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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=AC2I=88MC23174.

KEY WORDS

coalwaterslurryfuel, coal-fueleddieselinjectionequipment,fuel injector,pistonpump,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:

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

of conventionaldiesel fuel to injection pressure levels.

• 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

• 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.

Lucas-Bryce Ltd developed a pressure-actuated fuel injectorfor the coal fueled diesel engine

program. This injector experienced recurringinternalgalling, 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: 109cycles

Maximum engine vibration: ± 50 g's along injector axisl

Injector location: On cylinder eenterline, between valve springs

Injector opening & closing time: 5.0 x 10"4see. (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-ram (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

cireumferentially 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 PI-I), 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 machinedthroughthe relief valve

poppet to provide a small through-flow of oil to preventexcessive temperaturerise.

!ForGETransportationSystem'ssinglecylinderengine,lowerformulticylinderengines.
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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.

Irdtially the injector accumulator chamber is full of CWS at 82.7 MPa (12 kpsi): fluid

pressure of 22.I MPa (3.2 kpsi) is applied to the top of the needle piston (at the interface of the

lower andupper housings); and purge oil is supplied to the needle rod at 104 MPa (I Skpsi).

With the piston of the engine on the compression stroke, an electricalsignal 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 S). 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 I 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

thr_ 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 temperatureof

482°C (900°F) for maximum wear/galling resistance. Originally, the needle rod was electroless



)

nickel plated but severe corrosion occurred in the CWS. Nitriding was selected as a suitable

altemative 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 displacemem transducer was obtained commercially (Wolff Controls, Winter Haven, FL)

and is designed for use in diesel fhels 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

partaged at $38°C (1000°F). In the aged condition, the yield strength is 1380 MPa (200 ksi) and

the fatigue limit is 690 MPa (1DOksi) for 10s cycles (Carpenter,1983). The maximum calculated

tensile stress in the wall of the accumulatorchamber 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.OS=mm(O.O02=inch)diametralclearancewith the

needle rod;this clearance has proven adequateto precludeseizure in CWS.

The upperhousingcontainsallfluidconnectionsandcheckvalveconnections(seeSection

3.3).Theservovalvemountstothesideoftheupperhousingandfitsbetweentwovalvesprings.

The upperendofthehousingisenlargedandcirculartofacilitatean O-ringsealbetweenthe

housingandtherockerchambercover.

Fastenersarealloysteels(Studs:ASTM A 193-B7,Nuts:A 194-24)withsufficientcapacity

andarepreloadedtowithstandbothinternalpressureforcesandexternalaccelerationloads.

3.3. Check Valves

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 standardhigh pressure

coned connection. The "low pressure" check valve is installed at the CWS inlet to the piston

pumpto prevent back flow when fuel is delivered at high pressure to the injector. The "finalcheck

valve design is shown in Figure 9 and Figure 10.

The main parts of the check v',dves are the poppet (moving memberwith conical tip), seat,

spring and housing. Figure 10 shows a two-partpoppet consisting of a hard conical tip brazed

4



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

reset 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 I0.0 ms. The modified plunger design is shown in Figure I I.

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 nm_g 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, approximately30 trouble-freehours 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 braze_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, pressurerelief valves were very difficult to

pre-set.

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

incorporated into a specially designed jerk pump, thereby eliminating one majorcomponent.
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Figure 4. Piston pump, disassembled: Relief valve(left); Check valve (right)
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Figure 6. Final fuel injector (assembled)



Figure 7. Final fuel injector (disassembled)
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Figure 8. Assembly drawing
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APPENDIX A

CORROSION OF VARIOUS INJECTOR MATERIALS
IN COAL WATER SLURRY

A.t INTRODUCTION

Significant corrosion of the electroless nickel plating that had been applied to the surface of

injector needle rods (Figure A=I) occurredin 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=MoS.S. Injector Housing and 17=4Lower 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=I). 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 programwas initiated at GE-CRD to identify alternativematerials with orders

of magnitude lower corrosionrates. CWS samples fromtwo sources_ Otisca, Inc.and CQ, Inc.

--were providedby 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 failureof 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 alternatebetween 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=TSmulticylinder (12=cylinder)engine was precipitationhardening 13=8Mo

stainless steel (PH 13=8Mo S.S.), age hardenedat 1000°F.

