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ABSTRACT

Because of the abrasive and corrosive nature of coal water slurries, the development of coal-
fueled diesel engine technology by GE-Transportation Systems (GE-TS) required special fuel
injection equipment GE-Corporate Research and Development (GE-CRD) undertook the design
and development of fuel injectors, piston pumps, and check valves for this project. Components
were tested at GE-CRD on a simulated engine cylinder, which included a cam-actuated "jerk"
pump, prior to delivery to GE-TS for engine testing. This work was performed under DOE
Contract DE-AC21-88MC23174.

KEY WORDS

coal water slurry fuel, coal-fueled diesel injection equipment, fuel injector, piston pump, check

valve, “jerk” pump
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1. INTRODUCTION
The development of a direct injection diesel engine by GE-Transportation Systems (GETS)

using coal water slurry (CWS) fuel required special fuel injection equipment (FIE). The CWS
fuel — consisting of finely ground coal with ash content reduced to 0.5 to 2%, mixed with water
— is highly abrasive and corrosive to the conventional steel alloys normally used in diesel
engines. Also, because of its lower specific energy, approximately twice as much CWS as diesel
fuel (by volume) must be injected. To accomplish the injection with an acceptably short injection
duration and achieve good fuel atomization, injection pressures of 69 to 82.7 MPa (10 to 12 kpsi)
are required. A storage chamber (accumulator) adjacent to the atomizing nozzle inside each
injector was required in order to achieve the required fuel delivery. Diamond atomizing orifices

were used in the nozzles to provide acceptable nozzle life (Johnson, Lee, and White, 1994).

The injector, check valve, piston pump, and fuel (“jerk”) pump are the main components of
the fuel injection system, which is mounted on the engine (one per cylinder). (The jerk pumps
were procured by GETS from Lucas Bryce Ltd, Gloucester, England; the other components were
developed at the GE Corporate Research and Development Center.) These components, shown
schematically in Figure 1, perform the following functions:

o The jerk pump is a cam-shaft-driven positive displacement pump that boosts the pressure

of conventional diesel fuel to injection pressure levels.

e The piston pump transfers this pressure to the CWS and delivers it to the injector; an in-

line check valve prevents fuel from flowing back to the piston pump

o The injector itself delivers atomized fuel to the combustion chambers.

At rated engine speed of 1050 rpm, nearly 9 injection events occur per second in a GE
locomotive engine. The components were “bench” tested on a test stand at GE-CRD that
simulated cylinder geometry and had a cam-driven jerk pump.

Lucés-Bryce Ltd developed a pressure-actuated fuel injector for the coal fueled diesel engine
program. This injector experienced recurring internal galling, which caused needle seizure on the
test stand; these injectors were not engine tested. This injector development is described in

Appendix B.



2. COMPONENT DESIGN REQUIREMENTS

CWS flow rate per cylinder: 3 cc per injection

Design pressure: 104 MPa (15 kpsi)

Design Temperature: 93.3°C (200°F)

Fatigue life: 10° cycles

Maximum engine vibration: £ 50 g's along injector axis!

Injector location: On cylinder centerline, between valve springs

Injector opening & closing time: 5.0 x 10~ sec. (See Figure 2 for injection
event timing.)

Control of injection timing: Electronic

3. COMPONENT DESCRIPTIONS

3.1. Piston Pump
The piston pump consists of a 15.9-mm (0.625-in.) diameter free piston in a close-fitting bore

with a nominal clearance of 0.0051 mm (0.0002 in.). See the drawing of the piston. pump in
Figure 3 and the photograph of the disassembled pump in Figure 4. The piston is relieved
circumferentially to permit introduction of SAE 30 oil at 104 MPa (15 kpsi), which is
approximately 20.7 MPa (3 kpsi) above fuel pressure, to prevent seizure of the piston caused by
CWS particles. The purge oil flow rate is approximately 0.5% of the CWS flow rate. The
cylinder length was established by the requirement of 3 cc fuel delivery per injection plus
3.175 mm (0.125 in) for cushioning the piston at the ends of the stroke. Initially, the pistons and
cylinders were made of high-strength stainless alloys (17-4 PH), nitrided for wear and galling
resistance. However, testing at GE-CRD indicated that it was necessary to make pistons and
cylinder liners of cemented tungsten carbide for acceptable durability. The end caps are 17-4 PH
S.S., age hardened to 1242 MPa (180 ksi) yield strength.

To prevent excessive fluid pressures from being developed, a pressure relief valve is
incorporated in the oil end cap. A 0.254-mm (0.010-in.) hole is machined through the relief valve

poppet to provide a small through-flow of oil to prevent excessive temperature rise.

! For GE Transportation System’s single cylinder engine, lower for multicylinder engines.

2



A check valve (described in Section 3.3) is installed at the CWS inlet to the piston pump to

prevent back-flow when fuel is delivered at high pressure to the injector.

3.2 Fuel Injector
The final fuel injector design is shown in cross-section in Figure 5. Figure 6 and Figure 7 are

photographs of the assembled and unassembled injector. Figure 8 is an assembly drawing of the
injector, with a parts list.

Initially the injector accumulator chamber is full of CWS at 82.7 MPa (12 kpsi): fluid
pressure of 22.1 MPa (3.2 kpsi) is applied to the top of the needle piston (at the interface of the
lower and upper housings); and purge oil is supplied to the needle rod at 104 MPa (15 kpsi).

With the piston of the engine on the compression stroke, an electrical signal is supplied to the
servovalve, which introduces oil at 27.6 MPa (4 kpsi) to the underside of the piston located at the
end of the needle rod (Figure 5). This causes the needle tip to leave the seat inside the nozzle,
permitting CWS at 82.7 MPa (12 kpsi) to flow from the accumulator chamber through the
atomizing orifices. The needle travels 1 mm (0.04 inch) to its fully open position, this motion
being sensed by the displacement transducer (optional). When the fuel delivery is nearly
complete, the electrical signal is removed from the servovalve, which rapidly relieves the 27.6-
MPa (4-kpsi) oil pressure from the piston. The constant 22.1-MPa (3.2-kpsi) pressure on the
other side of the piston rapidly accelerates the needle toward the seat, closing the injector in
approximately 0.5 ms. The fuel in the accumulator chamber of the injector is replenished by the
jerk and piston pumps, which operate at the same rate as the injector, i.e., almost 9 times per

second at rated speed.

The design of the injector evolved through two generations of prototypes in which the
accumulator volume doubled to 265 cc, the servovalve changed from “aerospace” to “industrial”
class (same performance, one-half the cost) and the number of housings was decreased from

three to two.

Several features should be noted. Both the needle tip and nozzle seat are cemented tungsten
carbide. Originally, cobalt binder material was used but changed to nickel binder for improved
corrosion resistance (see Appendix A). The hard tip is brazed into the metal mount at the end of
the needle rod. The needle rod is 17-4 PH S.S., nitrided after grinding at its aging temperature of
482°C (900°F) for maximum wear/galling resistance. Originally, the needle rod was electroless

3



nickel plated but severe corrosion occurred in the CWS. Nitriding was selected as a suitable
alternative based upon corrosion tests performed at GE-CRD (see Appendix A) and wear tests
conducted by the Materials Characterization Laboratory, Scotia, NY (see Appendix C). The

piston was also nitrided.

