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~A diesel engine monitor system has been synthesized from several parameter
measurement subsystems which employ measurement techniques suitable for use on
the main propulsion engines in U.S. Coast Cutters. The pr imary functions of the
system are to monitor selected parameters , activate alarms or warnings when a
critical failure mode is in progress , disp lay all monitored data for hand recording
by eng ineering personnel , and provide limited but adequate data—processing capability
for anal ysis of these data. Diagnosis of existing engine problems and prognosis or
prediction of incipient problems are accomplished by app lication of an interpretation
rationale to the raw and ana lyzed data. The system works in conjunction with
existing shipboard instrumentation , off—board laboratory analysis results , and
crew inspection findings. ~~~~

-

Parameter measurements such as blowby flowrate , main bearing block temperature ,
and rack position are made electronicall y using state—of—the art techniques. Unique
electronic circuitry and data disp lay devices are featured to permit analysis of
engine diagnostic parameters. Fina l analysis of data for both diagnosis and prog-
nosis is by human interpretation . The monitor system is not computerized .
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H
I. SUMMAR Y AND RECOMMENDATIONS

This report provides the results of a part of Phase LI of Contract

DOT-TSC - 920 . The objective of the work reported herein was to recommend

• 
a suitable diagnostics system for use with the diesel engines used for main

propulsion in U .S. Coast Guard cutters . The information upon which

this work is based was obtained from various manufacturers and from SwRI

experience in similar endeavors.

The primary difficulty encountered in this effort lies in the great

range of solutions that are possible, and the consideration of these possible

solutions in choosing the most effective system for the intended purpose.

At the present time , diagnostic equipment is available (or in the process

of development) that ranges in complexity from large computer-oriented automatic

teat equipment employing many sophisticated transducer systems , to the

P application of a simple portable measuring instrument. Between these ex-

tremes lies a multitude of possible solutions for the Coast Guard engine appli-

cation. Our choice of system was based upon considerations of equipment

reliability, operator skill , and the basic needs for this application.

The system that is recommended as a result of this work provides

several types of information with different uses. First , the system monitors

selected data input s from the engine, compares theie Inputs with out-of-limit

specifications , and signals an alarm to warn of conditions that indicate an

impending failure that requires immediate corrective action. Serond, the

system provides a means for diagnostic evaluation of the engine , where the

term “diagnostic refers to the determination of the cause or location of a
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fault that exists in the engine. Such diagnostic evaluations are designed to

reduce the time necessary for engine repair. Third, the system provides

means for the formation of a prognosis of impending component failure.

Such prognoses are pertinent to those types of failures that are associated

with long-term wear or deterioration in which an engine parameter can be

observed to vary consistently over a period of time towards a value that

indicates engine failure (time-based trend analysis). Prognosis allow s a

failure prediction and accurate preventive maintenance planning. Fourth,

the system displays certain engine pe rformance parameters that provide a
measure of engine output and efficiency. These parameters are useful both

in diagnosis and prognosis.

A suggested panel layout of the diagnostic instrument is shown in

Figure 1.1. A description of the use of the diagnostic instrument, w ithou t

explanation of function, follows.

Alarm indicators are provided for engine overheat , over load, ex-

cessive blowby, impending main bearing failure, lubrication fault , and cyl-

inder misfire or power imbalance. These alarms automatically function

when the measured parameters exceed specified tolerances. Since tole:ances

may vary with engine speed and load, the instrument monitors both speed

and load to provide a continuously updated performance tolerance limit .

