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ABSTRACT

The objective of the program was to conduct a comprehensive materials stud y
for a small , compact , positive displacement hydraulic motor which will use
pressurized sea water as the working fluid . Gear , vane and piston—type
motors were selected for the study. The design analyses of the critical
components of each motor type were conducted using a baseline motor size of
10 gpm at 1000 psi and 5.8 input horsepower in order to establish the load-
ing and speed requirements. Based on material requirements , an extensive
literature search was conducted of published test data on mater ials, data
relevant to sea water lubricated conditions . In the event that test data
on materials was not available, tests were conducted to obtain friction ,
wear and corrosion data under simulated conditions. Two test rigs were pre-
pared for the studies , one a continuous sliding tester capable of up to 2000
psi at 1500 fpm, and the other a reciprocating tester capable of up to 1500
psi and 250 fpm average speed . The material combinations tested included
plastic—metal , metal—metal and nonmetal—metal categories. Submersion tests
in sea water were conducted to stud y corrosion resistance of selected metals
and metal couples. Particularly successful combinations in the material test-
ings were : Torlon 4301 (Polyamide—imide with fillers) versus Inco 625, and ~igh
purity Alumina Versus Plasma sprayed Tungsten Carbide.

In the continuing design analysis of the motor types , techniques for balancing
the internal loads to reduce the contact requirements , and techniques for self—
adjustments for wear rate were studied and developed . In the overall assessment
of suitability to sea water operation , top ranking was given to the double entry
vane motor , this followed by the double row axial piston multi—lobe cam design.
The materials evaluated in the study were particularly well matched to the vane
motor.

Future work recommendations for continuing sea water motor development included :
bui ld ing  and developing a double entry vane motor , an experimental and analytical
stud y of rolling and ro l l ing—plus—sl id ing  contact conditions under sea water
lubrication conditions, and fur ther studies of a more basic na ture  of the lub-
rication improvements possible with very small quantities of soluble additions and
those from reactive motor materials.
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1.0 INTRODUCTION

1.1 Background

Most of the power hand tools used by Navy divers are operated by oil hydr aul ic
motors. Dual hoses supply the hydraulic oil from the power supply located at
the sea surface. The use of oil hydra ulic sys tems has many disadvantages , some
of which include:

• Leakage of working fluid contaminates the environment .

• Leakage of sea water can damage the internal parts of the motor.

• From the diver ’s standpoin t , the need for two hoses burdens tool
handling .

A hydraulic motor designed to operate on filtered sea water delivered under
pressure from the sea surface and discharged in to the sea a t the tool wi l l
eliminate these disadvantages. A limited effort has been put into develop-
ing such a motor in the last decade (for a summary of pas t e f fo r ts to develop
sea water motors see Black [1]). Since sea water is corrosive in nature and
has low viscosity and poor lubricity, the selec tion of materials which will
have the desired corrosion, f r ic t ion , and wear proper ties becomes a major
challenge. Based on design studies , the positive displacement-type of motors
have been recommended as a resul t  of their high output—to—weight ratio (i.e.,
compactness and other factors).

1.2 Program Objectives

The broad objective of the development effort of this program was to study sea
water activated positive displacement—type hydraulic motors for del ivery of
power levels of 5—10 hp at speeds in the range of 1000 to 15,000 rpm , us ing
sea water at pressures of 1000 psi or greater . The desired physical and oper-
ational characteristics are reviewed in Table 1.1. The specific objective of
this program was to recommend one or more motor designs primarily based on the
availability of materials capable of working in the sea water environment , and
to provide material performance data for selected materials when it is not
already available.

1.3 Program Approach

The program was divided into three distinct parts. These include:

1.3.1 Sea ~‘!ater Hydraulic Motor Material Requirements

The objective of this program segment was to examine and analyze candidate motor
design approaches, to determine the critical areas from the standpoint of material
durability and the maintenance of motor efficiency, and to establish the specific
material requirements that must be met.

1.3.2 Material Properties

For those materials about which wear and/or corrosion data was needed as deter-
mined in Section 1.3.1, experimental measurements under conditions of load ,
surface velocity, temperature , and reciprocation were carried out as close as
practicable to the anticipated motor conditions.

1—1
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Table 1.1

DESIRED PHYSICAL AND OPERATION CHARACTERISTI CS FOR
A SEA WATER HYDRAULIC TOOL MOTOR

Parame ter Val ue Commen ts

Power Output (Hp) 3 Minimum Adaptable to higher power
development.

Speed — Optional (rpm) 1000 — 15000 Selection depend s on develop-
mental d ifficulty.

Operational Efficiency High to maintain overall
(I.) system efficiencies.

Minimum Opera tional 1000 Or higher desirable to
Pressure (psi) minimize system flow rates.

Maximum Flow Rate (gpm) 7 — 10 Low values desirable to
minimize hose d iame ter and
main tain high transmission
line efficienc ies.

In Water Weight (lbs) 5 — 15 Without using buoyancy
materials.

Volume (cu. in.) 10 — 50 Smaller desirable for ease
of diver handling.

Maximum Length (in.) 3 — 6 Smallest desirable to allow
diver easy access to work
surface.

Maximum Wid th (in.) 2 — 4 Smallest desirable to
preven t restr iction of
diver visual field .
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1.3.3 Motor Concepts and Recommendations

Based on the motor anal yses and the material properties from Sections 1.3.1
and 1.3.2, one or more motor concepts for further development were recommended .

The recommendations shall include possible concepts for load sharing, load re-

duction methods where these may relieve excessive mater ial bearing loads , and
major features and specifications for the motor concept(s) as a guide to future

motor development .
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2.0 DETERMINATION OF SEA WATER MOTOR MATERIAL REQUIREMENTS

2.1 Introduction and Discussion of Evaluation Techniques

Potentially, there are a large number of positive disp lacement , hydraulic
motors and an even greater number of variations which could conceivably be
considered for powering underwater tools.

In this study, three of the most promising types of motors : gear , vane , and
piston , together with some limited variations within the basic types , were
selec ted for a more de tailed des ign analysis of critical elements. From this
anal ys is, motor material requirements have been established .

The selec ted motors and desi gn variations for the study are listed in Table 2.1.

TABLE 2 .1.

SELECTED MOTORS AND VARIATIONS

Motor Types
I 1

Gear Radial Rotating Vane Axial Multi—Piston

• External mesh • Single entry • Single piston row
In ternal mesh with f la t cam p la te

• Series or Multiple • Double entry • Double opposed piston
Contact rows with three lobe

cams
• Special Tooth

Profiles

In order to reduce the number and range of physical and operational characteristics
for the motors given in Table 2.1 to a handleable quantity, some simplifications
became necessary . These simp lifications, which are discussed below , give repre-
sentative motor requirements and permit comparisons to be made between motor
types .

A constant inlet fluid horsepower of 5.8 has been used , derived from a hypotheti-
cal performance of 10 gpm inlet flow (Q) at 1000 psi (P). Within the fixed con-
stant horsepower limit, variations of inlet pressure, inlet f l ow, and motor
speed have been studied .

Since it is not practical at this point to estimate the variations of mechanical
and volumetric efficiencies with motor types, pressure , f l ow, speed , etc.,
efficiency loss influences have not been included in the analysis.

On this basis , motors have been sized as follows :

• Fluid HP1~

1000 X 10 5.8 HP
1714

2—1
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Range of variations includ ed in the study are :

• Maximum Inlet Pressure , psi: 1000 — 1500

• Maximum Inlet Flow, gpm : 6.64 — 10

• Maximum Speed Range , rpm : 625 — 4825

The detailed analysis of the motor types has been divided into three major
sections covering gear , vane , and piston motors. Motors have been sized for
the constant input horsepower with a view to achieving the most compact packages
consistent with realistic motor speeds and flow velocities. A design life of
200 hours minimum has been assumed . The scope of the work did not permit optimi-
za tion of designs.

In hydraulic machinery , the loaded and relatively moving sur f a ces are gener al ly
opera ting in sl id ing and are ideal ly  separa ted by a thick lubricating fluid
film. The load support generated in the fluid film may be from hy drostatic
(external pressure sources), hydrodynamic (self—generated from relative sliding) ,
squeeze film actions (rapid approach of two parallel surfaces), or quite commonly
some comb ination of these actions.

Because of the low viscosity of the sea water and the relativel y high loading
used in motor designs In order to achieve compact tools , very thin fluid films
may exist which put the operating reg ime in to the “mixed lubrication ” regime

on the famil iar ~~ versus friction plot. Even worse the “boundary lubrica tion ”

regime may be experienced , where the self—lubricating or anti—galling proper-
ties of mating materials became extreme ly impor tant. The benefits of squeeze
f i lm ac tion are probabl y quite small because of the low water viscosity and
component configurations and motions, but it is necessary to determine the
poten tial sign if icance of h ydrodynamic support under representative motor
operating conditions.