The displacement transducer was obtained commercially (Wolff Controls, Winter Haven, FL)
and is designed for use in diesel fuels at 34.5 MPa (5 kpsi).

The lower housing was made of two pieces of Mo 13-8 PH S.S. to facilitate machining the
accumulator housing. The parts were electron beam (EB) welded followed by a full anneal. After
finish machining, the piston and needle rod bores were nitrided (balance masked) and the entire
part aged at 538°C (1000°F). In the aged condition, the yield strength is 1380 MPa (200 ksi) and
the fatigue limit is 690 MPa (100 ksi) for 108 cycles (Carpenter, 1983). The maximum calculated
tensile stress in the wall of the accumulator chamber is 449 MPa (65 ksi) at the design pressure.
At the end of the lower housing adjacent to the nozzle, a hollow guide is inserted for the needle
rod. The guide is nitrided 17-4 S.S. and has a 0.05-mm (0.002-inch) diametral clearance with the

needle rod; this clearance has proven adequate to preclude seizure in CWS.

The upper housing contains all fluid connections and check valve connections (see Section
3.3). The servovalve mounts to the side of the upper housing and fits between two valve springs.
The upper end of the housing is enlarged and circular to facilitate an O-ring seal between the

housing and the rocker chamber cover.

Fasteners are alloy steels (Studs: ASTM A 193-B7, Nuts: A 194-24) with sufficient capacity
and are preloaded to withstand both internal pressure forces and external acceleration loads.

3.3. Check Vaives
A check valve is required between the injector and the piston pump to prevent backflow

when the piston pump is on the refill stroke. This check valve — the “high pressure” check valve
— attaches directly to the upper housing of the injector by means of a standard high pressure
coned connection. The “low pressure” check valve is installed at the CWS inlet to the piston
pump to prevent back flow when fuel is delivered at high pressure to the injector. The final check
valve design is shown in Figure 9 and Figure 10. '

The main parts of the check valves are the poppet (moving member with conical tip), seat,
spring and housing. Figure 10 shows a two-part poppet consisting of a hard conical tip brazed



into a stainless guide. Our experience with injector tips and nozzle seats suggests that a tip made
of cemented tungsten carbide with nickel binder operated with a seat of the same material will
perform well. Unfortunately, check valve test results were clouded for a long period of time as a
result of the impact-related failure of poppets. This failure was finally traced to an excessive rate
of pressure drop in the jerk pump. The solution was to produce jerk pump plungers with a
shallow relief helix step of 0.2 mm (0.008 in.), which extended the pressure decay time from
almost 0 to approximately 10.0 ms. The modified plunger design is shown in Figure 11.

Various other check valve poppet tip and seat materials had been tested including ceramics
and Stellite 6B (one-piece poppet). Stellite performed quite well although there was visible
evidence of wear after 50 hours. Unfortunately, very little runniny time was accumulated on the
check valves fitted with carbides as they were installed in the multicylinder engine at GETS,
which ran for only a few hours. However, approximately 30 trouble-free hours were accumulated
‘on one carbide-tipped check valve on the GE-CRD test stand. The titanium nitride coating on the
poppets showed no evidence of damage.

4. OPERATING EXPERIENCES AND RECOMMENDATIONS

A total of at least 500 cylinder hours was accumulated on the fuel injection equipment
operating with CWS at GETS. No structural failure of pressurized components occurred. There
were a few unresolved problems with some components: the brazed joint that attaches the needle
tip to the holder failed in two durability test injectors; check valve poppets occasionally jammed
with CWS; because of the designed-in bleed feature, pressure relief valves were very difficult to
pre-set.

It seems reasonable to conclude that the fuel isolation capability of the piston pufnp could be

incorporated into a specially designed jerk pump, thereby eliminating one major component.
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Figure 6. Final fuel injector (assembled)




Figure 7. Final fuel injector (disassembled)
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Figure 10. Check valve
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APPENDIX A

CORROSION OF VARIOUS INJECTOR MATERIALS
IN COAL WATER SLURRY

A.1 INTRODUCTION

Significant corrosion of the electroless nickel plating that had been applied to the surface of
injector needle rods (Figure A-1) occurred in a matter of 5 hours’ exposure to CWS. The purpose
of the plating was to provide wear and galling resistance of the 17-4 PH stainless rod sliding
against the PH 13-Mo S.S. Injector Housing and 17-4 Lower Guide. The plated surface became
black in color and, under microscopic examination, penetration of the plating to the base metal
had occurred in numerous locations (Figure A-1). Corrosion was also suspect, at least in part, for
the pitting observed in cemented tungsten carbides-with-cobalt binder used for injector needle
tips and nozzle seats. Damage to carbides was observed after 25 to 50 hours of injector
operation. A test program was initiated at GE-CRD to identify alternative materials with orders
of magnitude lower corrosion rates. CWS samples from two sources — Otisca, Inc. and CQ, Inc.

— were provided by GE-TS.

A.2 DISCUSSION
A.2.1 Material Choice Considerations

Component life and component failure consequences were the two primary factors in
candidate alternative material selection. In addition to the above observed problems, concern
existed for the potential of a corrosion (or, stress corrosion) induced failure of the injector lower
housing, which contains the CWS accumulator chamber. The cylindrical walls of this vessel,
which includes a circumferential electron beam (EB) welded joint, experience tensile (hoop)
stresses that alternate between approximately 359 and 242 MPa (52 and 35 ksi) every injection
cycle. The prime candidate lower housing material for the final injector prototypes that were
installed in the GE-TS multicylinder (12-cylinder) engine was precipitation hardening 13-8 Mo
stainless steel (PH 13-8 Mo S.S.), age hardened at 1000°F.

For the needle rod coating (required primarily for wear and anti-galling protection where the

rod slides within the injector housing), nitriding appeared to be a desirable option to the failed



electroless nickel. Nitriding also seemed desirable for the injector housing bores i which the

rod and piston slide. Wear tests (Appendix B) had shown nitriding to be a promising candidate.

For the needle tip and seat, literature (Kennametal Brochure, S-82) suggested that using

nickel as the binder for tungsten carbide rather than cobalt should significantly reduce corrosion.

For control purposes, samples of the material to be replaced were also exposed. Sample

materials and sources are given in Table A.1.

A.2.2 Test Plans

Small pieces (1.7 to 9.1 grams) of the various materials were carefully cleaned and weighed,
and placed in 4-oz. glass jars containing Otisca or CQ CWS. No attempt was made to achieve a
constant surface area-to-weight ratio among the samples. (This was an experiment in

“engineering” rather than in “pure science.”)