Diagnostic information is contained in three subsystems of the unit:

the temperature subsystem, the special paramete r subsystem, and the diag-

nostic subsystem. The temperature subsystem is a straightforward temper-

ature indicator with selector sw itch in order that the following temperatures

may be visually observed:

2
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Main bearing

Coolant into engine

Coolant out of engine

. Oil sump

Common exhaust duct

Individual exhaust port 4

Fuel inlet

Ambient air

Intake manifold or air box

Air intercooler

Turbocharger air

Oil cooler

. Turbo oil return

Sea water Injection

The special parameter subsystem permits either continuous or , in some

cases , intermittant monitoring of several unconventional parameters:

Instantaneous crankshaft angular velocity (ICAV)

Cylinder pressure - time relation (p - t)

Cylinder pressure - volume relation (p - v)

Rack position

Coolant flow rat e

Blowby flow rate

Dynamic crankcase pressure

• . Apparent rate of heat release

The diagnostic or data analysis subsystem features an oscilloscope with the

-

.. —— - -  
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capab i l i ty of retaining dynamic data for display for an indefinite pe riod of

time , a graphic plotting unit for pe rmanent recording of pe rtinent data (some

of which ~s plotted by hand), and a standard programable electronic- calculator

to facilitate basic mathematical process ing of raw data. Such mathematical

manipulation is kept to a minimum in this system, however.

Due to the complexity and cost of adapting currently available instru-

mentat ion to the engine room environment , the important engine pe rformanc e

parameters of torque/power , fuel consumption rate , and exhaust smoke

densit ,’ are omitted from the monitor , and in their place are parameters

(rack position , engine speed , fuel and air densities , ex haust tempe rature)

that permit ersatz  engine pe rformance and efficienc y to be determined . This

substitute or synthe tic performance fac tor is used to inform of a sudden

change in performance (warnin g function) or of a gradual change (prognosis

function). In both cases , diagnostic steps can be taken to determine the L

cause(s ) of the performance/efficiency deterioration.

In practice , the functioning of the monitor would proceed as follows.

An alarm sounds only when a parameter associated wit h one of the six engine

subsystems shown on the alarm panel in Figure 1. 1 indicates that an out-of-

limit condition exists. Such a condition must be remedied or at least

amelIorated as soon as possible , eve n to the point of shutting down the

engine until corrective action is taken. The same parameters monitored

by the alarm system, all of the conventional parameters listed above , and

the so-called special parameters of ICAV , rack position, coolant flow rate ,

biowby rate and dynamic crankcase pressure , are measured continuously.
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Their values are plotted (mostly by hand) at hourly interva ls on the strip
chart at the bottom of the monitor. These values are in eithe r “raw ” or
processed form; Processing is by signal conditioning in the monitor or by
use of the programmable calculator unit contained in the monitor panel.
The plotted parameter values are thus s how n on the chart as functions of
engine ope rating time a!xl can be analyzed for trends by engineering personnel.
These trends are interpreted according to a furnished method or rationale
to determine when corrective maintenance must be done. If further diagnostic
information is required , the special parameters of cylinder pressure_ ~ j~~~
(p-t), pressure_volume (p-v), or apparent rate of heat release (ARQHR)
can be displayed on the CRT screen of the monitor for study. The ersatz
or Synthetic engine performance factor is calculated from these Special
parameters and can be used in an ove rall evaluation of engine condition.

1
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2. INTRODUCTION

2. 1 Program Background and Objectives

Southwest Research Institute (SwRI) began work in November, 1974

on Contract DOT-TSC-920 for T ransportation Systems Center of the U. S.

Department of Transportation and the U. S. Coast Guard Office of Research

and Development. The initial part (Phase 1) of that program involved an

investigation of methods to reduce fuel consumption and exhaust emissions

of large in-service diesel engines used in locomotives and several classes

of Coast Guard cutters. Phase I was completed in September, 1975 with

the publication of a report (1) that summarized the findings and conclusions

and presented a list of recommendations as to the course that future (Phase II)

work should take.

One objective of the Phase I effort was to ascertain current main-

tenance practices applied to these engines and to evaluate the effect of these

practices on engine fuel consumption and emissions levels. It developed

that available information was insufficient to permit determination of a

quantitative relation between the type of maintenance practiced by the engine

users and the resulting effects on performance and emissions. However,

this effort did produce valuable information on the types of maintenance

programs employed with these engines.

