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30. Comparison Between Pie-Shaped Sector and Rectangular
Approximation — Friction Moment Factor vs. Tilt—
Fluid

1 ¢ = clearance of aligned pad above high point of crown, in.

. Cp = dimensionless load coefficient = ;;‘E, ‘
: . F = viscous friction moment factor = .T.'z |
‘ H = dGimessioales film thicknes. We  ~

Hppj™ dimensionless minimum film thickness=h_; /c

Hp -wmﬂmthicha-hplc

h = local film thickness, in.

hpin= minimum film thickness, in.

hy = pivot film thickness, in.

HP = viscous friction horsepower loss

M, = dimensioniess moment about radial axis = ;'::,
| My = dimensionless moment about axis normal to radius through point of tilt --'zj

| mg = viscous friction moment, inbs

my = moment about radial axis, in-Ibs

‘. m, = moment about axis normal to radius through point of tilt, in-lbs
P = dimensionless pressure = p/p,

p = local pressure, psia

Py = ambient pressure, psia

‘ Q = independent variable = P2

R = dimensionless radius = r/r,

Ry, = dimensionless mean radius = 1y, /1,

] Rpy = dimensionless radius to pivot (center of pressure) = ;_:
. r = radius, in.

mmmmm
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r; = pad inside radius, in.
fm = mean radius, in.
o = pad outside radius, in.
oy = radius to pivot (center of pressure), in.
£' = radius to point where pad is tilted, in
T = dimensionlesstime= —i
= time, seconds
W = pad load, Ibs.

W; = total bearing load. Ibs.

-

a = tilt about radial line, rad
ag = tilt about axis normal to radius through point of tilt. rad.
a, = tilt about radial line, = ayyad
y = angle between leading edge and pivot (center of pre<zyri}, Tad.
8 = crown height, in.
¢ = radius of cusvature of pad, in.
0 = angular coordinate, rad
Op = angular extent of pad, rad.
= angle to point where pad is tilted, rad
o = angle to leading edge of pad, rad 4
6uw Ty
A = P bility p = -
Pe®
u = absolute viscosity, Ibsec/in2
w = shaft speed, rad/sec
w) = reference speed = § , rad/sec
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1. INTRODUCTION

Dulnn;ot ming of b rf: due to viscous heat tion can
degrade load capaci ofsmdeanﬁcethmm(' In eddition,
alignment schi (gimbals, etc.) are often necessary to compensate for

the distortion of the housing to which the thrust besring is attached. The
slfeqwmdﬂmmmnmbmummmbuntdfmt“m

tendency to thermally distort, then b ise. Use of this
bearing with compressible fluids has been ded ibly b of poor load
i butwhen i are made with imperfect geometries resuiting from

% . Ao

the tilting pad bearing could be a better choice.
Also, wmmmmmﬂymdemmebmofqmlmmmnmmmm
an unfair criterion to the tilting p.d bearing, since of the tilt is

an added safety factor: i.c., safe operation can be achieved at lower minimum film
thickness than with the sm;le surface variety.

This paper presents the pertinent results of investigations of the sectored
crowned profile pad. Included are optimization criteria, design information and
procedures and limitations of some of the common approximations.

.Snpn-:lphd numerals identify references.

-1-
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2. THEORETICAL FOUNDATIONS

Governing Equations
For isothermal films the ible Reynolds’ ion in polar di

3
I\ v or 30 \'u 26 m

3 3
) (maa) . %a_(m__z).ma_a(%u“z,eég).

By a ch: of independent variable and non dimensionalization the following
equation results:

3 3
2 (ml20), 12 (a0 oo (mz22, 2 20
'ﬁ(z 'ﬁ)"’nae(z 'a%) “I:ml(qae"zqae)

(#3]

3H H 3

T 5+ g
Q =P2 has been sel d as the independ i b for configurations
such as a Rayleigh Step, that contains discontinuities in the film thickness
distribution, it is a more jent independ iable than the usual P2H2,

Mwsupsmnotconﬁdm:ihﬂethemmrpmﬁtyonhe
final computer program dictated thelueofl’zastheindependemvaﬁable.