Initially, the jars were gently shaken twice daily to move the samples relative to the CWS.
Half way through the experiment period, a low speed rolling mill was implemented to produce
circulation of the CWS relative to the samples. The samples were removed and thoroughly

cleaned and weighed at increasingly long time intervals. CWS was completely changed monthly.
. Samples were exposed to CWS for periods of 4.5 months (uncoated aged 13-8 and 17-4 S.8., and
cemented carbides) to 3.5 to 1.0 month (nitrided 17-4 and 13-8 S.S.) as they became available.

A.3 TEST RESULTS

Weight change results are contained in Table A.2. A few observations can be made:
1. In nearly all cases, the percentage weight loss is significantly greater with Otisca CWS.

2. 13-8 S.8. exhibited substantially greater weight loss than 17-4, in both as-aged and aged-

and-nitrided conditions.

3. Nitriding contributed to increased corrosion rates of PH S.S. However, visual

examination of nitrided injector parts after engine testing revealed no corrosion damage.

4. The electroless nickel plated 17-4 samples did not exhibit significantly different weight
change from nitrided material. It should be noted that phosphorus content and heat
treatment can have a significant effect on the corrosion resistance of electroless nickel

platings.
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5. Tungsten carbide with nickel binder (VC-320) exhibited somewhat lower rates than those
with cobalt binders. As with the nitrided 17-4 PH, the nickel-bindered carbides appeared
significantly better than the cobalt-bindered parts they replaced in injectors and check

valves after engine testing.
6. Sectioned samples of successful nitrided PH S.S. and TiN coating are shown in Figure A-2.

A.4 REFERENCE

Properties and Proven Uses of Kennametal Hard Carbide Alloys, (Kennametal
Brochure S-82)




Table A.1 Corrosion Test Samples

No. Composition Source Preparation
1,2 PH 13-8 Mo S.S. CRD Aged 1000°'F
34 17-4 PHS.S. CRD Aged 900°F
5,6 Tungsten Carbide/ 6% GTE Valenite Corp.
Co binder (Grade VC- 11) Troy, Ml
7.8 Tungsten Carbide/ 14% GTE Valenite
Ni binder (Grade VC-320)
9,10 |PH13-8§ MoS.S. Steel Treaters, Inc. Gas nitrided @ 1000°F
Troy, NY
11,12 | Tungsten Carbide/. 6.% Kennametal, Inc.
Co.binder (Grade KF306) Latrobe, PA
13,14 | 17-4 PHS.S. Sun Steel Treaters Ion nitrided after aging
Detroit, MI
15,16 | 17-4 PHS.S. Metallurgical Processing Ion nitrided after aging
: New Britain, CT
17,18 | 17-4PHS.S. - Electroless Ni plated
19,20 [PH13-8 Mo S.S. Steel Treaters Gas nitrided @ 1000°F
21,22 [ 174 PHS.S. Steel Treaters Gas nitrided @ 1000°'F
23,24 | 17-4PHS.S. Implant Sciences N, ions implanted after
aging
2526 | 17-4PHS.S. Multi Arc Corp. TiN coated after aging
27 17-4 PHS.S. Metallurgical Processing Plasma nitrided @ 800°F
: after aging @ 900°F
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Table A.2 Corrosion Test Results

Sample Initial Sample Wt (gm) Overall Wt % Wt Exposure
in Otisca in CQ Loss (gm) Loss Time (wks)
1 1.69042 0.00092 0.054 19
2 1.67578 0.00083 0.050 19
3 1.75945 0.00069 0.039 19
4 1,76863 0.00066 0.037 19
5 8.90540 0.02209 0.248 19
6 8.84985 0.01298 0.147 19
7 9.05175 0.01626 0.180 19
8 9.03144 0.00360 0.040 19
9 4.84549 0.05361 1.106 19
10 4.88430 0.01799 0.368 19
11 5.79889 0.01883 0.325 19
12 5.80474 0.00136 0.023 19
13 1.77080 0.03962 2.237 16
14 *1.76089 0.00676 0.384 16
15 1.73936 0.00023 0.013 16
16 7.74658 0.00018 0.002 16
17 © 3.23035 0.00846 0.262 15
18 3.20374 0.00039 0.012 15
19 1.70524 0.05589 3.278 15
20 1.68529 0.00821 0.487 15
21 1.76618 0.02815 1.594 15
22 1.77736 0.00965 0.543 15
23 1.77713 0.00032 0.018 13
24 1.77534 0.00023 0.013 13
25 1.77614 0.00072 0.041 13
26 1.79560 0.00073 0.041 13
27 7.82112 0.02144 0.274 13




Figure A-1 Corrosion of Electroless Nickel Plating in Coal Water Slurry



and TiN coating

S

Figure A-2. Sectioned samples of successful nitrided PH S
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Assembly and Test of 6
Coal Slurry System 2C
Injectors for General Electric

Report No. 90-TN-041

by A G Jones

contributions by: M Patel
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Mr R Johnson
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Mr B D James
Mr J Porter
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L" Lucas Diese Systems
CCS Hucclecote
Gloucester GL3 4AB

Telephane: Gloucester (0462) 371771
Telex: 43217
Fax: Gloucester (0452} 613427

Mr R Johnson 8 October 1990
General Electric Company

Building Ki1-ES 203

SCHENECTADY, NY 12348

U.S.A. WJC/PLB/G.37

Dear Mr Johnson

We have now completed the testing of the equipment for Phase 2C
of the Coal Slurry programme.

The equipment is being despatched to you now, via Greenville,
as raquested.

Please find enclosed three copies of Report 90-TN-041 for
yourself, Mr Kalafala and Dr Hsu, covering the assembly and

test of the special injectors. Would you please distribute
then.

We trust that you will find the goods and report satisfactory.
However, we would draw your attention to Section 7 and trust
that you will take the recommendations into account during your
testing and any further design work.

Should you have any queries, please let us know.

Yours sincerely

P Gak

P? W J Caveen

a division of Lucas Automative Ltd

Ranicsrad MSrn Roma Haume Now Rasd Snlihell ART ATY Reciararad an ATARAA Faniand
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Technical report Y

Title
Assembly and Test of 6 Coal Slurry System 2C Injectors for
General Electric.

Te Mr C M D Little Job no.
Action Mr R Johnson e 26.9.90
iomaidf A K Kalafala, Mr B D James, Dr B D Hsu g,

Mr J Porter, Mr M Patel, Mr R Fairs,

Mr G S Thomas

SUMMARY

Lucas have designed, manufactured, assembled and tested six
positive displacement injectors for General Electric System
2C test programme.

These will enable G.E. to run System 3D (accumulator
injector) and 2C to assess which offers the best overall
design for engine performance, durability and simplicity.

Static testing was satisfactory although a higher assembly
torque than designed was needed to seal the nozzla.

Oscillograms of system performance show a slow start to
injection, full locad period slightly shorter than System 3D.
Peak pressures are lower and jerk pump rack travels are
greater.

After testing, each nozzle and transfer block assembly
was tighter than when first installed - no obvious reason for
this has been found following various checks.