Specifically, it was found that the Coast Guard at that time used an

~
as_required

~ 
maintenance program for the engine center section, which

consists of all cylinder assemblies (pistons , piston rings, and cylinder liners),

~~torment, 3.0. , C. D. Wood, and R. 3. Mathis , A Study of Fuel Economy
and Emission Reduction Methods for Marine and Locomotive Diesel Engines,
Report No. DOT-TSC-OST-75-4 l , U.S. Department of Transportation, September
1975

7



main and connecting rod bearings , and th~ crankshaft(s) . Under this progra m,

the two principal methods used to determine condition and performance of these

component. are (I) periodic analysis of the spectroc hemical and ph ysical

properties of the lubricating oil , and (2 ) monitoring of parameters such as

cran kcase pressure , exhaust mani fold p ressure, intake mani fold or air box

pressure , and exhaust gas temperatures for individual cy linders by standard

instrumentation .

Values of these parameters, plus wear metal concentr ations from th e

lube oil analysis , are plotted as functions of engine operating time to obtain

a t ime-based trend analys is of the data. Another indicator of overall engine

condition is the full-power trial , wherein the ability of the engine to develop

rated load and speed Is determined . Individual-cylinder values of exhaust

tømperature , firing pressure , and fuel rack setting are recorded during the

full-power run and later analysed to determine if the engine is performin g

normally.

The “as-required” maintenance program, which is entirely conventional

in nature , was said to be work ing well in general . However , there were a

number of cases reported that indicated there was room for improvement:

engines that required overhaul at Int ervals of 7,000 to 12, 000 hours of opera-

tion (about one-half the time for the same engine models in other marine

applications) and , in at least two instances , engines that experienced severe ,

almost catastrophic deterioration of center section c omponents without giving

unambiguous indication of the fact in the values of performanc ‘..arameters or

lube oil wear metal conccntratj onq .

8
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It seemed likely to SwRI that if major engine problems could develop

undetected, then other , at present minor problems could remain undetected.

These minor problems not only have the potential to become progressively

more serious , but also to cause fuel consumption and exhaust emissions

(particularly smoke ) to be above nominal levels.

Therefore , it was recommended that a primary task in Phase II of

the program be to determine the parameters associated with performance

of critical engine component s , and to develop prototype instrumentation to

monitor these parameters and the rationale needed to interpret the data.

The information thus obtained would indicate when replacement or adjustment

of these components was necessary, without the risk of either premature

(hence , unnecessary) repair or component failure. It would then be possible

to institute a maintenance program that would obtain both maximum useful

component life and maximum efficiency from the engine as a whole . Thi s

last item would mean that fuel consumption and smoke opacity were main-

tained near optimum values.

Principal objectives of this program were the following:

a. Determine candidate parameters that are diagnostically significant

for engine center section components.

b. Enumerate state-of-the art measurement techniques for the candidate

diagnostic parameters.

c. Show how problems in other engine subsystems (e. g., fuel injection,

cooling, lubrication) can cause excessive wear and premature

failure of center section components.

9
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d. Determine candidate diagnostic parameters and measurement

techniques for these primary or causative engine problems .

e. Select the most promising parameters and measurement techniques

and make recommendations for future development work in a

follow-on program.

This program is, therefore , an initial survey and study to define engine

diagnostic concept s that are potentially applicable to the Coast Guard’ s situa-

tion and that are thought to be worthy of further investigation and development.

2. 2 Summary of Study Methods

Information on the topics of interest was obtained from a literature

searc h and contacts with outside companies such as engine manufacturers ,

shipbuilders, and transducer and instrument manufacturers. Conversations

with engine manufacturers have been primarily concerned with problems

involving crankshaft bearings and cylinder assemblies. Builders of tugboat s ,

which are often powered by engines used in Coast Guard cutters , have outlined

the nature and extent of engine monitoring equipment currently installed in

these vessels. Manufacturers of transducers and instrument s have provided

information on the state-of-the art developments in their areas.