Taking, as an example , a well designed sea water lubricated journal bearing of
1 inch diam e ter , operating with a load of 800 psi on the projected bearing area
at 5,000 rpm (such as might occur in a gear type motor), it can be shown tha t
the minimum film th ickness in the bearing wh ich suppor ts the load hydrodynam icall y
will be less than 0.0001 inch. This Illustrates that , in order to ach ieve any
meaningful hydrodynamic support , extremely accura te componen ts and sur faces
are necessary . Hydrostatic support and balancing of internal loading, using
the inpu t pressure , of f e r s  the mos t promis ing method of ach ieving grea ter f ilm
thickness, albeit at the expense of additional fluid flow.

From the Chapter 2 analyses , represen ta t ive vel ocit ies , press ures , and PV levels
have been determined which can be related to potential material properties .
The chapter concludes with a table summarizing the more pertinent material
performance requirements for all three motor types.

2.2 Cc~ r Mot or Mat erial Req~~ rcmen ts

The gear motor Is attractive because of the apparent simp licity, small number
of parts , and potentiall y low weight/horsepower ratio as indicated in Figure 2.1
(Reference 2), whIch g ives a comparison of oil—lubricated motors.
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Both external and Internal mesh designs are of interest: the internal because
it of fe r s  the possibilit y of reduced gear contact stresses from low meshing
speeds and conforming tooth prof iles at the expense of po tentially grea ter
internal leakage.

External gear pumps have been estensively used on aircraft gas turbines for
pump ing low viscosity kerosene and gasoline at high pressures. The usual motor
and pump designs of both external mesh (Figure 2.2) and interna l mesh (Figure 2.3)
types have single entry and exit ports. They are sometimes arranged in series
to give a lower loading level per stage at the expense of greater bulk. Similarl y,
in an external gear motor , a central power output “sun” gear with two or more
fixed planet gears might be feasible to reduce gear contact stresses and some
bear ing loading a t the expense of bu lk , comp lication , and greater internal
leakage . One inte rnal gear pump des ign (Reference 3) claims the use of an
improved tooth profile which inherentl y generates greater hydr od ynamic support
and reduces the tooth contact stresses. Figure 2.3 is taken from this reference.

Some of the anticipated critical design factors in gear motors , f rom a sea
water materials/lubrication point of view, are  as fo l lows :

• Contact stresses during the gear mesh

• Bearing loads

• Gear deflections in housing

• Gear fabr ication difficulties for special materials

• Sensitivity to contamination wear

• Motor starting without pressure balancing

2.2.1 Study of Gear Teeth Stresses

In determining the gear contact stresses , an external gear conf i gura ti on was
selec ted based on some kerosene lubri cat ed gear pump experience; Figure 2.4
illustra tes a bas ic ex ternal gear motor arrangemen t f or a d esign si zed to handle
10 gpm flow a t 1000 ps i supp ly pressure at 2500 rpm. The same basic gear design
was used to anal yze an internal gear motor design of the general configuration
illustrated in Figure 2.4. The designs were analyzed using MTI computer codes
for both the internal and external mesh arrangement , and both steel and p las t ic
gears were considered . Assumptions in the stud y included :

Too th Prof ile: Invol ute

Number of Teeth: 10 x 10 external 10 x 20 interna l

Operating Pressure Angle , degre es: 28—1/2 external 20 internal

Contac t Rat io: 1.227 external 1.627 internal

Diametra l Pitch: ~ .46 (3 module)

Modu lus of Elasticity, psi: 30 x 106 steel
0.2 x 106 plast ic
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Figure 2.3 Internal Gear Motor
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Table 2.2 details the result of the gear mesh contact and bending stress analys is
f or the selec ted des igns in var ious cas e hardened steel and p lastic combinations.
Also given is the resultant surface contact PV levels in the mesh .

The very high stresses and PV levels for the selected power rating are evident ,
as well as the benefits achievable with an internal gear mesh and the intro-
duction of a plastic gear. The bending stresses on the metal gears are acceptable ,
but both the bending and contact stresses for the plastic gears exceed the recom-
mended levels by a fac tor of about two or thr ee (R eference 4) . Possibl y,
plastic coated gears would offer one method of improvement . Other methods for
reduc ing the stresses could include the exp lorat ion of changes in diametral
pitch , modified tooth prof i les , multiple gear contact designs , and a two—stage
motor.

Because of the high stresses , there does not appear to be much incen t ive to
increase either speed or inlet pressure in the study.

2.2.2 Study of Bearing Loads

The bearing load reactions for an external gear mesh motor were calculated
f or the 10 gpm , 1000 psi conditions based on the sizing of Figure 2.4. The
loading due to output gear reaction is 116 pounds. The loading, assuming
1000 psi acts across the gear , is 1360 pounds. The combined bearing load for
the “idler” gear is 1476 pounds.

Based on a bearing size of 0.75” dia x 0.75” width or 0.563 in? , the resultant
bearing loading would be:

1476
0.563 x 2 1317 psi 

-

This load ing Is considered to be very pessimistic since , in ac tual fac t , the
inlet pressure as illustrated in Figure 2.5 would circulate further around
the motor flow path to provide ,a greater amount of self—pressure balancing.
The extent of this circulation is quite difficult to predict (although it could
be controlled to some extent) since it depends on the efficiency and pos it ion
of the gear—tooth tip to housing—bore sealing and motor speed .

This loading can be further reduced by increas ing the bear ing leng th somewha t
at the expense of Increased gear shaf t def lec tions and by hydr osta t ic pre ssure
balancing in the bearings. It is estimated that , for a single—stage motor of
this type , the pressure in the bearings could be controlled to the range of
500 to 750 psi. Good self—alignment is necessary in the bearing to handle gear 

V

shaft deflections and optimize load capacity. Figure 2.4 shows one concept. At
a surface  speed of 490 f pm , corresponding to 2500 rpm , the resultant PV level
in the bearing would be in the range of 245 ,000 to 367,000 psi x f ptn .

Similar  balanc ing techniques are conceivable with the internal gear motor.

St iffness of the bearing , both in the fluid film and construction materials , and
bearing clearance must be in line with the positioning accuracy required for the
gears in the housing. If plastic bearings appear attractive , then they would
probably have to be in the form of thin liners supported in metal sleeves.
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2.2.3 Gear Side Face Loading

As illustrated in F igures 2.2 (upper illustration) and 2.4, the concep t of
floating and pressure loaded side walls or faces have been selected in order
to control the gear sideface leakage , in Figure 2.2 (upper) each journal bear-
ing is independent and pressure loaded against the gear side faces while in
Figure 2.4 two floating side plates are used ,. Theoretically, by caref ully
engineering the pressure balance area behind the floating side walls to match
the pressure gradient through the flow path , the unbalance loading between
the gear ends and the side walls can be ver y r~ominal , consequently with good
mechanical design and material compatibility this should not be one of the most
cr i t i ca l  design areas .

2.2.4 Gear Deflection in Housing

Assuming that the gear is integral with a high strength shaft of a material
such as steel , and that  the equivalent  journal  d iamete r  s t i f f n e s s  is main ta ined
between bearings , then the center deflection at these inlet pressure conditions
would not present any problems . If composite gear shaft construction is used ,
possibl y with plastics or ceramic type materials , then careful checking of
both stresses and deflections would be required .

2.3 Vane Motor Materials Requirements

The radial vane motor is attractive because of: the relativel y sma ll  number
of simple parts and ease of machining ; its acceptable weigh t /horsepower ratio
with multi ple inlets (Figure 2.6); balanced bearing loads and low operating speed
with multiple inlets; and possible self—compensation of vane tip wear and ease
ease of vane replacement.

Some of the anticipated critical factors in vane motors , from a material!
lubr ica t ion poin t of view , are as follows :

• Vane tip wear

• Vane side loading In rotor

• Sealing around vanes and rotor

Because of the significant advantages of a double—inlet vane motor over a
single—inlet , onl y the double—inle t  desi gn has been studied . Figure 2.6 shows
the basic design concept.

2.3.1 Study àf Vane Tip Operation

The s tudy is based on three combinat ions  of supp ly pressure , system flow, and
speed , all of equivalen t input power as indicated in Table 2.3 and shown on
Figure 2.7. Figure 2.7 also shows the relative size of the three concepts.

A detailed examlnatiDn was made of the two extreme cases , A and C , assuming
the following vane and vane track material candidates :

Vane Va ne Track

Plastic vs. Inconel

Inconel with Tungsten vs. Inconel Coated with Aluminum
Carbide Surface Oxide or Aluminum Oxide
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TABLE 2.3

SIZING OF VAN E MOTOR CONCEPTS
Track “Diameter” = 2.27” Rotor Diameter = 2.00”

Suppl y Pressure Q Speed Vane W idth Vane Thickness
Concept psi gpm rpm inches inches

A 1000 10 2500 0.62 0.15

B 1000 10 1250 1.24 0.15

C 1500 6.64 625 1.65 0.15

In order to obtain the tip contact stresses and resulting PV values, the
following assump tions were made:

• Vanes are pressure loaded outward against the track by a combination
of hydraulic pressure, cen tr i fugal  force due to vane we ight and speed ,
and mechanical springs.

