2 |
ar I. a7 ,‘)rz ['2 ﬁ.?—
oo 8 i @ . i it
dz  fH* IZ oz? 2" 4%t
o (e _iza)
gt 12\t f 97/
»
in which (7} = i’—: = L d
gt L? dt J
1
' .
|
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The dimensionieas “nom of equations (1\€=1) through (A6~35) then is:

L T ST WYL U QPN £ SN S BL4
K prliy T RN '},f)?<ﬂ? YEUT &7
(9% .1 oéW @ .1 L A% {46-5)
Cap? Fogr e Eame ) U
ot rodr T &~ i< a7~
Pa | Vaw o - awd 1 Loap
i A Pl ¥ ] 4 f a7
. - - D - — - T e
T N A § ﬂ) *(c““ LLleE 1] 1:.1) (16-10)
3 fercer ¥ 6z oF:  t of €2 [ 972
G2 _f50,1¢ (mpm.i i GG -0 (A611)
ot t 9z & oF f 9z
1= = .= = : - =
el A lw - Lg)el Tﬂf'w—l.ﬂfﬁ +(tw-£2)L oa ’—'_‘-J
L |t f f 0% c?r_J 32T f f JZ oF
®«e ) - - ="
S L VI € R
A *2 r oof \ of €2 (2 572

"I he bourdary conditions are:

{A6-12)

AL T -0 T-w=<0 i T-1 ]

At Z = | M T =0

=
]
—_

R I . .
O N

EETLT (A6—1D
(A6-14)
: T-1
1
08
,_"‘.'f'. _;‘ . YL A .
S S S T S
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 ansider now soiutions of eauations {A5-9) theeugh (A6 120 which can be expanded in

terrw of e small mmrameter ¢ as folions:

- - 3
R I I
o S 1 WP
e [
1 n ¢~ l“ I‘Q‘--
- - - > (A6-15)1
} "o (.,_ﬁcx N .
sa that:
= S 42 7 78
- oo 1 I i 117 v el T b .
oo Ll - e |-t €2 = = .o
. E =L = = == = =3
P T P* A - €26) 4. P*| 6, 8, o
”

The functions appearing in equation (A6-15) depend in general on t, T and 7 and are in-
dependent 5 4. The zeroth order functions are made to sssume the boundary values (A6-11), so
that approximating fenctions of hicher order vanish at the boundaries. e.g.:

AMCOE -0 Te =0y = Uyerr =0 1
W, - W, =Feee =0
an=1; _2=53“0
- - L (A6-16)
At Z-d T = 1) =Theee =0
U W =F,..-0
;u =i Vg = Oy = 0 ) |

Substituting the saries {A5-15) in equations (A6~0) through (A6~12), the zeroth equations

are: | .
o7, 1 92U
0 e - S+ = ° A6~1
’ ot T 32° ‘ ( ?

00
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0 - - - _._..." - (A6—-18)
f oZ

ol mabing £ ntian {A6-18Y that T, = g (T t) only, the continuity equation (A6-11)

& - 7 p . - 7 =
\ .‘1:/_,_’) RN lu) Sl (fp 1) LT TR (g6t
ot f" Fodr \ 90 00- \f f z 4 00 9z ‘
and the energy equation (16—~12):
.2 Lo T\ -
Lk Tt etk 1 (al,,) T M 9%
N A f£ \az Tt 4t
W, 1 = 920, a7
-1 (.___‘2> NI A AL BT TR )
f2 \ oz 2~ ez2 gt
where in the penultimate step. use was made of equation (A6-17).
Inte zration of equation (46-20) with respect to' Z gives:
Tk Ty - (2 f2z2 am . \
~<E.k_p J—Tn—') 8, = .E—’— + f 22 a_o +ZF(F, ) + G(F, t)  (A6-2D
r N2 - t
and. applying the boundary conditions (A6-16):
2 9T, c, T" L2
poL % . Go-< X & (A6-22
2 a1 Cpk *2
8o that equation (A6=-2]) becomes: i
- ¢ »2 ar . | .
0, = 1+ _:(_ﬁﬁ —V'r"_l’) [z(l -z)f? 3:-‘1 -L‘f] (A6~23) {
c ’ t :
pl L :
f
100
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be Live refererce velncity. corre ,pondmg to the «huuh ﬂ-m crmdluon v\hn f=1, e-qudtmn (A6-23)
cant be written in the fullny- g fori

! r : ’f \ 2‘.=.- / F \2-' .
- 1. 2ot \, W [;ll ~3) (___ ) 2. (___“ ! (A9
i ¢ et j- v/ ot ™/ 3
i which ' i
o N ‘ . ..
L M. L (A6-25)
k [y ET*

. - l . 2 i ) .
Sinco. geneialls. ) Np, M= << 1. ore may assume that to the first degree of .

:x,r;prm imation
T=g,=1 (16-26)

|

which is ecuivalent tc the assumptioa made in equation (2) of the main text, e.g., P/p =|constant.
I quatios 1 16—=19} ther roduces to:

aw,

a;o 1 ¢ - T »1_ Q9 )
L1 R Tk -0 A6=27
PR AR BT a (46-27)

Integration of equation {15 -17} v:ith respect to Z "yic-lds:

+ ZA(F, T) + B(F, ) (A6--28)

and application of boundary conditions (A6-16) gives:

. 2 a o ) .
P T R (A6
101
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and integration between the limits Z = 0 and 7 =1 yields:
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(A6-030)

(A6-31)

(A6-32)

which is the dimensionless equivaient of equation (4) of the main text, whea it is assumed that

""u is a gooad approximation of P

The error involved in neglecting higher order terms of the expansions could be estimated
only if zeroth solutions were available; through substitution in the initial equations, for example.
It is self-evident that the degree to which zeroth terms of ¢-expansions approximate the actual
functiona depende on magnitudes of other coefficients which appear in the dimensionless equa-
tions of fluid motion. O part.cular importance is the magnitude of f which characterizes the

effect of boundury motion.

It was tacitly assumed in taking Taylor’s equation { | | as the starting point of the analysis,
and subsequantly implied in the linearization thereof, that f wae arbitrarily small, In doing so
one was encouraged by the fact that equation (4) of the main text is exect in the limiting case,

whenever:
. 2
L= «, with § = L, ﬂ-ﬁnite
v dt
or
* L] 2
H*= 0, with —':,;(-ﬂ-) finite.
. PtV
102
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APPENDIX 7
TARCEATION OF COMPUTER SOLUTIONS

FThis, wpe ‘udin contains o tabulation of conputer solutions of the set of simultuneous
squations © iiG suige: Uio the boundary condition (415). ‘The solutions are for a fixed value of
1700 IRY and fae 'hs« ‘rete values of the parameter @, The range of the independent variahle
s b & Sand the interval size is A £ - 01 The numesical niethod employed was that of
- C U inger and Dimsdale and is contained in “*Numerical Analysis”, Kaiser S, Kunz, McGraw-Hill

Lo . i
P

lnmk ( w57 pp 206-208

The fallowine code is to be used in reading the tables. 'The first digit is zero if the
* mumber is pasitive and is a winus sign if the number is negative. The second and third digits
stand for 30 . n, where o is the exponent in 10%. The remaining digits represent a decimal,
which must be maltiplied by 10" in orider to read the required numbes.

—
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FIG_A7-1. PLOT OF COMPUTER SOLUTIONS OF EQUATIONS 406 FOR a = 0.093
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FIG 18 _VIEW OF TEST APPARATUS, INSTRUMENTS AND AIR SUPPLY SYSTEM
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