For the needle rod coating (requiredprimarilyfor wear and anti=galling protection where the

rod slides within the injector housing), nitriding appearedto be a desirable option to the failed
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electroless nickel. Nitriding also seemed desirable for the injector housing bores itxwhich 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 ratherthan cobalt should significantly reducecorrosion.

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

materialsand sources are given in Table A.1.

A.2.2 Test Plans

Small pieces (1.7 to 9.1 grams) of the various materialswere 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" ratherthan in "pure science.")

Initially, the j_trswere 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 (uncoatedaged 13-8 and 17=4S.S., and

cementedcarbides) to 3.5 to 1.0 month (nitrided 17-4 and 13=8S.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 greaterwith Otisca CWS.

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

and-nitridedconditions.

3. Nitriding contributedto increasedcorrosionratesof PH S.S. However, visual

examination of nitridedinjector parts aiterengine testing revealed no corrosiondamage.

4. The electroless nickel plated 17=4samples did not exhibit significantly differentweight

change from nitridedmaterial. It should be noted that phosphoruscontent andheat

treatment can have a significant effect on the corrosionresistance of electroless nickel

platings.
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5. Tungsten carbidewith nickel binder(VC-320) exhibited somewhat lower ratesthan 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. Sectionedsamples of successful nitridedPH S.S. and TiN coating are shown in FigureA-2.

A.4 REFERENCE

Properties and Proven Uses of Kennametal Hard Carbide Alloys, (Kennametal

Brochure S-82)
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Table A.I Corrosion Test Samples
I I

No. Composition Source Preparation

1,2 PH 13-8 Mo S.S. CRD Aged 1000°'F
i llllll i ill,,, , ,, ii i|

3,4 17-4 PH S.S. CRD Aged 900°F
i i i

5,6 Tungsten Carbide/6% GTEValenite Corp.
Co binder(GradeVC- I l) Troy,MI

i i

7,8 Tungsten Carbide/14% GTEValenite
Ni binder (GradeVC-320)

ill

9,10 PH 13-8 Mo S.S. Steel Treaters,Inc. Gas nitrided@ 1000°F
Troy,NY

ii i

11,12 Tungsten Carbide/. 6.% Kennametal,Inc.
Co.binder (Grade KF306) Latrobe,PA

i i i

13,14 17-4 PH S.S. Sun Steel Treaters Ion nitridedafter aging
Detroit,MI

ill

15,16 17-4 PH S.S. MetallurgicalProcessing Ion nitridedafteraging
New Britain,CT

i i i

17,18 17-4 PH S.S. Electroless Ni plated
H i i

19,20 PH 13-8 Mo S.S. Steel'Treaters Gas nitrided@ 1G00°F
_ .

21,22 17-4 PH S.S. Steel Treaters Gas nitrided@ 1000°'F
i i

23,24 17-4 PH S.S. ImplantSciences N2ions implanted after
aging

i,H ii i

25,26 17-4 PH S.S. MultiArc Corp. TiN coated _ aging
i

27 17-4 PH S.S. Metallurgical Processing Plasmanitrided@ 800°F
afteraging @ 900°F

i li ii il
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Table A.2 Corrosion Test Results
ii i ,

Sample Initial Sample Wt (gm) Overall Wt % Wt Exposure
m O_ea in CQ Loss (gm) Loss Time (w_)

| , ,. ,.