• The hydraulic pressure supplied to the bottom of the vane is metered
and controlled by porting as the rotor rotates.

• A hydraulic counter—balancing force exists at the tip of the vane
(see Figure 2.6) such that the outward hydraulic pressure is effective
on a maximum of 50 percent of the full vane cross—sectional area.
This will reduce somewhat with the vane rotational position and design ,
but is considered to be representative .

On these assumptions, the maximum rad ial tip loadings on the vane are as
shown in Table 2.4.

TABLE 2.4

MAXIMUM VAN E TIP LOADS

Case A C
Vane Material Plastic Inconel Plastic Inconel

Spring Load lbs 0.25 0.25 0.75 0.75

Centrifugal lbs 0.40 2.42 0.07 0.40

Hydraulic lbs 46.50 46.50 186.00 186.00

TOTAL lbs 47.15 49.17 186.82 187.15

The need for good hydraulic balance is indicated by the predominance of hydraulic
loading at the tip.
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2 . 3 .2  Resultant Hertzian Stresses and PV Values at Vane Tip

It is assumed that the track and rotor are concentric over the working cycle ,
as shown on Figure 2 . 6 , and , therefore , the conform ity of the vane tip rad ius
and track can be close. A track diameter of 2.27” and a vane tip “diameter” of
2.10” have been used .

The resultant Hertzian stresses (based on equations from Reference 5, see
Appendix A) and PV values are shown in Table 2.5.

TABLE 2 .5

VANE TIP STRESSES AND PV LEVELS

Case A (2500 rpm, 1000 ps i) C (625 rpm , 1500 ps i)
Vane Material Plastic Inconel + Plastic Inconel +

Coa ting Coa t ing

Hertzian Stress P 1149 5450 1405 6510
psi

Tip Velocity V 1486 1486 372 372
f pm

PV Level 1,707 ,000 8,098 ,000 521 ,800 2 ,418,000

This attractiveness of a p las t ic  vane or plastic tipped vane is evident as is
the lower rotational speed. A plastic vane can be sacrif icial, thus ensuring
continuing performance wi thou t damage to the more expensive vane track.

2.3.3 Study of Vane Bending and PV Levels During Operation

The worse case of vane bending load occurs during s ta r t—up (Figure 2.8) with
a vane in the fully extended position and with 1000 psi LIP. Due to the con-
centric rotor and track design, there is no relative radial sliding occurring
between vane and rotor and , consequently, no PV influence. During the actual
torque—generating cycle , the loading remains on the same vane side .

Conversely, the max imum relative sliding between vane and rotor occurs when the
vane is traversing a por t , but in this position there is no ~P across the vane
and again no PV influence.

The maximum PV levels are generated pr ior to a vane reaching the high pressure
inlet port , where , of course , the vane is only slightly extended to pick up
pressure loading. These situations are illustrated in Figure 2.9.

2 .3 .4  Peak Bending Stress of Extended Vane

Concept Cases A and C from Table 2.5 are assumed . The moment loadings calculated
for the two cases are given in Table 2 .6 .

The bending stress on the vane at X from the above moment loading and typ ical
material properties are as shown in Table 2 .7 .
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Figure 2.8 Moment Load ing at Tip During Starting

TABLE 2.6

MOMENT LOADING ON VANES

Vane Balancing - .
Projected Inlet Reaction Moment Moment from Resultant
Area Pressure F at on Tip Tip Frictio Moment

Case sq. in. psi lbs x lbs in lbs (p=.l) in lb &n lbs

A 0.084 1000 84 97.4 .71 — .07 5.01

C 0.222 1500 334 3~ 7.4 22.70 —2.5 20.20

TABLE 2 . 7

BENDING STRESS ON VANE AT X

Case Vane Bending Stress , psi Typ ical Ma ter ial Bend ing Streng ths ,psi

A 2210 Plastic 26,500

Inconel 116 ,000
C 3293

Alum inum Oxide 55 ,000

Sec .~ppendix I for bend ing stress equatiøn.
It is evident  that vanes of adequate  s t rength can be selected , even in p las t ic ,
for  the higher load ing level of Case C (1500 psi supply pressure).
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2.3.5 Calculation of Peak Pressure and PV Level of Vane Sliding in Rotor Slot

The peak rad ial velocity of the vane sliding in the ro tor slo t occurs dur ing
the ro ta t ion  prior to the vane reaching the lead ing edge of the inlet port
and wi th  the vane extended about 0.06 inch. The pressure loading be tween the
side of the  vane and the rotor  slot , assuming tha t the hy draul ic  pressure is
also in the slot bu t not leak ing around the vane , becomes somewhat complex
and sensi t ive to the ma ter ial properties of the vane and rotor . The assumed
situation for these conditions is illustrated in Figure 2.9.

V 

r”VANE TRACK

— INLET PORT
1

ROTAT iON

PEAK EDGE LOADING (SEE TABLE 2.8)

