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FOREWORD

This report was prepared by the Franklin Institute Research Labora-
tories under JPL Contract No. 953457 (FIRL Project Number 32G-C3388-01).
This report covers work conducted from 17 May 1972 - 27 October 1972,

Jet Propulsion Laboratory technical direction was provided by
Mr. Horace Phillips.-

The principal investigators at FIRL were Mr. H. C. Rippel and
Mr. J. H. Rumbarger (FIRL Program Manager). Other investigators who
contributed to the study at FIRL were Mr. James Dunfee and Mr. Frank
Kramberger. Prof. V. Castelli, Columbia University, acted as a con-
sultant to FIRL and made significant contributions to the program as
a pr1nc1pa1 1nvest1gator.
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1. ABSTRACT

Thé_problems inherent in the design and construction of a hydro-
'_static azimuth thrust bearing fof a tracking antenna of very large size
were studied. For a load of 48,000,000 lbs., it is concluded that the

hydrostatic bearing concept is feasible, provided that a particular
multiple pad arrangement, high oil viscosity, and a particular load
spreading arrangement are used. Presently availat-le computer programs
and techniques are deemed to bé adequate for a good portion of the de-
sigﬂ'job but new integréted programs will have to be developed in the
area of the computation of the deflections of the supporting Eearing
structure. Experimental studieé might also be indicated to ascertain
the life characteristics of grouting under cyclic loading, and the |
optimization of hydraulic circuits and pipe sizes to insure the long
life operation of pumps with high viscosity oil while avoiding cavita-

tion.

’

1-1
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2. INTRODUCTION

The specification of a 48,000,000 1b, dead weight load for the
antenna under discussion was.obtained by doublihg the dimensions of the
already existing AAS antenna of 210-feet diameter. A first estimate
shows that the load should increase by a factor of 23 = 8. When investi- -
gating the feasibility of carrying such an enormous load it is very }
important.to predict whether the estimated load of 48,000,000 lbs. is likely
to increase or decrease when the actual design calculations are carried
out. Antennae are structures composed of beams. These beams are loaded
in either bending or compression and tension. Given the material and
typé of load distribution, the deflection due to being loaded in bending

is giveh by

G
I (1)
where - A . A
W = total load
% = beam length
I = section modulus

If the load is produced by the weight of the beam itself, and if we are
: compafing the defiection of beams similar in shape, then formula (1) re-

duces to

d = 2? L 2)

(Deflection is proportional to square of length)’

For beans lcaded in eithér tension 6r compression the actual deflections
are'given by . o
) | - d == . o ' 3>
_-where -
‘. A = cross sect. area
- 2-1
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If again we are comparing the éffect'of,the beam load on beams of simi--

lar geometry, formula (3) becomes

d « g2 ! (4)

Equétion (4) shows that'for tension and compression also, the de-
flections are proportional to the square of element length. This result
can also be obtained from dimensional analysis. In similar structures
wnere the value of Young's Modulus, E, is sufficient the elastic pro- '

perties:
d = £(E, %, Y) | (5)
where |
Yy is the Qeight density of the mé;erial.
This leads to:

4. ﬁ) - '
t-e(f 6)
and since the problem is linear in, E,: ‘ ..

L -

-

This indicates that to scale tﬁe 210-foot diameter AAS anﬁenna geometry
‘up to a 420-foot diameter dish, the deflection would not simply be doubled,
but qﬁadrupled.' Theréfore, even if the specifications on the accuracy
df the1420-foo£ diametér dishes were relaxed in the future, it is dnlikely
- that a dramatic reduction in weight would result, unless fhe quality of
~ the dish itself were to be degraded by a large factor compared to the
' 210-foot dishes. | '

Further reasoning indicates that no great optimism should be used
when estimating the feasibility of the antenna bearing. Scaling of the
hydrostatic bearing from the 210-foot diameter antenna is not possible.

“The load has increased By a factor of 8, but the area of the béaring has

2-2
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.only increased by a factor of 4. Simple scaling would therefore‘cause‘
operating pump pressures twice as high as those at the present site,
Grout and foundation concrete loadings would be double that presenily
incurred by the existing structures. Moreover, even if the doubled
pressures were acceptable, the ensuing flows would be 16 times higher
than those of the present bearings, based on a-doubling of the film
thickness. The present configuration of 6 pumps delivering 8 GPM each

would become a system of 6 pumps delivering 128 GPM each.

It is obvious from the preliﬁinary statements above that some re-
thinking is necessary in the design philosophy and approach to the
hydrostatic bearing for the 420-foot diaﬁeter dishes. Other considera-
tions also indicate the desirability of improving upon the design con-
cepts used for the 210-foot diameter dishes. Grout disintegration and
leaking.from the oil reservoir are chronic problems presently being

experienced,

Whatever the design approach, the dimensions of the bearings for

the new antenna must be greatly increased. This requires review of the

analytical methods which were utilized for the calcuiatiqn of runner de-

flections and pad deflections in'the case'of'the 210~-foot aﬁtenna.

Furthef'study may be necessary in erder to improve the design in>other

areas fer the future antenna, althoughAthey'have not given any trouble

in the already existing configuration., An example of this is the runner-
_ joint design, anothe; is the hydraulic system, yet another .is the align-

ing mechanism, etc.

2-3
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3. CONFIGURATION SELECTION

The main consideration in designing the bearings is that of carry-
ing tﬁe required load while prbviding adequate stiffness of the system.
In the case of an antenna, these stiffness requirements are dictated by
wind loads, imperfections in the runner geometry, etc., but mostly by
the resonant frequency of the structure having to be above a certain pre-
established limit. For the purpose of establishing orders of magnitude
and approximate values of the stiffness, two main modes of vibrations
can be considered to be affected by the hydrostatié bearing assembly.

The first, a mode of vérticai translation; the second, a mode of rocking

about an axis on the plane of the bearing.

For the translation modes, the stiffness requirements are given by:

Ky = w?e?n  (bs/fr) (8)

where ' ' : - ‘ »

vertical stiffness of the azimuth bearing (lbs/ft.).

T

frequency requirement in cycles per unit time

antenna mass (lbs-seczlft.)

The stiffness requirements dictated by the rocking mode are given by:

Kr'= 4n2f2H2m (ft.—lbs/rédian) (9)
where ' ' '
H = effective height of the center of'&ass above the plane of the
bearing (ft.) . R ‘
R = radius of the hydrostatic bearing (ft.)

. Formula (9) is based on .the assumption that the moment of inertia
" of the  antenna about an axis on the plane of the bearing is mostly due

to the mass of the antenna moving as a point mass at  the distance H from

3-1
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the axis of rotation, This assumption improves with the lengthening of
the distance H. The rotating mass of the antenna can be roughly dis-
tributed as .one-half of the mass acting at the elevation axis and one-
half of the mass acting at 30% of the height‘to the,elevation‘gxis above
the plane of the bearing. The height of the elevation axis is approxi-
mately equal to the diameter of the azimuth bearing, H can. then be
estimated in terms of the'bearing radius as:

wiz = 32‘-(21{)2 + %(0.611)2

n =z /28" + .188% = 1.48R

_The rocking mode stiffness, Kr’ can be expressed in terms of the

(10)

vertical pad stiffness, KT’ and the bearing radius, R, for the three-pad
geometry as: '
, KTR

Kr == (ft—lbs/radian) , _ (11)

The ratio of the rocking mode stiffness, K of EQ (9) for a specified
frequency, £, to the equivalent rocking mode stlffness (EQ 11) using the

vertical translation stiffness, K, of EQ 8 for the same frequency will

T ‘
give an indication of the relative values of the two modes
2K 2 ‘
r _ 20 ‘ -
7= "3 4.38 . (12)

KTR

Tﬁis means that the vertical stiffness_requirement of the azimuth
hydrostatic bearing pad for-a specified frequency is 4.38 times greater
Qhen considering the rocking mode than when considering the vertical
translation mode.. 4

A.roéking mode stiffness of 2.53 x 1012 ftélbs/radian (equivalent
vertlcal pad stiffness of 1.03 x 109 1b/ft.) would be requlred to meet
a 2 cps frequency requirement-and with R = 70 feet., This can ‘be con-
~51dered to be an upper limit of the requ1red stiffness since it is based
upon high estimates for H and f. The required vertical pad stiffness of

1. 03 x 109 ‘1bs/ft is "much lower (by at least one order of magnltude)

3-2
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than can be normally obtained from oil film hydrostatic bearings. There-
fore the stiffness requirement determines the limiting deflections of

the load distributing and equalizing mechanisms which normally surround
the oil film bearings. Total allowahle deflection based on the .03 x 109
lbs/ft stiffness is 0.56 inches. In the evaluation of this total '
deflection budget, it should be considered that the runner supports

should offer a compliance such_as to account'for 0.1 inches of deflec-
tion, This leaves about 0.46 inches available for the alignment

mechanism.

3-2a
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3.1° PADS ON THE ROTOR VS. PADS ON THE STATOR .