Total leakage rates have been recorded - actual purge oil
loss through the nozzle sprayholes may be masked on some
units by the unknown quantity of backing fluid leakage.

Vvarious conclusions and recommendations are made.

This drawing/document 1s copyright and the property of Lucas Bryce Limited. it must not
be copied (in whole or in part), used for manufactwe or otherwise disclosed without prior written
consent of the company. Any capies of this document mada by any method must also include

a copy of this lagend.

B-4



124362

Technical report Claena el s

Tith Assembly and Test of 6 Coal Slurry System 2C Injectors for
General Electric.

To¢ Mr C M D Little Job ne.
From A G Jones Repertno.: 90-TN=-041
Acties MX R Johnson D - 26.9.90

#r A K Kalafala, Mr B D James, Dr B D Hsu, ;i
Mr J Porter, Mr M Patel, Mr R Fairs,
Mr G 8 Thomas

informati

1.0 INTRODUCTION

Lucas report 89~TN-049 documents our visit to General
Electric Corporate Research and Development facility at
Schenectady NY to discuss the next phase of their Coal Slurry
test programme - a positive displacement system using the
existing 24mm jerk pump, G.E. piston pump and a new ‘U’ size
injector having the following features:

= G.E. nozzle tip having diamond sprayhole inserts,
screwed onto Lucas nozzle assembly.

- ﬁurge oil feed facility to nozzle to flush CWS from
clearance.

= Ppressure backing facility to increase N.O.P. to .
10,000 lbf/in2.

This system is baing pursued by G.E. in parallel to Systenm
3D (accumulator injector) because it is a much simpler means
of providing a CWS injection than System 3D - there are
potentially less problems, due to electronic timing of the
injection as with 3D or maintaining consistent shot-shot
output owing to inconsistent pre-charging of the accumulator.
System 2C is a much simpler concept, along the lines of the
previous System 2B but hopefully overcoming the problems of
rapid nozzle seat wear/sprayhole wear and unsharp injection,
associated with 2B.

Owing to inability to start this job at Gloucester, Lucas
sourced the Design and component manufacture with their
sister company, Lucas Diesel Systems at Concord Road,
London.

This drawing/dacumant is capyright and the propenty of Lucas Bryes Limited. It must not
be copiad {in whale or in part), used for manufacture or otherwise disclosed without prior writien
consai of the company. Any copies of this document made by any method must also include

2 cody of this leqend. B-S



3.1

90-TN-041
Page 2

This repcrt details results of component measurements, static
and dynamic tests at Lucas Diesel System, Gloucester, prior
to supply to General Electric, Schenectady of the $ injectors
ordered.

EQUIPMENT SUPPLIED

5 pcs. Injector - Lucas No. 4976/4077 Iss2. (See Figure 9)

N.O.P. shims

injector spring (1)

dowels (8)
transfer block assembly (1)

Various Injector Spares

1 pc. Wolff needle lift sensor/lead
1 pc. Wolff univ. signal conditioner SSC-43001
/pover supply cable

Note - 1 complete instrumented injector retained at
Gloucester for backup rig tests if required.

- 1 injector supplied less nozzle assembly.

TEST FACILITY

Test Requirements

G.E. specified a functional test for each injector to prove
it was working correctly, though no detail was given.

Lucas prepared the following in test schedule:-

1. Measure clearance of nozzle body/needle and transfer
block/pin.

2. Flow test nozzles (sprayhole flow).
3. Identify injectors with part number and datecode.

4. H.P. test injectors to 22500 1bf/in2 - both CWS and
purge oil drillings.

5. Assemble injectors and shim for 5000t50 lbf/in2 Nozzle
Opening Pressure. Performance check for backleak rate
and chatter.
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- line pressure. Tapping for Kistler transducer type 6227
SN 239456 on inlet side of piston pump (GE type 196C4364)

- 3 degree cam markers were collected from the camshaft.

4.0 RESULTS

Figure 1-2

oscillograms of system performance over notches 5-8
showing nozzle needle lift, injection pressure, pumping
pressure and 3 degree markers.

Figure 3

schematic of test rig circuits.

Figure 4

delivery v control rod opening curves =500, 525 rpm
cam speeds.

Figure 5
clearance measurements - nozzle body/needle

- transfer block/thrust pin
- nozzle flowtest

Fiqure 6

- injector component build identification
- injector handtest performance
- purge oil leak test

Figure 7
- backing pressure v nozzle opening pressure

- static high pressure test results

Figqure 8
- photographs of the test stand.

-

Figure 9

- Cross section of System 2C injector.



90-TN-041
Page 4

5.0 DISCUSSION

5.1 Oscillograms

All the nozzle needle 1lift oscillograms (Figures 1 and 2)
show a small pre-injection - this is probably a result of
the quite large trapped volume in the total system from jerk
pump to nozzle seat. Injection rate is insufficient to keep
the needle lifted. This is also shown by the slow rate of
needle rise in the main injection.

This is probably of little consequence to the engine as long
as the timing of the main injection is correct to suit the

CWS ignition delay period.

The injection period of 18 degrees cam at notch 8 (2400mm3/
injection) compares to a period of |5 degrees for the older
System 2B positive displacement system. (Lucas test stand
result).

Peak pressures were somewhat lower than those obtained on the
5ystem 3D accumulator injector (Pumping pressure 20,300
1bf/in2, Injection pressure 14760 1lbf/inZ, injection period
18.4 deg. cam - notch 8). 3mm more pump rack travel was also
required (full travel is 31lmm).

5.2 Clearances/Dynamic Leakrates

5.2.1 Figure 5 shows the clearances in the nozzle assemblies were
very clcose to the required 2-4 um value. Nozzle ’B’ was
in fact returned to the vendor to be reneedled owing to a
high clearance value.

5.2.2 Sprayhole flowrates are consistent (8% range on the mean
value).

5.2.3 Of the nine transfer block assemblies produced, six were
within clearance specification at 2-3 um (Spec 2-4 am).
The two instrumented units were fitted with 7 am clearance
blocks as a result of some tightening of the pins in the
bodies after test. (A spare 3 am clearance assembly has
been despatched to G.E. should they wish to change it in

unit GH1).

5.2.4 On inspection of each injector after testing for purge oil
leak rate and after a 2 hour ’‘endurance’ run with one of
the injectors, all the nozzle assemblies and transfer block
assemblies exhibited tighter needles/pins than before test.

B-8
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The transfer block thrust pins showed local polishing and
the nozzle needles polish marks usually at the top and
bottom of the guide diameter.

Checks were done to show that the increased nozzle nut
torque was not responsible for body bore reduction (on an
unused injector - the needle/pin were free after tightening
to the higher torque and removing the assemblies).

One assembly was checked in the Standard Room for needle
growth/bore reduction before and after test - results showed
no obvious problem.

Lucas, lLondon had commented on the needle material appearing
softer than they were used to in conventional nozzles during
manufacture - hardness figures were to the stellite
specification.