1 1.69042 0.00092 0.054 19

2 1.67578 0.00083 0.050 19
tl ii i

3 1.75945 0.00069 0.039 19
. i i i i

4 1,76863 0.00066 0.037 19
i i li

5 8.90540 0.02209 0.248 19
, ,i ii ,

6 8.84985 0.01298 0.147 19
ill |ii ii

7 9.05175 0.01626 0.180 19

8 "9.03144 0.00360 0.040 19
i i iiii i i iii ii ii

9 4.84549 0.05361 1.106 19
, t

10 4.88430 0.01"/99 0.368 19
I I III I

II 5.79889 0.01883 0.325 19

12 5.80474 0.00136 0.023 19
i i i

13 1.77080 0.03962 2.237 16

14 ' 1.76089 0.00676 0.384 16
t it

15 1.73926 0.00023 0.013 16
,.i ii ,

16 7.74658 0.00018 0.002 16
iiilullll i i i i

17 3.23035 0.00846 0.262 15
i i i i li,, ,,,i

I8 3.20374 0.00039 0.012 15
i i iiiii i II i

19 1.70524 0.05589 3.278 15
,i , ii ,i

20 1.68529 0.00821 0.487 15
el I

21 1.76618 0.02815 1.594 15

22 1.77726 0.00965 0.543 15
Ill • I

23 1.77713 0.00032 0.018 13
, , i i

24 1.77534 0.00023 0.013 13
ii i i i ill i

25 1.77614 0.00072 0.041 13

26 1.79560 0.00073 0.041 13
ii i ill IH

27 7.82112 0.02144 0.274 13
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Figure A-1 Corrosion of Electroless Nickel Plating in Coal Water Slurry
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Figure A-2. Sectioned samples of successful nitrided PH S.S. and TiN coating
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APPENDIX B

Assembly and Test of 6 Coal Slurry System 2C Injectors

for General Electric (Lucas Bryce, Ltd)



_seably and Teat: of 6
Coal Slurry System 2C

Injectors for General Electri=

Report No. 90-TN-041

by A G Jones

contributions by: M Pate1
R Fairs

copies to:- Mr C M D Little
Mr R Johnson
Mr A K Kalafala
Dr B D Hsu
Mr B D James
Mr J Porter
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Luca:Oi.elSyszemsHucclecoze
GloucemrGL34A8

Telephone;Gloucester(0452)371771
Telex,43217
Fax:Gloucemr(04521813427

R Johnson 8 October 3.990
General Electric Company
Buildlng KI-ES 205
SCHENECTADY, NY 12345
U.S.A. WJC/PLB/G. 37

Dear Mr Johnson

We have now completed the testing of the equipment for Phase 2C
oft he Coal Slurry progTane.

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

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
them.

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 recommendatlons into account during your
testing and any further design work.

Should you have any queries, please let us know.

Yours slncerely

W J Careen



Technical report GIoucesterLuca'BrVCeGL3Limited4A8
- i i1,= i j , , .,.,

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

i

'T....._r c". D _"_.ci=................ j==, .

Fwm A G Jones Red=. 90-TN-041

Acts ME R Johnson Oat, . 2 6.9.9 0

bl_J_r A K Kalafala, Mr B D James, Dr B D Hsu File
Mr J Porter, Mr M Patel, Mr R Fairs,

G S Thomas

SUNMAR¥

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 nozzle.

OscillogTams of system performance show a slow star_ to
injection, full load period slightly sho_cer 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 t/_rough the nozzle sprayholes may be masked on some
units by the unknown quantity of backing fluid leakage.

Various conclusions and recommendations are made.

ntis dltw,_/docummu=smqqdlltt andtheprWaVot _ Iq.m Umitml. It mastsot
becopied(in wholeorinpit). usedlotmenulacl=eorothenvisedisclosedwidtmJtprim'written

..,c collunt of the company.Anycopies of this do41:Uallmmldl byallymlllltlglm_t also inclu_
a cowof_i=inst.

=
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Technicalreport GloucesterGL34AB
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11tb Assembly and Test of 6 Coal Slurry System 2¢ Injectors for
General Elec_rlc.

-- = .i = = = === i= = iTo _ C M D Little
Je no. •

hem A G Jones Reprono." 90-TN-041

ActinnMr R Johnson Om , 26.9.90

idenmiaIHLrA K Kalafala, Mr B O James, Dr B D Hsu, Fib
Mr J Porter, Mr M Patel, Mr R Fairs,
Mr G S Thomas

__

ii i ii i ii ii iiiiii ii l J ___

1.0 INTRODUCTION

Lucas report 89-TN-049 documents our visit to General
Eleatrlc Corporate Research and Development; facillty 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 z

- G.E. nozzle tip having diamond sprayhole Inserts,
screwed onto Lucas nozzle assembly.

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

- pressure backing facility to incz;ease N.O.P. to
I0,000 Ibf/in _.

This system is being pursued by G.E. in parallel to System
3D (accumulator Injecl:or) because it is a much simpler means
of providing a CWS injection than System 3D - there are
potentlally less problems, due to electronic timing of the
injection as vlth 3D or maintaining consistent shot-shot
output owing to inconsistent pre-charglng 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 vlth 2B.