The bearing configuration consists of pads of finite extent which
ride on a 360° runner. To put th2 riunner on the moving part and’ the
pads on the static part (directly on the foundation) has been suggested
~as a means of maintaining the. load on each of the pads'and each of the
segments of the foundation constant regardless of the motion of the an-
tenna. This is indeed desirable since it would eliminate some of the
problems of deterioration of the grout attributable to the cyciic varia-
tion of load level. One possible cbnfiguration utilizing thié concept is
illustrated in Figure 1. 1In this case, three support points establish
a plane assuring that for any aligning condition the loads on the
foundation remain constant at all times except for the effect of wind.
However, the load of the antenna dish is supported essentially at the two
elevation bearing points and cannot be easily spread around a 360° cir-
cle. The rumner surface cannot be much closer to the elevation bearing
than as shown in Figure'l so it is almost impossible to conceive of an B .
economic structure which would provide the 360° runner with the stiff-
ness necessar& when the bottom of the runner is at the required elevation.
In addition the runner leveling procedures and bearing 0il containment

would create quite considerable problems. -

This situation would not be relieved by increasing the number of . ,
load carrying pads since the stiffness distribution of the runner would
have to be made more uniform in order to keep all these pads.uniformly

and constantly loaded.

' In‘summary; the,apﬁroach of mounting the runner on the moving part
. of the antenna results in difficult technical pfoblems of load distribu-
A‘tidn, which in general require that the static bedestal weight is how'
added to the moving part. .The additional drawbacks of difficulty of oil
cbntainﬁent and runner leveling make this design approach unreasonable

so that it will not be pursued any further.

3-3
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/

/—— RUNNER

Figure T. Runner on the Rotor Configuration
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3.2 WHEELS VS, OIL PADS

' A wheel and rail design, although appealing, is quite impossible

due to the fact that the maximum allowable loads on a wheel running On.

a rail is of the order of 150,000 lbs. Considering that there are 3
supports, eéch of which has to éarry 16 million 1lbs., the 420 ft. antenna
" would require approximately 100 wheels for each alidade support. Thé

100 wheels could be-arranged on several trucks running on multiple rails.
Equalizing and distributing the load amongét all the wheels and all the’
rails without exceeding the allocatioh of 0.3 in. static deflecfion in
the alignment mechanism is a formidable task and most probably quite
impossible to realize with certainty. One arrangemeﬁt that could be
considered for a wheel~rail design is illustrated by Figdres 2 and 3.
Each alidade support is on 96 wheels, subdivided into 3 major trucks,
each of which contains 2 minor trucks. Alignment is provided by 3 grease
joints per truck. Most of the stiffness is obtained through the center
truck but is obtained only if the stiffness beam carrying the 2 minor.
trucks is stiff enough. The load is'shared among the 3 trucks by pre-
loading the beam which extends from the alidade support approximately

12 ft. in each direction. The depth of this beam should be in the order

of 6 to 10 feet, allowing it to éarry 5 million lbs, at each end, though -

the deflection is of the order of 1/2 inch to a one inch. These lateral
trucks are therefore preloaded by means of the accurate prestressing of
the preloading beam, yet the total stiffness is much inferior to that

demanded by the frequeﬁcy considerations.

-~ The major ptoblem with this design is the load distribution émongst
" the 8 wheels used on each axle. The distribution would have to rely on
-a certain amouht_of compliance on the rail mounting, -and on a very good

leveling of the rails themselves.,

It should be realized that the above concept is based on an upper
limit of pérformance‘of the wheels and any error in the load distributing

schemes causes an overload.

3-5
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The désign approach uéing wheels is therefore considered marginal
and probably quite expensive to implement. Other features make pres-
surized oil bearings preferable fo whez:ls, such as the smoothness with
which they can move at extremely low speeds. Indeed it would be diffi-
CUlt.to support an oil film in the wheel bearings when the speed of
rotation is very, very small, Thus, high torque and possibly stick-slip

conditions would be produced.

3.3 NUMBER OF PADS

The number of pads used is dependent on the wbrking level of oil
pressure selected for the system. An average projected pad pressure pf
1000 psi results in approximately 1500 psi of recess pressure. This low
Pressure leveliallows overload due td malfunction of parts of the sys- ‘
tem, and the option to increase the valﬁé of working pressure up to 3
times without causing major damage to the system, while continuing opera-

tion.

Table 1 shows what a load of 16 million lbs. per leg, with lOOO'péi
average projected load requires in terms of pad sizing. _Three pad con-
figurations, namely, 1 x 1, 3 Xx 4 and 2 x 3 and either 1 pad per leg or
3 pads ber leg are shown. The advantage of rectangﬁlar pads is é saving
in runner width. At the same time, however, a great difference between
width and length of the pad would cause problems both in finish machining

- and in the pad bending. The proportion of 2 x 3 could be considered a

good compromise.

Table 1

PAD SIZE BASED ON 1000 PSI AVERAGE LOAD AND
16,000,000 LBS. PER LEG .

Egg~froportions ' .

Pads ;;:§t;§" ol x 1 N 3x b : 2 x 3
I 10.54" x 10.54' | 9.12''x 12.17" [ 8.6 x 12.91"
3| 6.09' x 6.09" 5.27' x 7.03' 4.97' x 7.45"

3—8
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From the last column of Table 1, observe that the minimum width of
9 feet. In

3

the runner for the single pad configuratioﬁ is greater than
the 3-pad per leg configuration, tﬁe track widtﬁ is approximately 5 1/2
feet;l The 60 x 90 in. pad dictated by the 3-pad-per-leg configuration

on a 2 x 3 aspect ratio is definitely feasible in terms of available
ﬁachining equipment. The same can be said for the runner dimensions that
it entails, Grave doubts have to be cast on the capability of manufactur-

ing a single pad configuration of 102 in. by 155 in.

Sﬁlitting the bearing into 3 pads per leg introduces the added
problem of distributing the load amoﬁgst the pads. It would Be a very
difficult task to accomﬁlish this without sacrificing stiffness; It is,
however, evident that the oil films have a tendency to exﬁibit more stiff-
ness than thatArequired of the bearing system. Even with a film thick-
ness of 20 mils the complete maximum stiffness of the hydrostatic bear-

ing system carrying 48 million 1lbs, would be 86.0 x 109 1bs. per foot.

It is poésible to sacrifice part of this-stiffness in order to- ac-
commodate the multipad configuration. This stiffhegs sacrifice consists
of relegating the task of providing the suspension stiffness to a single
pad, while letting the other pads sustain part of the load without pro-
viding any stiffness whatsoever resulting in 28.7 x 10° 1bs./ft. overall

stiffness. This concept is illustrated in Figures & and 5. 1In Figure 4
. the méin pad provides the stiffness while Ehe two.latergl pads are loaded
by means of the elastic deflection of a preloading beam, This beam is
made soft eﬁough so that it does not contribute to or interfere with
the stiffness of the central pad. The configuration is}quite simple -and
would be rather éasy to manufacture, but it has the major disadvgﬂtage
of always maintaining a load on the two satellite pads; If any failure
mode is encountered in these side pads, the antenna aximuth motion would
have to be immediately arrested. - The configuration of Figure 5, instead,
. is prédicated on having the load imﬁosed on the satellite pad by means of.
hydraulic jacks. fhe oil is provided to the jack cavities at high pres-

sures and from there is passes through a restrictor to the recesses in

3-9
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.\ :
ALIDADE FOOT

——— PRELOADING BEAM

/4

L AY VA A Wl L

\—RUNNER

MAIN PAD

Figure 4. Three Pad Arrangement with One
and Two Elastically Preloaded Pads
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the £ilm of the pad itself. This configuration insures that if failure
in the feeding system should occur in the satellite pad, both the film
ana the loading pressures would be lost simultaneously, thus not causing
a direct pad failure. In the event of such a malfunction both satellite
pads. would have to be shut off at the same time in order to prevent
serious damage to the stfucture, so the feed lines to the 2 satellite
pads would have to be in comﬁon. The central pad then, is designed to
accommodate a third of the load with its consequent stiffness, and in
the case of malfunction of the satellite pads, this central pad would
carry'the entire load of that leg. Based on zn even split of the load,
each of these 3 pads would carry 5 1/3 million pounds. In case of mal-
funct&on of the satellité pads, the 16 million 1lbs. would all have to be
carried by the central pad, raising the average projected pressure on it
"to 3000 psi, and reducing the oil film thickness to 0.014" which is still

acceptable,

The sketch of the plan view of this three pad configuration on a
single runner is shown in Figure 6. ©Note that the transverse loading
beam does not have to be lpcated exactly at the cenfer of the main pad
nor does it have to be exceedingly stiff since its déflection is com-

pensated by the jacks.

Added benefits of the configuration of ‘Figure 5 are the ease with
which, by propef load control, the pads can be removed from the antenna

foot. The removal of the central pad can, for example, be carried out

by feeding higher than normal pressure to the hydraulic jacks while the

removal of any one of the two side pads can be carried . out By simply

- cutting the pressure from the hydraulic jacks thus loading the antenna

compietely on the.main pad. The oil feed system in the secondary pad

is schematically indicated by Figure 7.

Following is a simplified model of the o0il pressure governing equa-.

tions. The difference between the-jack pressure and recess pressure is

proportional to the flow rate q through the constant c

3-12
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THREE PADS
60" x 90"

LOADING
BEAM

Figure 6. Pad View of Pad Arrangement
on a Single Runner
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OIL SUPPLY

S

Figure 7. Séconda‘r':y Pad 0i1 Circulation
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P <P =cQ ' (13)

Furthermore, the load imposed by the oil pressure in the jack is equal

to the product of the pressure in the jack cavity and its cross-sectional

area. . ,
Vjack = Ps Al - (14)

-~

As far as the bearing is concerned, the load that it will carry is’
proportional to the recess pressure P> its total area A and the area
constant a_, which depends on the distribution of recesses and clear-

f
ances- in the pad design. -

Yorg = 85 A Py L | (15).