Paradoxically, the time dependent terms are maintained in equation (2),
though the immediate interest is for steady-state information. The reasoning is that
regardless of whether the time dependent terms are maintained, the resulting
equation is non-lineat and some sort of i i h is required to obtain a
solution. Steady-state data is derived by diffusing the pressure field as a function of
time until variations in pressures between successive time intervals do not differ by
more than a specified truncation error. The advantage of preserving the transient
terms in the governing equations is that steady-state information is generated at no
loss in efficiency and the option of ducting future dy ic studies is avail

Another significant item concerning equation (2) is the use of the variable
w/wq. The compressibility parameter A and time T are non-dimensionalized with
the reference specd wi, rather than the slider velocity w. If w was used for
non-dimensionalizing, then ail terms of the right hand side of equation (2) would be
obliterated at zero slider velocity, and it would not be possible to obtain pure
squeeze film effects. Thus, with slider velocity, w/w) equals unity, otherwise the
parameter equals zero.

-2-
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Equation (2) is expanded by finite difference and combined into a general
matrix equation of the form(2)

lcjl (le + [Dj] (Qj_l_l + [Bj] (Qjﬂ} - ﬂ'j}

J=1, N ()]

For interior points the [Cj] matrix is tri-diagonal and [D;] and [Ej] are
diagonal. The non-linearities occur because the coefficient matrices and the right
hand side vector are functions of the V' Q.

The boundary conditions are satisfied by manipulation of the coefficients and
the right hand side of equation (3). Thus, for ambient pressures on the boundary

[p]l = [E] =0
{F} = {1}

= kronocher delta
and Cope = 643 ( r delta) o

The coefficient matrices of equation (3) are also functions of the clearance
distributions which depends upon the type of convex profile. Section 5 describes the
three hydrodynamic crown profiles examined. With regard to film thickness
distribution, the following ions apply (See Figure 1).

GENERAL

Hi
PARABOLIC (&)
2
e, -(6_+6
H =4 §/c _.1_(:_2&)\'
P

(5-)
CYLINDRICAL
2 .2 2 ( )
T R sin” (6
z/c -(-c—"-) z I /2 +«;—' 8/e (5-b)
2| 1/2
2 s
B =¢/c - {(&/c)” - [}-— R; sin (e.1 - 9p/2 - eo)]
(5-)

nn = mean radius

T a i T
gul+z 40 °c° [xi co.(e' - ej) -n‘J - :an R, -1n(a' - ej)
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. - SPHERICAL [ 2. .2 7('«)2 ( )2
e - R, +R'°- zn_n'_ cos (aplz)J = *+\%/e
28/c

where
R =R/ (cosep /2) (5-d)

2|1/2
2_|g2-p? ' o . - o)(=2
H' = g/c - {(z/e)” - Ry - R T+ 2RRY c:m(e:l Y 0\ e
(5-e)
For the cylindrical and spherical profiles the radius of curvature enters into the
film thickness expression, while for the parabolic it does not appear. This is manifest
in the final expression for film thicl by the variable ro/c. Fortunately, as
demonstrated later, the results are extremely insensitive to the effects of this
variable so that it does not complicate parametric studies.

¢ is defined as the original clearance above the highest point or line of the
crown, with the pad in the uninclired position. It is used as a

no p For any particular set of operating conditions it
a, is to maintain ¢ a so that non-dimensionalizati
are unaffected by variations in operating film thick The p Zgis used to
vary the uninclined film thickness without changing c.
The col matrix hod of solution of equation (3) has been treated in
- _\ fi 2. It basicall ists of letting
) (Qj_l) = [Aj] {QJ) + (Bj}
] =82 ©
Substituting (6) into (3) and solving for 1/ Q; } produces
-1
(o) = - [te,1 + @) 1] ) tag)
-1 -
= - [T] [[Dj] (nj) (x-‘j)]
where ™
[T] = [cjl + 0,1 4]
Fig. 1 Geometric Variables for Generatfon of Film Thickness !
Distribution ) ! F Comparing (6) and (7)
. . Ayl = - m™? g,)
. _ =1 ‘ ®
[Byyql = -1 [[Dj] (3,) - (FJ)]

ks

-5-
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Note from boundary conditions {QI} = {1} which implies that
[A,] = 0, {B,} = {1} ©
Equation (9) is the starting point for the i of ion (8), and
subse.uent formation of the matrices [A] and [B].
For each time step the non-linearity introduced by the p /Q in the

coeflficient matrices and right idek:emovedbyeompuﬁnsitsvalue'.ﬁom the
previous iteration, and then solving the resultant linear equation. A simplified flow
chart for the solution process is shown on Figure 2. Equations (10) through (13) are
for thrust load capacity, righting moments, and viscous friction drag respectively.