~ LOAD DUE TO INLET PRESSURE
LOAD DUE TO.

~~~
’
~ VANE EXTENSION

INLET PRESSURE
ON THE SIDE
OF THE VANE

Figure 2 .9 .  Vane Loading Diag r am

Taki ng the condit ions of Case A and Case C , the resul tant  peak side loadings
and PV levels are as shown in Table 2.8.

TABLE 2.8

PEAK PRESSURES AND PV LEVELS IN ROTOR SLOTS

Case A C

V Loading due to direc t  inlet  pressure , psi 1000 1500

Edge loading due to vane extension 206 341
assum ing some conformi ty ,  psi

Combined edge loading, psi 1206 1823

Radia l sl iding velocity from layout , rpm 166 41

Peak PV Level , psi x f pm 200 ,200 74 ,750
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These peak pressure and PV levels are pe ssimistic and dri- of very short t ime
duration , occurr in g  on the vane t w i i & -  p~ ~--v ’l u tt on ut tht motor. Despite
the low PV level of Case C, the Case A ~~ V ~~ a are probabl y less severe for
a plastic or plastic coa ted vane he~ aos . r l~~~,V r l ’ ~ids m d  resultant
material surface stress.

2 . 3 . 6  Vane End Load ing

No s i g n i f i c a n t  vane end loading w i l l  ut . u r  d ime to hvdr u li c pressure balancin g ,
even wi th  a pressure loaded end plate.

2.3.7 Bearing Loadir~g

Because of the balanced pressures due to a double entr y vane motor design , no
significant bearing load ing will occur.

2.4 Piston Motor Material Requirements

Pis ton mo tors have probabl y the largest number of design variations of all
hydraulic motors ; these variations include:

• Axial multi—pistons

• Radial multi—pistons

• Angulated multi—pistons

• Ball pis tons

• Single— and multi—pressure cycles per revolution

• Piston rotor rotating

• Piston cam track rotating

At leas t two desi gns , one of which is discussed later , have been mod if ied and
demonstrated as a sea water lubricated motor or pump .

Piston motors are attractive because of their potentially high volumetric
efficiency related to the good sealing achievable with precise piston and cylin-
der f i ts, and good disp lacemen t /revol ut ion in some des igns where from 48 or 54
working strokes are possible in each motor revolution. In general , the ro tor
bearing loads can be balanced out although provision is necessary for  the
situa tion where a p iston sticks in a cy linder to cause hydraulic unbalance.

Some of the critical areas and features of piston motors include :

• Multi—port valve plate sealing and wear

• Complexity of feed passages

• Relatively large number of precision parts

• Stresses and PV levels of p i s t o n — t r a c k  i n t e r f a c e
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• Possibility of pistons sticking in cylinders

• General damage sensitivity from contaminants

For the study of p iston motor material requirements , two basic types of axial
piston motors have been selected (as shown in Figures 2.10 and 2.11). The
first type is termed Concept I and is a nine—piston design in which the single
row of pistons with slippers are in a rotor and operate against a flat , but
slan t ing , cam plate. A pump of this type of design is used successfull y as an
aircraft gas turbine engine fuel pump (Figure 2.12). A second type has two
variations termed Concepts II and III. This second motor type , wh ich in a
modified form has been demonstrated by N.E.L. in Scotland with sea water lubri-
cation , consists of two rows of opposed p istons opera ting v ia roll ing balls
against three lobe cam tracks to give a larger number of working strokes per
revolution . Figure 2.13 illustrates an industrial oil—driven motor of this type.
All three concepts have been evaluated for a fluid horsepower consistent with
the other motor types. Table 2.9 summarizes the design characteristics for
the three concepts based on Figures 2.10 and 2.11. The detailed analysis of
critical areas of these concepts has been made as discussed below .

2.4.1 Study of Piston Slipper and Track Contact Conditions — Concept I

The p iston hydraulic force is taken agains t the f la t sl opi ng cam p lat e via a
sliding slipper bear ing in this des ign , as compared with the rolling ball contact
on a multi—lobe track of Concepts II and III.

As shown on Figure 2.12, the slipper is fed with high pressure water from the
piston via the pivot ball. There is some latitude in proportioning the out-
side diameter and recess diameter of the slipper to provide some pressure
balance which will limit the loading on the cam track , bu t any possibility of
slipper lift off from the track must be avoided . As discussed in Section 2.1 ,
some h ydrod ynamic suppor t w i ll be genera ted be tween the s l ipper  and track , but
the primary support is assumed to be from the hydrostatic action as presented
in Figure 2.14.

rd 2 _ d B2Con tac t pressure between slipper and track I ~.
cosO Lc1s2 — dB

2 —
1000 [s2_. •3752 1
.989 —

= 263 psi

Track Velocity = 2308 fpm

PV Level — 607,000 psi x f pm

2.4.2 Stud y of Ball Track Hertzian Stresses and “PV” Levels, Concepts Ii and III

An analysis has been made using Reference 8 which was derived for contact stresses
between balls and ball bearing raceways. See Appendix A for stress equations.
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Figure 2.12 Multi—Piston Fuel Pump Showing Fluid Feed

to Slipper Bearings (Reference 6)
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TABLE 2.9

DESIGN CHARACTERISTICS FOR PISTON MOTOR CONCEPTS 

Piston Motor Concepts ________________
Parameter  I II I I I

In le t  Pressure , psi 1000 1000 1200

Flow , gpm 10 10 8.28

Input Horsepower 5.8 5.8 5.8

Speed , rpm 3800 630 1060

Total Displacement , in?irev .608 3.682 1 .805

Slipper Diameter , in. 3/4 — —

Ball Diameter , in. 7/16 1/2 5/16

Piston Diameter , in. 1/2 5/8 7/16

Piston Stroke , in. 0.345 0.25 0.25

Number of Pistons 9 16 16

Area per Pis ton , in? 0.196 0.307 0.150

Number of Cam Plates 1 2 2

Number of Lobes/Cam Plate Flat 3 3

Total Working Strokes/rev 9 48 48

Mean Track Diameter , in. 2.32 2.5 1.5

Max . Cam slope (0)  degrees 8.5 ( f ixed)  16.7 (s ine  26.56 (sine
wave) wave)

Rotor OD , In. 3.125 3.5 2 . 2 5

*~~ ial Piston Load (W) , lbs 196 307 180

Peak Ba ll Load in Socket (Q), 198 320 201
lbs

Peak Side Load on Piston (P) 44 .5  92 90
lbs

(~ L I i u n h i e r 4 f l t  i .iI V .-I - ~~ I t V a ( .k _ 4 () ( )  82 . 4  8 3 1
Ii ,. / ,—i - i-

Average Ball Speed in Socket , Ose I I I  3150 5088
rpm

Peak Piston Linear Velocity, 68.8 24.7 41.6
in. /sec 

________________ ________________

*The loads due to mechanica l  springs have been ignored since those are s m al l
compared to the hy d r a u l i c  loading . 2—23



Two positions on the cam track for the motor Concepts II and III , de tai led inTable 2.9, were selected : at the mid—point of the cam flank where the circum-feren tial prof ile is practicall y a straight line and at the commencement of the
stroke (top of the cam profile) where the curvatures have the greatest difference.

It was assumed that the cam track has a conforming curvature in the other
plane such as occurs between a ball and inner race of a ball hearing.

‘I

L
L~~~~~~~~~~~~

L

P
Figure 2.14 Schematic of Pressure Acting on the Slipper

The resul ts of the anal ysis for the two motor concepts are given in Table 2 .10

TABLE 2.10

HERTZIAN CONTACT STRESS AND PV LEVELS,
PISTON MOTOR BALL AND CAN

Concept II Concept III

Position Parameter Larger Motor Smaller Motor

Mid—Flank Mean Stress psi 174 ,400 199 ,600
Max . Stress psi 261 ,600 299 ,500
Max . PV psi x fpm 112 ,483 ,000 139 ,360 ,000

Star t of Mean Stress ps i 190 ,600 309,470
Stroke Max. Stress psi 285,800 464 ,200

Max PV psi x fpm 122,900 ,000 193 ,340 ,000

These contact stresses and ”?V ”levels appear very hi gh , but it is of interest 
V

to review the conditions in an oil lubricated ball bearing at the inner race

contac t for the following representative operating conditions:

Ball Bear ing, DN rating 500 ,000 mm x r pm

Selected Speed , rpm l(),000

Corresponding Bore Size 2 in.
2—24
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Approximate Inner Race Diameter 2.25 in.

Approx imate Relative Velocity of Ball 3000 fptn
to Race

Typ ical peak Hertzian Stress 350,000 psi

Corre spond ing PV Ra tin g 1,050 ,000 ,000 psi x f pm

On the same basis of analysis , the ball bearing with oil lubrication is
operating at 5 to 8 times the highest PV levels calculated for the motor ball
and track contact.

A rolling contact between cam track and piston is also used in other motor
designs where (for example , as illustrated in Figure 2.15) rollers are need ed
for heavy contact loads. It is not certain that rollers could be successfull y
app ly to a three lobe cam design particularl y since slipping must inherentl y
exist with straight rollers on a circumferential track.

2.4.3 Study of Ball Contact Conditions in Slipper or Piston Socket

In all three concepts , it is assumed that the piston ball  is being fed with
hydrosta tic pressut e from a drilling through the piston as shown in Figures 2 .10
and 2.11. In the case of Concept I, osc illa tive mo tion occurs be tween ba l l  and
slipper , while in Concep ts II and III con tinuous rela t ive sl idi ng is oc curr ing
between ball and piston socket , as def ined in Table 2 .9. In the analysi s of
socke t load ing and PV levels , it is assumed that the balls are retained in the
socke ts , such tha t a full 180° of contact occurs and that the socket lip acts
as a seal in a manner to maintain full system pressure in the socket in order
to give a hydrostatic assist. Pressures and PV levels are calculated after
allowing for  th i s  hydros ta t i c  assitance. No allowance has been made for the
angulation of the load , which would tend to give somewhat greater ball loading
values in the socket.

Resultant ball socket loads and PV levels are given in Table 2.11.

TABLE 2.11

BAL L SOCKET LOADS AND PV LEVELS

________________ 

Concepts 
_________________

I II III
Parameter Flat Cam Plate Larger Motor Smaller Motor

Ball Diame ter , in. 7/16 1/2 5/16

Piston Diameter , in.  1/2 5/8 7/ 16

P i st on  Pressur e , psi 1 000 1000 1200

Load in Rail Socket , lbs 198 320 - 201

Bal l  Load ing with Hydro— 320 629 1444
sta tic Assist , psi

Resultant PV Level, psi x fpm 6560 259,150 601 ,420
________________________________ ( o s c f l l a t i n p )  

- ________________ __________________
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TABLE 2 .12

EDGE LOADING AND PV LEVELS BETWEEN PISTON AND CYLINDER

— 
Piston Motor Concept

Parame ter 
- 

I II I I I

Ball Side Load , lbs 44.5 92 90

Cam Angle , degrees 8.5 16.7 26.56

Load Distribut ion on Cy linder 106 355 582
End at Sec A (see Fig. 2.18)
lb / in.

Corresponding Pressure Load— 212 570 1330
ing at A, psi

Linear Piston Velocity, fpm 344 123.5 208

Resultant PV Level , psi x fpm 72 ,930 70 ,395 276 ,650

TABLE 2.13

JOURNAL BEARING LOADS, MOTOR CONCEPT I

Parameter Front Bearin g Rear Bearing

Bearing Size, diameter x L, in. 0.75 x 0.75 3.125 x 0.5

Bearing Area , in? 0.5625 1.563

Peak Load, lbs 73.3 58

Pressure Load, psi 130.3 37

Veloc i ty ,  f pm 74~ 3108

PV Level, psi x fpm 97,200 115,000

- -  

~~~~~~~~~~~~~~~~~~ t



2.4.4 Study of Edge Loading and PV Levels Between Piston and Cyl inder

The three mo tor concep ts have been studied from lay out drawings to de termine
the edge load ing b~ tween piston and cy linder by resolving the forces generated
at the appropriate cam angles. In the case of multi—lobe cams of Concepts II
and III, the mid—flank cam position was used to obtain maximum angle and linear
velocity of the pistons in the cylinders.

A loading p ro f i l e  has been assumed , as illust ra ted below , in order to determine
the load dis tribu t ion on the piston . No allowance has been made for modifi-
cations to pressure profile of working fluid by p iston cocking . It will be
appreciated that introducing a piston ring seal could affect the lubrication
at the edge of the ~y1inder.