The relation between the flow and the load generated by the bearing

film is given by

. . .
Q = q, _brg h~ - , | (16)

-2
]

film thickness

equals o0il viscosity

=
L]

df = flow;coefficient depending on the bearing geometry

Combining thqse equations to obtain the value of the film thickness

3 u A 1 o s :
P fa L)y v (. s | 17
qgc (Al ag ) 9gcag <Pr ) . an

‘where we see that at equilibrium, .that is when the load generated by the -

we obtain:

bearing is identical to the load generated by the jack, the clearance ini

the bearing is independent of the value of the flow passing through it

and therefdre of the load that the bearing carried. On the other hand, the .

~load carried by such a.unit is directly proportional to the flow rate q.

3-15
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1 f

It is then feasible to feed the jack cavity by means of either a con-
trolled pressure or controiled‘flow rate and thus establish the amount

of load carried by the secondary pad. As an example, a flow of 60 GPM
of an o0il with viscosity equal to 10_4 lbs/sec2 would sustain a load of

5 million 1lbs. while maintaining a clearance of 20 mils, for bearing pro-

portions which are quite feasible., These proportions are

ag = 0.6 . ' : (19)
9 = 2.7

In this case the value of the restrictor coefficient to be built into

the capillaries is équal to C = 3.8 lb—sec/in.2

From  the above discussion, it is felt that splitting the load at
each alidade leg into three -equal portions each cérfied by a pad, results
in physical pads sized at 60" x 90". The load distribution problem is
solvéd by sacrificing 2/3 of the maximum achievable stiffﬁess. This
configuration is a good compromise between manageabili;& of pad size,
aVerage pressure of the film, practical dimensions of the runner and of-
‘fers reasonably reliable operation under mechanical or hydraulic type of

.malfunction,

3.4 MECHANICAL LOAD EQUALIZERS AND MULTIPLE RUNNERS

Three pads.of each alidade leg are shéwn~iﬁ the previous.section
to be practicai. At this point questions arise whether or not ‘it would
be convenient to use mechanical leveling or load equalizing systems as

" shown in Figure 8 or even multiple parallel runners as shown in Figure

9 to distribute thé.loads.
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Figure 9. Multiple Parallel Runners
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First consider the overall stiffness requirements that total de-
flection mnot exceed 0.3 in. for the load equalizing scheme of Figure 8.
The distance between the three hydrostatic pads is denoted by 2, and the
equalizer beam thicknesses by h. 61 and_62 are the deflections of
equalizer beams 1 and 2 respectively. Assuming no deflection in various

aligning ball joints stiffness requirements give:
5, + 6, < 0.3" for W= 16 x 10° 1bs. (20)

'From standard beam formulas (for bending only) the beam deflections

are:

, ouasn® o oug’
1 48EL 128EI _
2 2
Wy & % . (21)
8, = @ QP @ _ we> ' '
ol . : ) b
3E1(73;2) 288EL | ,
Thén from Equation (20):
3 | 3
uLw o, 9 1 0.074W8
0.3 <37 G * 7288 .2~ ®1 L (22)
or:
0.246w > (@)
I D et . -
E
Assuming: .
"W =16 x 10% 1bs
2 =100 in.
E=30x 106 psi
3-19
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I > 131,000 in.% based upon deflection
-- For a solid rectangular beam 5 ' _
‘ S g
1=
,Tﬁeﬁ for b = 30"
- [(12)(131,000) ]1/3 o m :
h = = 37.4" depth (28)

The bending stress in the upper solid re;tangular beam 30" x 37.4"

deep (1.9 tons/ft) would be 85,650 psi which is far too high for A-36

or similar structural steel. Shear deflections would also nee& to be
considered and an even thicker beam required to limit overall deflection

‘ to 0.3". Assuming a safe stress of 20,000 psi would result in a beam
depth of 77.5" (3.95 tons/ft or 49.4 tons for the top beam) under

16 x 106 lbs. applied load. Total beam weights for the three equalizer
beams of Figure 8 would be approximately 100 tons (not including the
self—aligning ball joints). Total height would -exceed 20 ft, from run~ - B
ner to alidade leg. An afrangement of equalizer beams as shown in |
Figure 8 is unwieldy and iﬁpractical when -compared to the three-pad

piston concept of Figure 5. The arrangeﬁeng of Figure 8 also has prob-
lems'of load centering in the direction radial to the runner. Maintenance’
w0uld requirgAcomplete removal of the entire beam arréngement. The
alidade leg would need an external means'bf temporary éuppoft to enable
such removal and maintenance. Hydraulic féilure of any one of the three

. hydrostatic pads would have to be immedia;ely arrested (similar to Fig-
ure 4). The mechanical leveling or load equalizing scheme of Figure 8

is considered impractical.

The use of more than one runner as illustrated in Figure 9 offers
" some advantages which are outweighed by obvious disadvantages. Advan-
tages include automatic load spreading (three points determine a plane)

on the foundation in the radial direction. As will be seen later, this
3-20

T THE FRANKLIN INSTITUTE RESEARCH LABORATORIES o - _ 3o~



RO 72-191

F-C3388
is quite desirable, The list of disadvantages is much longer. Multi- .
ple runriers are of course‘much more expensive.than a single one. More- -
-ovér; 0oil distribution schemes would have to be implementud so as to
avoid overilow of one bearing system. The geometrical arrangements of
" the pad would make it cumbersome to locate the azimuth drive gear in a-
convenient place and mighf also crowd the fadial beéringlto some extent.
The foundation due to its much increased width would become much bulkier
and more cumbersome., Failure of one hydrostatic pad would require im-
mediate stoppage of the antenna pad réplacement and maintenance would be
very -difficult. The same arguments advanced for the unwieldy and bulky
load gqualizer beams woul& also Apply to the multi~runner concept of
Figure 9. The trusswork conneéting the pads would need to be deéigned
to safe stfess‘limits and would be impractical when compared to the

three pad hydraulic jack configuration of Figure 5.

Due to all of its disadvantages, neither a triple runner or a dou-

.ble runner system will be pursued any further.

3-21
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4. OIL BEARING DESIGNS

This discussion assumes the following: The 3-pad configuration
has been selected and the pad dimensions are 60 in. by 90 in., A single
runner accommodating all pads is being used. There is no restriction
in locating the pads very close to one another in the circumferential
direction. The loading beam splits the load at each leg into three equal
portions. A sufficient amount of stiffness can be‘provided byvthe

center pad alone at essentially any practical film thickness.

4.1 COMPLIANT SURFACE VS. RIGID SURFACE

In an application such as this,'whére the flatness of the runner

and pad surface have to be so high, with respect to their other dimen-
sions, it is always attractive to think of a éompliant surface geometry

" in order to relieve some of the requirementé. Ihus;‘coating the sur-
face of the pad with a layer of elastomer would definitely be quite
forgiving in terms of asperities, lack of.flatness, and'grooving of the
runner surface while at.the same timeAsaving a great deal of oil flow
and providing the required stiffness. It'is~howevef, unfortunate thatu
no well-tested elastomer is known that could be put on the pad surface
and exhibit sufficient shearing and ripping strength in order to offer a
foolproof application. However, this type of solution should be kept in

" mind in case the geometrical dimensions of‘thé antenna reméin ;he same

. while for some reason the load decreases By a factor of 2'6r‘more. It
‘has been well established that qompliaﬁt surface bearings having rubber
as the elastomer can be used very_reliablyffbr pressures on the order of
500 psi-average. Not much éxperience is available at higher pressures -
but it is well known that the ripping strength of most.elastomers is in
the order of 1000 psi and that at theéé load levels failure could'easily:

occur.

" 4-1
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4.2 OIL VISCOSITY

For the purpose of pieliminary discussion, we can-assume that the .
_0il film under the pads will be of uniform thickness. It is then easy

to show that the ioéd-carrying capacity is given by

W= ag Ap P, (1bs.) ' (25)
where
p. = recess pressure
,Ap = pad area )
a, = load coefficient (depeddent upon the pad and recess geometry)

The flow rate needed to feed such a bearing is given by

3 . . . .
Q= q _-X—p-r (in-3/seC) ‘ (26)

where

h film thickness

u = oil viscosity _
9 = flow coefficient (dependent upon'the pad and recess geometry)

The power dissipated by such a bearing'ffom the recess to the am-

bient is given by

Hf ; e _ B |
HB'= — — Q (in.-1lb/sec) o 27)
q. A :
S S ) : :
"where
Hf = flow coefficient (dependent on geometry only)

The behavior of hydrostatic.oil pads of many common configurations
has been described by Rippel in the Cast Bronze Hydrostatic Bearing De-
sign Manual. Figure 10 presents data oﬁ the variation of pad,cbefficients:

for flat, rectangular, 4-recess pads.
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Figu{”e 10. Pad Coefficients for a Rectangu]ar Bearing with Four
Rectangular Recesses. Ap 2411.2 :

’

In this figure, we may select for reference purposes a value of-%.of 0.4,

Note that the cohfigurationltreated here is a 4 recess pad whereas the
actual one most probably would be either a 6 or an 8 recess configura-
tion. However, this is not going to make too much difference in the case
of uniform film thickness. The reason- for the multi—recess configura—

tion is simply to give local stlffness to all parts of the pad.

For the selected value of-z of 0. 4 we can read that af.=.0.64,

9 = 2,75 and Hf = 4,3, .
The selected unit pressure 65 1000 bsi,résults in a recess pres-
sure of 1560 psi. This is~deemed.to be qﬁite a reasonable pressure level
and that it is well w1th1n a factor of 3 of the capablllty of most. high
pressure pumps. The various tradeoffs which are due to a selectlon of

oil viscosity and the operatlng film -clearance are 1nd;cated in Table 2.