Owing to inability to sta1"c this job at Gloucester, Lucas
sourced the Design and component manufacture with their
sikter company, Luoas Diesel Systems at Concord Road,
London.

i

ThisdniwinoNocumlintisrJIpVfllihtandthepfopl_of_ _ UmjtMLItmustnot
,_ becopied(io_le orinpaIll,usedformmdactummodwwtsadiscJosldwithoutprim'u_riuen
,, consoiltOfduocompany._ COllieSofthisdocummtmadebyar_methodmustalsoincbdo
-" acorn,olthislanai.
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This report details results of component measurements, static
and dynamic tests at Lucas Diesel System, Gloucester, prior
to supply to General Electric, Schenectady of the 5 injectors
ordered.

2.0 EQUIPMENT SUPPLIED

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

Various Injector Spares - N.O.P. shims
- injector spring (I)
- dowels (8)
- transfer block assembly (1)

i pc. Wolff needle lift sensor/lead
i pc. Wolff univ. signal conditioner SSC-43001

/power supply cable

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

- 1 injector supplied less nozzle assembly.

3.0 TEST FACILITY

3.1 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 lbf/in 2 - both CWS and
purge oil drillings.

5. Assemble injectors and shim for 5000±50 lbf/in 2 Nozzle
Opening Pressure. Performance check for backleak rate
and chatter.
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- line pressure. Tapping for Kistler transducer type 6227
SN 299456 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

Figure 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

Figure 8

. - photographs of the test stand.

Figure 9

- Cross section of System 2C injector.
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5.0 DISCUSSION

5.1 Oscilloqrams

All the nozzle needle lift 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 llfted. 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 15 degrees for the older
System 2B positive displacement system. (Lucas test stand
result).

Peak pressures were somewhat lower than those obtained on the

System 3D accumulator injector (Pumping _ressure 20,300
lbf/in _, Injection pressure 14760 lbf/in, injection period
18.4 deg. cam - notch 8). 3mm more pump rack travel was also
required (full travel is 31mm).

5.2 Clearances/DTnamic Leakrates

5.2.1 Figure 5 shows the clearances in the nozzle assemblies were
very close to the required 2-4_tmvalue. 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_uI (Spec 2-4_Im).
The two instrumented units were fitted with 7_m clearance
blocks as a result of some tightening of the pins in the
bodies after test. (A spare 3jum clearance assembly has
been despatched to G.E. should they wish to change it in
unit GHI).

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.
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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, London had commented on the needle materlal 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 probable 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.

5.2.5 _ak Rates
Q

Figure 6 shows the purge oil leak test results. These were
taken by pressurising the purge oil cavity in the nozzle
guide to 18000 ibf/in _ , 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 alr-hydro pump tank to its full
condition before test. The back.leak volume measured must
contain some Mobil DTE 26 fluld leaked down the transfer
block/pln 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%.,o°

The reason for GHI 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 fluld supply rate _the displacement of a
sealed piston in a transparent tube in the backing fluid
supply llne would be one means of measuring this).

B-9



90-TN-041

Page 6

5.3 Handiest Performance

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 compare d with those on the engine and the
test is relatively searching for seat defects on conventional
nozzles.

All s_ats 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.

5.4 Backinq Pressure/N.O.p.

Figure 7 shows that a backing pressure around 3300-3400

ibf/in2 was required to obtain the desired total I0,000
lbf/in _ nozzle openlng pressure - this is some 300 lbf/in 2
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.

5.5 Static H.P. Tests, ,,i

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 2 in 30 seconds, which
is a relatively stringent test. Normally, this test is
applied at 4500 lbf/in z 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/lbf.
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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).

6.0 CONCLUSIONS

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

6.2 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.

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

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

7.0 RECOMMENDATIONS

7.1 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
_ynamic 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 1oadings to improve
sealing.

ACTION: Mr R Johnson

A G Jones
Proj ect Manager
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Coal Slurry System 2C
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Figure 4- Fuel delivery / CRO curve Injector 4976/4077
(Steep Helix Element) Fuel pump FCVAB240X0830
# GH4 Injector Test fluid Mobil DTE 26 (Z,j'r ,,4/)
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-llotch S - 1200 arC/InS 0 500 fix clue - 600 NLImln # _I._1_" l
- GN2 retained mt Gloucester t

Figure 6 - |njector Iluli d |dent!licit|on. I.O.P. Handiest. Purge o!I leek test resul!
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k. 8aek!_q Pressure v Backing Pressure .....Hozzle"Opening
(Mobil DTE 26) Pressure

ibf/in 2 Ibf/in 2

...... zsoo........ ssoo........