ZONES OF LOAD DISTRIBUTiON
c BASED ON REACTIONS TO P
D AND PISTON CLEARAN CE 

-

Figure 2.18. Assumed Loading Profile on the Piston

A study of Table 2.12 indicated that the loading and PV levels can be held to
acceptable values by careful motor design. Some hydrod ynamic lubr ica tion
assistance can be an ticipated in Concepts II and III due to the rotational
speed of the ball , but this has not been included .

Two further variations on the ball and piston des igns in hydra u lic mo tors are
shown in Figure 2.16 and 2.17. The oil motor desi gn in Figure 2.16 is simple
in that it utilizes a ball for the actual piston . The line contact of the ball
in the cylinder may present problems with water due to loading and minima l
sealing.

The concept in Figure 2.17 is an angulated motor design which had been proposed
for a sea water lubricated motor . It utilizes a spherical piston with at’ 0—ring
seal.

2.4.5 Motor Bearing Loading

The journal bearing load ing reactions resulting from all the pistons acting against
the cam plate have been calculated for the flat cam p la te mo tor Concep t I , and the
results are given in Table 2.13 together with the bearing pressures and PV levels.
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The rad ial bearing loading of the multi—piston three lobe cam type motor , Con-
cepts II and III, is more comp lex because of the multi—piston action. An
analysis shows that this action does result in significant inherent balancing.

The axial bearing load of motor Concept I occurs on the valve plate where there
is considerable latitude to establish low load ing within the limitation of
providing an adequate port sealing load ing on the plate.

The axial bearing load of motor Concepts II and III is inherently balanc ed by
the opposed piston. Provision must be made , however , for the possib ili ty of
a piston lock—up which would change the hydraulic balance in any p iston mo tor
design. Lock—up of one piston in Concept III would result in a thrust bearing
pressure loading of 306 ps i and a PV level of 63,700 ps i x f pm . Similarly,
the radial bearing loading of these motors would increase with a piston lock—up .

2.5 Summary of Material Operating Requirements for All Motor Types

To conclude Chapter 2 motor analysis studies , Table 2.14 has been comp iled to
convenientl y summarize the most critical components and their material operating
requirements. This data can be used to measure the suitability of materials
identified in Chapter 3.
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TABLE 2.14

SUMMARY OF TYPICAL OPERATING CONDITIONS FOR ALL MOTOR TYPES
(all for constant input fluid HP)

N P PV
rpm psi psi x 1pm

Gear Motor

Gear Mesh

Steel/Steel (External) 2500 102,500 56 ,890,000
Steel/Plastic (External) 2500 11,800 6 ,550 ,000
Steel/Plastic (Internal) 2500 7,160 1,475 ,000

Bearing (Radial) 2500 750 367,500

Vane Motor

Vane Tip
Plastic Vane 2500 1,149 1,707 ,000
Inconel Vane Condition A 2500 5 ,450 8,100 ,000

Plastic Vane 625 1,405 521 ,800
Inconel Vane Condition C 625 6 , 510 2 ,418 ,000

Vane Side—Sliding

Condition A 2500 1,206 200 ,200
Condition C 625 1,823 74 ,750

Piston Motor

Concepts
Track Contact I (slipper 3800 263 607 ,000

sliding)
II (ball roll ing 630 285 ,800 122 ,900 ,000

(max)
III (ball roll ing 1060 464 ,200 193 ,340 ,000

Piston Edge I 3800 212 72.930
II 630 570 70 ,395
III 1060 1,330 276,650

Ball In Socket I Ball in 320 6,560
Socket
Oscil-
lating

II 3150 629 259 , 150
III 5088 1,444 601,420

Bearings — Radial I 3800 130 97 ,200

Bearings — Axial III (with piston 1060 306 63,700
lock—up)
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3.0 MATERIAL SELECTION AND THEIR PROPERTIES

An in—dep th survey of the materials literature was conducted to select materials
suitable for p iston , gear,and vane types of motors , based on stresses and
veloc ities of their critical components and locations . The material prop er t ies
of the selected materials were researched and tabulated . If the wear , friction,
and corrosion proper ties in the simula ted cond itions wer e no t available , then
tests were conducted .

3.1 Properties of Lubricating Media

The subject motor would use sea water as a process fluid . The composition and
tribological properties of sea water may vary slightly from sea to sea. There-
fore , an ASTM standard synthetic sea salt (supplied by Lake Products Company ,
Baliwin , Mo.) was o~ tained ,and it was mixed in water in the proportion of 5—1/2
ounces per gallon , to make synthetic sea water . This synthetic sea water was
used in the tests to simulate sea water . The specifications of the sea salt
are given in Table 3.1. Sea salt is a simulated salt mix containing elements
found in natural sea water in quantities greater than 0.0004 percent.

* The viscosity of the sea water is very low compared to hydraulic oils. The
materials selection of the motor components does depend on the lubricating
media. The viscosity of the fluids changes with temperature and pressure.
Effec t of pressure and temperature on the viscosity of the sea water and
hydraulic oils is shown in Figures 3.1 and 3.2. The data show that the vis-
cosity of sea water is very low compared to that of the hydraulic oils. The
viscosity of sea water decreases somewhat with an increase in temperature , and
it is practically insensitive to pressure. It is felt that since viscosity
does not change with pressure , there will be no squeeze film effect.

3.1.1 Effect of Additives

Sea water is a poor lubricant. As discussed earlier , the PV (load x velocity)
requirements-for the materials can be high. It would be very help ful if cer-
tain addi tive~ could be used to improve the lubricity. It is desirable that
the percentage amount of these additives should be as small as possible, and V

the additives should be bio—degradable, since the output of the motor would be
dumped into the ocean. In the studies , if no combination for  some motor com-
ponent performed well, then the tests with additives were run to see if the
performance could be improved .

Hampson and Naylor [12] found that turbulent fluid friction can be reduced up
to 45 percent by adding 5 to 200 ug/g of high—molecular weight polymer , Polyox
WSR 301 (approximate molecular weight = 4 x 106) to the water . Their study
showed that optimum concentration was 50 ~g/g. It was also observed that de-
gradation of the polymer by mechanical shear was quite rapid .

The degradation of the polymer would not be a problem in the motor application
since the used water mixture would be dumped and fresh mixture would be pumped
continuously .

Polvox resins are easily wettable. The desired amount of the powder can be
mixed in the water with some mechanical agitation. To insure proper mixing

V 

of resin in sea water , one unit of additive resin is mixed with five units of
anhydrous isopropanol and the mixture is stirred to disperse the particles.
The resulting dispersion can then be added to salt water and agitated . The
mixture can further be mixed with a mechanical stirrer .
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TABLE 3.1

SPECIFICAT ION S OF SYNTHETIC SEA WATER
ASTM D—ll4l—52

Mixture contains U.S.P., N.F.,and High Grade Commercial Salts.

SUBSTITUTE OCEAN WATER SALT

NaCl ~~~ 
Pure) 58.4 90%

MgC12
6H

2O ~~ 
Pure)  26 .460%

Na2
SO4 ~~~~~~~~~~~ 9.750%

CaCl2 
(?4t9?Z.I’~t~) 2.765%

KCL (?9:9~~.~~
T
~
) 1.645%

NaHCO
3 ~~ 

Pure) 0.477%

KBr ~~ 
Pure) 0.238%

H
3
B0
3 ~~~ 

Pure) 0.071%

SrCl2
.6H

2
0 ~~ 

Pure) 0.095%

NaF ~~ 
Pure) 0.007%

Density of Sea Water equals 1.025 at 15° C.
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Polyox coagulant has an approximate molecular weight of 5 x 106 and was
selected for the tests. Some technical data supplied by Union Carbide [13] on
different grades of Polyox resins are presented in Figure 3.3.

The additives were only used when it was considered really necessary, because
they are cumbersome .o use and undesirable.

3.2 Material Survey

There is a considerable amount of wear data available in the li tera ture on
plastics rubbing against metals in the water—lubricated conditions (e.g.,
water—lubricated bearings). There is some wear data available on metal—ceramic ,
metal—metal,and ceramic—ceramic combinations. Major manufacturers were con-
tacted to obtain more technical data and to learn about any new materials
relevant to the sea water motor application.

A review of published wear data on material combinations is presented in Table
3.2. The mechanical , thermal, and electrical properties of standard plastic s
are listed in Modern Plastics Encyclopedia . It is felt that the properties
of the plastics may vary appreciably from manufacturer to manufacturer .
Wherever possible, the available properties of pertinent materials were obtained
from the vendor who had supp lied the test p ieces. For comparisons , the proper ties
of leading plastic candidates are presented in Table 3.3. Many metals are
available which are corrosion—resistant  and have good ant i—gal l ing  character-
istics. Based on past experience, contact with the vendors and the review of
published literature (References 25, 30, and 31), the potentially promising
corrosion—resistant metals were selected and are tabulated with their mechanical
properties supplied by the manufacturers, in Table 3.4. The chemical compositions
of the metals are presented in Table 3.5. As discussed later , little emphasis
was placed on ceramic/cermets due to their brittleness. Some ceramic , cermets,
and composites were studied for suitability and their mechanical and thermal
properties are listed in Table 3.6.