4-3
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' Table 2
FLOW RATE, PUMP POWER, AND DISSIPATION FOR
VARIOUS VISCOSITIES AND FILM THICKNESSES
0il Viscosity
Ib. SeC/in-Z '6 "6 : _6 "6
(reyns) 100 x 10 20 x 10 10 x 10 5x 10
0il Film Thickness | Q = 7.01 GPM/pad 35.06 70.12 IhOTZS
h =0.010 H = 6.38 HP/pad 31.90 63.81 127.6
o BTU - ' '
Heat = |6 23 TR-Pad 81.19 162.4 324,7
h = 0.015" Q = 23.67 118.33 236.65 473.31
H = 21.54 107.68 215.4 430.7
Heat = 54,82 274.0 548.2 1096.1
h = 0.020" Q = 56.10 280,48 560.96 1121.92
H = 51.05 1255.24 510.5 1020.9
Heat = 130.0 649.6 1299.2 2598.2

For the purpose of visualizing what type of o0il the various viscosities

would represent we would say that 100 x 10-6 lb—sec/in'.2 representé a
is the viscosity of SAE 50 at 120°F

As

heavy gear oil at 100°ﬁ, 20 x 10-6
and the viscosity of 5 x.10—6 is the viscesity of SAE 20 at 100°F.
it is well known the viscosity of oils'varies greatly with temperature.
For reference purposes one should be reminded that typ1ca1 01ls change
their viscosities by a factor of 10 every 100° F Figure 11 gives some
data on the viscosity of common motor oils and an available heavy vie—

.-cdsity gear oil, In read-

Figure 12 shows the-same oils in SSU units.
ing Table 2 for the heating effects in passing the oil from the recesses
to the amblent it should be noticed that the 011 temperature rise is

always the same and given by

Oil'Temp. Rise = = = (28)
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Figure 11. Absolute Viscosity of Various
0ils vs. Temperature
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where

©
[

"0il density

(g
[}

oil specific heat

It is interesting to note that the oil temperature rise is only de-
pendent upon the unit load on the bearing. For. our case under discussion

this temperature rise is 12.3°F,.

The heat values of Table 2 indicate that‘the total amount of heat
dumped in the oil reservoir is indeed dependent on flow rate although

the temperature rise in the oil through the pads is independent of it.

Due to the large size of the bearing pad and the ekxperience with
the 210 foot Goldstone Antenna it is deemed desirable to aim for a suf-
ficiently large film thickness so as not to have to worry about contact
occurring as a result of minor malfunctions or defects in machining.
This is the reason why the row containing data for a clearance 20 mils

has been introduced.into Table 2.

-

If a clearance of 20 mils is selected, it becomes clear~from
Table 2 that enormous values of flows, pump horsepower and oil heating
per pad are required unless ‘a very high oil viscosity islused. Con-
sulfing Equation 25, 26 and 27, it is cleaf~tha; higher oil viscosity
is desirable from the point of view of‘redﬁcing the flow and thus re-
ducing the.required horsepower once ‘the unit load and fhe clearance have
been selected; The column of Table 2 relating to the heav& gear oil,-
indicates that very reasonable fiow rates and péwer requirements are
needed even for a clearance of 20 mils. The big question with this high
0il viscosity is the operation of the'pumps themselves.and of all ancil-
lary equipment such as filters, heaﬁers, cqoiérs, pressure controlé,_ |
pressure relief valves, flow cont:bls and sﬁmp pumpé.~ The other drawback
with high viscosity oils is that the larger the viscosity the higher the
temperaturé associated with the so—calléd pour point. " An oil exhibiting

a viscosity of 100 microreyns at 90 to lQO°F would probaBly exhibit-a

4-7
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pour point of 15°F (see Appendix A). This poses some problems in cases
where the antenna is inactive on particularly cold winter days when the

temperature goes below 15°F.

The problem of passing the oil through filters, control valves, and
high pressure pumps can be alleviated bybheating-the Qil as soon as it
exits the main reservoir. From Figures 11 and 12 for a heavy gear oil
it is evident that heating the oil 30°F from 80°F to 110°F would reduce
the viscosity to one-third of its original value. After the oil exits
the high pressure pumps it can be sent through a cooling system just pre-
ceeding and perhaps including the pads so that the low temperature re-
establishes a high oil viscosity. This heating befofe the hydfaulic
equipment and cooling just before the o0il entrance into the recesses and
film could be éccomplished by a heat~puﬁp arrangement. One pad using
the heavy gear oil would require 11,719 BTU/hr (4.6Hp) for each °F for
the 56.1 GPM flow which would result in a total 351,575 BTU/hr (138 Hp)
for a 30°F change; The entire antenna sysfem of nine pads would require
a total of 3.16 x 106 BTU/hr (1242 Hp) for either heating or cooling ﬁhe
entire system 30fF. This power requirement is 2.7 fimgs the total pump
horsepower required to maintain flowvat 100 x 10-6'reyns (per Table 2{
and does not seem practical. The alternative‘of using the heavy gear 611
at low temperature (85°F) and high viscosity (100 x 10—6 reyns) does not
involve any major problems since equipment is presently available to fil- '

ter and pump it.

In this area some further.studies are neceséary'in order to seléct

- the best solution. However, the appxoécﬁ of providiﬁg the system with
1500 psi normal pressure supply-éonditioﬁ and 4500 psi émergencynpres-
sures supply condition can be conéideredﬂtp be within the realm of pos-

sibility.

4.3 POWEk-FLON-PRESSURE DISCUSSION

When the two side pads fail, the pressure in the center pad in~-

creases by a factor of 3, to 4500’psi. Assuming that fhe'pﬁmps feeding

4—§ .' - 4,(
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it would maintain their flow rate, eqdatioﬁ 26 and Table 2 indicate
that the clearance in the central pad would decrease by s1mp1y a factor
of 3 /3 or 1.44, Thus, for a 20 mil initial clearance, the decrease
would be to approximately 14 mils which is sufficiently safe. This
lower clearance would provide ﬁhe design criterion for the pprhose of
'specifying the machining accuracy of the pad and runner surfaces. As
far as the other parts are concerned, we see that the oil flow rate de-
ﬁends only on the unit load, the clearance, and the Qiscosity. There-
fore, the selection of a rather low unit load is favorable from the point
of view that it gives a relatively ldw flow rate. Likewise the selec—'
tion df a high viscosity also indicates a low flow rate. Similarly,
from equation 27 and Table 2, one can see that the low unit pressufe and

high viscosity contribute also to a low power dissipation.

From an examination of Table 2 we can also conclude that the two
lighter oil viscosities combined with the 15 mil clearance are unfeasi-
ble, and the three lighter oil viscosities combined with the 20 mil
clearance are also unfeasible. This is particularly ciear when one con-
siders that the horsepower requirements indicated id Table 2 are o0il flow
horsepower at the recess and thus do not include any line loss, pump loss
or motor losses. Therefore, the horsepower figures in Table 2 should '
really be multiplied by a facto: which nears 3 in order to visualize the

actual horsepower per pad required at the motor.:

4.4 COMPUTER PROGRAM

The analysis of behavior of the fluid film of the actual désign
‘'will have to be carried out by means of.an adequate’ computer program due
to the fact the film thickness in sdch casee will'be variable. However, -
the programs which had been developed for theldesign of the azimuth
bearing of -the 210-foot dlameter AAS Goldstone Antenna are qulte suitable
for the ‘handling of the present job. Thezonly modification that might
be necessary is that of the introductioﬁ'of shear dependent &iséosiey in

‘the case that the heavy oils may exhibit non-Newtonian behavior. This
49
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modification is not a major one and would not require any great expendi-.
ture of money. " .

Naturally, the use of this computer prdgram will have =0 be coupled
with programs which predict the deflection patterns of both pad and the
‘runner as these actually determine what the clearance is. Those programs

will be discussed later in this report.
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5. ALIGNMENT AND:LOAD SHARING MECHANISMS

In this section the mechanism which distributes the load among the
pads and allow the alignment of each one of the-pads with the runner
will be discussed. This consists of two pistons and three lubricated

ball joints,

5.1 PISTONS | .

-From the description which was given in Section 3.4 of the piston
support for satellite pads, it would seem that for proper operatioﬁ, the
ratio of pad area to piston area should be greater than the reciprocal .
of the factor ag (which in the chosen example is equal to 1.6), and it
is obvious that for proper compensation a substantial drop should exist
between the piston cavity and the recess. For reference, ah area ratio
of 2.4 is selected here. This gives an area ratio larger than required
and a piston pressure of 2350 psi for a diameter of 54 in. The propor-
tioning and detail design of'pistons would have to take advantage of the
hydraulic jack technology."It can be seen that perhaps at the expense
of a 1ittle flow reasonable clearance can be made to exist between the
male and the female even if seals could not be designed for this purpose.
It is clear that the leakage situation is helped by the hlgh velocity
in the o0il and by the fact that in general very little motion is envisioned

between the’ two parts.

‘Some further studies are necessary in this area from.an optimiza~
tion peint of view; materials shouldAbe selected, a proper diameter to
length ratio.should be determined, seals should be investigated, and the
pOSS;blllty of transformlng these plstons into bellows should also be

.looked 1nto.

5-1
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For reference purposes, if the cylinders were made with 50 in. of
overlap and 40 mils of diametral clearance, .the heavier of the selected
oils (viscosity of 100 microrc:ns) would leak at a rate of lZ.galloﬁs
per minute from the piston itself which is ﬁdt excessive, If further
studies indicate that contact wear occurs between the two moving parts
of these pistons then some hydrostatic oil bearings could be inﬁerposed

between the two parts thus eliminating all chances of contact.