There was never any problem attributable to needle/pin
stiction on the test stand - it is probakle that the oil
pressures fed to both assemblies create a larger clearance
when running than when measured on the bench. This problem
was discussed with G.E. who agreed to accept the assemblies
to this standard and monitor the problem in-house.

Leak Rates

Figure 6 shows the purge oil leak test results. These were
taken by pressurzsinq the purge oil cavity in the nozzle
guide to 18000 lbf/in2, running at notch 5 engine delivery
and measuring both the backleakage oil flowrate (over
around 20 minutes running) and the amount of test oil
required to replenish the air-hydro pump tank to its full
condition before test. The backleak volume measured must
contain some Mobil DTE 26 fluid leaked down the transfer
block/pin clearance - for the results in Figure 6, this is
assumed negligible (its feed pressure is one-sixth of the
purge pressure with similar clearances to the nozzle and

a longer leak path).

Subtracting the two measured volumes gives an idea of the
amount of test oil (distillate fuel on the engine) which
would leak into the CWS fluid and be burnt. In the last
column of Figure 6 this amount is expressed as a percentage
of notch 5 CWS delivery - it ranges from 1.7 - 13%.

The reason for GH1 and GH2 assemblies having the lowest oil
loss through the nozzle could be because the backleak
volumes collected could have a relatively high amount of
backing fluid in them - their transfer block clearances
were quite high at 7 um. No attempt was made to measure
the backing fluid supply rate (the displacement of a

sealed piston in a transparent tube in the backing fluid
supply line would be one means of measuring this).
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5.3 Handtest Performance

5.5

General Electric had requested that the nozzle body and
needle seat differential angle be minimal - previous designs
of CWS injector had not had a differential and the seats were
expected to wear using CWS, even with a Stellite needle and
carbide seat insert, fairly rapidly, enough to lose any
designed differential quite quickly. Designed differential
is 0-1 degree.

The handtest results shown in Figure 6 were no surprise -

it is well accepted that the ‘chatter’ of a nozzle on
handtest is dependent on the degree of differential angle

on the seats - too little and the nozzle will ‘hose’ or
'water-cannon’ rather than atomise the oil. Handtest feed
rates are very low compared with those on the engine and the
test is relatively searching for seat defects on conventional

nozzles.

All seats were either wet or damp after applying the standard
leak test close to the opening pressure - nozzle did not

drip excessively though, confirming good nozzle seat/bore
concentricity.

Backing Pressure/N.O.P.

Figure 7 shows that a backing pressure around 3300-3400
1bf/in2 was requlred to obtain the desired total 10,000
1bf/in? nozzle opening pressure - this is some 300 lbf/in
above the theoretical value, assuming a true seat line at
the top of the needle cone. This confirms the needle
actually seals part way down the cone.

Static H.P. Tests

Figure 7 lists the pressure at various nozzle nut torques
at which the nozzle holder assembly, fitted with a simple
lapped dummy nozzle, sealed to the normal test criterion -
pressure loss less than 500 lbf/in? in 30 seconds, which
is a relatively stringent test. Normally, this test is
applied at 4500 lbf/in2 above the working pressure and, if
passed, is an adequate margin for safe use (assuming no
fretting conditions exist which will reduce the ability to
seal in service).

A final torque of 500 lbf-ft was chosen. Design torque
was 350 ft/1lbf.
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If more injectors of this basic design are required by
General Electric, the unit loadings on the lapped sealing
faces should be increased to reduce the torque required to
seal them adequately (this can be done by etching or
milling away metal on the faces to increase loading
particularly around the high pressure holes).

CONCLUSIONS

Five injector assemblies and one nozzle holder assembly
have been manufactured, parts measured, statically and
dynamically tested.

Generally, performance appears acceptable. The nozzle and
transfer block assemblies become tighter after running -
the reason is not yet clear. However, no stiction problems
have been seen on the test stand with backing and purge oils

applied.

Leak rates appear to vary quite widely though this may be
a result of unknown leakage of backing fluid.

Four injectors (one instrumented) and one nozzle holder
assembly have been supplied to General Electric, along with
ancillary items.

RECOMMENDATIONS

G.E. should monitor the following aspects particularly on
these injectors:-

- long term effects of nozzle, transfer block tightening.

- backing and purge oil leak rates on test stand and engine
- this will be useful to establish future clearances if
a further set of injectors is required.

- nozzle seat wear rates. N.O.P. loss with hours run on
CWS - relevance to initial seat differential angle for
new injector performance testing.

- any effects of initial slow start of injection on required
dynamic start of injection relative to pilot injector.

ACTION: Mr R Johnson, Dr B D Hsu-
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7.2 Any further requirement for these injectors should reflect
design changes as necessary to cover the above items, also
increased high pressure face unit loadings to improve
sealing.

o T

A G Jones
Project Manager

ACTION: Mr R Johnson

B-12



GENERAL ELgCTRIC

Coar SlweeY  SYSTEM

(sTxerP Heux Pwnesn)
FUEL PUMP FCVAB 24.0X 0830
INJECTOR 4976 /40717 13s. 2
NOZZLE BHOLDER
NOZZLE 427 / 4002
N.0.P. iG000O 1bf/in2
TEST RIG RPM 3&¢ 8w

2¢C

TIMING MARKS @ 3° CAM INTERVAL

TEST OWS~ CASTROL cAL 'Cc’ - Teax Pump
& Noarxr PuREE

- MogN, DTN 26 = INTEEBR Fotd

& NeRBRLE Srouneg on.

Copyright of LUCAS DIESEL SYSTEMS

REPORT No. 90-TN- 4.1
DATE 19 sepT. 1990

FUELCAM &Sk 1186/ (consT ma7)

'A' DIM. 6,5 m
S.T.P-c. 4‘0 [ (O‘ SE & CWS SM)
HA.P. PIFE 9,5 m fx5/cm @ x228 ma
UNLOADING VOL. (we vaLve)
TEST RIG - HARTRIDGE I1SEO PLANT sk 8508
PISON PomP - Q. €. 196 C 43¢4

NoTecH 8

Fuel Delivery = 2400 m3/inj.

Equivalent Engine Rating
5§25 RPM cAM -
Injection Pressure from Zero

Pump

Injector

1bf/in2 BMEP

= |74.00 1bf/in2
= 14525 1bf/in2
Injection Period = /8 <*cam +I%4°Pre

Residual Pressure = 19/S 1bf/in2
CRO 3 30 mm

NoTeH F
Fuel Delivery = 2100 w3/inj.
Equivalent Engine Rating
500 RPM cAM = 1bf/in2 BMEP
Injection Pressure from Zero
Pump = 15950 1bf/in2
Injector = |494.0 1bf/in2
Injection Period = 15,5 °cam
Residual Pressure = 2075 1bf/in2

CRO = 28,5 ma

:

B-13



CeNERAL ELECTRIC

STREP HELIX

CoAL Swuaavy

JERR Pump,

Nezt s
L0 AT

WJECTER

PumPnig
PRESSURE

3°maens

Copyright of LUCAS DIESEL SYSTEMS

S0~-TN-= 4.}
1990

REPORT No.
DATE 9 sepT

NoTCH G
Fuel Delivery = | 700 m3/inj.
Equivalent Engine Rating
So0 RMM cAM = 1b£/4n2 BMEP
Injection Preasure from Zero

Pump = 17400 1bf/in2

Injector = /436S 1b£/in2

Injection Period = 13,3 ®cam +i.2 ras
Resdual Pressve. « 2715 Uf [
CRO = 25,5 mm

NOTCH S
Fuel Delivery = 1200 m3/inj.

