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FOREWORD

This interim technical report, covering the period April 1972
to May 1973, was prepared by Owens-Illinois, Incorporated, Fecker Sys-
tems Division, Pittsburgh, Pennsylvania, under contract F30602-72-C-
0192, Job Order Number 65270121, with Rome Air Development Center,
Griffiss Air Force Base, New York. The investigation 1s also partially
sponsored by the Defense Advanced Reseach Project Agency under ARPA
Order 1279.

This report was numbered by Owens Ill:.ois F(4)-864-047-022-2251.
Investjgator for the technology contained hereir .as Spiro Pappas.

This report has been raviewed by the RADC Information Office (o1)
and is releasable to the National Technical Information Service.

This technical report has been reviewed and is approved.
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ABSTRACT

A Technical Report designated F(4)-864-047-022-2251
RADC-TR No. 1279) consisting of an Environmental
Analysis in two parts, Random Solar Heat Pointing
Error and Oil Bearing Heat Pointing Error and the
Hydrostatic Bearings Design in three parts, Azimuth

Axis Thrust Bearing, Azimuth Axis Radial Bearing

and Elevation Axis Radial Bearing. These subjects
are critical design criteria for the Optical Radar

Angle Tracking Mount.
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SECTION 1
ENVIRONMENTAL ANALYSIS

INTRODUCTION

The following environmental conditions, in which the Optical
Radar Angle Tracking Mount must operate, are restated below
(from PR No. A-1-1095, paragraph 3.6):

Temperature -

Operating: -208 F to + 1002 F
Non-Operating: =35 F to + 140  F

Stability: 10° F change in a 60 minute period

Humidity -
Operating or non-operating: 10 to 100% Rh with condensation
due to temperature changes.

Authorization

The following theoretical environmental analysis is in
lieu of actual environmental testing and is included in
this Technical Report by authorization of PR No. A-1-1095,
Amendment #1, 21 December 1971, attachment #2.

Scope

Regarding overall temperature ranae or temperature changes
in a relatively short period of time such as 2 or 4 hours
maximum, only hot spots or non-uniformly heated (or cooled)
areas are considered as contributions to the pointing error
of the mount. Uniform heating (or cooling) regardless of
rate of temperature change causes no calcuable distortions
or alignment alterations since material selections are
connatible throughout the instrument.

Non-uniform heating does, however, exist and manifests
itself in two distinct modes: first, externally from
random solar heating, and second, internally from oil
bearing heat. Both are discussed herein in paragraphs 1.2
and I.3, respectively.

Regarding relative humidity or condensation resulting from
coincident temperature and humidity conditions, all exposed
surfaces of the entire mount are painted, plated or protected
in some way such that condensation will cause no detrimental
effect, with one exception, that being the elevation mirror
surface. Any contamination that may fall upon the mirror
surface while it is wet will be left behind when the water
dries, leaving a film which can reduce the reflectivity of
the mirror. Periodic surface cleaning can correct this




problem, or some steps can be taken to prevent the problem.
Pirst, alwaxs storeothe elevation mirror, whgn not in use,

at either 0~ or 180 of Elevation Anyie. This will put the
plane of the mirror vertical. Second, during climatic periods
of high humidity and low temperature, warm the ambient air
inside the dome and, if possible, refrain from use in order

to keep the dome closed.

RANDOM SOLAR HEAT POINTING ERROR

When the coelostat is operating on a sunny day with the dome doors
open, the radiant energy of the sun will not uniformly bathe the
entire instrument. The solar radiation will fall on different
areas and even move across these areas when the mount is moving.
Most of the areas are either massive and r~quire much time to
absorb significant quantities of heat ¢. ould not create an
error contribution even when their dimens.ons become altered by a
temperature increase. One area is critic:l however, that being
the vertical support column for the elevation axis. An increase
in column length results to p-oduce a non-systematic pointing
error by altering the orthogonality (90° angle) between the ele-
vation and azimuth axes.

Referring to Appendix A, the following values can be concluded:

a) that the temperature rise in the support columnocan be 8° F.
b) that the elongation of the column due to this 8° F change
can be .00192 inches.

c) that the resultant orthogonal angle can vary by 27.4 x 106
rad (5.66 arc seconds).

d) that these changes can take place in 42 minutes.

e) finally, that the additional orthogonality error can not
be tolerated and must be eliminated or reduced to an
insignificant value.

Solar Radiation Shield

Insulation can be applied to shield the outboard elevation
support column from the radiant enerqy of the sun.

The shield consists of a protective enclosure, which shields
the four sides of the column which may be exposed to

solar radiation. The exposed outside surface of the enclosure
is lined with a sheet of aluminized mylar to reflect solar
radiation. The mylar is bonded to a wall of rigid poly-
ethylene foam of which the enclosure is fabricated. The poly-
ethylene also acts to retard any heat that is not reflected

by the aluminized surface. The aluminized surface reflects
approximately 90 - 95% of the incident solar radiation.




In mounting the enclosure into position, a 2-inch air

gap is provided between the enclosure wall and the support
column to promote convection. This is a source of further
heat removal. It is expected that the combination of
reflection, retardation, and convection will be 99.9%
effective, thus eliminating the solar radiation effects on
the orthogonality portion of pointing error.

OIL BEARING HEAT POINTING ERROR (See also Appendix B)

Heat in a hydrostatic bearing results primarily from hydraulic
pressure energy which is converted directly into heat eneragy
when a pressure drop occurs thru the compensating elementes and
the bearing pads. No work is performed by this pressure drop

co that the energy conversion into heat is virtually complete.
This heat will be transferred to the rotor and stator of the
bearing, and then, further, transferred to the structure local
to the bearing. From this heat, dimensional changes will occur.

At the azimuth oil bearing, dimensiona: changes would be
symmetrical both in radial and axial directions and thus cause
no angular variations and therefore no pointing error contri-
butions.

At the elevation oil bearing, however, since the axis of the
bearing (Elevation axis) is horizontal, a radial dimensional
increase will move the bearing axis a distance equal to 1/2

the total diametral change, which results to produce a non-

systematic pointing error by altering the orthogonality

(907 angle) between the elevation and azimuth axes.

Referring to Appendix B, the following values can be concluded:

a) Pointing Error A6 = 2.5 x 10-6 rad/°F.
(or 0.56 arc sec/°F).

b) Conservative maximum temperature variation
T3-Ta = 2.4°F,

c) A realistic value for T3-Ta is 1.6°F.

d) The orthogonality can vary by +2.0 x 107% rad
(+.41 arc seconds).

e) Finally, that the additional orthogonality error can
be tolerated provided that the total system pointing
error does not exceed the specification.

0il Cooler

I? thg total system pointing e. ror approaches the speci-
fication value, some help can be offered through the

use of a beat exchanger in the hydraulic supply system.
This cooling unit could he installed in the o0il return

line at the location of the hydraulic power unit. There
are, howeve;, several other natural conditions for heat
exchange which preclude the use of the cooler.
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SECTION II

HYDROSTATIC BEARINGS DESIGN

1. INTRODUCTION

Three nydrostatic oil bearings are used in the design of the |
optical radar augle tracking mount. The bearings provide ;
smooth, precise, and friction free operation throughout the
Operational range of the instrument. The bearings include }
the azimuth axis thrust bearing, the azimut+™ axis radial ;
bearing, and the elevation axis radial be.. .g. The azimuth i
axis bearings are combined into one assembly to provide total
restraint capability for the azimuth axis. 0il is supplied
to all three bearings at 230 psi.

Opesational tempsrature limits of the coelostat are between
=20" F and + 100" F. Bearing »il viscosity will change
accordingly. If the viscosity is too high, it will have
difficulty in being pumped. If the viscosity is oo low the
©il will be too thin and excessive flow will result. In the
present application, the recommended viscosity limits for
bearing operation are 4 x 10 REYN to 28 x 10 PEYN
(32-200 Centistokes). One cingle fluid cannot provige these
narroy viscosity limits in the temperature range -20° F to

+ 100° F. Two fluids are therefore recommended with change-
over periods occurring in th: Fall and Spring of each year.
During cold weather operatio: (Nov. 15 - April 30) the
operational fluid will be MIL-H-5606B (Exxon Univis J41).
During warm weather operation (May 1 - Nov. 14) the opera- A
tional fluid will be automatic transmission’ fluid (Exxon |
Glide or equivalent).

2. DESIGN REVIEW

PR ————

Juring the design phase of this hardware contract, a consultant !
was retained to review, recommend, and contribute if necessary |
tc these hydrostatic bearing designs. A copy of their report

follows as Exhibit A. The three potential problem areas

mentioned by Mr. Rippel in the Franklin Institute report were
treated as follows:




EXHIBIT A
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P ~
M THE FRANKLIN INSTITUTE
UUUL RESEARCH LABORATORIES

THE BENJAMIN FRANKLIN PARKWAY « PHILADELPHIA, PENNSYLVANIA 19103 + TeLePHONE (215) 448.1000

MECHANICAL AND NUCLEAR FNGINEERING DEPARTMENT
August 16, 1972

Owens-I111inois Inc,
a Fecker Systems Div.