1
c, = I r (P-1) RdOdR
L o

rilro a0
[ oo
M = (P-1) R® sin 6d6dR
= r/r ‘o ¢ an
o' "o
1 2
H’ = J r (P-1) R” cos 6dedr
r/r_ ‘o
v (12)
The effect of the viscous drag on the shaft is evaluated from
1 1 3
r-I r%:—:uen+2ﬁ+1 r—:—den
r,/r_ ‘o 1'r,/r o
1"%o 1 (13)

The above equations are for one pad. When multiple pads are considered each
pad is handled separately and the results consecutively added.

SIMPLIFIED FLOW CHART

MATRICES (€] D] [E]

!

I;ORM [A] & [B]
equations (8 and 9)

COMPUTE Q’s (v Q)
equation (6)

INPUT TeST Onew—O010
GOEMETRY, A % SR
¢, a, TRUNCATION
NO | YES
! :
COMPUTE FILM INCREMENT COMPUTE AND
THICKNESS [equation(5)] TIME STEP PRINT
P M
i=iN
CL
INITIALIZE USE NEW My
Q=1 va M,
Hmin
Hp
F
TIME STEP=1 Rov
7
FORM COEFFICIENT

Fig. 2 Simplified Flow-Chart Computer Program
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3. GEOMETRIC VARIABLES '
Figure 3 shows the pertinent geometric variables concerned with the 7 P'vo‘r 1
mbnqmtwmwbemu.mmrwmdybaum |

position of the pad pivot point. For any particular operating condition this point
corresponds to the center of pressure. Note that this point is different from the

origin of tilt (r*,6' ) which is ified and required to the d film
thickness distribution. The center of is btained arter
determination of the pressure field and is thus program output. For all future studies

the pad w.s inclined about a radial line through the center of the pad by an amount
@ = a,. (tilts in ap direction were not studied. See Figure 1). Also, the reference
clearance c is redefined as the film thickness along the mid radius at the specified r’ To
prior to inclining the pad. (The variable Z (Figure 1) is now absorbed in c.) }\

%mmmmmmhmmmmm rPV
optimum crown height then it is jent to maintain ¢ a and vary . L]
Mcﬁmduaufmknﬂhlfhuimuﬁpﬁupufommceohspedﬁc
Mpmnymlnmcfm:nmidmm,thmﬂnmheutsismdasa

ar
ference length and replaces c in such s A2 ad® e :

Fig. 3 Definition of Geometry for Performance Plots

&

mmmmmumm
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4. ANALYTICAL VALIDATION

The analysis wes checked against published information, and against results of
nmmmmmwﬂmmma
rectangular slider with a convex profile. To approximate this situation with the
present analysis, that considers a pie shaped sector, it was necessary to use large
inside and outside radii and maintain the Jifference between them at the correct
slider width. The tabulation shown on Figure 4 shows the comparative results of the
pressure in the x direction at v = 0. Also shown is the comparative results of total
load. The comparisons are excellent. As a sector pad approaches a reciangle the film
thickness distributions for the p.rabolic and cylindrical profile should approach each
other. Indeed, computer runs were made for both these profiles with ideatical

results.

pes much more rapidly to the comect solution.

and

the

Irrespective, the comparisons are good and the correctness of the program sub-

stantiated.

The second check was made against another numerical analysis that computes

the rectangular shape was obtained by usirg ‘sree radii. Along therow | = 8,

the pressure for both analyses follow identical distribuvtions except at the peak
pressure points. Along the column J = 8, which is the mid column, the pressures are

performance of rectangular sliders. Identical grid sizes were used for both cases. The

441,

numerical approach is different however, in that the rectangular pad method itesates
on an explicit equation for the pressure distribution. The dashed lines on Figure S
are pressure variations for the explicit solution, while the solid lines are results from
the matrix column (implicit) method. Again for the present analysis that treats a
identical. At the cclumn J = 14, the explicit analysis gives slightly lower pressures.
The explicit solution converges asymptotically, while the matrix column approach