In addition, the experience SwRI has gained in other prog rams involving

diagnostic cont ept s for truck-size diesel engines has been used extensively.

Information obtained in preparing the Phase I report has also been used,

especially such information as concerns the main diesel engines of interest.

The main diesel engines that are germane to this study, togethe r with the

cutters they power , are listed below.

10
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Engine Make, Model and Type Cutter Class

Fairbanks Morse 38TD8-1/8 , two-stroke cycle, 378’ WHEC
turbocharged, opposed -piston, 12 cylinders

ALCO 251B, four-stroke cycle , turbocharged, ZlO’B WMEC
V-block, 16 cylinders

Fairbanks Morse 38D8- l/8 , two-stroke cyc le, 310’ , 290’ , 269’
blower scavenged , opposed-piston, 12 cylinders WAGB

Cooper Bessemer FVBM l2-T , four-stroke cycle , 2l0’A WME C
turbocharged, V-block , 12 cylinders

Enterprise DSR-46 , four-stroke cycle , 269’ WAGB
turbocharged, in-line, 6 cylinders

However, it should be noted that the general diagnostic relations and principles

discussed here are applicable to large diesel engines in many applications.

Engine problems considered in this study include those that (1) can

result in serious engine c enter section damage if they remain undetected for

a relatively short period of operating time, (2) allow an engine to operate,

but with inc reased fuel consumption, decreased power output , and inc reased

smoke opacity, (3) originate in component areas other than the center section,

but that can induce or contribut e to center section problems if not corrected .

Concept s of problem detection and diagnosis considered here are those

that (1) have been applied (perhaps only in the laboratory) to diesel engines of

any size and design, (2) appear to be adaptable to the large, medium speed

engine s of interest , (3) can be integrated , both physically and operationally,

into existing cutters without extensive changes to either engine room hardware

or procedures.

11
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2. 3 General Considerations of the Coast Guard Engine Monitoring System

It is our opinion that the Coast Guard would benefit from use of improved

instrument ation in conjunction with their large main propulsion diesel power-

plants. This section presents an expanded discussion of the design philos-

ophy of the prototype monitor system, including the role of the monitor in a

general maintenance scheme for the Coast Guard.

2. 3. 1 Functions of the Monitor System

The prototype design will feature improved and advanced instrumenta-

tion for the detection and diagnosis of fault s in the main diesel engines. The

monitor system will perform the following functions:

a. Automatically monitor a limited amount of selected data and alarm

for out-of-limit conditions that could result in component failure and extensive

engine damage or reduced pe rformance. The monitor will indicate failure

symptoms in the following engine subsystems:

Lubrication

Cooling

Fuel Injection

Mechanical Power Assemblies

b. Display diagnostic data that can be used to isolate or pinpoint

the defective component or cause.

c. Display data that can be analyzed to form a prognosis or prediction

of failure , which will allow accurate preventative maintenance planning.

d. Display performance parameters as an indicator of overall per-

formance and efficiency, and allow optimization of adjustments.

12
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The maintenance monitor system will aid engine room personnel in

routine maintenance planning and t rouble shooting . The data currently

logged aboard ship is judged inadt ’quat. I~~* thorough di ag nosis and prog-

nosis. Specific parameter measurement s are de-cribe d later in this report

that supplement the existing data taken aboa rd ship and provide a logical

prognostic approach. The dat a analysis equipment avaiLab le aboard ship is

not adequate for isolating sever al types of diese l engine faults . Equipment

is described that will enable a detailed diesel engine diagnosis without the

need for unusual test conditions. The procedures and methodology by which

the currently logged data is used to render diagnosis and provide a prediction

of failure is limited by- the data being taken and by the limited utilit y of the

data. A method of expanding the uses of the data is outlined in a later section

of the report. It should be noted that the utility of the existing data and diag-

nostic techniques is expanded through use of new and supplementary measurements.