‘ 4709 Baum Blvd.
Pittsburgh, Pa. 15213

Attention: HMr. Spiro Pappas

Subject: FIRL evaluation of Owens-I11inois desian approach of oil
r hydrostatic bearings for a 2-axis optical radar tracking
mount.

References: 1. Owens-I111inois Purchase Order No. C3134n-9-864
dated 8/10/72

2. Engineering discussions held at Owens-I111inois Fecker
4 Systems Div. Pittsturgh facility on Auqust 14 & 15, 1972
Gentlemen:

The purpose of this letter is to formalize the writer's evaluation of
the Owens-I11inois oil-lubricated hydrostatic bearina desian approach for
application to a 2-Axis Optical Radar Trackino Mount. This evaluation was
performed for Owens-I11inois (Ref. 1) during recentlv held discussions with
cognizant 0-1 personnel at your facility (Ref. 2)

0il-lubricated hydrostatic bearings are to be applied to the azimuth
axis and to the elevation axis (inboard end only) of the subiect mount.
The azimuth bearing consists of three bearing surfaces, namelv, uprer and
lower thrust surfaces and a radial bearing surface. A1l such bearing sur-
faces are of the multi-pad type. The number of pads used and their locations
are such as to provide the necessary thrust, radial and moment load-carryino
capability. The elevation axis bearing is also a multi-pad iournal bearing
as required for support of the radial load.

The bearing analysis methods used are adequate for the bearing concents
: eriployed. Hence, predictions of oil-film load-carrying capabilities, stiff-
nesses, flows, pressures, etc., are valid,




10 S e—— F .

T —

EXHIBIT A (Cont'd.)

The subject anplication uses the capillary-compensated, constant pres-
sure source type of lubricant supply distribution circuit. This tvpe of
circuit minimizes the changes in bearing performance due to the bhroad range
of operating temperature.

The seemingly novel method of providing pressurized flow to the eleva-
tion bearing (via a manifold incorporated within the azimuth radial bearina)
is a well proven technique. In effect, a "hydraulic slip ring" is realized
that is similar in principle and in form to that used in various enaine
crankshafts to supply pressurized oil from the rotatina crankshaft to
lubricate the oscillatina connecting rod wrist pin bearinas,

The writer is in agreerent with the desion modific ~ion to sunply both
bearings with the same value of supply pressure (230 psinj. Thus, the maior
pressure-drop in the elevation bearing will be acrnss its capillarv tube
restrictos (230-35 = 195 psig). This 1111 result in about a A0% increase
in elevation bearing oil-filnm stiffnoss compared to that realized with onlv
a 70 psig supply pressure.

The selectior of 0il-film cleararces in the rarge of N,0172 to N.0N2
inch is within the right range from the competing considerations of flows
required, oil-film stiffnesses, and required bearina fabrication and instal-
lation tolerances.

In our evaluation of the design approach (in its current state of
conpleteness) we would foresee a numbh- of potential problem areas, namelv:

o Adequate and purposeful control of supply 0il temperature to
mininize deleterious therral gradients within the mount.

e The incorporation of as much lubricant drainage_ as is physicallv
possible in order to promote the free flow of return oil (bv
gravity) back to the reservoir(s) without the build-up of excessive
back pressures in the main discharge o0il collecting cavities.

e Matching of structural compliance characteristics of mating bearina
member support structures to insure against loss of bearing ail-film
performance due to compliance-induced misalignmerts of bearina
surfaces.

A11 of these potential problem areas are recoanized hyv 0-1 and are, therefore,
being given careful consideration during the bearing desinn phase now undervay,

In summary then, on the basis of our linited evaluation it is our opinion
that the 0-I hydrostatic bearing design effort is proceeding in the right
direction and is backed-up with sufficientlv realistic analysis methods and
capabilities that are required to generate sufficient confidence that the
final hearing design to be applied will provide adequate nerformance befnre
said design is committed to hardware.
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EXHIBIT A (Cont'd.)

R

The FIRL is pleased to have been of service to Owens-I1linois. lle
shall be pleased to provide additional services if and as subseouently

required during the course of completion of the bearina desion effort hy
Owens-111inois.

Sincerely,

Yoo 17
JE St
H. C. Rippel
Principal Enaineer

kas
cc: Mr. G. J. Thompson

Project Engineer
Owens-I11inois

Mr. John Daker
Purchasing Agent
Owens-1111inois




0il cooling received the fullest consideration in
the final bearing designs but the decision for an
0il cooler is still held in abeyance not because
of any bhearing performance characteristic, but
because of the possibility of the oil bearing heat
pointing error contribution which is discussed in
paragraph 1.3 of this report.

Maximum possible drainage duccs, within space
allowances, were provided, especially from the
elevation bearings. In addition, a vacuum scavenge
system has been included to assist in the return oil
flow and prevent oil seepage throuagh the gaps between
the rotor and stator of each bearing. This vacuum
scavenge system will cause a press' ~ differential
across the oil bearing gaps of abo 1l Psie

Matching structural compliances wei~ improved in the
following manner to ircure against loss of bearing
0il-film performance di.c to compliance induced mis-
alignments of bearing surfaces:

Stiffened structure

Stiffened rings

Elevation housing wall thickness was increased
0.D. of azimuth bearing supports were increased

AZIMUTH AXIS THRUST BEARING (See also Appendix C)

The azimuth axis thrust bearing provides thrust support for

the total moving mass of coelostat and #lso provides restraining
moment for the axis about a plane perpendicular to the azimuth

axis ("Rocking Moment"). The bearing consists of twelve equally
spaced pairs of opposed locating pads (total of 24 pads) arranged
in a circle which has a mean radius of 26.88 inches. An oil supply
pressure of 230 psi is applied through twenty-four capillary
compensating tubes for regulation of oil flow tc the individual
pads. The nominal preload clearance is 0.0025 inches. The applied
load produces an eccentricity of approxi@ately 0.000675 inches.
Rocking moment stiffness exceeds 20 x 10~ in-1lbs/rad which is

more than adequate.

AZIMUTH AXIS RADIAL BEARING (See also Appendix D)

The azimuth axis radial bearing is a journal bearing which restrains
ary lateral movement by the azimuth axis. The bearing is 58.00
inches in diameter and consists of twelve equally spaced pads pre-
loaded against the journal to provide the required stiffness. The
supply pressure is 230 psi (as in the other two bearings) and is
equally distributed to the pads by twelve capillary flow




restrictors, one for each pad. The nominal radial clearance
(and film thickness) is 0.0025 inches. Axis eccentricity can
only occur with the introduction of a side load. Stiffness
of the bearing, however, is quite high and any reculting
eccentricity would be insignificant.

ELEVATION AXIS RADIAL BEARL!'G (See also Appendix E)

The elevation bearing is a journal bearing which supports the
inboard side of the elevation axis. The bearing has eight equally
spaced hydrostatic pads which are an integral part of the outer
support ring. The journal diameter is 55.00 inches. Bearing oil
supply pressure is 230 psi and is appl‘~d across eight capillary
flow regulators to properly distribut. _he oii to the eight
individual bearing pads. The no-load radial clearance between
journal and support ring is 0.003 inch. Application of the
bearing load introduces an eccentricity of 0.0009 inches.

BEARING OIL TRANSFER S5LOT

Providingy oil under pressure to the inner axis bearing from an
oil supply system externally located is accomplished by the use
of an oil transfer slot. The transfer slot is considered a
hydraulic slipring, but with some leakage. The o0il passes from
a stationary ring to a rotating ring having a circumferential
groove. The groove serves as a common supply for thr ei~!
capillary inlets of the elevation bearing. The leakage is
controlled by fixing the sill length and cap of the leakadge
path. The gap or radial clearance is 0.0025 inches and the
length of the sill is 1.00 inch. Flow across the slot (leakadqe)
is hence laminar and can be determined with the following flow

equation: .
. Dak h
Q- ML

, P I
i e} ! ! I L= 400

o ssopst ||
eroove” | s | f ' b 1_‘-400
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Flow (in3/sec)

S§ill wid*h (ring circumference) inch
Sill length (inch)
Film thickness (gap) inch
Viscosity (REYN)

Ps - Pa (PSI)

Supply pressure (PSI)

Ambient pressure (PSI)

230 PSI

1.00 inch

7 % (58.00) = 182.2 inch

0.0025_inch

4 x 10°° REYN

230 x 0.00255 x 2 x 182.2
12 x ¢ x10° x 1.0

27 :2 in3/sec

Flow Horsepower
27.2 x 230
6600
Hp 0.95 hp

Hp =

CAPILLARY COMPENSATION

Compensating elements for hydrostatic bearings - flow restrictors
between the 0il supply pump and the bearing pads - have a

definite effect on bearing performance. Capillary compensation

is used in this applicaticn because it offers several advantages.
It is desirable to maintain the pressure ratio, pad stiffness and
bearing eccentricity invariant with variations in bearing fluid
viscosity (which will occur with variations in temperature). Only
capillary compensation will provide this advantage. This phenom-
enon is particularly important in the elevation axis bearing whose
axis is horizontal. Changes in bearing eccentricity have a marked
effect on orthogonality to the azimuth axis, and hence the accuracy
or pointing error of the instrument.