sector,

=10~

|
m
|
|
:
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ﬁ B . ) i HYDRODYNAMIC PROFILES
®ESwv % 2 2 T':"" - SR
E < 5-5 £ 3 % 2 B 2 ) admhmwﬂnpexheaorﬁth:::oma;:xm. - - el
S =z wloe : | s
- 1 3 crown profiles i
g 2 ] g Ef ; J -E prol were examired:
: i : : g : 8 .6; (a) Parabolic — The crown foli i
s HI .3 Pl 1) uw_snmbdlcmmnloundlwmtﬂmlﬂ
£ : : —¢ pocd i mthmMaMﬂ' through
2 l s g ~ zg ?admdsthenfamcemnhaﬂ' llm‘:ul!llmll xy
: u—- m : : s %g hm?lha&epadsatnmhcﬁnaﬁmanck&uwn‘fq‘mdm mﬁﬂt
45 l : 8 E : * does not vary. (Figure 6a) - =
g X - (TS - w g ? o A
Sadg o 0 s —N == , S T -
: : | 2 m 5 " 'ag sector fmmacylmder.'l'hecmwn!le;ht‘ - .
: ga mg 3 E E z: g::tot:utsidendim'l‘hehd‘mnthl:mnic a1
- ) . |
: a § .c.‘ : ? E 3;; o e reference crown height. (Figure 6b). ke =
- : herical — The spherical . s
: i2 . . file is fi "
3 : o : v 8 N 9 : : ' ) I;:roz; lhefsame latitude a::l:. Th: pole po:lt:nm‘tﬁe gy
- . e re o - o )
& E Q f ’ ﬂ 2 %E . erence crown height. (Figure 6¢). -
: : - . thickness expressions for these
: % - : n l § gg o — Ilm;:m\vn profiles were described in equation S.
2 zg | ‘ : ] ok e ere e for the two conditions of primary interest.
| = Pes iati for i
(&) 8 = = w - : e |
z - V= 1 : . _— -
— 3 i =
3 Q g E (2) P T iati for i
SEE | © \ ws . 7 —
' s ' Figure 7 sh i
: gz n i : ) re ows load, friction, and mini i
pivot position, iti Y o :
(& %1 E -} I ,g“ gg & which repl forz:c:mmg). Notehat 1 iy defised with ;:'"f"""”““"'
e : ey e & non-dim lization. Three sets of curves
0. : ) ] Qo . v nle/;:‘.n:;hu:h m.dlcnu varying film thickness c. M&/:::dmm
: : viscous friction d : st M .
< ELg ; wentver ec'tus::d :;:e:.‘?ﬂum..s“mted. The cyli‘:driul pm‘:‘l‘lde:l:
Since c is a constant, A as d i . e
I l N o t, efined with & varies as 8 /c varies. Again i
| ' superior load capacity and film thick i oy
< . plot of a set of curves i il
. h 0 - h % on Figure 8. It is typical i =i
(2] " A N (-] ) and it e P for both conditions (Figures 7 &
N N . < o . = equal load coeffici el L e
s x : ! ents the cylindrical profile i icke i
nd > : e i provides a thicker film than either the
e 2o PR 5 : i
d ' d riction but this is insufficient to challenge the ad ﬂith'_ly . .
: " T ages of the cylindrica! profile.
- l i THE FRANKLIN
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Fig. 6 Crown Profiles

CROWN PROFILES

(a) PARABOLIC CROWN
(c) SPHERICAL CROWN

(b) CYLINDRICAL CROWN



TILTING PAD THRUST BEARING - PERFORMANCE CURVES FOR DIFFERENT
CROWN PROFILES, CONSTANT FILM THICKNESS, VARYING CROWN HEIGHT

—— PARABOLIC ----CYLINDRICAL —-— SPHERICAL

Fig. 8 Crown Profile Performance, Constant Reference
Clearance c, Varying Crown Height, &
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lic crown has the smallest film thickness, while the

cylindrical has the largest. The ratio of load
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for the cylind:
of 1o/c then becomes suspect. and if it can be
less

studies
is very i to the
significant for parametric studies.

c or 1o/5 if the crown height is selected as the reference
this i
profiles however. do not reveal a mark«d difference

comparative results of the three

Tl
profile does not

. The parabolic

6. VARIATION OF PERFORMANCE WITH PARAMETER role

hci(m’andpad tilt, a_nd Table 1 is a sampling of results. It is evident that

Studies to determine the effect of ro/s were conducted for varions values of A

The film thick

contain the parameter
clearance.

among them. The significance

crown
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7. POSITION OF PIVOT

A by product of the pic sector pad analysis is determination of the radial
the location is vsually taken at the mean radius. The results of the analysis prove
that the radial position s very insensitive to film thickness, crown height, inclination
and compressibility parameter A. Table 2 shows some tabulated results. The largest
variation to a narrow range. The radial pivot location should be satisfied for
normal operating conditions so that a pure pitching of the pad is effected. Because
of the insensitivity of the radial pivot position, rolling of the pad at off

maintains the radial position of the pivot ncar the mean radius and limits the
conditions should nor be significant.