2. 3. 2 Degree of Automation

It was decided early on in the study that any program to develop a pro-

totype monitor system for ‘he Coast Guard should emphasize transducer

selection and data usage rather than automation and advanced data processing

hardware. Computer automation for fast data acquisition, automatic analysis

and precision presentation of the data -- eithe r by printers , displays or

plotters -- Is premature at this time. The automation task can be accomplished

13
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if desired or needed at a later date by numerous contractors , including SwR1.

The proposed maintenance monitor protot ype is the refore to be man-

uatly operated to a large extent during the initial shipboard applIcation. No

tie-in with engine controls is suggested at this time.

2. 3. 3 Development of Data

The above conclusion leads to the next maior conclusion, i. e., that

exploratory evaluations are needed ,bey-nd those achieved through strai ght-

forward study methods, to develop fully the diagnostic rationale pertinent

to each parameter selected. While the several candidate parameters selected

for use in this monitor are relatively well known and their usage in diagnostics ,

prognosis, and monitoring is familiar , more time is needed to develop the full

utility of each measurement. The study program did not permit adequate

time to be spent in the full data usage development of each measurement, In

some cases, exploratory evaluations using full-scale engines and ship propul-

sion units are required for the full development of each measureme nt .

2. 4 A Synthesized Monitor System

A monitor system is described in the following paragraphs that re-

presents a summation of the general conclusions made in the prevtous section.

2. 4. 1 Hardware

The monitor will be a permanent part of the control room and is de-

signed to accomodate both of the main propulsion engines. The system will

require ship’s power and electronic signals from sensors located on the engines.

Fignre 2. 1 illust rates sc hematically how data from both the monitor and existing

instrumentation cdmbine to aid in diagnosis and prognosis of engine faults.

Six subunits comprise the monitor system: Warning indicator.

14 
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special parameters, temperature indicator , diagnostic unit , calculator, and

graph plotter. Table 2.1 identifies each of the parameters measured by

these units.

The information from the warning indicator unit and the trend analysis

derived from the plotted data serves to indicate faults. The data provided

by the remaining units is used to isolate faults or diagnose.

a. Warning Indicator Unit - The first unit is a warning indicator

that alarms the ship’s c rew that major engine failure or fault modes are in

progress. The messages with a brief explanation for each are presented in

the following list,

(1) Overheat - Excessive engine coolant temperature referenced

to engine load.

(2) Overload - Excessive load on engine based upon rack position

and speed.

(3) Blowby - Excess blowby referenced to engine load and speed.

(4) Bearings - Excessive main bearing block tempe ratures.

(5) Lubrication - Oil pressure out of limits referenced to

engine speed.

(6) Misfire - Excessive misfire, slow burn, low power yield in

individual power assemblies.

Details of each of the warning indicator circuit s is detailed in a

following section on diagnostic parameters. The six warnings cover the

cooling, lubrication, fuel, and mechanical systems of the engine in such a

way as to indicate the most serious and damaging faults that can occur in a

16
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catastrophic manner. These six alarms were selected on the basis of problem

ana lys is and interview s with engine manufacturers , ship operators, and labri-

c ators o f monitor systems.

b. Special Parameter s (
~nit - Six special parameters are measured

that are uni que to the s~ ip~s existing instrumentation. The following tdent if ies

eac h parameter and its use in the monitor ~- v-  tern as a trend ~t na lv s is paramete r -

Il l  ~‘ue l Injection Rack Position - allows a senso r reading which

when combined with speed yields .i function related to engine

output power. This is used in referencing those pa rameter

limits that vary in proportion to engine torque or power.

(2 ) Time — absolute day, hour , minute time for dat a logging

reference.