3.3 Final Selection of Materials for Screening Tests

3.3.1 General Discussion and Selection Criteria

Plastics are ideal materials in sea water due to their inertness. However,
plastics do not have good mechanical properties compared to most metals. Many
plastics have a tendency to swell when submerged in sea water . They deform
rather easily when 3ubjected to load at high temperatures~i.e., they have lowheat deflection temperature. Metal—p lastic comb inat ions were preferred wherever
possible, as they usually do not have galling problems as many metal—metal

- 
combinations have. Some metals also have excellent corrosion resistance and
have superior mechanical properties. Wherever plastics satisf y mechan ical
requirements, it was decided that metal—plastic combinations should be used .
Since plastics do not have good thermal di ssipating proper ties , a plastic—
plastic combination was not recoimnended as there may be excessive heat build
up, even in water , which may result in considerable loss in mechanical strength.
In some parts, the mechanical requirements or tolerances desired at the inter-
face may dictate the usage of metal—metal or ceramic combinations. Plastic
coatings , if feasible on metal substrates , may also satisfy mechanical require-
ments. In a material study done by Bedford, et al. [141, it was suggested that
ceramics , carbides , block carbon graphite, and some alloys , whi le  potentially
good from an anti—galling and load bearing point of view, may be too brittle
for applications in a portable unit which would be subjected to rough handling
or impact shocks. Also, graphite is a strong promoter of galvanic corrosion
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for  many alloys when coup led to them in sea water .  Therefore , a l though some
of these mater ia ls  have very desirable f r i c t ion , wear , erosion , and corros ion
charac teristics , it was decided tha t they should be avo ided if possible . To
reduce the pr obabili ty of galvanic corrosion , it was desirable that the number
of alloys used in the motor be minimized and/or that those used should be
galvanically compatible in sea water .

Mol ybdenum disuiphide react with water and oxygen in the air available and
form sulphuric acid which is undesirable. Therefore , plastics with MoS2
f illers , though good in minimizing wear , should be avoided .

Some of the cri teria used in the stud y for the selection of materials were as
follows :

• High corrosion resistance in sea water .
General corrosion and pi tt ing , crevice corrosion, and galvanic corrosion.

• Good mechanical strength (bending stress and compressive stress) to
support  load , and high hardness to reduce abrasive wear.

• High thermal conductivity to dissipate heat generated at the inter-
face.

• Low thermal expansion to avoid distortion due to local heating .

• Low static and kinetic friction to minimize power losses.

• Low wear rate.

• High heat deformation temperature and low swelling in wa ter submersion
in case of p las t ics .

• Good anti—galling properties for metal—metal combinations.

• Good availability.

• Good machinability.

• Low cos t .

The selected material combinations have been divided into three categories .

3.3.2 Plastic—Metal Combinations

The analyses conducted to establish the operating condition of the motor (Table
2.14) showed that the bending and compressive strengths and the PV (pressure x
velocity) limit of plastics, if used , should be high to withstand forces to be
exerted in some critical areas of a motor . Based on mechanical properties and
prior experience , several plastic candidates were recommended and are listed
in Table 3 .7 .  Since the list of the viable candidates was very long , only
mate r i a l s  wi th  f i r s t  p r io r i ty  were selected for tests.

Wear t e s t s  conducted by Thomas and Halliwell [17] to study the compatibility
of plastic s with metallic members in water shoved that the wear of a plastic
member may vary muc h depending on the mating metallic member . In their study,
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TABLE 3.7

SELECTED PLASTIC MATERIALS

First Priority

1. Pol yeth ylene , u l t r a  high molecular wei gh t ( UMHW )
2. Nory l , 30 percent glass fil led

3. DU bearing material (porous bronze impregnated with PTFE—Pb mixture
with th in  overlay of PTFF and Pb)

4. Polye thylene , 1111MW , 50 percen t bronze powder filled .

5. Polyimide , 30 percent PTFE filled .
6. Torlon 4301 (Polyamide — imide with fillers)

Second Pr ior ity

7. Polye thylene , cross—linked.
8. Polyethylene , high density, 5 percen t grap hite fiber filled .

9. Polyethylene , high dens ity, 15 percent Cu and 10 percent. Pb filled .

10. Polye thylene , high density ,  10 percent SiC , 15 percen t PTFE filled .

11. Polyethylene , high dens ity,  3o percent Kaolin filled .

12. Polyimide , 15 percent graphite and 10 percent  PTFE filled .

13. Polyimide , 20 percent Kevlar aramid — r e info rced .

14. Phenolic , 15 percent graphite filled .

15. Acetal, 30 percent PTFE filled .

16. Ryton (polyphenylene sulphide) with TFE and glass fi l led .

17. Ryton wi th graphite .
18. Slip liner (bronze wire mesh in teflon and other constituents).

19 Ekkcel (linear aromatic polyester).
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metallic members selected were Tftanium—6A1—4V , Hastelloy C, Inco 625 , and
“R” Mone].. Their results showed that Inco 625 running against p las tics , in
general , had lower wear . A study to select the most corrosion—resistant ball
valve material  in sea water service (Reference 30) concluded that among Monel ,
70— 30 Cu—Ni , Hastelloy C , Inco 625 , 304 Stainless, and Ti 6— 4 ma t e r i a l s  tested ,
Ti 6— 4 looked most promising based on sea water corrosion d a t a .  However , it
was believed that Ti 6—4 is not a good anti—galling material.

Data supplied by Kawecki—Berylco Industries, manufacturer of Be—copper alloys
indicate that their alloys are good in wear application only if they are
properl y lubricated . Therefore , it was fel t tha t they may no t be very good
in sea water—lubricated conditions . MP35—N may be good in wear due to high
cobalt content. 440C is a good bearing material but its long—term corrosion
in sea water is not as good as other materials. Nitronic 50 is excellent
in corrosion. Since it is relatively cheap and easier to machi ne , it was thought
to be a good candidate.

The following metallic alloys were selected to be run against plastics.

• Nitronic 50

• Inco 625

• MP35-N

All the plastics were f i r s t  tested against Nitronic 50. The plas t ics from the
best combinations were then tested against Inco 625 and subsequently against
MP35—N. By this technique, the best plastic—metal combination could be found .
The recommended plastic—metal combinations are listed in Table 3.8.

3.3.3 Metal—Metal Combinations

Leaded tin bronze (SAE 660) — 440C combination was selected to provide a
baseline reference for metal—metal combinations.

One of the critical requirements of materials in this category is that t” ’y
should have good anti—galling properties. Some work at Armco has shown chat
as long as one of the members has good anti—galling properties , the combination
is usually satisfactory. Both Waukesha 88 and Nitronic 60 were believed to
have excellent anti—galling properties (Reference 32) and Nitronic 50 also
has acceptable anti—galling properties. Therefore , most of the combinations
were made with either Waukesha 88, Nitronic 60, or Nltronic 50. Due to its
high cobalt content, MP35 —N was thought to be a good candidate and was used .
The materials 440C and Stellite 6B are good sliding members. The selected
combinations are presented in Table 3.9.

3.3.4 Other Nonmetal—Metal Combinations

In the design of a high—pressure sea water piston type pump [24], the cylinders
within which the pistons rec iprocate were made of high purity alumina ceramic .
The pistons were 17—4 PH stainless steel , plasma sprayed with titanium dioxide.
It is found that plasma sprayed coatings exhibited microscopic porosity; con-
sequently, in corrosive environments , there  is a danger of corrosive agents
p e n e t r a t i n g  through the microscopic pores to the substrate .  A coat ing of
Alumina—Titania (13 wt 2 Ti0

2 
and rema ining A1

2
0 ), when plasma sprayed , deposi ts

as an unusua l ly  dense st ruc tu re  ( R ef e r e n c e  33) w~ich is practicall y immune to
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TABLE 3.8

PLASTIC-METAL COMBINATIONS FOR SCREENING TESTS

Continuous Rec iprocating
S. No. Plastic vs. Metal Wear Test Wear Test

1 Pol yethylene , u l t r a  hi gh Ni t ron ic  50 X X
molecular weight

2 Nory l GFN—3, 30% glass Nitronic 50 X X
f illed

3 DU bearing material Nitronic 50 X

4 IJHMW Polye thylene , 50% Nitronic 50 X X
bronze powder

S Polyimide , 30% PTFE Nitronic 50 X X

6 Polyamide—imide with Nitronic 50 X X
fillers (Torlon 4301)

7 1NC0 625 X X

8 Best Three Plastics INCO 625 X X

9 1NC0 625 X x

10 MP3SN X
___________  

Best two (in l,2,4,5,&6) 
_________________ _____________ _______________

11 MP35N X

k
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TABLE 3.9

METAL-METAL COMBINATIONS FOR SCREENING TESTS

Continuous Reciprocating
S. No. Metal vs. Metal Wear Test Wear Test

1 440C Leaded tin X X
bronz e
(basel ine)

2 Waukesha 88 MP35N X

3 Nitronic 50 MP3 SN X

4 440C 440C X X

5 Waukesha 88 Waukesha 88 X

6 Waukesha 88 Nitronic 50 X

7 Waukesha 88 INCO 625 X

8 Nitronic 50 INCO 625 X

9 Nitronic SO Ni t ronic  60 X

10 Stellite 6B Stellite 6B X

11 NEDO X plating* NEDOX p lating* X
on Nitronic 50 on Ni t ron ic  SO

* Controlled infusion of PTFE within hard nickel alloy plating of
elect roless nickel
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submersion in sea water. The combination of solid high puri ty Al
2
0
3 

(AD—995 ,
Coors Porcelain Company) and plasma sprayed Alumina—Titania was selected for
tes ts .  Another coating , Kaman SCA ,cons i s t ing  of an alumina—chromia compos i t e
ceramic material which is a proprietary coating of Kaman Sciences Corp.,
Colorado Springs,was believed to have good wear properties in a marginally
lubricated condition and was selected for tests.