the hydrodynamic velocities are greater toward the outer radius, the restriction to

correct value. The actual position is slightly outdoard of the mean radius. Although
flow is less because of the greater escape area. The coun

variation is 5%, and the mean radial position (R, = 0.75) is not wery far from the

position of the givot. The

mummmmmm
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8. OPTIMUN: CROWN HEIGHT

A pri ded to select 2 pad configuration is the
mdMamMA“dmmMeuMmtnhsdm
compressibility parameter A maintaining the reference clearance ¢ a constant and
varying the crown height 5. Since ¢ is the comstant parameter it is used in the
definition of A, rather than §. The values of A investigated were 25,100 and 250,
Mllcnwmouzmm:wwo{mmd
sufficient inf tion is obtained to make decisi ding optimization of the
MMFWII.ILMIBM&WOIIMCM
Friction Moment Factor and Circumferential Pivot Position as a function of § /c. The
Mini.num Film Thickness is used as 2 family parameter. Since the Minimum Film
kammmpmn 12, and 13 could not be

ined diy a of cross plotting. The
mﬂmmndmonhuem-eum:

(1) Except at very smal' minimum films, performance is rather insensitive to
crown height for values of §/c between 0.8 and 1.5.

(2) The circum:srential pivot position is aimost invariant with the value of the
crown height.

o
>

o
~

=F PIVOT POSITION, 'OL
b
o0

-
-

M
AL
~
|
i
®
o
s

o
®

o
»
T

FRICT. MOM. FACTOR

| | ] [ | B | 1 1 1

w O

o

|

(3) A good selection for the vaiue of 5/c would be unity, since it provides , 2 2

near optimum ioad capacity over a broad range of film thicknesses and ) A=6pwry’fpac®=25
values of the compressibility parameter A. . fl/IOIOS

(4) As A increases the pivot position has a tendency to move closer to the 0,-ons4mn

trailing edge and the range of values of the pivot position is reduced. Pivot ”Iﬂ-hlll/c

positions between 0.5 and 0.6 give reasonable values of minimum filr.
z 706 |
"...-o.o

thickness.
0 1 1 | A ] % 1 1 1 1

(5 A crown consid i over 2 flat slider 2s can be
mwmmaﬂmanpufmms/c-om

0 02 04 06 08 10 12 K 18 18 20

CROWN HEIGHT, §/C

W
Pa'o

o
N

3/c = 1. For example, for Hp, = .6, the load capacities are at least
doubled, and 3 more noticeable improveinent is roted at the higher A
values. Also, except for very low values of film thickness, the viscous
friction is siightly less for the crowned profile than for the flat slider.

o

LOAD COEFFICIENT, Cy =

N Fig. 11 Variation of Performance with Crown Height, A = 25

mnmmmwumno- - 25 -
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Fig. 12 Variation of Performance with Crown Height, A = 100
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There is sligh . o
) ) is t imp in load ity and minimum film as compared to the
) A=250me.bun!hediﬂauee'smuulyumchatlmb«wuh-250
| . afndAfZS_.WimplmtisMbywhnWﬂhﬂbh

- . vmfncumhss'hnhmanmdwwmrun = 250.

9. PERFORMANCE FIELD PLOTS
Field plots were developed for the purpose of defermining performance of a

|
|
position can be pre-specified. or alt ively can be optimized for specific g I
conditions. Since for these plots the crown height is constant it is taken as the I
reference length in the definitions of A and other dimensionless parameters. The
plots consist of Load Coefficient Cy, Minimum Film Thickness Hpy;, Friction !
Moment Factor, F, and Pivot Film Thickness as a function of pivot position |
7/0,Mlewmm3cﬂMﬂLuds.mﬁmﬂy i
parameters. Three values of A were considered 25, 250, and 2500, respectively. The ‘
]
I
I

field plots provid for the icular pad ge y ca

The curves for A = 25 (Figures 14 and 15) are representative of small A or
nearly i ible operation. The operating pivot position is spread over a fairly
wide range. As the film thick d or 8/c i iati of load
coefficient are quite sensitive to pivot position.
In order for film thicknesses to be maintained at reasonable levels, and insure
adequate load capacity it would appear that the pivot position should be maintained
between 0.5 and 0.6. Then, for an operating §/c = 1 the minimum film would not &
be less than % of the crown height. Also, the value of /c = 1 should be selected for
maximum Joad conditions i vagiable loads will be encountered. Figure 15 shows
Friction Moment Factor amd the Pivot Film Thickness as a function of pivot O | =
position. The viscous friction also shows a sharp increase at higher values of pivot i
position, due to the in film thick Pivot film thick are not as '
|
!
|

sensitive as minimum films for any constant value of § /c, and varying pivot position.
Again, the more acute variations occur at the higher pivot positions.