SUMMARY

Included in Table I is a summary of parameters for the three
hydrostatic 0il bearings and the oil transfer slot.
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APPENDIX A

RANDOM SOLAR HEAT POINTING FRROR

12
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OWENS-ILLINOIS
FECKER SYSTEMS DIVISION [ ENGINEERING DATA
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OWENS-ILLINOIS
FECKER SYSTEMS DIVISION I ENGINEERING DATA
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OUTER AND MINER WALL (BTU/FT‘-HR—°F)

‘T:;— FINAL EBERQUILIBRIUM TEMPERATURE OF THE
M EATED SURFACE <°F\

To — SURFACE TEMPRERATURE PRICEK T EXPoiURE
TD SURN I ENT (o F) (AL.SO ASSUMED AMBIENT)

A - CvARACTERISTIC ARSA (t‘f")
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Qu = X QA

R

SURFACE ABSORPTIVI TY

O

SoLAR RADIATION BT it

Q=160 BT%R—F‘F" CON ST  vamive “ vALUE -
FRoM YenNT - MECH,
EMG., HAD B ook "

If ,HowsVeER, (1) ONLY THE PROJECTED AREA OF 2 Sibgs 1S
CORSIDERED RATHER THAN THE ToTAL AREAM

() THE SUPPORT <oLumM 1% KNoT FREF o exPAD
AS A RESULT OF THE TEMPERATURE RISE BuT

IS KESTRAINED BY THE UN HEATED PoRTION

OCFR TH& coumn (3) THE RADIATION |5 NESLEcTED,
AND ([4) THE WALLS ARE VIRTUALLY VERTICA L CTHEN
THE ARSoRPTIVITY MAY BE MODIFIED TO & IVE

¥ = 0.5 (04)
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ASSUMING  SOME  CONVE eTion Ak D
WETTING V= S {t/sec

= 18,000 FT/yg

hy= 03+ Y o g 4 l8000
le,300 /6,300
h= 2.0
haz 2.0
GIN Q! g G‘l-

e eI e T B TR MR Il TR TR — T, B e, =T e S

e
T e |, (T_{ 'To\ + . (T_(-TUB
=<L\\ + L\\) (—r_{ "TD\
32 = (2.0 +2, o)O}-To)

T

+‘Tb; 9.0. F

Sl T ————

= —— — —
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PDETERMINE EPFECTIVE ACHARNCE N ELEVATION ANGLE
RESULTING FRoM 8,0°F TEMPERATUERE R\SE

: L - 1
Af_hm___; L

| r“'—_' B M

Yo

AL = L« AT

L= Yo 1N
o= 6x \0~b/°F

AT= g.0°F

AL= 4ox 6x107° « 8.0

AL= 0.00)192. n

| AL=7006

©= ©:.001%2
7o

G=274%%10"" RAD

2 22.4XI0°°X 1.063X105 SEe = 5.46 4aze.
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DETERMINE TiMg T REACH TEMPER ATURE

a" KA (T_{Tj

g wic &t
ot

Sile &0 LA(T,-T
e g WT )

>
'

= k\‘”\t (CEMBIVED FILM COEFRICIERNTS e

M ER ANp  OUTER SURFP‘CE’)

L= SPECI¥ic MWEAT OF SURFALE MATERINL
5
dT G4
A
AEITINE B —\:-\-p—‘-
W C
!/"T ,T , t . ‘L
o - |
[ 8- (a
& Tc-T |
: Jy
1
"L‘<T4°')E - Bt
dTp‘ .;

|
: i AR |
: |
' 1
T s TEMPERATURE @& ANV TimE 3
i 13 §
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T_"-To
T (T Te) @t
T- T-_g = —(T_( -Tu)c”"'

TKTO-(trT:)=-(q:~.o)€'3%

) “hA ¢
T~To = \T_( -T°>I\ = & W J

L\: 4.0 E)TU/F.T-\._ R

Y. .o
S2x% 107

TIME CONSTANT

Y= o4 HR

e
7.2
TIMg ¢ To ReEBchH 7;(

t= §71T = Sx oy

1= 070 HRr
20
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OWENS-ILLINOIS

FECKER SYSTEMS DIVISION ENGINEERING DATA

THERMAL ANALY $1%

INVESTIGATE THE EFFEcCcYT oF VAR ATION CF
BEARING OIL TEMPER ATURE ON COELOSTAT
POINT ING ERRCR.

HEAT FRemM oL PASS ING THRCcUGH THE FLow
RESTRICTORS AND BEAR/I/INGC PADS WL B8B&
TRANS FERED TO THE RPOTOR ANM" STMTOR £F
THE BEMRING., Th/S HEAT Wit A TURMN B&€
TRANSFERED 70 THE STRUCTURE (cCAL Tb THE
c/. BEARINaG.,

ASSUMING THAT THE STRUCTURE WH/icH 15 NOT LoOCAL
TO THE o0/ BEMRNWNG wiLe BE AT AMBIENT
TEMPERATURE , AND THAT THE STRUCTURE LOCAL

70 THE BERARING Wit BE AT MHIGHER TEMPERATURE
BTCAUSE O©F THE HENTED C/t, PCINTING ERRCR
CAN BE EXPECTED AS A RESULYT ©F DIFFERENT/IAL

EXPAN S/CN .,

- S
_____ —:F‘I DEFINE POINTING
| {_' et
|
: || AP = _é;.-
| |
'&9 L______~L___;_ZL __ELEV- AXS

*
|
|

-y e

| ]
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ASSCMING FREE ExPANSIDN ©F ELEVATICHN Oie
EERRING COoMPONENTS, A I*F TeEMPERATURE
IhFFreRERNLE BETWEEM BeEARIM & AND AMRIENT
STRUCTURE PREPRESERTS THE FriLuw 'AG PoINT NG
ERROR .

R= ouTsIiDE RADIUS ©F BEARING
AR '—§= CHANGE N Rerius (OR ELEVATION )

X = THERMAL COEFF OF EXPANSICN —
FoR sTeEEL &= ébuo—é/”F'

AT = MEAN TEMPER ATURE PDIFFEREMNCE BeETwWEEN
BEARING RINGS AND SUPPORTING STRUCTURE
(oR AMBIENT) NOT LocAL TO BEARING.

a
c = KaAt

= 3ox6x10 % x|
8« o.ooomo/vi:

PoINTING TRRoR PER °F

L= 2
5

Ag- 0cocig
72

AG:=2.5%10° RAD/,F

23
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CONS'DER THE FOLLOWING SYSTEM

HEAT EXCH

Q‘:_ l_ (¥ ReRD) |
X

! ‘L ?1,T1

9

2

3

v

A+l

%2 i"

24
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SYSTEM HEAT BALAWNCE OCCURS WU/HEMN

| WS:Z'+ZL+&EX+Z3+ZV+ZS ()

THE ARoVvE APPLIES TO A PER UNTMT MASS OF
FLow iING FLL\D

IN TERMS oOF UNIT MASS OF FLow/|Né FLUID
PEFINE TWE HEAT FLowsS

() FeR SO' LoNa 2w DIAM PiPE

L ~ 3.7

AP
F

wWHTRE 2"; HEAT LEAVING SYSTEM

+ CP (Tz'T) (2)

THRU 1P waLLs (BTU /HR /ie)

- i

T,= ClL TEMP AT PIPE ENTRANCE

T2= O] TEMP AT PIPE EXIT 1

(2) HEAT ExcrArRGER |

- Qpx = Fi-Pa + Cp (Ta-T) (®

(3) ELEVATION BEAR NG

"1 [EE LGl [F] &

25
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(W) AZIM T BEAR MG
F

WHERE (F) 1S THAT FRACTION oF ©Sucw

FASLING THRU BLE ATion BeEaR N4

NeTE THAT : T, = {(Ty,Ts ELEV.FLow , AZ. Frow)

(S) NEcLTeT ima AP AcRcss TARNK

-9¢ = Sp (T9-TC)

(©

\\‘,) YumpP

~e Z| = "WS =S P-Pe P C’f" (T"T‘I) (’7)

COMBINE EQ's (2) THRU (7) INTo £0 (1)
To ORBTAIN

W, = P-%r C g
T f["‘ﬁ'TS‘TwF(Tc-Hﬂ (%)

KECARD EQ () AS USED UP AND WoRK WITH

EQ'S (2) THRU (8). CoNsSIDER ZZ’ Js, AND

P0s31BLY Qgyx (HEAT EXCHANGER OR AIR COCLER MAY

cR MAY NoOT BE UseD PDEPENDING ON FINAL

TEMPERATURE BALANCE) AS MATOR HEAT REMOVALS
AND REWRITE EQ's (2)

26
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=+ Cf (T‘f'—r}> 2]

Bl L G (TeT) so

{t°

ZS = Cp (7-(,‘7—7)

UMP SHAF
PUM HAFT :+P‘_/9'

WOR K \NS + CF (T7’T.>

\L/S = )D;'/?_
f?