' 2_0o ....... 8750 - --

_vOo....... 9ooo

.......... 2,00 .... 90o0

2'9oo ...... 90oo

3o_o .......95_o
_eoreticall¥ .........
3040 lbt/_m_ should 3100.............. 9750
produce 10000 lbf/in 2 ........................
MOP 3200 9750

' " 3300 ......... 10000

3400 .... 10000

3soo.................... io50o ....

- "'37oo ' ' 1o500
II i i i

B. Hiqh vressuze statiq tests

Nozzle Nut -C_S leak pressure _ge oil l eaX press_e Bo_Jl passages
=orque lbf/tn 2 * lbl_/in 2 * pressurised
(:C-lbf)

.......35o ' 2oo6b ........... ' ...... GH1unit

400 .......... 21s60 .......... 21o0o' _ed

4so ..... 22o6b .............. 22o'0o .....

5oo....... 225oo ............. 22ooo....
...... iiii ii ii

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 - Backinq Pressure ,,v HOP and H.P. Test Results
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Figure 8 - System 2C - Test Stand Layout
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_n)a_or _3 leak pressure C_S leak pressure Purge oil leak
dent. (Purge unpressurlsed) (Purge pressurised) pressure CWS

lbf/in 2 lbf/ln 2

GH 1 23000 22500 22500

GH2 22500 22000 22000
-_ 3 23000 ' 22500 20000

_'4 23500 ' 22000 23000

_ 5 23000 22000 20000

GH 6 23000 ' 18000 20000 '

-- Figure 7 - Backinq pressure v HOP and H.P. t_st resu)_ - cont_
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Figure 9 - Cross section and plan view
of System 2C CWS injector
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APPENDIX C

Coal Burning Wear Tests

(Materials Characterization Laboratory)



_ATERIALS

_HARACTERIZATION
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f_ andWear

Tla_: COALBURNINGklEARTESTS
• .

.a.lemr: R. F; Englehar_.Technician
P. J. Ttberio. 14anager

ReportNo.: 890627 Dam: June 1989

i II II I II II

c,,.p 704CORPORATIONSPARK
SCOTIA,NEWYORK
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[NI"ROOUCT%ON

This test programwas conducted for General Electric Corporate Researchand
DevelopmentCenter under the d$rectton of It. Johnsonand R. Mehan. The objec-
tive of thts project was to evaluate coatings andsurface treatments for 13-8
and 17-4 PHsteel to detemtne their wearproperties at varying test condi-
tions uslng the Fav$31eLeValley Ring andBlock Tester.

Early tests wlth bare 13-8 against 17-4 PHproducedgalling andwcar at light
loads resulting tn the test progrm reported here.

CONCLUSIONS

1. A polished nttrtded finish on both 13-8 and 17-4 PHgives the best test
results. Po]tshtng consisted of removingon]y the gray layer fonmedon
the surface during nltrtdtng wtth a 4/0 paper. The resulting surf'ace
ftntsh was about 12 mtcrotnches.

2. A 11st of the coating combinations that gave tmroved war resistance
over bare 13-8 versus bare 17-4 PHts shou belowwtth the best cmbtna-
ttons at the top.

Nttrtded 13-8 (polished) vs. Nitrtded 17-4 PH (polished)
Nitrtded 23-8 vs. Nttrlded 17-4 PH
Electroless ntckel vs. Mttrtded 17-4 PH
Nttrtded 13-8 vs. Itmrdchrome
8orlded 13-8 vs. Hard chrome

TESTEQUIPFlENTANDPROCEDURES

All tests were conductedusing the Falex Rtng andBlock Tester. A photograph
of the tester is showntn Ftgure 1. The frlctton force is measured_]th a
load cell and recorded on a strtp chart recorder. Anymeasurableblock wear
• as recorded on the strip chart using a LVDTon the load frame knife edge.
Load1s app]ted through a 30 to 1 load frmmmvhlch ls part of the test:
mch|ne.