5.2 GREASE BALL JOINTS

In order to compensate for the deflections éf both the runner and
the lbading beam it is necessary to make the pads'églf—aligning so that
the film may remain as'uniform in thickness as possiblé. The ball and
socket joints will then be retained. Since the balls éan be scaled
essentially the same way as the pads; the unit pressures will be the
same order of magnitude as those thatlwere encountered for the case of
210-foot diameter Goldstone Antenna., The operation of the Goldstone

4Antenna has been completely satisfactory from a point of view of the
alignment mechanism. This suggests use of the same'type of configuration.
of ball and sockef with grease lubricant periodically resupplied. The
only.Suggested change with fespect to the Goldstone situaﬁion is that

of loéating the center of the ball and socket surfaces at approximately
the level of the oil film. In this mannef, an obstaclé éncountered by
‘the pad in motion will cause the smallest possible moment tending to
drive the pad furgher into the runner. In accordance with this, the
anti-rotation meghaﬁism, which must prevent the pad from rotétiﬁg around
the vertical axis in the grease ball and socket, should réstrain the pad
as cloée as possible to the level of the 0il film. Figure 13-is a
schematic of the ball and socket arrangement énd antirotation mechanism,
In the plan view of Figure 13, the example is shown of the case when

. the pad traveling from left to rlght hits an obstacle on the runner and
thus is confronted .with the force labeled A against the pad itself.
Assuming that there is no friction in the ball and socket,.the ohly

5-2
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forces that caﬁ be generaﬁed by the alignment mechanism have to pass.
‘through the center of the ball and socket. The force that directly op-
poses‘A is labeled B. However. these two forces now create a cpgple‘
about the vertical axis z, and would make the pad rotate in a counter-
clockwise direction if no rgstfaint were imposed on it. The anti-rotation
- mechanism imposes the force labeled C. To balance this force, the ball
and socket originate the force D through the center. All forces on the
plane parallel to the runner have thus been eliminated and all momenﬁs
along an axis perpendicular to the runner have also been eliminated. It
is clear from the figure that if the center of rccation of the ball is
above the level of the ruhner, that is, if force B is at a higher level
than force A, the two will generate a moment about the minus R axis.'
This will tend to drive the front edge of the pad into the runner, thus
increasing the contact force. Moreover, if the center 6f rotation of

the ball is higher than the point of application of the anti-rotation
force, i.e., if the level of force B‘is higher than the level of force c,
they will generate a moment about the negative 6 axis which will cause
the top edge of the pad to be forced against the runner, furthe; increas~

ing the contact force,

The above discussion indicates that the center of rotation of the
ball should be somewhat below the level of the runner surface. Further-
more, with this arrangement tﬁe location where the antirotation forces
"are transmitted should not be made unnecessarily high because in that
_case, the couple formed by the forces C and D would have a tendency to

drive corner E into the runner as a result of impact at corner F,

The only area that might require further study in the alignment
‘mechanism is that which concerns the automatic periodical application of
grease to the ball recesses, thus eliminating the possibility of error

in the reliance on a manual operation.

.5.3 PAD DESIGN-

'As in the case of the Goldstone Antenna, the main concern with the

pad design is that of distribqting the recess geométrieé and the pad
5-3
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Figure 13. Grease Ball and Socket O‘ri entation

Force Analysis
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thickness so that the pad deflection distribution will match the deflec~
“ tion distribution at the other end of the foundation. Then the film

thickness can remain at the design value at all points and avoid contact.

' The first task consists of evaluating the forces generated by the

- hydrostatic oil film, and of uéing an iterative routine to match these

forces with those necessary to generate the deflection distribution of
the pad and runner foundation. This technique has already been well

established from the study on the Goldstone Antenna.

Thé major &ifficulty to be encountered is iq the area of the elas-~
ticity programs, which will have to be utilized in evaluating the de-
flection of the runner. The study of the pad defléqtions was made
accurately enough for the 210-foot diameter case. In the three pad
arrangement which is being envisioned for the present application, the
major difficulty in deflection matching is going to occur with the
satellite pad, due to the fact the central pad will esséntially travel
on a "flattened" runway. The two satellite pads will have the task of C
"steamrolling" the runner into its deflected shape. In order to provide
a sufficient amount of local.stiffness over the large area of these pads
several recess configurations- should be studied in the actual desién cal-
Culafion. It is quite possiﬁle that an 8 recess configurafion could be
more &esirable than the 6 recess configuration used in the 210-foot case.
Not much advantage is obtainable from circular pads since these do not

minimize the dimensions of the runner.

.Due to the particular task discharged by the satellite pads it
might be quite convenient to consider elaborate schemes such as the
tapering of their thickﬁess at theif outermost edge.in_the circumferen-
tiél direcfion And possibly locate the ball and socket in an-aéymmetric
position in order to facilitate the climb onto the undeflected part of
the runner. Some of these solutions might entail the expendiéure of .
"large amounts of flow for some recesses but at lower pressure. Such a.
configuration is depicted in Figure 14, This variation of thickness and

asymmetfic ball position invalidaﬁes the type of analyses which were made
5-4
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Figure 14. Asymmetric Satellite Pads
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for the pad deflection of the 210-foot antenna, A different approach
and program would be needed to evaluate the deflections in the present
case. However, contrary to the sitvation which existed during the
design stage to the 210-foot antenna, new finite element methods are
présently available which_can'accgrately predict the deflection of such

an asymmetric pad.

As in the. case of 210-foot antenna this area is not considered to
be an unsurmountable problem. It just needs a lot of accurate and com
petent work. The deflections héve to be evaluated in a painstaking man-
ner and matched suitably well with those of the runner. A lot of this
work 1s concerned with distributing the deflections in such a manner
as to maintain a film in the situations which involve failure of the

supply system to some of the recesses but which are desired to be "go"

conditions for the antenna,
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6. LOAD SUPPORTING STRUCTURE - ig

The load supporting s;ruéture is perhaps the most troublesome area,
and one that\will require the most changes ffom the 210-foot design,
Some of these changes are due to the increased load, and the increased
values of mean.pressure, and part of these changes will be necessaryA
because of unsatisfactory experience with the 210-foot antenna. The
major design areas in which attention should be focused are: (1) level-
ing mecnanism of the runner, both for the first installation aﬁd then
afterwards, if anything causes it to lose level, (2) distribuﬁiod of
load at the metal-concrete interface in such a manner as to cause the
load to fluctuate as little as possible and to exhibit a value of the
maxinum achieved stress which is as small as possible, and (3) design
concepts should, if possible, provide a metal-concrete interface such
that repairs may be accomplished in'a simple manner without great expen-

diture of either down time or money. S

As a reference dimension it will be hereafter assdmed that the run-
ner is 6 feet or léss in width. (This will amply accommodate the 60 x
90 pad.) Other questions concerning the rumner such as the size of the
segment, the design of the jbint sealing, and the rotation stops will be

treated in Section 7.

6.1 - LEVELING

Experience with the 210-foot antenna pointed out that easy access
" to the runner, in the sense of leveling ability;-is quite desirable. When
any malfunction of the.pnder—struqture which supports the load causes the
runner to go out of level, it is quite important to be able to repair it

.with minimal expenditures of moneinéﬁd skilled manpower,

It was also learned that grout in close proximity to the runner and,

therefore, to both high loads and to the presence of oil, will hardly
6-1
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survive a long time, It is therefore desirable to locate the steel-

" concrete interface, that is the grout, in a location which is as far as
pbssible from the o0il environment of the runner, and where the-maxiﬁum
load levels may be considerably lower than those experienced in the im-
mediate vicinity of the runner itself. Figure 15 illustrates two con-
cepts which can be utilized to accomplish both needs. The runner is
supported by two or three vertical beams, the section of which is suf-
ficient for supporting in compression the load on the structure.. Tﬁe
top of the beams have rather narrow flanges. These flangeé are separated
from the runner by leveling shims. To limit the shim thickness to 1/4
in. requires a leveling arrangement of the vertical beams which brings
their surfaces within perhaps 1/4 inch of an absolutely horizontal plane.
Direct communication to the two external beams (and through hoies in
tﬁem'to the internal beams in the case of the 3 beam geometry), is essen-
tial in order to easily introduce the shims. Due to the rather relaxed
requirement on the flatness of the pracks (o of 20 to 30 milé) it is
quite probable that machining of the flanges on site is not going to be

required.

If further stqdy reveals. that the on site machining of the flanges
of foundation beams is neceséary; this can be accomplished'by means of a
machine which uses very.sensitive level as a reference and rides on
temporary tracks. Such a machine, although expensive, is of rather
straightforward-coﬁception and construction. It could be used for
machining not only'the surfaces of the supporting beam but also the run-

ner surface itself.

As shown in Figure'iS the three vertical beams-are'spaced in such
"as to produce the smallest possible deflection of the runner. In -the
two beam case the deflection of the runner with the 1000 1b/per/square
inch load could be limited to something in the order of 20 mils. In’
-thé three beam case the deflectioﬂ'ééuld be'cut down to something below
. 10 mils which is satisfactory. (All the above applies to a runner thick-

ness. in the order of 7 or 8 incﬁeé.)
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Runner leveling by means of the shimming is to be performed using
a sensitive mercury level as a reference. The consequences of aligning
the runner by means of a level were studied: . o
a) the runner would not be flat but it would be hlgher by .53 x
103 inches at 1ts east and west extremes -
b) if the center of mass is 200 ft above the runner its load
vector would not be normal to the runner by 4 x 10-8 rad.