+ _sz. [27‘7 ~Ts T, +F(Ts —7:,)]

NoTe: Tg=T, =T,

T7'-7-,

REWR )TING THE ABOYE EQUATI/ONS

——— T My
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| g, - P,/;P,

Lex i g Cp (T*‘T’>

/0

o Lk 5 Cp (Ta-Ts)

HE CP (7—/ '71->

/o
. PL-P'S e CP (Tlf —r’)
'i 5> (Ty4-7)
FUMP SHAFT
R
[iaiee gt o B
. P;”Ql.

W

r %[27‘;" T‘/-—r:f + F (ﬂ-Ty)j‘

OVERALL ENERGY BaLaNcCE

Ws= 7.+ Gex * Jo ()

HEATS LEAVING FLUID

I H—Zh i e 0,
| &.EX:' /7;_-)'73 * CP (TL'T}) '\'c)
28
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os Fsl;f’c + Co (75 T) (d

is = Cp(Ty-T)) (@)

] PUMP SHAFT WctRKk ENTERING FLUID

W = ”/JP [+4)

LET (’W)) BE MASS  Flow RKRATE CF [FLcwus (LB,.,/M;N>

/

ComveRT £6S (5 THRu(e) 7o (LB,../MH\O

P, - % - VE '
gz = W 24 om C/’(T"/‘> 5%”\' (9>

la
G'gv M ff_...fl + m Cp /7’1 —7‘,) F"TUM'N ("1)
i 5
P , .
o = (/) 3 P + <’>CP(T3'T‘*) BT%”M (z)
/o
js‘ = MCF (T&/' T,) BTU/M,N (1/_‘})
i
: 29
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DEFINE LA A OVER AL L HERAT TLANSFER,

CCEFFICIENT  For +eAT (Z‘) UNITS ARE BTU/n ers og

SIMILAR DuFir 1v10py FCR o0THER ren<S

s Us A, T—'T]-+rr1 B B
STLDT 0 M L (4)

&D‘ - UE’X AD‘ [—}—%E i Tag bT\;M,M (2)

Vi +T. - ‘Tkj\

Z i BTU/M!N (W‘)

TEMP T3 1S AT ENTRAMCE To OlL BEARINMES ,

COMBIME  EGQ 9 (C)(j)v‘(W)

- T [l h "t\'\_(, ) -T0\ L/gAs_}

K3 wm Cp
\ = USAS
ZW\CP

Comene ER's (9)+ (h)

T}.( Lt chP] Ta Li:?:l ¢ 2P

£Llp
\ — U':. AL

T‘ =
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comping ERS (W) «(&)

— [I "3 Ugx AE\] < N UE"AE"_X e P3'?L
e =2 2w e AL wce Per . (P
l =3 UEK AEX
2wm C?
B3 EGQGUATIONS AND 3 UNKMCe NS, SUBSTITUTE

SOME NUMERICAL VALUES AND

sSoLVE FoR Ts

- e

MA X O FLOW
wW, = 65 IN*/sge X toSEe e T2 (248 X .27
Mot | 72¥¢ 1N T ETY ’
W,E 123 LB/MiN
M N CiL FLOw
™M, = \Z_\Na/sgc.
Cpz 0.50 BTU/LB_OF = HGbo 1n-iB / g o
(o = 0.032.2L8/,N3
Az = 46,2 FT?
Asz. L‘f?..o pTL
3
|susect | Paee
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Llyx @59 BTU /M T o = SSIO lN"—B/M.'N T of

| 2
Lez 043 BTU/M.N FT° e = Yoo nu-\—E/Mm FT> °F

P = 2847 Ps
264.77 Psy
= 1447 P
= 14,7 P3)
150 LB/,MLOF
\M'CP: 0,S74% 10 IN <18 Juyn oF
Us A5-= 0.169 % 0° IN-LB /MmN oF
UoAo: 0. 1443 x0° iN-B /MmN oF

P;-Pc = 230 psi

Po-P, = -20.0 Psi

Pa-P, = -20.0 ps)

2wl T 1S 10" IN-Le /min E

SUBSTITUTE ABOVE NUMERICAL VALUES

EQUATIONS (W), (), + (P) .

DETERMINE '1'3-‘1“0k

USING VALUES FoR MAUIMUM OilL FELow

32
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-l-"\ O"’i_’f__'_?...] T 0 bAx 0"
S ) 1 118 % °\ 0.514 x 0% 230 }
L = s ;
_ €69 x 0" | 5@
11§ X106 ]
( 0.\44‘“‘0" - [o.wfq‘hqo" 20 i
W s Ta ~_|+ L & B A a O.Sfljwo‘“ 1SS0
: 0. w43 x 10

| 115 10 '

Uex A ex [ UE%AEX ] 2 o
T3[\ \IS)()O°\-( T" 0.S14 xi0*)] = /SO
b= UE’)&AEX

]
1S % 10°

. T, [\.M'z]- Ta [£2a5] .3

0.8S3 |

w
N
i

_ vl Ln.azs]—‘n\ [.zsz]-o,.sz
0,215

-
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WITROUT HEAT EXCHANGER Ja =14

THEN SOWVING THE EQUATIONS FoR WMAX FLow
—— _ 4

L€, FeR THE HICH EFLow CcoNDITION TWHE
BEARING /NLET TEMP?P | T3, SHouLD NoT

DETERMINE Ja- Ta

USIiHG /ALUVES FoRk mMiNIMuMm CiL FLC w

(A
[l 4 0169 xi0° | T KO»ILQNO ]
T - -T‘ 0.206 %)0° A 0.103 »io* e __.—7.30
: 1S D

o €169 %ip"
0.206 x10°

g L
0. 1443 X10 5 0 \MYD IO 20

0.206 2i0® ,. 0103 % \0® ) Sbo

| - 0. 1443 x10%
0420‘)‘[06

WITHCUT MEAT EXCHANGER T2 =T5
SOLVING THE EGQUATIONS FOR MIN  FLOwW

Tg-T«= C.IL°F

34

EXCEED AMBIENT TEMP TA BY MORE THAN 2.3(°F
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SINCE THE FLOW THROUCH THE BEARING S

PEPENPENT N NV1$Co%\TY , A CoNSTANT ViscosTY
THReVGHe T THE TEMPERATURE RAKNGE WOouLD
MAEE T3 -Ta <coNsTANT , HoweyER , Simee

THE VIScos Ty | ARD HENCE THE FLow, Doks VARY,
Ty “Ta 1S EXPECTED T VvARY \WITH T,
(TEMPERATURE VARIATIONS MENTIONER HERE ARE
THE OFERATIONAL AMBIENT TEMPIRATURE VARIAT)CMS

RermaaiNg FRem -20°F To |00°F)

THE ANALYSIS 'S SCMEWHAT CON<SERVATIVE AnD
ALTHOUCH A TEMP VARIATION ,T3-Tq IS 2Z.,4°F

e —

AT THE KHigvlesT Flow 1T 1% CONSIDERED Hi6H.
THE TEMPERATURE PIFrERENCE 195 EYWPESTED
TO BE LESS AND CAN BE DECREASED vl

(0. CoOLER) IF NECESSARY. STRU cTURAL
ARD PIPING PROVISIONS FoR AN Ol CCcOLER 1N
THE SYSTEM HAVE BRBEEW WADE Y.BUT Wik NoT
mMkelLy BPE REQUIRED.