Figures 16 and 17 are the field plots at A = 250. For most applications, this
value of A is well into the compressible region. The overall field plot is much more
compressed (narrower range of pivot positions) than for the low A case. This was
also evident in the varying crown height curves, Figures 11, 12 and 13.

The values of load coefficient are almost an order of magnitude higher than for
the low A situstion reflecting the higher hydrodynamic pressures generated by
increased velocities. Pivot positions in the range between 0.5 and 0.6S would appear
to provide reasonable load capacities and minimum films. The Friction Moment
Factor is much higher for the higher A case differing by an order of magnitude.

The field plots for A = 2500 are shown on Figures 18 and 19. These curves |
th ids into the ible range to the extent that load

u}ldtylh'ouldno(bemymw”rmﬁonnmdlmﬁs ‘I N
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10. VARIATION OF PERFORMANCE WITH z:' i < N
COMPRESSIBILITY PARAMZTER, A < 8 >
ient with A & ; = 2 S o
The variation of load coefficient with A is shown on Figurc 20, at various s Q ) - 18
values of minimum film thickness. The studies were made for a specific value of w k- -~ 00 b4
s/c = 1.0. An almost linear relation persists up to a valuc of A = 20, then the load o . n . .
variation levels off, udmw-ywwnﬂlyw-chahmmulue"'he 1
Friction Moment Factor (Figure 21) i to rise & . . The net -l s G o 62 &
mumammnmmm-ummwwnm S &P i —2
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§ 11. DESIGN PROCEDURE |
O Mnfmmhsbﬂhmwdtoaspedﬁcpdmmm
|6 -—4 3 zm ident. In most problems the load, geometry, viscosity
speed are specified.
- | 1. Compute the Load Coefficient for maximum operating load.
-
8 g = H 2. Enter a curve such as Figure 20 and select a A between 120 and 250.
— b4
w Nwn C I 3. Establish Hp;, from Figure 20.
l|:',| od .3 4. Compute c from known value of A.
Ld
i . o o : 5. Use a 5/c value equal to 1 and thus the crown height & equals ¢ for
o (= o \ = maximum loading.
= g N N‘.Q 5 6 anHm,‘,.m&c compute minimum Gilm thickness hmin and insure it is
- g I or the app
5 g o g. § 7. Compute Friction Moment Factor from a curve such as Figure 21.
g 0 g 2 © E 8. Establish |l:i4vot position from field plots or other curves such as Figure 13
o ) - e or Figure 14.
- -0 O l §_ 9. Using field plots determine off design performance by maintaining
n ' ' l o < - :onn-t pivot pesition. With vang\l: values of slc ornrolc and load
o etermine variation in mini thick and
a O O a g E pivot fim thickness.
E }{Q = 10.  Make adj as Y to satisfy li
et ,? The above procedure is intended as a guide in the use of the design information
1 =
Q ° e pteoenmd. ‘nm are many ramifications of the given information which would
< [ +] h to the proced Also, since some data is presented for
Q. m!m‘:es of A,é/c, arg/c etc., c;os plotting may be required or else designs
o the P
g pu As an example of the above design p di ider the following sample prob-
lem.
; v Given
-
. I N o
o - o = 4"
< 8 @O N -] < (=] .
~N 58 ) - - -39~
]
92 47d/*W = 4 ‘YOLIV4 LNINOW NOILOMS =
I THE FRANKLIN INSTITUTE RESEARCH LABORATORIES
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0., = 450
’ /l.b—uc\ ir at 2129F
s = 3.19x 107 reyns je=—=rc: | ~axatlll
" 10" /
N = 20,000 rpm (w = 2094 rad/sec)
pa = 15 psia
W1 = 450 Ibs (max)

Use 6 pads, W = 450/6 = 75 Ibs/pad.