Ferro—TiC HT—2 is a dispersion of extremely hard titanium carb ide gra ins in
a heat—resistant, nickel—chromium— iron age—hardenable alloy matrix . It was
claimed by the manUfacturer, ~hromall oy American Corpora tion , that this material
exhibits good strength and resistanc e to oxidation , corrosion, and wear . It
can be machined in solution—annealed condition , and then harden ed by an ag ing
treatment to R~ 54 az~d was selected for tests.

Reciprocating wear tests on hard—hard combinations were conducted in Freon
envirotvnents by Murray and Peterson [27] and their study conc luded tha t alumina
against tungsten carbide had the least wear . Graphite is a known good sliding
member . As mentioned earlier , al though graph ite is no t good in sea wa ter from a
corrosion stand point , it was selected to provide a back—up in case other combina-
tions did no t perform satisfac toril y. Graphite was tested against chrome plated
Nitronic 50. The selected material combinations are listed in Table 3.10.

3.4 Matching of Materials with Critical Component Requirement

Load ing and speed cond itions of critical components in each motor type were
calculated in Chapter 2. Based on the material requirements and mechanical
and tribolog ical properties of the po ten tial ma terial combina t ions , the material
combinations were selected for critical components in each motor type . The
selections for gear, vane , and piston type motors are tabulated in Tables 3.11
thro ugh 3.13.
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TABLE 3.1.0

OTHER NONMETAL-METAL COMBINATIONS FOR SCREENING TESTS

Continuous Reciprocating
S. No. Material Material Wear Test Wear Test

Alumina—Titania
1 A1203 solid (plasma sprayed , X

Ni—Cr undercoat)
_______________ ______________________ on Ni tronic 50 base ______________ ________________

2 Kaman SCA* Kaman SCA* X

3 Ferro—TiC Ferro TiC
HT—2 (composi te) HT—2 X

4 Al
203 

solid WC , Plasma X
sprayed
Ni—Cr undercoat
on Ni t ron ic  50
base

~~2°3 
solid 440C X

6 Purebon Hard Chrome
P 658 RCH Plated Ni t ronic  50 X X

*Aluminum oxide—chrome oxide composite coating by Kaman Sciences corp , Colorado
Springs.
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TABLE 3.11

PRELIMINARY SELECTION OF MATERIALS FOR CRITICAL COMPONENTS OF GEAR TYPE MOTOR

Materials
Case I Case II & III

Item Name of Metal/Metal Metal/Plastic
No. Part ‘ External External and Internal

1 Shaft Nitronic 50; Nitronic 50;
Inco 625 Inco 625

2 Sleeve Insert of any plastic Insert of any plastic listed
Bearing listed in Table 3—8, in Table 3—8 , Item Nos. 1

Item Nos. 1 through through 6 or graphite.
6 or graphite.

3 Gears Metal combinations Metals—Nitronic 50; Inco 625;
listed in Table 3—9. and MP3SN. Plastics—Poly imide
Item Nos. 4 through with 30 percent PTFE; Torlort
11 and Item No. 3 4301; and Noryl GFN3 .
in Table 3—10.

4 Thrust Overlay of any plas tic Overlay of any p lastic listed
Plate listed in Table 3—8, in Table 3—8, Item Nos. 1

Item Nos. 1 through 6 through 6 and Waukesha 88.
and Waukesha 88

5 Housing MP35N if gears are made MP35N if gears are made of
of metals and A1

2
0
3 

me tals and Al203 sleeve if
sleeve if gears are mad gears are made of Al203 and WC.of A1

203 and WC.
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TABLE 3.12

PRELIMINARY SELECTION OF MATERIALS FOR CRITICAL COMPONENTS OF VANE TYPE MOTOR

Ma ter ia1s
Item Name of Case I Case II
No. Part Composite Vane Hard Vane

1 Shaft Nitronic 50; Nitronic 50;
Inco 625. Inco 625.

2 Sleeve Bearing Insert of any plastic Insert of any p las tic
listed in Table 3—8, listed in Table 3—8 ,
Item Nos. 1 through 6 Item Nos. 1 through 6
or graphite. or graphite.

3 Vane Plastic vane tip and Waukesha 88; and Plasma
remaining made of sprayed WC on Inco 625
Nitronic 50 with or Nitronic 50 base.
plastic coa ting on
sides rubbing rotor—
plastic listed in
Table 3—8, Items 1,
2, 4 to 6.

4 Slotted Rotor Nitronic 50; Waukesha 88; Nitronic 50;
Inco 625 and Inco 625 if vane is made

of Waukesha 88. Al 0
3 

or
faces of Al 0 in t~e slots
and Inco ô2~ ~ase if vane
i~- made of WC.

5 Outer Ring Track MP35N ~!P35N if vane is Waukesha
Sb.
Al203 sleeve in MP35N base
if vane is WC.

6 Thrust Plate Overlay of any plastic Overlay of any plastic
listed in Table 3—B , listed in Table 3—8,

__________________  

Item Nos. 1 thr~ iigh 6 Item Nos. 1 through 6.
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TABLE 3 .13

PRELIMINARY SELECTION OF MATERIALS FOR CRITICAL COMPONENTS OF PISTON TYPE MOTOR

Item Name of
No. Part Material

1 Cam Plate Nitronic 50; Inco 625; and 44OC

2 Slipper Plastic overlay listed in Table
3—8 , Items 1, 2, 4 to 6; and 440C

3 Ball Ni t ronic  50; Inco 625; and 440C

4 Piston/Cylinder Items 1 through 6 listed in Table
3—10.

5 Thrust Plate Plastic overlay listed in Table
3—8, Items 1 to 6.

6 Sleeve Bearing Plastic inserts listed in Table
3—8, Items 1 to 6 and grap hi te

7 Shaft Nitronic 50; and Inco 625. 
-

-
. 
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4 .0  WEAR EXPERIMENTS

Loading and speed (P and V) conditions of critical components of the three motor
types were calculated and the selection of material combinations was based on
the PV requirements. Limited wear data at certain loading and speed conditions
are available on some combinations , but from that data it may be difficult to
estimate the wear rate under required load x veloctiy (PV) in Sea water lubricated
cond itions. In order to get a fair comparison , it was felt that selected poten-
tial material comb ina tions should be tes ted under iden tical sim u la ted sliding
condi tions with in the limi tations of the program scope and ava ilabili ty of
suitable test equipment. Many times the same material combinations were selected
for more than one component in the motors and the PV requirements were different
for different compcnents. The tests were conducted at the highest PV require-
ments of each ma ter ial group so that the tests were accelerated for some component
requirements.

The following types of motion occurring in the motors were simulated for the
study:

• Cont inuous  sliding

• Recip roca t i ng  sl id ing

• Rolling pos3ibly combined with  sl iding

A unid irectional continuous sliding tester which utilizes a rotating disc and
a stationary loader pin was prepared and used to test the materials to simulate
continuous sliding conditions representative of the motions , e.g. , in bearings ,
vane and vane track , slippers , etc.

A reciprocating sliding tester which utilizes a stationary loader p la te and a
reciprocating pin was prepared and used to test the materials to simulate linear
reciprocating sliding motion representative of the motions in piston—cylinder ,
vane—rotor, etc. The rolling motion on the gear teeth in the gear type motor,
ball on a cam track in the piston type motor was also simulated to some degree by
this test rig .