Equivalent Engine Rating
1bf/in2 BMEP
Injection Pressure from Zero
Pump = /8950 1bf/in2
Injector = 14365 1bf/in2

Injection Period = 9,6 °com
Reddual Prasmce = 2TUS WfF[i?
CRO = 22 mem

L]

S00 RPM cAM =

Fuel Delivery - mmd/inj.
Equivalent Engine Rating
- 1bf/in2 BMEP
Injection Prassure froa Zaro
Pump - 1bf/in2
Injector - 1bf/in2
‘cam

Injection Period =

FIome 2
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Coal Slurry System 2C

3.000 ] 500 rpm cam
2,800

- —
2,600

2 400 525 rpm cam

-—e fle e

2,200
2,000
1,800
1,600
1,400
1,200 —
1,000
800 >
600 >
400 =
200

Delivery (mm~3/inj)

>
8
9
0
7
12
'3
4
’5

[ToRWAN N
L2227V NIV LEL8S

CRO (mm)

Figure 4 - Fuel delivery / CRO curve Injector 4976/4077

(Steep Helix Element) Fuel pump FCVAB240X0830
# GH4 Injector Test fluid Mobil DTE 26 (Tnj'r ody)
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TRANSFaR BLociK ASSY
OIZLE ASSEIBLY 497674082 TRANSFER BLOCK - 497674079
Needle Sody Bors
Thruet Pin | Nin.Clesrance | Roundness | Roundness | Flowrste Piston dia | Bore Dis | Min.Clearance

ident. Lifedm) at. (am) um) qum) fam) L/Min Tdont. Cam) (am) fum)

A 0.39 8.02 4 6.4 0.5 1.27 A+ 7.997 8.80¢ 7

[] 0.40 7.80 3 0.3 1.0 1.56 s * 7.997 8.004 T

[3 0.42 .68 4.5 0.3 0.5 2.7 c 8.016 8.019 3

D) 9.40 8.88 33 0.2 [} 7.10 » 8.000 3.010 10

- . 0. 1. [ 8.018 o

E 0.42 8.08 3 3 2 7,60 8.020 2

Neasurement Equipment:- F a.028 8.031 3

dozzle bere > Afr Gougs 19180527042 (Bius set)

Nozzle needle - §5.0.0. Digitsl Nicrometer WML 1789 [ 8.016 8.019 3

Transfer Block bore - As above [ 8.026 8.029 3

Piston O/0 - As above

[ 8.027 8.029 2
# flourste ot 1000 Lfb/int feed/Castrol Cal. °C'740°C/Mecdis IN. Figure 5 = Cleprences - Wozzie ond Iransfer Biock Aggemblies

¢ instrumented blocks

GuIDE
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L‘j : , Injector Nandtest Performance Purge oll leak test (C.N-3,21mm CiD)
ector | Nozzle Transfer H.0.P _
Tdent. Tdent Stock f/in | Volume Volume Test “Flow WL/NIn | X
§ Inden. (Shia Set) Chatter Seat Lesk Spray Collected Supplied Time us
Condition | Condition | Conditfon | cBackleak) | (Purge) (nins) [rocat [Lost | Fuel
18 [ 18
B“k ﬂu»‘.
G 1+ A A 5000 Hoses Wet Hoses 1400 1650 F + 66 10 1.7
R R B 5380~ Woses | Wet Noses 1126 5[] 533 % | B I3
[T c ] $050 Noses Damp foses 1160 2340 22 106 58 9
oN & D 3 5060 ~ Noses T Wet ~ Noses 1090 2440 0 122 | & [ 1T,
o s E ¥ 5000 Noses Vet oses 1400 3360 F13 (313 7 | 3
fﬁ [} - [] 5 nozzle sssesbiies only svallsble
] L]
[ [ ' ' ﬁ
* Instrumented Mo backing See NOP - 100 X Y t $
Units pressure ‘Discussion’ (bf/in
for 10secs
-Check tip .
for oil t 2 x 100X
. 600
Note - Purge ofl (Castrol Cal. *C’) supplied at 14000-18000 1bf/in2 from
air-hydro unit (pylsing) Xex =2 |
- dotch 5 = 1200 ma”/in] @ 500 rpm cam = 600 ML/min t

- GN2 retained at Gloucester

Figure 6 -

njector

Id ldentification, N.0.P. Handtest. Purge oi

leak tast resul



90-TN-041

A. Backing Pressure v | Backing Pressure | Nozzle Opaniné
NOP (Mobil DTB 26) Pressure
o 1bg/in? 1bf/in?

2500 8500
2600 8750
2700 9000
2800 9000
2900 9000

NOTE
3000 9500

Theoretically

3040 1bf/in? should 3100 9750

produce 10000 1bf/in2

NOP 3200 9750
3300 10000
3400 10000
3500 - 10500
3700 10500

B. High pressure static tests

Eozzle Nut ‘CWS leak pressurn

Purge oil leak prcssuro

Both passages
pressurised

GH1 unit
used

orque 1lbf/in2 * 1b#/in2
(££-1bf)
350 20000 -
400 21500 21000
450 22000 22000
500 22500 22000
Note 1. Molybdenum paste to Moly-Panel GP50 spec. used on nozzle
nut threads.
2. Final chosen torque for batch assembly - 500 ft-lbf.
3. Dummy. nozzle SK14010 used.

Figure 7 - Backing Pressure v NOP and H.P. Test Results

B-19
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Figure 8 - System 2C - Test Stand Layout
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90-TN-041

'p:njyctor CWS leak pressure CWS leak pressure Purge oil leak
Ident, (Purge unpressurised) (Purge pressurised) pressure CWS
1bf/in2 1bg/in2

GH 1 23000 22500 22500

GH 2 22500 22000 22000

GH 3 23000 22500 20000

GH 4 23500 32000 43000

GH 5 23000 22000 20000

GH 6 23000 18000 20000

Figure 7 - Backing pressure v NOP and H.P. test results - contd
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APPENDIX C

Coal Burning Wear Tests
(Materials Characterization Laboratory)



MIATERIALS

CHARACTERIZATION : :

L]ABORATORY -

' Fracture Toughnass
Fruhna@Ww
Title: COAL BURNING WEAR TESTS
Author: R. F. Englehart, Technician
P. J. Tiberia, Manager

Report No.: 890627 Pate: June 1989

M

Faligue

I

N\
N\
N

1181411}

v Creep 704 CORPORATIONS PARK
SCOTIA, NEW YORK

C-1




INTRODUCTION

This tast program was conducted for General Electric Corporate Research and
Development Center under the direction of R. Johnson and R. Mehan. The objec-
tive of this project was to aevaluate coatings and surface treatments for 13-8
and 17-4 PH steel to determine their wear properties at varying test condi-
tions using the Faville LeValley Ring and Block Tester.