I. Loud Coefficient €, = ——5 = 0.3125
Pa%o

2. Select A = 250

3. From Figure 20 Hpyj, =0.732

2
o

Pt

6pwr
= 0414x 103

4. c=

5.8/c= 1, therefore 5 = 0.414 x 103
6. Bmin = Hmin X ¢ =.303 x 103 in.

7. From Figure 21 at A= 2~ Hpp = 0.732
The Friction Moment Factor, F = 6.75
My =F x pa 192 6 = .6699 in.-lbs/pad
My (6 pads) = 4.0194 in.-ibs.

=1276

M
HP = Viscous horsepower = 3,000

8. Pivot Position
From Figure 16 at C} =0.3125,5/c=1.0
T =o.585
P for o = 0.7854

Y =0,4595 rad = 26.33°
ar
Also —2 = 3.625
& -3
a = 3.625 X 0.3747 x 10
(]

=40~

zad.

1T|F#¢ FRANKLIN INSTITUTE RESEARCE LABORATORIES

—— — s,

. From Table 2. rpy/1o = 0.767,  tp, = 3.068 in.

9. Pivot film thickness
From Figure 17at8/c= | and g— =0.585
Hp = hy/s= 0.857 L
hp=0.3544 x 103 in.

———

Table 3 below summarizes some of the di ionlk d from the
curves and the computed di ional perft
i TABLE 3
| My
Wy C  DPpin (o) by axio?
Hmin CL 8k argi  F  Hy (be) (mil) (mis) indbs (mil) frad)
| 1.0 0250 0670 385 562 1.10 360 0617 0414 3346 0455 398
15 0.155 0495 490 4.00 181 223 1197 0620 2382 0748 506
20 0130 0333 600 350 250 187 1242 0827 1787 1034 820
25 0070 0250 800 222 370 101 1654 1033 1191 1530 827

Figure 21a shows the variation of load capacity Wr, Friction Horsepower HP and

pivot film thickness hp as a functior: of the mini film thick

whle

hmin.

Design performance for other than maximum load conditions can be obtained by
entering Figures 16 and l7:ndrolloviu|lon¢uliuofennmmpivolpodtion.

0.861
0.420
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&2 l }
g 1.0 J 12. LIMITATIONS OF INCOMPRESSIBLE THEORY
go.e . For small values of A, it is often permissable to use compressible (Neary to
// | mwmammhnmmmmmd
film thickness regions, depending upon the amb

Figure 22 shows parative results b the compressible and
i pressible cases for a parabolic profile at two different values of minimum film
1.4 | hick The i theory, b of the linearity of the g ng
e ' equations shows a linear variation with A. At low values of A the compressible load
- coefficient is higher, but at the higher values it falls off rapidly compared to the
1.2 incompressible case. Further conclusions that can be drawn are as follows:
1.0 \ 1. Cavitating incompressible theory is closer to compnn‘blethcorywlmn
the range of A’s ptabl lobot!\ heories. This is
0.8 lous since comp thewymulheexpectedlobcmdudy
— associated with the i film rupture cannot oc-
0.6 wnndpmmun'obelowmhml. However, a cavitating pad with
0.4 liquid lubricant has greater Joad capacity than the itating pad b
‘ | negative pressures reduce lo: chnuly 'lhns.thcuvinﬂmpndmm
500 T T [ - closely bles the higher le pad than the non-cavitat-
450 = 2in _+ ' g . :
- \ To = 4in. 2. The range of useful A's for interchangeability of theory varies as film thick-
8400 Bp = 45° = 0.7854r0d — ness. The lower the film thickness, the lower the permissable value of A.
;-350 ~# "D= 3.19x lo-sm —_ 3. It appears that values of A less than SO permit use of either theory.
300 N i gk oo S
g Pg = 15 psia
250 6 PADS m—
8 200 ——— !
150
100
0.3 04 0.5 06 o7 0.8 09 10 -
MINIMUM FILM THICKNESS, hpiq (MILS)
Fig. 21a Performance Curves, Sample Problem
- 42 -
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13. THE RECTANGULAR APPROXIMATION

|
480

Most of the published perft L ion on tilting-pad thrust hearings
uutmcta:whrshdux'l’hcu:dumnon from a pieshaped sector is made by
assuming the rectangular length equal to the mean circumference of the sector, and |
the width equal to the difference between the inner and outer radii. The validity of
the approximation was tested for two cases, oac incompressible and the other

pressi For the i ible case. lyses in the form of digital
computer programs exist andpmcompmmmde A flat pad predile was
considered. Figure 23 shows the variation in load coefficient with miniraum fitm