~~ Engine Hours - the running time of the engine since the last

major overhaul . The cloc k runs w hen engine rpm is greater

than 50 rpm.

(4) Crankcase blowbv . gas flow r ate - used to establish a relative

me a sure of piston, r~ ng. liner wea r condition.

(5~ Water f lowrat c - ‘is..~i to establish the rate of heat transfe r

of t he cooling system and is used in conjunction with coolant

temperature. and lab anaLv~ is of the coolant .

~
.) Misfires - a display of the running average of the ratio of

engine rpm to “ mis Ij ees ” which establishes the misfire c on-

dition and allow s determinat ion of any inc rease with time or

• change due to preventative maintenance actions.

~



TABLE 2.1 — The Monitor Data Inputs

Raw Data Processed From Raw Data Use

1. RPM Engine reference condition
a. Instantaneous Crankshaft Misfires , cylinder imbalance

Angular Velocity (ICAV) due to low power on compression
b. Instantaneou s Cranking Compression analysis during

Speed (CM) cranking
2. Combustion Cylinder compression

Pre s sure
(As Required ) a. Pressure—Volume Traces (PV) Abnorma l combustion , indicated

cylinder power
b. Rate of Heat Release (AROHR) Fuel injec t ion faults , abnorma l

combustion
3. Top Dead Center Reference for dynamic measurement s

Signa l to allow isolating defec t ive cy linder

4. Rack Position Calculation of approx imate fuel rate ,
calculation of approximate load,
ref erence

S. Clock Time Reference for trend data

6. Engine Hours Elapsed t ime on engine

7. Crankcase Pressure (No direct application )
a. Dynamic Crankcase Pressure Compression fault analysis

(PKD)
b. Blowby Flowrate (MBB) Cyl inder assembly wear

8. Oil Leve l Safety monitor , maintenance indicator

9. Coolant Flowrate Cool ing system condition

10. Oil Pressure Lubrication system condition
with Standard ized
Pressure Regulator Position

11. Main Bear ing Cap Main bearing condition
Temperatures

12. Exhaust Port Temperatures Cylinder power balance , fue l
injection pump adjustment

13. At across Turbo Turbine Turbocharger turbine defects

14. Fuel Inlet Temperature Reference for fue l rack calculat ion
of fuel flow

iS. Oil Sunip Temperature Reference for oil pressure ana lysis
of oil pump

16. At Oil across Heat Defec t ive ~iI cooler—oil side
Exchange~-

17. Turbocharger Oil Turbocharger bearing defects and
Return Temperature lube oil system defects

18
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TABLE 2 . 1  - Concluded

Raw Data Processed From Raw Data Use

- 
18. Sea Water Temperature Heater exchanger defects

19. At Water across Oil Cooler Defective oil cooler—water see

20. Water in Temperature Cooling system diagnosis

21 . Water out Temperature Cooling system diagnosis

22. Pit Air across Intercooler Defective intercooler

23. Ambient Air Temperature Reference , intercooler diagnosis

Pressure (Gauges)

24. Pip across Fuel Filter Fuel filter analysis

25. Pip across Oil Filter Oil filter analysis

26. Coolant Pressure Water pump diagnosis

27. Oil Gallery Pressure Lube oil system diagnosis

28. Sea Water Pressure Sea water pump diagnosis

- 29. Fuel Transfer Pump Pressure Fuel pump diagnosis
— 

30. Turbocharger Pressure Turbocharger diagnosis

- Lab Analysis Data

31. Oil Ana lysis Oil condition bearing condition piston
ring liner wear

4 32. Coolant Analysis Heat exchanger condition coolant
condition

I

19 
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An optional readout in this section is oil level. This is based upon

the fact that several engines do not have provisions for oil level sight glasses

and there would be no method of establishing oil consumption during long

periods at cruise condition. In many cases oil consumption correlates with

engine blowby flowrate , and an estimate for oil consumption can be obtained

in this manner.