Both of these are negligible.

It is also conceivable that after the initial leveliﬁg some rather
inexpensive bubble capacitance levels could be 1nstalled at several
places on the runner so that an automatic readoﬁt showing tilt from the
horizontal could be had at all times. These levels could be easiIY'at—_
tached to the underside of the runner. It is conceivable that a simple.
data acquisition system together with a computer program could be
utilized to determine what adjustments would be necessary ip the shimming
in order to correct.any lack of flatness of the runner. North American
Rockwell presentiy manufactures levels which are approximately 1 inch
in diameter and have a sensitivity of better than 1/10 of an arc second.
Such a level could then be mounted one unit per 10 feet or less of run-
ner. . While the above scheme represents one means of leveling the rumner,
it is quite conceivable that other systems may be developed which are a
lot 51mpler to 1mp1ement and perhaps more trustworthy. " Further attention

should be given to this 1n the design stage.

6.2 . LOAD SP_'READING )

To avoid haQing an alternating load of 1000 psi aétihg on the grout
* which forms the interface between thg runner gﬁd the concrete base, it
is desirablg.to-spread_the load in such a manner as to half the maximum
stress. The first appfoach might-bg to have the load.supportéd.by beams
. (Figurg'ls) the height of which is sufficient to spread- the load in the
circumferential direction on the grout concrete interface. The spread-

ing of the .load is given by two factors: (1) the compression of the
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~oa:.» wcw beams themselves, (2) the softness of the foundation which supports the .. - S
' . beam. The deflection due to thetggftness of the beam in the longitudinal

direction can be directly obtained from Filon's sblufion of tﬁe'response

to a point load, and én integration technique for spreading this ‘solu-

tion. Figure 16 shows a plbt and data for Filon's solution.which spreads

the load due to the beam thickness C when the loéd is concentrated.

This solution can be utilized to obtain the spreading of the stress due

to distributed load of intensity o through a beam. In the present case’

the value of sigma is equal to 1000 psi multiplied by the width of the

loaded region itself which is 60 inches.

Figures 17 and 18idepict typical load spreading situations imple-
mented by means of load-spreading beams in the'circumferential direction.
In both cases fhe loaded region is 24 feet long and it is spread by ' .
longitudinal beams which are assumed Eo rest on a foundation the top of
which is of the same width as the runner. Two beam heights are con-
sidered: one of 15 feet and the other of 30 feet. The first one causes
a good spread of the loaded region over the foundation, but it can aléo . N
be seen that the maximum stress at the center of the loaded region'is
still approximately 947 of the stress on tﬁe runner itself; This can
be explained by examining the figure. The load spreading action occurs
over the portion of the load which is at the limit of loaded region it-
self and not over the portions of the load which are in the central re-

. gion. This is dramatized by. Figure 18, in which even a 30-foot beam

. only cuts the maximum stress to 2/3 of the value on the runner itself.
Since the objective here is to cut the maximum stress on the gteel foun-
dation interface to a value below 500 psi, we see that é beam of apﬁroki-
‘mately 50 or 60 feet in height would be necessary in order to achieve
this goal using this type of solution. As a consequence alternate ap-

proaches have to be examined.

Figure 19 illustrates how spreading the load in the radial direction
is much more effective. In this direction, we take advantage of the fact

that the diétance over which the load acts is much shorter than it is in *
b . - 6-_5
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the circumferential direction. Figure 19 considers the case of the load
spread over-a 6 foot width of‘runner. With a load spreading beam 15 ft‘
in height, the load is spread to-the point where the maximum at the
center of the loaded region is 387 of the load on the runner. As far as
the ﬁecessary radial width islconcerned, Figure 19 -also illustrates that
at 10 feet from the midpoint the stress-has'alreédy decreased to 107 of

the maximum.

The above figures are based on computations which are valid for
beams of infinite length, but the situation for finite beéms is not going
to be very different. Thus, the radial spreading of load accomplished
by means of beams with a top section just as wide '‘as the runner and a
bottom section approximately 20 to 25 feet across, would satisfy completely
the load spreading criteria, The dashed lines in Figure 19 illustrates.

the shape of such a beam.’

The data given in Figures 17, l8land 19 are all bésed.solely on the
inherent compression of the beams which support the runner. If the
foundation on which the beams rest is in itself flexible, then the load
will be spread a little more than shown in these fiéu:es. Sample cal-
culations were carried out by means of a program which analyzes beams on
elastic foundation. Some t&picél numbers that could représent compliance
of the foundation were estimated.* The results obtaing& are shown in

Figures 20 and 21. The data in Figure 20-correspond to supports spaced

10 feet on centers, with a stiffness of 2.7 x 108 1b/ft (the most realis-

tic of the two saﬁple values that were considered). Figure 21 shows
the‘increaséd load spreading obtained in the case of the softer foundation.
It should be poihted out that the latter value should be.considerqd
unrealistically soft, .It can be seen from bo;h.figures that even with

the help of a soft foundation and of beams of large size, it is almost

- *"Runner Joint Stress Analysis - 210' Goldstone Antenna'", performed for

JPL by FIRL -~ Contract No. EX-515904, April 1970,
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Figure 21. Load Spreading of Circumferential
Beam on a Compliant Foundation
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impossible to spread the load in this manner. Also a.light beam of 15'
depth and a heavy beam of 30' depth are shown to make very little dif-

ference.

Spreading the load in the radial direction can be implemented by
the geometry which is depicted_in Figure 22, This concept consists of
many radial steel plates, which spread the load in the radial direction.
Above these are three separate horizontal beams supporting the runner
whose task is to eliminate the necessity of having too many vertical -

plates.

The runner provides the bearing surface for the pad, and must have
sufficient cross-section to keep the deflection in the radial direction
down to a minimum. For this purpose it is sufficient to have three
supporting (deflection) beams under the runner to limit the runner deflec-

tion to approximately 5 mils,

The deflection beams resist deflection in the direction of motion,
i.e., the circumferential direction. Five foot deep beams, resting on
supports which are 6 feet apart, give deflection in .the runner of less
"than 5 mils. TFor the purpose of these calculatioﬁs the three deflection

beams were taken to have 2 inch webs.

‘The load spreading plates transmit the.ldad from the deflection

béams énd spread it in the tradial direction, thus minimizing the peak
.loads'experien;ed by the grout. From Figure 22 it is also evident that
each one of the foundation'plates resting on a grout pad is independent
‘from any other grout pad. When any repair ié needed to the grouted por-
tion of the.foundation,.the load spreading plate can be removed in its
entirety thus uncovering the grout, allowiﬂg for easy repairs. The run-
ner support structure could be designed so that‘Operation of the antenna
with one load épreading plate missing would still be .possible even if

marginal,

The solution depicted in Figuré 22 also results in keeping the oil
20 feet away from the grout, thus avoiding the problem that has ‘occurred

at Goldstone.
6-13
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As far as the weight of this foundation is concerned, with load
" spreading plates of two inch thickness, the foundation runner interface

wnuld involve over 2 million lbs of steel, which is not excessive.

At the design stége of this foundation interface, it will be neces-
sary to set up a deflection and stress program which.will sélve the
problem implied by this steel construction. Thié is not a very expensive
program to build because it can rely on pre-existing finite element pro-
grams in which the two dimensional plane stress type of problem is solved.
It should be noted that the results of such a program would be much more
reliable than those obtained from three-dimensional elasticity programs,
such-as the ones that would have to be used in the case where the run-
ner pedestal is all in concrete. The operation of this type of program
will also be much cheaper than that of a complete three-dimensional

program,

6.3 GROUT INTERFACE

The grout interface introduceq by Figure 22 is modular and would in-
volve modules 6 feet by 16 feet. They would be fufgher,Subdivided into
2 or 4 subsections,. especially for the purﬁose of erection} The erection
sequeﬁce would probably inveolve the installation of deflection beams on(
top of some of the loading spreading plates, and the leveling of the de-
flection beams by adjustment of the height below the load spreading
plates in every fourth location, the grouting of these one out-of four
positions all the way around. Next Ehe permanent attachment of the load
spreéding plates to the deflection beams and leveling of ;hesé inter-
mediate points at the top of the deflection beam surface and grouting of
"all the remaining pedestals could be accomplished. The removal of a
fopndation load spreading plate would be performed by slight jacking up

of the deflection beam above it and sliding it sideways.
The grout to be used for this purpose should be investigated well
~in advance of the start of the erection program, since even though pro-
visiéns have been made for easy access to the grout surfaces, such repair
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7.. RUNNER . 3 e

Some aspects of design of the runner will have to be treated with
attention due to the fact'that they may be rather delicate. They are
the runner joints, the shimmihg mechanism, the stops which will prevent
the runner from wandering off the foundation, the sealing, etc. . Atten—
tion will also have to be given to the proper materials and sizes so
that fhe manufacturing of such a huge piece of metal does not give exces-

sive difficulty and so that transportation to the site will be possible.