4.1 Description of the Tests

4.1.1 Unidirectional Continuous Sliding Tester

The un id i rec t iona l  s l id ing  test rig was modified from an existing rig for sea
water  operations. In the test rig, a sta t ionary pin rubs against the circum-
ference of a rotating disc. The pin was loaded by dead weights and the disc was
rot~t~d by a variable speed motor. The frictional force was measured by a load
cell (Model No. MB—50, m a n u f a c t u r e d  by I n t e r f a c e, I n c . ,  Scotsdale , Ar izona ) . The
ou t p u t  of the  l oad c el l  was f ed to a Sanborn cha r t  recorder  (Model 321)  and
con t  inuous trace of the fr Ic t tonal force versus t ime was obtained . The r a t e  of
wear was obtained by measuring the change In the length of the pin with a dial
indicator. Assuming that the wear ra te  r emains c o n s t a n t , the  wear r a t e  from
the test data was calculated for 100 hours. It will be poin ted  out f rom the
resu l t s  that the wear r a t e  is iniLlally high and then it drops of f  c o n s i d e r a b l y .
Therefore , the to ta l  wear in 100 hours will be less than reported in tables
4.1 through 4.6.
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The static frictional force was estimated by rotating the shaft by hand an d
measuring the force required to move the disc . The disc and the p in were
surrounded by a container made of plexiglass which was filled with synthetic
sea water . A plexiglass pla te was placed below the pin holder to reduce the
water pressure which would tend to push the water out of the container .

Since the frictional heat dissipated at the rubbing interface heated up the
w a t e r , a stainless steel coil was placed in the container and the cold water
was circ ulated through it during the experiment to maintain the water bath
temperature close to room temperature. A pho tograp h and a schema t ic drawing
of the test rig are shown in Figures 4.1 and 4.2, respec tively.

Due to the low viscosity of sea water , the lubricant film thickness generated
at the interface would be in micro—inches. To take advantage of this lubricant
f ilm, mating surfaces had to be very smooth and precise , otherwise the film
would be lost in deeper valleys. Therefore , all the metallic specimens were
ground to 2 rms . The drawings of the disc and pin spec imens are shown in Fig-
ures 4.3 and 4.4. A photograph of the disc and pin is shown in Figure 4 .5 .

The r ig is capable of op era ti ng up to 5 ,000 rpm (2,600 f pm ) and 3 ,000 ps i, i.e.,
PV of 7.8 x 106 (psi x fpm). The following measurements were made on the test
samp les in the experiments:

• Length of the pin before and after tests for calculating wear.

• Outer diame ter of the disc before and after test for calculating
total wear of disc .

• Transverse surface roughness of the disc before and after tests.

• Record of normal load and surface speed .

• Static and dynamic: run—out of the disc .

• Change in Ie’igth of the pin and radius of the disc during
experiment with dial indicator every two hours for calculating wear
rate.

• Static frictional force.

• Kinetic frictional force versus time during test at interval of every
two hours .

• Photographs of the worn surfaces for record .

The static and dynamic run—outs of the discs were controlled to 0.0003 inch.
All spec imens due to the geometry of a flat surface rubbing on cylindrical
sur facc started wi tli a I inc contact and , as the spec imens wore • the contact
are.i increased with ~ consequent rediict ion in the stress. ‘Iheorot i cal ly , the
st r e s s  at . the interface at st.art ing could  be very  hi gh. To minimize the pos-
sibility of any ca tas t rophic f a i l u r e s  at  s t a r t i n g ,  the spec imens were run in a t
very low load (pan alone = 1.4 ibs) and low speed (1500 rpm) for fifteen m m —
u l t s .  Then the load and speed were slowly increased to the test conditions.
l’he tests were run until the p in wore a detectable amount (0.5—5 mils) or the
friction increased cons iderablv.
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0.25

~
_—304 STAINLESS PIN

1 1/4

~—CEMENTED WITH
7 ARON ALPHA

_ _ _  / ~~~~~-TEST MATERIAL
1J~AIO.0002 l

[A 
GROUND

NOTE: METALLIC TEST SPECIMENS WER E MADE ENTIRELY
OF THE TEST METAL AND THE SURFACE LA WAS
GROUND TO 2 RMS.

Figure 4.4 Sketch of the Pin for Unidirectional Continuous

Sliding Tester
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Typ icall y, tests with plastic—metal combinations lasted about thirty hours ,
while other tests were short (less than one hour).

After, a test , the worn area of the p in was measured and fro1 this the final
interface stress was estimated .

4.1.2 Reciprc~cating Sliding Tester

The reciprocating sliding tester was fabricated from standard commercial com-
ponents. The rig consists of a circular pin rubbing on a plate under load
submerged in synthetic sea wzlter. The reciprocating motion was provided by
a commercially available sawzaal. The pin was mounted on the reciprocating
shaft. The plate was mounted on a hand press. Clear estane bellows, 0.010
inch thick , 1 inch in ID, 1.75 inch CD, with five convolutions with cne cough
end 1 inch in diamter and 0.5 inch long, and other flange end (made by Gagne
Associates , Binghamton , New York), were put over the reciprocating sawzaal
shaft exposed to sea water in order to provide a seal to prevent any corrosion

V of the drive mechanism.

A pl ex iglass container was put around the specimen assembly to contain synthetic
sea water. A hole in the lid of the container was made to release all the
pumped air due to extension and compression of the bellows seal. The load at
the rubbing interface was provided by loading the lever arm of the hand press.

The wear rates of the pin and plate were det~ rmined from measurements with a
dial indicator . The photographs and a schematic drawing of the test rig are
showr~ in Figures 4.6 through 4.8. The drawings of the plate and pin are shown
in Figures 4.9 and 4.10. A photograph of the disc and pin is shown in Figur.
4.11. The test end of the pin was made slightly spherical to prevent any edge
contact and grooving .

In calibrating the rig, a load cell was inserted between the plate and the pin.
The load was applied on the lever arm, the load acting at the pin—p late int~-r-
face was measured by the load cell, and a load calibration curve was obtained
(Figure 4.12). A capacitance probe was mounted on the reciprocating shaft to
measure static and dynamic run—outs. The specimens were loaded , the pin was
moved by turning the motor by hand , and static run—out was measured . If the
run—out was greater than 0.0002 inch over 3/4 inch stroke , shims were placed
under the hand press to obtain the desired run—out. The test rig was put on
rubber pads to dampen any vibrations. The dynamic run—out in the loaded condition
was less than 0.001 inch. The rig was thoroughly checked for desired accura y.

The rig is capable of operating up to 1500 psi and 2000 strokes/minute (3/V ~ inch
stroke). The average surface speed is 250 fpm . If the motion is assumt- .1 to he
sinusoidal:

V (t) = ‘
~max 

sin (wt )

where V is the velocity, t is the time , and T I / W  is the time of the half stroke .
Vmax may be calculat d by integrating velocity with time to derive expression
b.tween stroke length ,u~ and Vmax , m d  using the definition of average v.-locit’- .
The expression for Vmax is:

= I .57 V~~0

= l.i7 x 250 = 393 1pm
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1/8
GROUND TO 2 RMS FOR METALS

Figure 4.10 Sketch of the Pin for the Reciprocating V

Sliding Tester
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Any dynamic effect on loading was estimated . From measurements , it is found
that dead weights used on the lever arm of the hand press move about 5 ml is at
the frequency equal to the reciprocating speed of sawzaal. The acceleration due
to dynamics

Acc w2a
where w is the frequency of oscillation and a is the amplitude of oscillation .

A c c = ( .~.~~~~~
2 

x 5 x l 0 3 ins 2
~~~ 0

~ 60 I

Hence , it is believed that there was no dynamic loading at the pin—plate
interface. -

The following measurements were made in the experiments:

• Length of the pin before and after tests for calculating total wear.

• Su r f a c e  roughness of the plate before and after tests for calculation
of total wear and extent of damage .

• Stat ic and dynamic run—out.

• Change in length of the pin and thickness of the plate during experi-
ments with dial indicator , periodicall y.

• Photographs of the worn surfaces for record .

The thermocouples were mounted about 1/4 inch away from pin contact surface
and at the bottom of the plate about 1/16 inch away from the p la te  contact  surface
to measure the temperatures. It was hoped that the heat transfer analysis
would be able to predict surface temperatures from the measured temperatures and ,
in turn , the friction coefficient could be estimated . Repea ted tests of plastics
rubbing against metal under test conditions showed that there was no significant
temperature rise. Therefor e, the temperature measurement was discontinued at
an early stage of the program. Moreover, it was felt that some of the frictional
heat generated is dissipated in cooling air pumped by the bellows used to protect
the reciprocating shaft member from any sea water corrosion . Therefore , any
temperature measurement may not be too meaningful.

4.2 Experimental Results

4.2.1 Results from Continuous Sliding Tester

The pressure and velocity requirements of the combinations were different for
different motor components. The tests were conducted at the highest pressure
and velocity requirements for two reasons: to get a fair comparison of differen t
combinations and to accelerate the tests somewhat .

The test results from unidirec t ional continuous sliding tester on plastic—metal ,
metal—metal , and other nonmeta l—meta l  combinations selected in the previous V

chapter are given in Tables 4.1 through 4.3. Static friction coefficient ,
kinetic friction coefficient , wear rate’, surface roughness of the disc before
and after tests , fina l stress , surface speed , and comments on the surface appearance
of th e specimens after test are included in these tables.
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