CONDIDERIMVG A MORS RenLisTic TEMPERATURE

RISE OF W6°F THE POINTING ERROR WLL
Llikeyy BE

AO-= Z.Swo“m\o/,; x 1.6'F

Ae= 4.0 x10 © RAD

!
! FURTHER WITH THE USe 0F A HEAT EXCHAMCER
F

35
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THE POINTING ERROR CAN HOWEWER BE DIVIDED
AND TAKEN ABcUT A MEAN VALUE . RATHCR

THAN A 4 \ARAD POIVNT IMG ERROR| THE EXCUR SioN
FROM THE MEAN WiLL BE = ?_‘hRAD

36
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A21MUTH AxiS THRUST BEAR NG

IZ SETS OF 0PPosep HYDROSTATIC PAD=S ARE
VSED To PROVIDE THE LCAD CARRY\NG CAPABIL\TY

OF THE AZMUTHR THRUSYT BEARING . THE PADS
ARE ARRANGCED |N A CIRCULAR PATERN HAVING
A MEAN RADIVS |\ V., °F 26.88 INCHES K AND ARE
EQUALLY SPACED. SUFF|CIENT PRE!. AD 15 PROVIDEP
TO0 MEET THE MCOMENT STIFFNESs RTouuiREMENT

oF 19.1 x10”
ARE USED AS THE FiLow (pMPENSATING ELEMEMNTS

IN-LB /RAD . SAPILLARY RESTRICTDRS

So THAYT PROPER DISTRIBUTION TCO EACHY PAD

1S ASSURED: ONE CAPIL-ARY RESTRICTOR PER PAD \$S UstD.

LIST OF SYMBoLS

KMR = RERVIRED ReoLkING MOMENT <ST\IFENESS
OF BEARING (IN-LB/RAD)

KM = ACTUAL ROCKING MOMENT S‘TlﬁFNESS
OF BEARI'NG (/N-LB /RAD)

Mux = Rocking MoMENT (1N -L8)
LP'—ANGULAR TILT CAUSEPR BY M,.,‘ (RAD)

k'::= STIFENESS OF SINGLE PAIR OF oPPPLIED PADRS Lazm)
S‘r-ST\FFNEss OF INDWIDUAL. UPPErR PapD (Lalm)
S.,_r- STIFENESS OF |NDIVIDUAL  LOWER PAD(LE,/N)
V= MEAN RADIUS OF PAD <CIRCLE (IN)

® = ANGULAR LOCAT\ON of PADS FRoM x-x REE (DEG)
38
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BEARING PAD ARRANGEMENT

Yo = 20,88\
Mxx
_—AZ
OPPOSED £ ™ AN Gl Stk
PAD PAIRS - L~ - \P
\ By I
= |

KOCKING MOMENT
12
. . .
Mk = < ko 1yt Ao o Y
ne|

SUBSTITUTING VALUES FOR |7 ERUALLY SPACED PAD PAIRS

Mise = T K 5 TP[Z SN 30° + 251N 60° + SIN C)o"]
Mxx = T4y Ko T \P
39
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MCMENT STIFENESS

K = Mo o 794 k02

Y

RERUIRED BEARING STIEENESS

KMR= 19,2 %109 |Nn-LB

REAQUIRED PAD PAIR S FFNESS

KOR = Kme
TH4

KoRz 19,2 %107
U4 x 26.88%

KOR-; 3.58 K \O" LB/,N

Ust KoR = H.4x\ 0 LB/ )N

40
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THRUST PAD DETERMINATION
LI\ST oF sYyMBoLs

B = PRESSURE RATIO

Pr = RECESS PRESSURE (Ps1)

Ps = supPLY PRESSURE (Ps))

S,= STIFFNESS oF UPPER PAD (LB/IN)
S.: STIEFENESS oF LOWER PAD (LB/in)

»”

W=z Pap  LoaD (LB)

h=FiLM THickNESS (INCh)
C= AXiAL.  CLEARANCE (INCH)

o= Viscos ity (REYN)

Ap= PAD AReA (INY)

a;ﬁ PAD AREA (COEFF.
Ae=LAp=EFFECTIVE PAD Axen (INY)
G, = PAD FLow <n~:3/ SGC.)

Zfz PAD FLow COEFF,

@ = EcceNTRICITY (INCH)

€ = ECKENTRICITY RATIO <§C>

de= cAPILLARY DIAMETER

,Qc 2 CAPILLARY LENETH

NoTeS ()ALL PRIMED S\;MSOLS( ’) DENOTE PRELOAD (CoNDITION
(D REFERENCE DESIGN MANUAL S " CAST BRONZE
HYDROSTATIC BEARING DESIGN' BY HARRY RIPPEL
OF FRANKLIN |NSTITUTE
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PDETERMINE LOAD DISPLACEMEND CHARACTERISTICS
FOR 2 PAD oOPPeo=ED =2raAR NG (CAPILLARY C.cMPENSA‘\'w«Q)

2. R A [ a - | ]
e = M ey
V & i-A ,_{3:

FOR A PRELOAD PRE<SSURE RATIO

P LT __L?_____. NS é
aQa $ A P PS

WHERE R= APPLIED LCAD ON oPPOSED BEARME PAD

FoR €= ol

| t ;
= I———cfs [\"‘{q\ 2.%% ‘ = 0.148

FOR €= 0.2
2= [.‘sn_- tj;ﬂj = 0.295
FoR €= 0.3
" (\.“54‘5 g 3l.\q§}; ik
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4
f LOAD DISPLACEMENT CURVE FoR
Z PAD OPPOSED BEARING
R__vs 4
O.Q O\{AFPS
0.5
oM
ijv
]
: 0.3
i 1
i &
. o
<
i +
g A 0.1
/
O\ Fia .\
Q'
o} Ot c.2 0.3 o4
€ —EGCENTRICITY RATIO
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OWENS-ILLINOIS
FECKER SYSTEMS DIVISION I ENGINEERING DATA

SEVERAL 1TERATIONS WERE DoNE To ARRIVE AT THE

FINAL OPTIMIZ2ZED PAD CONFICGUR ATION ARID SuPPLY
PRESSURE . ONLY THE BFINAL \TERATION |S SHOWNA.

APPLIED LcARP PER PaD R

K = SUPPORTED WEIaHRT . 39,000
‘11 12

K=32s0 LBS,

PRELIMIN ARY ECCENTRICITY ESTIMATE

TREATING THE BEARING As A SPRING

D1sPL (EcceNTRICITY ) €= R
; KOR

€= 325D
4.4 x0°

€= 0.74 X 10 |neh

BEARING AX/AL CLEARAMCE C= 0,.0025

-3
EcceEN RATIO €= € . o04X10
2.5%x 1073

é= O,Z.QC:Q'J 0'3
KEFERING To TwWE <STIFENESS cuURVE

_;i 5 = 0, 43|
Q_‘ P S

44
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OWENS-ILLINOIS e
FECKER SYSTEMS DIVISION :[ ENGINEERING

FINAL PAD CONFIGURATION

! — —2.19 ——— ,-.1
| pe——— |E.~1ﬂ——--4 ‘
! 1 T
O 2M4o0 fupo
|
|
| AREN oF PAD
AP; 4 X129
/.\P= 48,1 N

DETERMINE PAD COEFFIQERTS FOR AREA AND FLOW

} < _2'_19_ = 0.60
4 oo

N
.Z(.- \’2..\0) = 3.0'—\
Y

- 4,00

FROM REF. PDESIEN MANUAL 3BY RiIFPEL

Ay = 0743
Z{ = 3.90
- 45
¢ PAGE
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OWENS-ILLINOIS

FECKER SYSTEMS DIVISION [ ENGINEERING DATA

SUPPLY PRESS

REMEMBER I~ G R = O3\ FOR €= 0.3

DETERMINE <QuPPLY PRESS

Ay A= (0743)(48.7) = 3¢.2 W

K= 3250 .

P5= 22SDo

(0.43\)(3(,.7,)
PS:. 208 pPet
ALLOW |07, SAFETY MARGIN

USE Py= 230 Ps)
ACTUAL ECCcENTRICITY AT Pg= 230 Ps\

R . 3250 -
A ApPs (3.1)(220)

0.39

REFERING TO THE GRAPA N Fi1&.\
€= 027

€= éC = (0.27)(0.0025)

€ = 0.000 7S IN
46
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OWENS-ILLINOIS
FECKER SYSTEMS DIVISION J ENGINEERING DATA

PAD PRELOAD

/S = .'_7.1_: 0.S»

Pr— = 0'50 x 230

Pz 1S Ps)

W' a +Ap e 2 (3e. 2)(11s)

\,(/'z Hico

IR~ ,_m:m—__

PAD FLOW S

THE FLow THRULU THE BeARING PAD CLEARANCE
15 LAMINAR RENCE |T VARIES |NVERSELY WITH Viscos|TY |

FLOW PER PAD Q': 1A e <_‘%__\)

—

MINIMUM EXPECTED Viscos Tty ’Jx = 4Yx107% REYN

- ——

Z_I :'3'90 |
0\+ = 0743
Pr= NS Psi

'
h o= 0,005 1N (@ PRELAD -NoO EccenTRICITY)