Tests were perfomed by oscillating the test rtng through a |So arc qt 200
cycles per stnute tn a mriMra] ot.1._t.h at roe taperat:urll. T_e te_ pieces
were cleaned v#lth acetone tunawelgne4Mtore and after testing, and the_sur-
face wasmeasuredat thts ttme.

The tests were started wtthout load on the blocJt. After runn|ng for 30
stnutes wtth only a bat1 weight on the block, 2 pound_mtghts (30# lomd) were
added, one ever,y 30 m|nutes until failure occurred or to a total lomdof 600
pounds. Failures were %denttf|ed by erratic changestn the frtctton forces or
LVOTs%gnalindicating galling ur severe wear.

Test samplecoabtnat|ons that reachedmxlnum loed were repeated to tnsure
data reliability. Ftnally the mostpromising smple combinationswere tested
for 100 hours at 405 poundsloed to detemtne their stability with time,

2O/14378
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Following each test the pteces were cleaned and weighed. The surface ftntsh
was measuredunless the wear surface was galled. Surface ftntsh measurements
were madewttha Taylor-Hobson Surtrontc 3 Instrument. Rndtngs are in
mtcrotnches, Ra (roughness average). The instrument was set at 0.03 in. cut-
off and 0.180 stroke.

TESTRESULTS

The test results have been tabulated and are showntn Ftgure 2. The table
showsthe samplecombinations, weight changes, surface ftntsh and the mtnum
Toadand coefficient of friction.

o

The ftrst stxteen tests were screening tests for all the material coabtna-
ttons. Tests 116-19 were repeat tests of the most promising comd)tnattons.
Te..ts /20-2Z were ttme exteMM tests rlan for 100 hours at a load of 405
pounds. All other test parameters were unchanged.

Figure 3 showsa bar graph of the ftrst 19 tests Indicating the htghest load
begot, Falluro occurrod, m load of 600 poundsreprusonts the maximumload
available on this test apparatus. Figure 4 shows the coefficient of friction
versus applted load for the ftrst 16 tests. Test staple combinations that
maintained a constant coefficient throughout the loading process were consid-
ered good mtertal combinations.

Figures S and 6 are mtcrographs of four tested coatings showing the thickness
and giving the coating hardness measurements. In al1 cases, the sampleswere
coated with nickel for edge preservation during processing. Thls eqUiP(siswas
performed at SE CP.&Oby R. Hehank_. is _l;tached,

Figure 7 showsthe results of the l(Ing tent (100 hour) tests. Nltr14ed versus
Nttrtded has the lowest coefficient of friction _tle the polished p_eces had
a nmrrower Nat scar.





CR&:D WEAR TESTS
600 _XlMU_ t.OAOS

/Vli .... 'i
/ / i / / / /
I / i t / f i

soo f I i I / I I
I / I / / / /
I i I I I I /
I / I / / / /
f i I / I i I

4oo i i i i i i i
/ I I I / I /

^ I i i f I f iml

__ i I i i i I /
3_ i I / I i i io I I I I 7 i i i

_ I i I i / I i I
I I i i / / I i

200 _ I i / i / / I i
I I / I / I f I

7 i I / I / / / I

I / / f / / I /

o , , / / / _ "i / _ ,,,
I " " I I I I i - I I

1 2 .I • 5 II 7 8 9 I0 11 12 ,I 14 IS 16 17 18 19

1"[$1'NU_I(R

I bari ba_

Z Mm Mm
3 bare bare
4 Ixim Mrm
5 Mre Herdohrmm
I [1eat. ntak, l Hird m
1 [lee%. nt_l TI Iltrll
8 Kle_t. nickel TI IlttrlQ
I lltrldN HIrd

IO [1_. nickel Iltri{it
IX 8oridIll ItIrd
lZ [1eat. nlaml Iortdid
1.t [lut. nickel kridid
14 b4m lttrt{it

15 Illtr_dld bl_
LE ittrtdU llttlrtdid

17 ittrt_ _
18 gle_. nl_l ltirldN
19 IIIrMN _
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my _!