Early tests with bare 13-8 against 17-4 PH produced galling and wear at light
loads resulting in the tast program reported hers.

CONCLUSIONS

1. A polished nitrided finish on both 13.-8 and 17-4 PH gives the best tast
results. Polishing consisted of removing only the gray layer formed on
the surface during nitriding with a 4/0 paper. The resulting surface
finish was about 12 microinches.

2. A list of the coating combinations that gave improved wear resistance
over bare 13-8 versus bare 17-4 PH {s shown below with the best combina-
tions at the top.

Nitrided 13-8 (polished) vs. Nitrided 17-4 PH (palished)

Nitrided 13-8 vs. Nitrided 17-4 PH
Electroless nickel vs. Nitrided 17-4 PH
Nitrided 13-8 vs. Hard chrome
Borided 13-8 vs. Hard chrome

TEST EQUIPMENT AND PROCEDURES

All tests were conducted using the Falex Ring and Block Tester. A photograph
of the tester is shown in Figure 1. The friction force is measured with a
load cell and recorded on a strip chart recorder. Any measurable block wear
was recorded on the strip chart using a LVOT on the 1oad frame knife edge.
Loagiis applied through a 30 to 1 load frame which is part of tha test
macaine.

Tests were performed by oscillating the test ring through a 159 arc at 200
cycles per minute in a minera] 911 bath at room temperaturg. The test Piecas
were cleaned with acetone ind weighed before and after testing, and the!sup-
face was measured at this time.

The tests were started without load on the block. After running for 30
minutes with only a bail waight on the block, 2 pound waights (30# laad) were
added, one every 30 minutes until failure occurred or to a total load of 600
pounds. Failures were identified by erratic changes in the friction farces or
LVOT signal indicating galling ar severe wear.

Test sample combinations that reached maximum load were repeated to insure

data reliability. Finally the most promising sample combinations were tested
for 100 hours at 405 pounds load to determine their stability with time.

20/M378



Following each test the pieces were cleaned and weighed. The surface finish
was measured unless the wear surface was galled. Surface finish measurements
were made with a Taylor-Hobson Surtronic 3 instrument. Readings are in

microinches, Ra (roughness average). The instrument was set at 0.03 in. cut-

off and 0.180 stroke.

TEST RESULTS

The test results have been tabulated and are shown in Figure 2. The table
shows the sample combinations, weight changes, surface finish and the maximum
load and coefficient of friction.

The first sixteen tests were screening tests for all the material combina-
tions. Tests #16-19 were repeat tests of the most promising combinations.
Tests #20-22 were time extended tasts run for 100 hours at a load of 405

pounds. All other test parameters were unchanged.

Figure 3 shows a bar graph of the first 19 tests indicating the highest load
before failure occurred, u load of 600 pounds reprusonts the maximum load
available on this test apgaratus. Figure 4 shows the coafficient of friction
versus applied load for the first 16 tests. Test sample combinations that

- maintained a constant coefficient throughout the loading process were consid-
ered good material combinations.

Figures § and 6 are micrographs of four tested coatings showing the thickness
and giving the coating hardness measurements. In all cases, the samples were
coated with nickel for edge preservation during pracessing. This apalysis was
performed at GE CRAD by R. Mehan ang {s attached.

Figure 7 shows the results of the lang term (100 hour) tests. Nitrided versus
Nitrided has the lawest coefficient of friction while the polished piaces had
a narrower wear scar. _

AA nsama C-4
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CR&D WEAR TESTS

MAXIMUM LOADS

600

300 -

400 -

LOAD (ibs)

AlAATTTAETA TR RN
AN IT T AT TARTA TR RETREEES

AT I I TITITETETETETETETTIERERERERERES
AAMMERRTTITITETETERERETESS
ZAAAAANNARIRRANANANNA NN
A MTIETITHITITITHITRTRETETETETEERERSS

ST I RISy
ZAAAANAAR AR RN NN RN

ZAAAAIIIAIAIRRANNANNARANANS

300 - 7
7 Z
200 2 2
2 ”
Qg 7
g "
gI91% %
0 T T T T r/ T T
l23‘36789!011121314!316!718!9
TEST NUMBER
Iast Mo, 3ing (13-8) Slock {17-4) PH
i bare bare
2 bare . bare
3 bare bare
4 bare bare
s bare Hard chrome
8 €lect. nicke! Hard chrome
b Elect. nickel T1 Nitride
8 Elect. nickel Ti Nitride
9 Nitrided Hard chroms
10 Elect. nickel Nitrided
1 Sortded Hard chroms
12 Clect. nickal Sorided
13 Clect. nickel Sorided
14 bars Nitrided
15 Nitrided bare
16 Nitrided Nitrided
17 Nitrided Hard chroms
18 Elect. nickel Nitrided
19 Nitrided . Hard chroms

C-6



L0

1

10

1

12

13-8 WY

13-8 NT
bare

13-8 WY
bars

13-8 NY
bare

Elect.
aickel

€lect.
aickel

Elact.
nickel

Nitrided
13-4

Elect.
nickel

Borided
nickel

Elect.
nickel

Ring
Block . . Meight
A7-4PH  -.0008
bara
17-4 PH  +.0008
bare
17-4 PH  +.0003
bare
17-4 P -
bare
Hard +.0010
chrome
Hard -.0068
chrame
TNt -.0018
Tl -.0005
Hard -.0022
chrose
Nitrided -.0044
17-4 PH
Hard +.0008
chrome
Borided -.0016

17-4 PH

Block
Veight
-.0002

-.0013

-.0010

+.0004

+.0002

-.0015

SUMNARY SHEET

16

35

23

78

42

18

Max.
Ring Surface Finish Block Surface Finish  Max. Friction
Sefore _ After Load Coeff.  Commants
1 98 %0 .40 Both ring & block
deeply galled
18 150 .54 Ring & block galled
17 270 .352 Ring & block galled
14 0 .3 Ring & block galled
18 0 .30 Ring & block galled
16 18 .25 Ring & block galled
12 120 .35 Ring & block galled
13 0 .267 Ring & block galled
19 600 .101 Fina) coeff. = .100
w/s 37-47 ails
25 31 600 .121 Final coeff. = .122
w/3 68-76 mils
37 40 600 .109 Final coeff. = .099
24 47 600 .245 Final coeff. = .113

2

52



SUNMARY SHEET

8-0

1

U]

15

16

17

18

19

20

21

a2

Ring 8lock Max.
Ring 8lock Waight NMeight Ring Surfacs Finish Block Surface Finish Max. Friction
—Aftar __ Refore _ After ~Load Coeff.  Comments

€ lect. Borided -.000)1 -.0002 L] 49 14 3 300 .22 Ring & Block galled
nickel 17-4 PH
13-8 WY Nitrided +.0008  +.0002 12 43 3 3 120 .23 Ring & Block galled
bars 17-4 PH
Nitrided 17-4 P -.0145 - 38 81 43 39 600 .113 Finsl coeff. = .105
13-8 bare
Nitrided MNitrided -.0058 .0008 33 15 0 n 800 .102 Final cosff. = 098
13-8 17-4 PH w/s 55-77 mils
Nitrided MHard Cr -.0011 - 33 19 25 34 600 .103 Final coeff. = 103
13-8 Elact.