The mounting of the runner on the foundation needs to be studied.
It is probable that direct fastening of the runner on the deflection
beams will not be possible due to the possible introduction of thermal
expansion problems. Indeed, the runner will be essentially maintained
at the temperaturelof the oil bath whereas the rest of foundation wili
follow much more closely the ambient temperature. This can give vast
~differences in the témperatpre, with the consequence of mismatching of

the position of the runner and the foundation.

l‘Before the special aspects'of runner design are discussed it will
be nécessary to describe its support system in some deﬁail. Spacing be-
tween. the supporting (deflection) beams is 22 inches. This was selected
" in order to make the maximum deflection of.the runner between supporting
beams equal to that on the outboard side. This deflection amounts to
just a few mils. During the actual design phase a choice.will have to

be made between using only two beams under-and perhaps having to make

the runner thicker in order- to minimize the deflections, and using three

beams as shown in Figure 23 with a thinner runner, such as 7 inches,
The main advantage of the two supporting beam configﬁrations’is the fact
that the leveling of the runner &6ﬁ;d be much simpler, and perhaps the

total cost of the structure would be less;
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igure 23 also suggests that the leveling of the runner be made by
means of leveling boxes which are nothing more than one wedge plate on
top of another, driven by a screw-and possibly locked by another scfewf
If screws with 10 threads per inch are selected, a taper slant of 3° would
yield a height advance rate of 5 mils per screw revolution which is fine
enough for all adjustmenté. In this situatibn a horizontal excursion of
5 inches in the leveling box wédges would result in a total vertical ex~
cursion of 1/4 inch. These alignment boxes would essentially serve the
purpose of being adjustable shims, with proper proportioning to allow

having a good distribution of sensitivity and r.nge.

. - If the boxes are designed so that they fitkprbperly on top of the
deflection beams, it might be possible to avoid the use of a separate
sole plate to provide to the runner the freedom to slide in order to com-
penséte for thermal effects. The system of alignment boxes should be
studied further to see if other concepts would be more practical, but they
would definitely be preferable to a system of direct shimming both from

the point of view of rapidity of execution and that of stability in time.

These leveling boxes would have to be distributed evenly at close inter-

vals in the circumferential direction, but actually cqﬁld-be spaced from

one another as much as 10 or 20 inches on centers.

The monitoring of the levelness of the runner could either be done

by means of hand igvels or automatically by means of electronic bubble

‘levels approximately one inch in diameter, which give an.electrical out-

put signal on two perpendicular axes, obtained by means of a capacitance
sensing setup. The sensitivity of these instruments is commohly well

beyond 1/10 of an arc second, which represents 30 microinches per inch

“orl mil per 3 feet., This sensitivity is more than sufficient for the

purpose of leveling of the runner. A number of these levels could be

permanently attached to the underside of the runner and_biased elec-

.tfically for lack of parallelism &iih respect to the top surface of the

runner, Direct electrical monitoring of these levels could be done

automatically by a computer system yielding periodic up-to-date informaqion
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on the state of levelness of the runner. Similarly, leveling procedures
could be developed which would be specified by the computer. All these
schemes assume that absolute continuity can be achieved in abb?segﬁents

of the runner.

7.1 SEGMENT SIZE

Runner segments will have a size dictated by convenience of fabri-
cation and transportation. Twenty-four segments of 15° inclined angle
each are the maximum practical éize which can be considered. The base
rectangular slab would be 7.5' wide x 32.5 ft long x 8" thick and would
weigh 40 tons. This size and tonnage is beyond the capability of
Bethlehem Steel Co. and USS Steel slub mills and iﬁgot sizes. Lukens
Steel does have the ingot size and slab mill capacity to roll such sec-~
tions. Machining the slab to a circular segment 6' wide with a 70"
inner radius will reduce the weight to 30 tons per segment of 8" thickness..
Ingersol Milling Machine Co., Rockford, I1l., for example, has ample
planef miller cépacity is machine segments of this size. Flatness within
0.002" over the entiré segment on one side can bé'oBtained. Flatness ‘
and parallelism of both sides would require wider tolefance limits, how-
ever, this is not of importance since the use of leveling devices is con-

templated for the under side of the rumner. - ' ~

It is also pbssible that for assembly purposes a very short section
"of ‘the runner COuLd be used, if it were necessary for convenience of
haﬁdling and so forth. However, in the latter case, a price might have
to be paid in terms ‘of thickness of the runner, compllcation of the

seallng problem, and of “the alignment problem.

The quality of machining of the runner top.surface'is not of too
great an importénce if the oil film thickness is maintained at 20 mils
or so. However, the choice still exists of whether the~runnef should

"be final machined in a shop and transported to the site, or have the
runner installed on the supporting structure approximately leveled, and

then machined on the spot by means of a specially designed and fabricated
7-4
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grinding machine. Such a machine would be supported on reference rails
mounted on the supporting structure. Two approaches could then be fol-
lowed for the design of the machine. The first is to very qggurately
prelevel the rails and to construct them in a manner such that deflec-
tions and thermal effects are small enough not to bother the adjustment.
Then the work of machining the runner can then be done in a relatively
passive manner. The only measurement that would then be necessary is

the measurement of level of the machined runner surface with respect to
the rails themselves, The second approach that could be used is to'put
less accurate adjustment in the rail and make the machine more "active."
This could be done by means of very accurate levels mounted on board such
thét the machine would establish a plane which passes through a predeter-
mined reference point, and would maintain itsélf on th;t plane by active,
continuous adjustment regardless of the lack of planarity of the rails '
themselves., In both of these cases the just machined portion of the
runner would also be monitored with respect to the main portion of the
machine and the position of the cutting wheel would be automatically
adjusted so as to achieve the desired position. This would then coﬁpen—

sate for tool wear and could make the procedure relatively automatic.

The decision of whether or not to build the second machine would
depend on the results of conversations held.with runner manufacturing

people. The design and construction of the ﬁoving grinding machine would

. probably run in the $100 000 range and this is not countlng the fabrica-

tion and 1nstallat10n of the rails.

In what has been said above, it should be noted that the need for
surfacing and resurfacing of the runner is .greatly decreased if a level-
ing mechanism is designed which can be readily utilized during the life

of the antenna,

7.2 JOINTS

The problem of how to 301n segments of the runner requires thorough

study by means of the deflectlon program, showing how the deflection
7-5
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pattern of the runner joint behaves when the antenna pads go over it.-
.This can be accomplished by state-of-the-art programs now available, at

least-in the form of rather reliable solution techniques. e

Due to the presence of the deflection beams, the runner joint will
have to transmit only shear in order not to create a discontinuity when
the antenna pads approach the joint. In such a case the same tyﬁe of
joint as is being used on the Australian and Spanish 210 foot antenna
can be used. Tﬁe possibility of using welds or other type of joints
should also be investigated because they could at the same time solve
the sealing problem. Due to the high value of oil film thickness which
has been proposed, small discontinuities of the joints will not be
very important except as they affect alignment. This would be further
aided by a design where the satellite pads operate with film thickness

1afger than nominal at the two circumferential leading edges.

7.3 SEALING

Tﬁe oil resefvoir_concept which was utilized in the 210-foot antenna
is thought to be quite sound and much better than alternate approaches,
It should thereforelbe maintained in the 420 foot telescopes. This then
introduces the problem of sealing the reservoir walls where they meet the
runner;_sealing the runner joints when the High pressure pads are located
on the top of a joinf. The sealing problem is less impoftant than what

it was in the 210 foot antenna for two mein reasons: (1) the very high
0iY viscosity employed will reduce the leakage. substantially, (2) the
gfout~is removed from?the immediate vicinity of the oil, so the leakage

of 0il should not cause direct deterioration .of the antenna support.

The best design approach is probably to'attempt a reasonable sealing
job by rather conventional methods and accept the fact that it would
' probaoly fail in spots., The failures could be compensated for by having
the leakage collected and perlodically sent back to the reservoir itself.
.Due to the fact that-this is not a critical problem to the operation of

the-antenna,'nquurther study will be made in this report.
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e rravken INSTITUTE RESEARCH LABORATORIES ' - , 1




RO 72-191

F-C3388

. 7.4 STCPS

The runnér is maintained at essentially a constant temperature by
the p}ééence of the o0il reservecir sﬁrrounding it. 'On the other hand;
the structure which supports the runner is constantly changing in tem-
perature. Its dimensions will'also change, thus causing relative motion
between it and the runner. In order to avoid undue stresses in the con-
nection between the two above parts, it is advisable to let the runner
move freely with respect to the foundation on which it rests. This is~
accomplished above by the utilization of alignment or leveling boxes
and flat top surfaces on which the runner can slide. Naturally the cyclic
motion of the foundation under the runner will cause displacements which
are not symmetrical thus inviting the possibility that the runner could
walk off the foundation after a while. Further problems can be also con-
nected with the runner "walking'" in -a circumferential direction. These
last problems are not going to be given too much attention here, since a
releveling proéedure'is contemplated and the greatest conseqﬁence of
circumfereqtial walk is change of runner level. As far as the runner.
walking off the foundation is concerned, it is ﬁeceésary to impose some
restraint to the motion of the runner. In the designlof such constraints
it is important to keep in mind that very large stress levels can occur

as a result<of'temperature change, .

A study of constraint geometry which would minimize.the effects of
6ff center walk of the runner was made when designing the 210 foot AAS
) antenna. That stud& concluded that it was sufficient to use springs

located at either 3 or 6 circumferential positions and which impose a
constraint simply to the radial motion of the runner. The main reason’
‘for usiﬁg springs is that fixed stops have a teddency to generate very
large stresseé when changes in dimension due to changes in temperature
occur, while the positién of the aﬁtenna feet prevents'relative motion
of the xﬁnner with respect to the foundation. The springs will instead
_constitute a "memory" to the fact that the runner is out of position,

eventually causing the runner to move back where it belongs, when the
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feet of the antenna move to a more favorable position., Figure 24 shows
the position of the antiwalk springs, and the detailed concept on which
their design was based at the time of the study for .the 210 foot antenna.