!1_ Ilodl Ikl.
IIq I1_.. il_ il_t IIq h_ Flnl_ I1_ _ScI F_tl _. Frl_

tut I llltlrlal IIIterlll _aI I_lw_rm___ biota Aft_mr "-'--- Mr-_: l__J____ft. r_-- - _I_II " --_'I
- -- 1TIrll

1 _-II lilt 11-_1PII -._ -.000i l le I1 118 N .40 hth ring I bllo_
krm l_ro dNply _llml

Z 114 m 11-4 _ +.I -.MI3 I 18 150 ._ Iiq &block pl_kre _re

1 134 m 11-4 _ *.i -.NIo I 11 110 ._ ttq i block pl_bare _re

4 114 m 11-4 151 - - I 14 M .37 I_ • block piledkro kre

5 13-41HIT Hard +.N10 ,.I I 16 N .30 tlq • block pl_
_j

l Elect. Hard -.I - ll IS _ .5 tlN • block pl_ml:kml chramm

7 E|_. TiNt -.Nil - n lZ 120 ._ tlq i block pl_al_l

8 Elect. TINI -.I - ZI 11 N ._1 Rl_ • block pl_nisei

I Iltrl_ _ -.= ,.Oil 35 19 .101 Final coeff. - .IN
II-A _ ells3141 Ill!

I0 Elect. llltrldsd-.0044 -.NI5 14 42 _5 31 IN .IZl Flnalcnaff.- .122
nlcktl 17-4PII wljI18-74mlIs

11 _rl_ _ +.I - Z3 l0 37 40 l .1_ Final _ff. - ._
nickel c.Jbrue

12 Elect. _rl_ -._16 -._1 22 52 24 41 600 .Z45 Final coeff. - .l13
nickel 17-4 Pfl



• SUIgMItVSHEET

It_ Ilock Ikx.
ling Block Height Height lliql _rfI=I Finllh |lock Surflu:e Finish Nix. Frier Ian

Test I Ksterlal hterlll ChaNe _ Before Aft mr ---a'--Sm After L-_dT_-ff. r_----_ 1 , .

13 [1oct. Borided -.0051 -.0002 24 49 14 39 105 ._ Jtln9 & Block p|led
nick81 17-4 PH

14 19-0 HI Nitrhhd ,.OOM ,.O00Z lZ ZS 37 13 129 .t93 ling & |lock piled
bare 17-4 PH

IS litrided 17-4 Pfl -.0145 - M 81 ES _51 600 .lU Final cotff. - .105
lS-8 bare

ll Iltrkkd litrldJd -.lEd .05M 33 15 23 f2 JO0 .lOf FhoI cotff. - .098

15-8 17-4 PH vii SS..77 mils

_o 17 litrJded HJrd Cr -.0011 - 93 19 2S 34 .103 Final coeff. - .103
1]-8 -. EIoct.

17-4 I_

18 Elect. Jtitrided -.000S *.O00Z R 21 18 26 840 .11S Final cuff. - .11Z
NIck,all 11-4PH

11-8

19 Nttrhlmt Hard Cr -.002Z -.0005 34 ZO 1; Z0 605 .108 Final coeff. - .107
13-8 [fountain

plstlno)
17-4 PH

20 Elect. Nttrided -.0541 -.0002 18 46 _J 36 405 .136 Fhwl coeff. - .123

Illdt| 17-4 PII vii 16 mils. 105 his
13-8

21 Ilitridod Ilttrided -_9027 -.0003 3Z 66 34 52 405 .097 Final coeff. - .Ml

13-8 11-4 PH vii M mils. 100 hrs

22 JJitrldod Nitrided °.0249 e.0051 lZ 18 11 IS 405 .109 Final coeff. - .005.o

13-8 11-4 PN v/s 40 mils. 108 hrs
I_1 tMil I_1 lobed



• NI Plate
_. . Nt Coattng

7-4 PH
.ep Base

,_tckel PlatAd- I(]CJX
Hardness 818 Kg/m"

B

,_ltrlded 17-4 PH
Hardness 840 Kg/,u 2100x

Ftguve 6
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e

8ortded 17-4 Ptl - IQOX
. Hardness 1370 Kg/nl *

Chrom Place - 200_
Hardness 604 Kg/m -

Ftgure 6
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COEFFICIENTOF FRICTION

.......... Te|_No. ......................
Load 1 2 3 _ 5 G 7 §,'-

19.5 +051 .051 .051 .0Sl .1 .051 .OSl .051
30 .1 .083 .1 .1 .13 .1 .1 .083
60 .1 .1 .1 .i .3 .117 .1 .117
90 .4 .094 .094 .37 .178 .144 .267
120 .1 .1 .192 .35
150 .54 .1 .213
180 .103 .26
210 .105
240 .108
27O .352