17-4 PH
Elect. Nitrided -.0005 +.0002 32 21 18 26 600 .115 Final coeff. = .112
Nicke} 17-4 PH
13-8
Nitrided Hard Cr -.0022 -.0006 M 20 1 20 600 .108 Final coeff. = 107
13-8 {fountain

plating}

17-4 PH
Elect. Nitrided -.0047 -.0002 18 46 29 36 405 .136 Fina) coeff. = 123
Mickel 17-4 PH wu/s 76 mils, 100 hrs
13-8
Mitrided Mitrided -.5027 -.0003 32 L1 M 52 405 .097 Final coeff. = .081
13-8 12-4 PH w/s 68 mils, 100 hrs
Nitrided Nitrided -.0249  +.0001 12 18 1 15 405 .109 Fina) coeff. = 086
13-8 17-4 PH w/s 40 mils, 108 hrs
polished polished



T s \Ni Plate

- ~Ni Coating
<] 7-4 PH
- Base
-

188 pm

Nickel Plated « 1ogx
Hardness 818 Kg/mm

PR ,1:","“
N

i Plate
Nitrided
Coating

@l /=4 PH
Base

Nitrided 17-4 PH -ZIOOX
Hardness 840 Kg/mm
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| N\ Ni plate
- | 3oride Coating
. , - )
| e 17-4 PH
Base

108

Borided 17-4 pH - 190;
Hardness 1370 Kg/mm

N1 Plate
. ) ' Chrome Coating

: Base
)

throme Plats - 200§
Hardness 504 Kg/mm

Figure 6
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COEFFICIENT OF FRICTION

_Jast No,
load 1 i - 5 ] 7 g
19.5 .051 .051 .051 .051 .l .051 .051 .051
30 .1 083 .1 .1 .13 .1 1 .083
60 .1 .1 .1 .3 117 .1 117
90 .4 094 .094 .37 .178 144 .267
120 .l .192 .35
150 .54 .l 213
180 .103 .25
210 .105
240 .106
270 .352

Jest No,

Lload 9 10 11 12 13 14 15 16 17 18 19
19.5 .051 .051 .051 .051 .026 .026 .026 .051 .051 .026 .US51
60 092 .1 .09 .1 .090 .1 .092 .083 .083 .092
120 .1 .1 .103 .108 .233 .108 .096 .092 .096 .1
180 .097 .109 .10§ .111 L1058 .1 ..094 .094 .1
240 .1 11 Jd2 0 .131 .108 .1 096 .106 .1
300 .1 .116 .106 .22 13 .1 095 .1. .1
360 .101 .113 .118 Al .1 097 .104 .1
420 .099 .1l17 .109 JAl1 .1 .096 - .105 .105
480 .l .118 .11 109 .1 .1 .106 .106
540 .1 12 .101 106 .102 .l101 .113 .106
600 .1 .122 .099 .1l13 .108 .098 .103 .112 .107
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INTRODUCTION
This report will serve to document three tests that were conducted after the

data from project 89022 had been reported by MCL in report #890627. This test
program was conducted for GE CR&D under the direction of R. Johnson and R.
Mehan. The objective of this project was to evaluate coatings and surface
treatments for 13-8 and 17-4 PH stainless steel to determine their wear
properties at varying test conditions using the Faville LeValley Ring and Block

Tester.

CONCLUSIONS
1. A polished gas nitrided finish on both 13-8 and 17-4 PH gives the best test

results. Polishing consisted of removing only the gray layer formed on the
surface during nitriding with a 4/0 paper. The resulting surface finish
was as 12 pinches.

2. A list of the coating combinations that gave improved wear resistance over
bare 13-8 versus bare 17-4 PH is shown below with the best combination at

the top.
Nitrided 13-8 (polished) vs. Nitrided 17-4 PH (polished)
Nitrided 13-8 vs. Nitrided 17-4 PH
Electroless nickel vs. Nitrided 17-4 PH
Nitrided 13-8 vs. Hard chrome
Borided 13-8 vs. Hard chrome

TEST EQUIPMENT AND PROCEDURES
A1l tests were conducted using the Falex Ring and Block Tester. A photograph of

the tester is shown in Figure 1. The friction force is measured with a load
cell and recorded on a strip chart recorder. Load is applied through a 30 to 1
load frame which is part of the test machine.

Tests were performed by oscillating the test ring through a 15° arc at 200
cycles per minute in a mineral oil bath at room temperature. The test pieces
were cleaned with acetone and weighed before and after testing, and the surface

was measured at this time.
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The tests were started without load on the block. After running for 30 minutes
with only a bail weight on the block, 2 pound weights (60# load) were added, one
every 30 minutes until failure occurred or to a total load of 600 pounds.
Failures were ‘identified by erratic changes in the friction forces.

TEST RESULTS
Table 1 is a summary sheet of the data from the three tests. Coefficient of

friction measurements are shown in Table 2 as in the earlier report.

L, Euglohat JUHALS f.Liliani
RF Englehart, ' Phillip J. Tiberio,
Specialist Mgr. Friction & Wear Div.
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Table 1

Test Ring Block Max. Max.
No. Material Material Lube Coeff, Load

23  13-8/Poeton 17-4PH Nit. Min. oil 0.113 300#
polished

24 Elect. Ni. 17-4PH Nit. Min. oil 0.108 600#

25 13-8/Poeton 17-4PH Nit. Min. oil 0.102 240#

polished
Ring Block
Test Weight Weight Ring Surface Finish_
No. Change Change Before After
23 -.0023g -.0016g 32 -
24 +.0004g -.0010g 9-12 12
25 -.0013g -.0002g 30 -

- Comment s

Galled - ran 14 minutes at 300 1bs.
Coeff. @ failure 0.333. Step load - % hr.

w/s ; 0.032". Final coeff. = 0.093. Step load
- % hr.

Galled - ran 5 min. at 240#. Coeff. @ failure
0.35. Step load - % hr.

ock Surfa ini

10 -
19 8-10
10 -



Load
Lbs.

30

60

120
180
240
300
360
420
480
540
600

Table 2

C-17

Test No.

a3 24 23
.100 .080 .083
.100 .100 .100
117 .094 .092
111 .089 .094
.110 .096 .102
.113 .093 -

- .097 -

- .098 -

- .096 -

- .094 -

- .093 -
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FALEX RING & BLOCK WEAR TESTER

Figure 1
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