ick for the k MWMMM!WABQ:M:&:
for the i the lincar relationship permits
ehmuuuon of this varigble. The load coeﬂ'-aull divided by A is analogous to an
inverse Sommerfeld Number. The A was ined in this i (o maintain the
same format as for the compressible fluid pads. A fairly large error is introduced by
the rectangular scctor, which increases as the minimum film thickness is reduced.
The error is not only due to the differences in hydrodynamic profile. but also due to
the fact that for the same tilt the minimum film thickness of the rectanguiar sector
is greater than for the pie-shaped sector. Altermatively, at ‘he same minimum film
the ngular sector requi a greater tilt to support an equal load.
With respect to load capacity, the rectangular approximation is over optumsuc and
thus may be misleading. Closer results can be obtai by np the
) film thickness of the actual sector, andthenakuhnumeloslonmebmoflh
rectangular information. The circles on Figure 23 represent lcad vs. minimum film
thickness determined in this manner. The results are reasonably close to the actual
pie-shaped sector performance, and are slightly pessimistic so that a safety factor is
included.

Figure 24 are plots of Friction Moment Factor vs. Minimum Film Thickness for |
the incompressible case. Here the rectangular approximation gives comservative |
results at low values of film thick and over optimistic results at the higher film
thickness magnitudes. Using the pie-shaped sector film in combination with the
rectangular values of friction prodi an almost parallel curve to the true sector
except the predicted friction is too low Figures 25 and 26 show variations in load
and friction as a function of angular tilt. This is h way of plotting
results. The pie-shaped and rectangular curves for load and friction are reasonably
close and on this basis the rectangular approximation is good. but misleading
because minimum film thicknesses can be considerably different.
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TILTING PAD THRUST BEARING - COMPARISON OF

COMPRESSIBLE AND INCOMPRESSIBLE THEORY AS

A 1S VARIED USING THE PARABOLIC CROWN PROFILE
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Figures 27 through 30 are similar curves for a parabolic crowned pad operating
c; with a compressible lubricant. By using large radii and maintaining the difference
between the radii equal to the pad width a good ap imation to the |

Fig. 22 Comparison of Load Coefficient for Incompressible
and Compressible Treory vs. 1 ‘
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pad was obtained with the program that analy mmmmm 1.6—
desling with verification of the jcal (Section 4) has already i v./r. = 05
d d the effectiveness of this approach i’% .
The resuits are similas to the incompressible case. Pechaps a higher value of A. 8p = 0.7854 RAD
wmmcxhsbneamdu:y trends of the FLAT PAD
P 1.5— Grwr,d
mrmmmauwmmw ~ — - =28
approximation, 2 Pr€
1. Onmehudmdmlh&dmfwmww : DR=REFERENCEPRESM
lar pads, the agular approximation. } 1.4
(a) will give over-optimistic results for load capacity. [}
(b) will give plimistic results for vi friction at high QJ
films, 2nd conservative results at lower minimum films. - O PIE -SHAPED MINIMUM
2. Olthe basis of pieshaped film thick and E 1.3— FILM, RECTANGULAR
Riction wi be opthm i e S GRer s o LOAD FOR SAME TILT
3. Comparisons using equal 1 tﬂls du good results, 'l:."
being ive for load andoynmcforvmsfncuon. 8 |
These sesults can be misleading b films can be ol.z
considerably different. § RECTANGULAR
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Fig. 23 Comparison Between Pie-Shaped Sector and Rectangular
Approximation - Load Coefficient vs. Minimum F{
Thickness - Incompressible Fluid
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Fig. 24 Comparison Between Pie-Shaped Sector and Rectangular
Approximation - Friction Moment Factor vs. Minimum
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14. SUMMARY

A computerized numerical analysis applied to the filting pad thrust sector
operating with compressible lubricants has been developed. Extensive performance
information nhﬁn;toatpeciﬁcpmneuyhasbempmwmm
optimization procedures. Limitations of various approximations have been clarified.
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- ~* The inherent self aligning capability and superior resistance to

. thermal distortion, of the gas-lubricated tilting-pad thrust bearing could
often offset load capacity limitations and make it an attractive compromise
for many applications. A numerical treatment for analyzing the tilting-pad
thrust bearing is presented along with extensive performance information for
& particulsr pad geometry. An optimum hydrodynamic crown profile and related
di ons are d d. The range of validity of incompressible theory and
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