........ Test MO,,
++ S.... i§ -Load 10 11 12 13 14 1 16 17 18

19.5 .051 .051 .051 .051 .026 .026 .026 .051 .051 .026 .b51
60 .092 .1 .09 .1 .090 .1 .092 .083 .083 .092
120 .1 .I .103 .108 .233 .108 .096 .092 .096 .1
180 .097 .109 .105 .111 .105 .1 .094 .094 .1
240 .1 .11 .12 .131 .108 .1 .096 .106 .1
300 .1 .116 .106 .22 .113 .1 .095 .1. .1
360 .101 .113 .118 .11 .1 .097 .104 .1
420 .099 .117 .109 .11 .1 .096 .105 .105
480 .1 .115 .11 .109 .1 .1 .106 .106
540 .I .12 .101 .106 .102 .101 .113 .106
600 .1 .122 .099 .113 .105 .098 .103 .112 .107
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COALBURNINGWEARTESTS
Supplemental Report

RF Englehart, PJ Tiberio

HCL890627,supplement
Ju]y ] 992
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0

INTRODUCTION

This report will serve to documentthree tests that were conducted after the

data from project 890Z2 had been reported by MCLin report #890627. Thts test

program was conducted for GECR&Dunder the direction of R. Johnson and R.

Mehan. The objective of this project was to evaluate coattngs and surface
treatments for 13-8 and 17-4 PH stainless steel to determine thetr wear

properties at varying test conditions using the Favtlle LeValley Rtng and Block
Tester.

CONCLUSIONS

1. A polished gas nttrtded finish on both 13-8 and 17-4 PHgives the best test

resu]ts. Polishing consisted of removing only the gray layer formed on the

surface during nitridtng with a 4/0 paper. The resu]ttng surface finish

was as 12 pinches.

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

the top.

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

Electroless nickel vs. Nitrided 17-4 PH

Nitrtded 13-8 vs. Hard chrome

Bortded 13-8 vs_ Hard chrome

TESTEQUIPMENTANDPROCEDURES

All tests were conducted using the Falex Ring and Block Tester. A photograph of

the tester is shownin F|gure 1. The friction force is measuredwith 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 measuredat this time.

C-14



The testswere startedwithoutloadon the block. Afterrunningfor 30 minutes

with only a bailweighton the block,2 poundweights(60#load)were added,one

every30 minutesuntilfailureoccurredor to a totalloadof 600 pounds.

Failureswereidentifiedby erraticchangesin the frictionforces.

TESTRESULTS

Table I is a summarysheet of the data from the three tests. Coefficient of

friction measurementsare shownin Table 2 as in the earlier report.

RF Englehart, PhilllpJ. l'Iberio,
Specialist Mgr. Friction& Wear Dlv.
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Table 1

Test Ring Block Hax. Hax.
oL. ute oLe eeen

23 13-8/Poeton 17-4PHNit. Hin. oil 0.113 300# Galled - ran 14 minutes at 300 lbs.
polished Coeff. 0 failure 0.333. Step load - s hr.

24 Elect. Ni. 17-4PHNit. Hin. oil 0.108 600# w/s- 0.032". Final coeff. -0.093. Step load-shr.

25 13-8/Poeton 17-4PHNtt. Hin. oil 0.102 240# Galled - ran 5 min. at 240J. Coeff. 0 failure
polished 0.35. Step load - s hr.

Ring Block

Test Weight Weight Rinq Surface Finish B]ock Surface Finish
,_ oL. Ca_h.jg_ _ _ '" _ Before A_

23 -.0023g -.0016g 32 - 10 -

24 +.O004g -.OOlOg 9-12 12 19 8-10

25 -.00139 -.O002g 30 - 10 -



Table 2

Load TestNo.

30 .100 .080 .083
60 .100 .100 .]00
120 .117 .094 .092
180 .Ill .089 .094
240 .llO .096 .102
300 .113 .093 -
360 - .097 -
420 - .098 -
480 - .096 -
540 - .094 -
600 - .093 -
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FALEX RING & BLOCK WEAR TESTER

Figure 1