&
Q'=[3.4o)(o.743)(us){ﬁ—o—gfi—

Hxiro

J 1 3

| Q =1.30 1IN /sec

¥ 47
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OWENS-ILLINOIS
FECKER SYSTEMS DIVISION [ ENGINEERING DATA

LOAD FLOWS
<l-— é(ﬂén)z (/3,-)
[(l- € cm.én)g (_,_:A_,e_'>+']

SUB SC RIPTS

]

&

\ - UPPER fAD
2 - LOWER PAD

? Q, HC‘L'?) &, g\)
G X v o) +.}
& AP N
& 3.05
G, = 13%2 « 130
G, =\S IN?/sec
48
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OWENS-ILLINOIS
FECKER SYSTEMS DIVISION I ENGINEERING DATA

e e r—
L

o, _ (-ca)' (D)

————— -

Q K_(\- 027) (1) +l}

G _ 07118
Q' 1.389

= 0.56

@l: 0056 x 1130

G = 0729 N¥/sec

TOTAL BEARING Frow - 24 PADS (12 UPPER AND |2 LoweR)

Q; =120, +12 Gy

=12 (17€) + 12 (073)
| 12 (2.48)
F

Q-

u

29.8 W /see (775 arm)

_FLow HORSEPoWER

HP: 29.8 x 230
beoo

Hp = Loy L\P

NOTE? THE ABOVE FLowS ARE BASED ON THE MMM

Viscosivyy oF THE BEARING FLuip. DURINSG Covo

WEATHER OPeRATION (NOV.1S - APRIL 30) THE OPERATIONAL
FLUID Wit BE MIL-H-S6068B (HUMBLE UNIVis Tu)),

A 9 e
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OWENS-ILLINOIS
FECKER SYSTEMS DIVISION ENGINEERING DATA

DURING WARM WEANTHER oORPERAT)ION (MA\/\,— NoV.\q)
THE OPERATIONAL FLUID WILL BFE AUToMATIC
TRANSMIssION FLub (EXXON &LIDE ok E()UIVALE'A/T).
THE TWDO FLUIDS- LOLD AND WARM WEATHER— ARE
PETROLEUM BASEDAND ARE COMPATARLE . HOWEVER,
DURING _HANGE OVER THE SYSTEM SHoulLDo BE
DRAIMED A WELL AS TPOSsS\BLE P "FeRrg ADDING
THE NBEW FLUuilD., THIS Wwike PREVEIIT THE

3 FCRMATION OF A THIRD FLUID, WHICH WIiLL &€
A MIXTURE AKRP WHOSE vistosiy Ty CHARACTER) STICY
wikte BE DCcUBT FUL. IDEALLY NC VARIATION IN
VISCOLITY SHCEULD 0OccuUR . REALISTICALLY | HOWEVER,
1T 1'% DESIREABLE To MAINTAIN ThRe

ViScos1TYy  pF TTHE FLurp PETWEEN THE LimiTs

| CcF Hx10" " To 2% x10°° REYN < 32. Yo 200 CENTI S"\"bnes)

50
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OWENS-ILLINOIS
FECKER SYSTEMS DIVISION

J ENGINEERING DATA

CHECK FINAL BEAR ING STI\FENESS

STIFFNESS OF ONE OPPOSEP PAIR OF PADS, Ko,
1S EQUAL Tb THE SUM OF THE STIFFNESIES
OF THw OPPOSING PADS.

Ko" S, '*'S:.

S, = STIFENESS oF UPPER. PAD

S, = STIFFNESS OF LOWER PAD

Sy\: §-\—:/—“—- <\'ﬂ'\7

W, 2, Anoh must BE DeTERMINED

FivwMm THIC¥-NESS

W= C+2n

e= ¢C
€=0.21
C=o0.001%

€= (0.2_7) (o.oozs) = 0,000(75
\'\“— 0.00LS + 0.00C615 = 0.003715

o> 0,002 — 0.000675 = 0,001825

51
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FECKER SYSTEMS DIVISION I ENGINEERING DATA |

Pao "‘”‘P Wy = Agttab\
3, ™

W.=(L‘1.1)<‘JXID-")(I-7S') . 9% in
(2-9)(0.002175)°

W = Q“%n)(qkuo")(o,‘]zq) : .
: (3.9) (0.00182¢)" 5970 -8

QUICK cHECeK

W.-M, = §970-2730 = 3240 =R oK

PAD PRESSURE RATIO A,

FORN Ei10@




OWENS-ILLINOIS
FECKER SYSTEMS DIVISION T ENGINEERING DATA

sTIFENESSs S, = 3% (\-(5,)
LY

S = 3(1-13::)( - oara) & 11300 G
0.00311S

. €1=m<|~om7) = 2.78x 10* La/m

0.0018LS

! Ko= S, +S,

= 1.3 Xio" + 2.778 % )o* L8/in

Ke= H.51 10" 18 /,u

MARGIN ofF SAFETY

™ = Ko‘KOR .51 -3,58

< 3 = 02¢
' S
KO& 8
=26 %
53
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FECKER SYSTEMS DIVISION [ ENGINEERING DATA

S\2ING OF CAPLLARY RESTRILTORS

EQRUATE PAO FLow =—To CAPILLARY FLOW

A Pr-—: Trd LPS Pr)
Q 74 * )f‘ \'z.e/rcx(_

de= CAPILLARY TuBe oiamMeTER

CAPILLARY TUBRE LENGCTH

>(;u >(° 743) (3. ‘))(0 oo2€)’

/-0.5

1
de
Le

- 184 %,0° ¥

USIPG& STANDARD TUBIN ¢ Jc, = 0.054 N

u
L, =(00s4) _ 882

J§4 x10°° ) &Y

1<_= 4,63 N
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OWENS-ILLINOIS

FECKER SYSTEMS DIVISION r ENGINEERING DATA

CHECK MAXIMUM REYROLS NUMBER

(loanx 0CCURS AT (A= 4x10° REYN

NR: "tP &e
Tl'Cl:_ \v‘— {

&MA)( L < N.S/SEL

Ng = Ax ‘3‘1-3x,m7_(_x|.7s
T % 0.054 xryro®

Ne= 420 ¢ 2000 oK

55
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AZIMUTH AXIS RADIAL BEAP "I
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2

OWENS-ILLINOIS

FECKER SYSTEMS DIVISION [ ENGINEERING DATA

AZTIMUTH AXIS RADIAL BEARING

THE ARIMUTH Axls RADIAL BEARING 1S A MULT P
PAD  TOoURN AL BEARING HAVING 12 EQUALLY SPACED
PAPS. THE BEARING |5 sg.oo INCHES IN DiIAMeTER
AND PROVIPES |LATERAL RESTRAINT of THE AZIMUTH
AXy'S S0 THAYT NO ECCENTRICITY OF THE AxIs

CAN OCCUR.

BEARING PAD A RRANGEMENT

PAD STIFENESS $,=S22S53:=5,=5S

REQUIRED BEARING LATERAL STIFENESS \<1-R= GXIO°LB/|N

o7
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OWENS-ILLINOIS
FECKER SYSTEMS DIVISION ENGINEERING DATA

:ﬁ;rvt:i;ss Ky=25+435 sinco® +4S sie30

Kr=¢5 = ¢ %10

REGUIRED PAD .
STIFFNESS Sg =1 X110 LB/)N

SI1&E BEARING PADS VUSINEG VALUE

FOR BEARIMNG STIFFNESS S= 1x10° Lg/n

58
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OWENS-ILLINOIS
FECKER SYSTEMS DIVISION [ ENGINEERING DATA

FADIAL  PAD DETERMINATIONS

L\ST O0F SYMBoL 3

[ = PRESSURE RATIO
P = RECESS PRess ure(Ps)
Ps = SuPPLy PRESsURE (P5))
S= PAD sTIFFNESS (LB/)10)
W= pPAD LoaD (L®)
h=FILM ThickNEss (1nen)
C = RADIAL cLEARANCE {(INcH)
Pz Visco aTY (REVYN)
Ap = PAD AreA (IN?)
1 A * PAD AREA COEFFIQENT
Q = PAD Frow ( in¥/sec)

Z+= PAD FLcw COEFFICIENT

€= EccenTRICITY (INCH)
€: Y = EccenyTRIITY RATIO

dcr- CAPILLARY TUBE DIAMETER (nq)
L,z CAPILLARY Tue LenaTh (1N)

NOTES (\) ALL PRIMED $\/MBDLS< '> DENoTE PRELOAD COMDITION

(2) REFERENCE DESIan MANUAL S "cAasT BRONZE

HYDRDSTATIc BEARING DESICN" BY HARRY RIPPEL
OF FRANKLIN (NSTITUTE,

-L-— 59
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OWENS-ILLINOIS
FECKER SYSTEMS DIVISION

r ENGINEERING DATA

BVER BE RFALIZED BY THE TIoURNAL

USING CAPILLARY CoMPENSATION

<. 3\;\{' (1- A")

W= 5h
1-3’)

5

C: 0.0025 IN

3
"

I x /U‘ LB/IN

"

AND Usine A= 0.3

e (lwo‘)(gooz&')

ONILY

SINCE NO GaRERTER Tuar) NEQLQIBLE EccerSTRICITY WiLL

THE

PRELOAD corDITIONS NEETD BE Com<SiDERED.