The design procedure for these stops is to consider a deformation
of}the runner into a configuretion which is no longer circular, but which
essentially maintains the foundation diameter only at the position of
the antenna feet. This configuration then stresses the spring the design
of which is such as to allow almost the entire motion of the runner thdt
would have occurred if the spriﬁgs had not been there. This gives rise
to low stresses because the runner is bending in its own plane. The
springs then provide a bias toward a concentric position so that the
runner can move back when the temperature cycle ends. Likewise, if the
distorted position of the runner is "frozen" by the fact the antenna
clamps the runner to the foundation, the spring provides a memory for the

runner to go back when the antenna feet are moved elsewhere.

No problem is associated with this area since in the above mentioned
design effort, it was proven feasible and easy to implement. Figure 24
of this report shows that a convenient geometry for the radial spring is

that of a beam deflecting in the plane of ‘the runner.

7.5 DEFLECTION PROGRAM

The key item in the runner design will be the assembly of an effec-
.tiVe deflection program coupled with the appropriate bearing computer
program representlng the hydrostatic bearlngs and their resu1t1ng pressure
dlstributlon. This would allow the obtaining of as uniform a f11m thick-
ness distribution as p0331b1e. The runner deflectlon program would have
to be assembled from presently available techniques and-portidns of pro-
grams which are of the 'finite element type. A plate approach is thought
to be suitable for the runner itself, but it must include the'tWO dimeﬂ-
" sional study of ‘the enderlying deflection beams which support the runner.
These beams would furthermore be restlng on the load-spreading plates

which can dctually be represented as springs.,
7-8
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These programs ﬁust be usable bofh for the study of the continuous

. sketches of runner and for the stuﬂy of the case where the pad is close
to a runrner joint., Runner joints could cause complications in the plate
approach to the runner study and if it is proven necessary to ﬁse a joint
which does transmit shear or moment or both it will also be necessary to -
represent the joint region by heans of a three-dimensional elasticity
program which must be tied in with the two-dimensional representation of
the continuous portions of the runner. Therefore, this becomes an impqr—
tant point to ascertain and the study of such an eventuality would have
to be made as soon as possible. This is due to the fact that three-
dimensional programs are always difficult to assemble and check out anq
expéﬁsive to operate. Therefore, as much time as possible should be taken

in trying to avoid their use,
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8. CONCLUSIONS

8.1 GENERAL

Hydrostatic oil pad type of support for the azimuth bearing of a
420 foot antenna weighing approximately 50 million pounds is feasible

within the present state-of-the-art.

A -few areas will have to be given particular attention and must be
considered to have a long lead time., These areas are listed below in
two groupings depending upon their need for additional antenna studies

by JPL or others prior to initiation.

8.2 NO ADDITIONAL ANTENNA STUDIES REQUIRED PRIOR TO INITIATION

A preliminary study is required of the effect of runner joints from

the point of view of transmission of shear and moment. A preliminary

study of this area of the antenna design must be performed to establish
‘'whether or not a three dimensional computer program representihg the
runner joint or a testing program to study the same effects will be neces-—

sary.

Preliminary attention should be devoted to a study of grout, grout-

.ing méthods, aqa establishment of life and environmental criteria depen-~
dent on the operation of grout under cyclié loads. The ﬁurpoée of this
study would be to establish what kinds of en§ironment are not harmful
and what maénitude of maximum loads are congideted.safe for long life

of the- grout interface.
Preliminary studies should be cénducted éf the recirculating pumping
and filtering of very viscous oil at high pressures. A high level of
_ viscosity (approximately 100 x 10-6'reyns or 3000 Saybdlt Universal
Seconds) is desirable in the hydrostatic oil pads. Operating pressures

should .be approximately 1500 psi, with the capability to raise to 4500 psi

8-1
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for short periods of time under emergency operating conditions. The
possibility of oil-cooling after the pumping and filtering should be
invéstigated. Some effective means should be devised for removing im-
purities such as sand, chips, andAcondensea water from the hydraulic
system. This might be accomplished by means of a system which scavenges
the parts of the reservoir which are most likely'to.collect such impuri-

ties.

8;3 ADDITIONAL ANTENNA STUDIES REQUIRED PRIOR fO INITIATION

The runner support structure should be optimized into a geometry
which could then be programmed for determination of deflection patterns,

and optimized in terms of weight, ease of construction, and maintenance,

A consistent and easy leveling scheme should be developed for the
runner. Both initial execution and measurement and re-leveling or cor-

recting capabilities must be included.

Loading levels on the hydrostatic 0il film pads will need'ﬁo be
established more accurately. It should be remembered that .a decrease
in the weight of the moving part by a factor of two or possibly three .
would enable consideration of compliant surface bearings in the hydro- .
static pads. This would introduce a number‘of adVantgges in the con-

struction and operation of the azimuth bearing system,

- _Advanced studies are recommended to develop a computer program for
calculating pad deflections' including effects of the runner support

structure,

Development of an automatic grease feeding scheme would be desirable

for. the self—alignihg ball socket joints,

Hbspectfully submztted
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SPARTAN® EP

High-temperature industrial gear oils 'A

The 7 SPARTAN EP gear oils are designed for use at
operating temperatures up to 225°F. Unlike the
more conventional mild-EP gear oils, the SPARTAN
EP products are not formulated with lead and sulfur
extreme pressure agents. Consequently, they are not

subject to the formation of insoluble sulfur-lead -

compounds at elevated temperatures.

Increasingly, industrial gear drives are being em-
ployed in operations that involve continuous high -

temperatures. Such applications occur in the process- - -

ing of rubbers, plastics, chemicals, and even paper.
The high temperatures result from heat soak-back
from the process itself as well as from the heavy
power loads involved. It is for applications like this
" that SPARTAN EP is expressly designed. \

Properties

Seartan EP ]ubncants are formulated with high-
quality paraffinic base oils and a special chemical
EP additive. The presence of a stabilizing agent for-
tifies the resistance of this additive against the de-
teriorating influences of heat and oxidation and as-
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of the lubricant. The base oils, themselves, have high
resistance to oxidation.

Typical Timken OK 1()'ads, which range from 40 to-

50 or more pounds, are well above the 30-pound
minimum required by the AGMA standards for mild-

sures dependable performance over the service life EP gear oils. . )
, A \ ' . i)
Typlcal Inspechons' SPARTAN EP ) : ) "'pj
Grade 0 . 1 2 3 4 5 . 6 1
Gravity, °API 280 27.0 260 25.0 23.0 .22.0 195 -
Viscosity at 100°F 315 465 700 1000 1500 2150 3150
at 210°F - 54.3 62.0 74.3 88.2 110 133 165
Viscosity Index " 105 100° 98 9% 94 91 90
Flash Paint, °F 415 435, 435 445 450 460 470 -
Pour Point, °F -5 -9 0 ) 10 15 20
Timken OK Load 40 45 50 50 50 S0 50
Copper Corrosion, . ) . ©
~ 3 hrat 212°F pass pass pass pass pass pass pass ‘
AGMA No. 2tP 3P 3, AP 4, 5¢EP 6P 7EP 8tpP
| ASTM Viscosity No. 315 465 700 1000 1500 2150 3150
: - T . N |

© 1985, Humble 0il & Relining Company .
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These values are sufficicutly high to provide protec-
tion against intermittent shock loads—which cause
welding and gross damage. Under continuous over-
load conditions-—which cause excessive weair—-SpaR-
TAN EP will provide superior protection against such

wear. This is indicated by the results of the 4-Ball .

Wear Test, in which Spartan ED 3 shows scar diam-
eters of 0.38mm for steel-on-steel (50-kg load) and
0.35mm for stecl-on-bronze (10-kg load), both te::s
run at 600 rpm, 75°C, for 1 hour.

SpartaN EP has particularly good water-scpa.ration
~ properties. For example, SpArRTAN EP 3 gives the
following results in the Dynamic Demulsibility Test
{at 180°F) : top sample, 8% water and emulsion;
bottom sample 10055 water and emulsion. These re-
sults are considerably better than commonly accept-
ed standards.

All products are non-corrosive to iron, copper, and
bronze alloys, they are resistant to foaming, and
they have high viscosity indices.

Grades | - . -

‘Each of thc 7 grades conforms to an ASTM Vlscosnly
Classification grade; and, as shown in the table of
typical inspections, each grade meets one of the

AGMA spandards. .

Oil Mist Lubrication

For mist-lubricated gears that require extreme pres-
sure oils, lead-compounded lubricants are not rec-

RO

ommended. The potential danger of the lead com-

pounds in stray mist in the atmosphere precludes

their use. In contrast, Srartan EP contains no lead

and can be used in oil mist dpphcanonc without any
unusual precauhom

Applications

Seartax EP is used wherever an industrial EP gear
vil is required to serve under unusually high temper-
atures. It is suitable for heavily lvaded gear sets—
including worm drives—and for gears that are sub-
ject to shock loading. It is also recommended for
heavily loaded plain and antifriction bearings, par-
ticularly in circumstances where low speeds or inter-

mittent motion prevent the formation of a full fluid

lubricating film.

All grades are suitable for circulating lubrication
syslems, although the lower viscosity grades are more
commonly preferred for such applications.

In gcr{eral grade selection can be based on the ap-
propriate AGMA No. recommended for lhe particu-
lar apphcatxon.

Compatability

In order to achieve the full performance advantages
of Sranrax EP lubricants, it is recommended that
they not be mixed with lead-sulfur-compounded zear

oils. However, under emergency conditions, where a_

complete oil change is precluded, there is no hazard
in mixing these two types of gear oils.
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