2 (1-0.3)
W = /192 LB
60
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OWENS-ILLINOIS
FECKER SYSTEMS DIVISION I ENGINEERING DATA

)

USING CONVENIENT PAD CONFIGURATION

‘—-—_—_.— qloo

—
|

PAD AREA
AP: XY = 9.0x 3.0

Ap= 17,0 \NL
W :A{ AP Pv— = Q*AP /3 Ps

USING AVAILABLE SupPLY PRESS Pq=230yps1

- 192
ApA'Ps  (27.0Y0)(270)

PAD AREA CAEFFRICIENT

C\*‘

4\{, = 0.64
DETERMINE NS\WE DiMmeENSIONS X ANoé
L: 9. 00 - 2.0
Y 3.00
61
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OWENS-ILLINOIS
FECKER SYSTEMS DIVISION

ENGINEERING DATA

FRoM REF. De3i1ct) MANUAL. BY RI\PPEL

. ooug
Y

\5 = (0.44) (2.00)

\é = .32 W

X-x

\/_3

Y= K- <Y"a> = 90 c- (3.00- \.32.)
Y=T30 N
St wiotH | = Y-% - 3o0-132
z ¥
L = b’.gl“ IN

FINAL PAD CONFIGURATION

PR T —
— SiLL
e 7. X2 | %
- —-*~*'——-——-—-——-——:‘7| c"‘i —am ~——{—

SILL g e N 3,00

WIDTH o 3L

(Tve) B f

62
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FECKER SYSTEMS DIVISION J ENGINEERING DATA

PAD Fuirow

THE PAD FLow/ THRU THT BEARING PAD CLTARANCT

1S LAMINAR HENCE \T VARIES INVERSELY WITH ViSCOsI1TY

FRoM REF. DESIGN MANUAL BY RIPPEL

FOR X .30 A& L zouy
N
Z_f-’- 2.9¢%
; 143
& - W_
b4 Ap K

MINIMUM  ExXPECTED viscoCITY l-A'-‘- HXID-LREYN

z_(= 2.9

W'= 1192 w8
L,\'3: 0.0025
Fop= 27,0 "

!

&: Z.QSx 1 qL X O.Ot’Z‘S'-s
7.0 Y xio0™®

Q'= 0.51 w3/5:c
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OWENS-ILLINOIS

FECKER SYSTEMS DIVISION r ENGINEERING DATA

TCTAL FLow -2 PADS
Q; =128 =12 % 0.€

Ar= 6121N%)sec (1.6 apm)

FLOoW HORSEPOWETR

\_\?; é.nz.)g 2.:50)

wioo "l l‘P

SI1Z2ING OF CAPILLARY

EGRUATE PAD FLOW TD CAPILLARY FLow

/ o3 v] )
Q=g a Prh . wd, (P-R)
\?.e/qr(—(c

WHERE A¢= CAPILLARY TUBE CIAMETER

zQC: CAPILLARY TUBE LENGTH

!

B . 04
P

64
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.1 FECKER SYSTEMS DIVISION 1 ENGINEERING DATA

) (/233)( ’7?;? >(o' 64) <2'5‘> (o 0"“)3 !

USING STANDARD TVBIN § c/c= 0038

Y
(c: Jc R /50)(/0 g‘
Sr.sx/0° ¢ 51,8 x/0°%

CAPILARY {, = 2.91 INcH

—ENGT N

CHECK MAXIMUM REvYNCLDS NUMBER

NR i ‘4‘(0 @c.
‘TFcLC W

Ng = 4% 29.2 18 %o
Tr(o.03s)(“+xlo'b)

NR =3l < 2voe OW

65
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OWENS-ILLINOIS
FECKER SYSTEMS DIVISION

ENGINEERING DATA

ELEVATION ANXIS RAD) AL BEARING

THE ELEVATION Axls RADIAL BEARING

19 A TOURMAW

BEARING WHICH SUPPORTS THE ELEVATION AXIS AT THE

INBOARD LOCATION SO THAT TS

AX\S s

HORIZONTA L,

THE BEARING CoNS\9TS o0F 2 EQUALYN < pPAcED

HYDROSTAT I PADS WHICH ARe PRELOCADETD TO

PROVIDE A RADIAL sSTIFFENESS

THE REGUIRED STIFENESS oOF

PUE PRIMARILY TO SMALLER TOURNAL ECCENTRICHITY

WRHICH VS USEDP FoR GQREATER

OF APPROXIMATELY
S.SX10% LB/N. THIS 1S SOMEWHAT GREATER THAN

5.0 x;o‘ La /N

STABY

1Ty,

CAPILLARY RESTRICECTORS ARE U<SED AS THE FLow

COMPENSATING ELEMENTS So
FLUID DISTRIBUTION TO EACH

THAT
PAD 1%

PROPER
ASSURED.

ONE CAPILLARY RESTRICTOR FOR EACH PAD IS UseEDp.

BEARING DIAMETER 'S S5,00N.

67
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8 PAD TouRwaL BPEARING

I REFERENCE PAD S 4\ PaAD

I G, = o° cos B,= 1.0
F br =4S"* €0s B = 0.707
| E;= 9ov £ 0584z 0
' Ey=138° CoS By=-9,707
l Gg=180° cos Bg=-1\o
G.=225° Cos B¢ = -0707
&q=270 cos B1=0
Bg= 31S° cos Bg=0101
68
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OWENS-ILLINOIS .
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L\ST CF SYMBGOLS

L = PRESSURE RAT!O

F= RecEss pReEssURE (Ps))
Ps
S = INDIWIDUAL PAD STIFENESS (La/IN)
W = PAD LoAD

N = FILM THICKNESS ('N)

C = RADIAL cLEARANCE (1)

€= EccENTRICTY (1n)

"

SUPPLY PRESSURE (psr)

€: © = ECLENTRICITY RATIO
P = viscosiTy (RE‘/N\)

Ap= PAD Aren (INY)

a4= PAD ART®A COoEFFICIenNT
QR = PAD Frow (IN3/sec)

g{: PAD FrLowW COWFFICIENT

de: ¢APILLARY TUBE piameTsR (1N)
Loz capiLLARY TvBE LenaTtH (\N)

NoTeES () ALL PRIMED S\/MBOL.5< ‘) DENOTE PAD PRELOAD ConpiTioN

(D REFENCE DESIan MANUAL 1S "CAST BRONMZE

HYORD STATIC BEARING DEsIGN' BY RARRKRY RIPPEL
cvr FRANKLINY INSTITUTE,
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| FECKER SYSTEMS DIVISION FNGINEERING DATA

CETERMINE LOAD DISPLACEMENT CHARALTERISTICS
FAR A MULTIPAD TOURMNAL BEZARING AVING Tigwr (€)
EGUALLY SPACED Fao s,

FROM REF DESIgh MAMIUAL BY 1. RiPPeL

x4 cos6. e
aghPs [-f (.-ecose.)%(;ﬁ_'_j) ,-—éwsé,\)h(,@.‘.\é
-3 8 )

PLOT LOAD - DISPLACE MENT CHARACTERISTICS |.€.

._._R__.... N é
WMIHERE R: REARING LoAD

€= ECCEMTRICITY RATI0

SEVERAL ITERATIONS WERE PERFORMED T2 .08TAIN A
PESIREABLE PAD CHIFIGURATION . ONLY THE FiwAw
ITERATION S i~ LUDED.

!

2
vegE @ = 0.1%

CBTAIN VALUES ov K FCcR
ECLENTRICITIES CF 0, 0.2, 0,3 AnD 0.4
AMND PLtT

015 __ . o, 1708
1-0.75
70
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2(0.7 o'l)ﬁ__ _ ‘z(ono?) | }
16

(\~o.l)3+ 0176 (1-0.0707)34— o476 0-0707)1*-0.!'76- (‘")"4-0.!

i_?: 0.155
Q+AP 4

FOR €= O2
R —_o.rms[(J I § 28T _ _*(ea07) \ 'J

3 -
G ApPs “0) w076 (1=d4)* 0126 (1a41)rone (D) + 0.6

R
= 0.33
ci4,ﬁlr PS \

FOR €=0.3

= 0.1765[ ‘ + 2(0707) _ 2(e707)
Q ¢

C\QJSPias

3 —
~03) 40176 (1-0212)*+0.176 (-z1z)% o6 (’-3)34'0-‘7

K

—_—z0.513%
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[ ENGINEERING DATA

Ferv €= 0.4

R ﬂz‘ ‘ . 2 {0107)
a_;APPg L(.-,q‘\h.o-l'](a (!-.193/3-»-0.\1(.

R

—_— = 0.8

2(¢.707) o
(12%3) <ol (1 4) v+ 0076

LoAD DICPACEMENT CURVUE Frw

& PAD JCURNAL BEARING
!
o.e+ /A = ois
| Fi
| /
! ,f’
| " 1
0.6 +
|
|
04 +
" |
Mr q“ |
-
%
0.7 -
0O P [ —— 4 — e —
o LY 0.2 0.3 e 9.5
€ = ECceNnTRIC)TY
72
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FECKER SYSTEMS DIVISION [ ENGINEERING DATA

FOR QREATER <TABILITY USE AN ECeENTRICITY OoF

A PPROx \MATELY €= 0.3

WITH A VERTICAL BEARING -0AD
R=S0oo0o0 LB
AND RADIAL CLEARANCE
C=0,00%
€=¢cl = 03x0.003

C=0.0009 IN

APPROX\MATE BEARING STIFFNES S

=K _ . Soco
< 0,0009

S= §.5x10°La/,

SI1ZE PADS FoRr ABDYE CHARACTERI|ISTICS

] R -
for €:03 agAPs 0.513

R
Ay A=
$Ap o.53 (F%)

NORMAL OPERATING PRESSURE Yc=Z30 Ps)

73
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Socp

A =
e 0.513% 230

ApAps H2H N

AVAILABLE PAD wWiDTH Y= 4,50 IN

LET X = 3,p0
N
THEN X=13%.50

PAD AREA Ap= X Y = 12.50x 4.0

AP: 60,8 N

&4; Ya.4 424
Ap ¢o. B

6\+ = 0.698
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OWENS-ILLINOIS
FECKER SYSTEMS DIVISION

J ENGINEERING DATA

FRoM REF DPESIGN MANUAL BY W . R\PPEL

B P
Y

ForR N=4.50N

‘d=2_.?>en\\

BY DEFINITION OF PAD ZEDMETRY
N-4= X-x =20
L=¥%- (¥-3)=1>50-(4.50-2.38)
X=11.38

SitL wWioTh Lo
L= Y-u o X-X - 242
5= =

2 g
L. = )l.06 N
FiINAL PAD
CONFIGURATION |, 13,50

) 4.5

—-—l.o‘-‘—

1.06
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OWENS-ILLINOIS <
FECKER SYSTEMS DIVISION J ENGINEERING DATA

PAD PRELoAD
WA APz aga, AP,

A(Ap= H2.4 "

/5': 0.5
Ps= 230 PSS\

w'= (qz&)(z 15)(230)

W= )46 Le

PAD PRELOAD FrLow (..e.@R-_o)

{for X235  ane Y:ops
% y o
Z = 3-‘+D
| ! '3
=g M,
& 94 Ap

MINIMUM ExPECTED Viscos)TY P = 4%x10© ReyN

Q'= 3.40(‘—“—"‘—?‘-><.9_._923_3>

6o.8 A\ Yy o*

&': 0., T2 :H3/s Ec
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JINDIVIDUAL. PAD PARAMETERS

FILM TR CceNEss

h": C-¢€ cos By

C = 0.003

& =0.0009
h.'- 0.003-0.0009(!): 0.. 21 W
h.= 0.c03- 6.0009 (0-707) =0.0C236 IN

ha= 0.003-0.0009 (o) = 0.0035 W

ha = 0.003 -0.0009 (-0.707)= 0.003¢4 N
hs= 0.c03~(0.009)(-1) = 6.0039 N

he = 0.003~(0.0009)(-0.707) = 0. co3c4 N
hy = o.oaS-(o,aaaq)(o) = 0.003 N

hg = ©.003- (o.oogq)(oqo'l): ©.00236 IN

FORN R i08
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:
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FECKER SYSTE:AS DIVISION

ENGINEERING DATA

OWENS-ILLINOIS [

INDWIDUAL PAD PARAMETERS
PAD FLow$S

Q. 3’1(;-&;05&)3

6.67(1- €cos 6)’

s (i—.'—n)(;-:cas‘o)’n‘

€:03%

’
QA = o.ssrinYsee

5.07(1-6 co56)* +1

(AT MINIMUM yi1seos 1TV —
1.€. MAXIAUM Frow

PAD #)
‘ 3
& . 1?-67(/“’9 6.67(0.343) _ 2,39
R’ €e1(1-03)+i 5.67(0.3%3)+1 245 oo
R, = 0428 W /sec
PAD #2
3
& _6.c?2(1-022) _ corloysa) 326 _ .08
Q' S1i-0ud*1  sife4v9)+r 377 '
@z 0.477 NYsec
PAD # 3 3
Qs . 647( 1-0) s BT .
Q Ser(r-0) +) E4r
Q3= 0552 m%/s56c
PAD 8y
3
Qv _ 6.67(1+ 02n) _ _6.61(1.78) s LAY sov
Q' s¢1(1+02i2)+1  5.67(1-78) +1 iy

QAy=0.591 NYsec
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OWENS-ILLINOIS
FECKER SYSTEMS DIVISION [ ENGINEERING LATA

INDWIDUAL PAD PARAMETERS

PAD FLow S
PAD #S

3
Qs _ 6.07(1+03) . 6.67(2.155) L 21

G 5571 +03)+1  S5.63(205S)+1  3.32

b= 0.606 u*/sec

PAD # 6
A, = G¢ = 0.591

PAD #7
G"téat O'SSL

PAD % &
Qg= Q2 =0.477 wse,

TOTAL FLow —ALL PADS

GT'-G.*@,_ '*&5'6-—&8
= 042F + 2% 0477+ 25 0S8L + L% 0,59 +0,000

Gt = 3.6e8 MY see (O.QSSGPM)

FLOow HoORSE POWETL

Hp= 3. ¢ x230 = 012
P Looo 128 kP
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OWENS-ILLINOIS
| FECKER SYSTEMS DIVISION

I ENGINEERING DATA

TNDIVIDUAL PAD PA!AME:T'ws

PAD RECESS PRESS URES

0039

Prb= Prq= 2.8 Ps|

P"a" Fr,= s Psi

PRESLULRE RaTIO

Pr‘ = ‘A" &' = H\l\t;(' &I - \:‘IQXID.L H2¥ 17&-1- P51\
1.“_‘ KN - (34)(0.6a3)p)} Cooti®

Fr.s Vit s B8 . 108 wie ” LMl s 1.9 psi
. . "ﬁ_ . 0.0023¢6 ’
Pr3= 1. b9 )L|O-"--o'5-55 E 3"’5' Psi

0.003
Pry= 1o x10 " S8 __ . 2908 o

O.oco3eH
Pre= 169 »107° R psi

Fra® Py 34.5 ps)

B, .= P u 0.39 Be=0.072
Ps

B, 0.2¢7 Bo= 0,091

By: 0O By = 0.150

Ay 0.09 Ag=0.261
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OWENS-ILLINOIS

FECKER SYSTEMS DIVISION 1 ENGINEERING DATA

|NPIVIDUAL PAD PARAMETERS
PAD LOADS

W= o Ap Pr = (0.698)(co.2)(78.2) = 3320 L8
Wai= 4Y2.4% €1.5= 2510 LB

Wiz H2.4 x 34.5= 1463 18
Wyz 44 x20.8= 822 18
Wz Hod x1b6.5 =705 LB
W¢z §22 18

w,: 1462 L8

kls =250 \B




OWENS-ILLINOIS
lr:cxn SYSTEMS DIVISION [ ENGINEERING DATA

SIZING OF CAPILLARY RESTRICTDRS

FQUATE PAD FLow TO CAPILLARY Flow d
R= ZFQ{PL _ wd.! (P-7 )
12 s L

WHERE A¢=5AP|LLAR~/ TUBE DIAMETER

A = CAPILARY Tup. LENGTH Lo

A=

= (.iS

PRe.

%’"( _ﬁ) Eaqn
j (0 S-S) "2 (6.008)(3 10) (0. oos)

g

-9
=Xz Y6.0 %10
o

USING STANDARD TUBING DIAMETER dc= 0.035 1N

u
{ =(0035) _ 184
qb,oxpo"‘ YL

ic."' H.00
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FECKER SYSTEMS DIVISION ENGINEERING DATA |

CHELK MAXIMUM REYNOLDS NUMBER

MAXIMUM FLow ocCuRsS AT PAD &S

Gg= 0.60b \NYser

NR; qE Og
Tde \F

HR.; 4 % 94.3 X40°° ¥ 0,406
T (0.035) (4xio™)

NR'- 492 { 2000 ))%
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