Each of the instrumentation techniques used for rr~ asuring the special

parameters, and a discussion of how the data applies to the monitoring tasks,

is detailed in a section to follow on diagnostic parameters.

c. Temperature Measurement Unit - The unique measurements

made by the temperature unit are the individual main bearing block temper-
- 

— atures and differential temperatures across heat exchangers. All of

the temperatures currently measured by shipboard instrumentation are

now measured by the monitor ’s temperature measurement section - This is

suggested since some current temperature measuring equipment aboard

ship is not of the quality available today and the addition of inputs

to the temperature indicating unit would not present a significant

expense.

d. Diagnostic Unit - This unit is based upon a standard memory

oscilloscope with custom designed circuits for input signal conditioning and

display. The operator simply selects the diagnostic parameter of interest,

and the proper vertical scale factor and time reference is made available to

him without need for a series of adjustments. The diagnostic unit is used

20
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in the event a malfunction in one of the power assemblies is indicated by the

“misfire ” warning li ght. The unit will enable the ship’s crew to isolate the

faulty power assembly and to determine the cause of the malfunction. In

the event that simple fuel rack adjustment s or valve adjustments can be

made to remedy the fault , the analysis unit can again be used to check the

effects of the maintenance action upon the observed symptoms. The specific

measurement s d isplayed on the diagnostic unit are dS follows:

TDC - Top Dead Center reference marks for each cy linder , No. I

cylinder top dead center is accompanied by an additional mark at 5o ATDC.

This signal is displayed as a reference below each of the remaining dynamic

parameters.

ICAV - Instantaneous Crankshaft Angular Velocity measurement s

allow examination of the engine speed to locate low power-producing cylinder

assemblies. The cause of the low power can be related to compression

fault s, aspiration, or fuel injection by use of the following parameter meas-

urements.

PT, PV, AROHR - These measurements are all based upon the

cylinder pressure information available from the blowdown petcocks on each

cylinder head. (PT is Pressure versus Time, PV is Pressure versus cylinder

Volume , and AROHR is Apparent Rat e Of Heat Release derived from cylinder

pressure and cylinder volume measurements.) The cylinder pressure and

volume parameters are used to diagnose fuel injection fault s , aspiration fault s

and compression defects in each cylinder assembly.

• Cranking speed (CN) analysis is used during the instant of start

up to isolate faulty compression in a particular cylinder assembly.

21



Dynamic C rankcase Pressure (PKD) is used to isolate defective

compression due to defect ive rings , piston or liners in an individual cylinder

assembly.

The diagnostic unit is In use only when there is a need to isolate

faults unique to specific cy linder assemblies. However , power and sensor

input data is always available to it when needed. The cy linder pressure

transducer is an exception to this statement. When a fault has been isolated

to a specific cylinder assembly by analysis of ICAV , CN or PKD parameters ,

then a pressure sensor is installed in the petcock of the appropriat e cylinder

md the dynamic analysis can proceed to furthe r isolate the problem cause.

The scheme by which these parameters are used in conjunction with

— other parameters in the diagnosis of diesel engine fault s is presented along

with specific sensor details in the diagnostic parameter section of this report .

e. Calculator Unit - The calculator unit is a common prog ramable

electronic hand calculator similar to those produced by Hewlett Packard or

Texas Instruments. It enables the operator to do several computational

tas ks that would take up an excessive amount of time if performed by hand

using a slide rule or a non-programable calculator. The calculator is

adapted and built in to the monitor hardware and is wired for battery re-

charging. The following tasks are pe rformed by t he calculator:

(1) Computation of heat exchanger factor for the engine using

water (low and tempe ratures.

(2) Computation of the load factor using rack position and rpm.

(3) Computation of engine efficiency factor using rack position

rpm and operating temperatures.

22
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(4) Computation of indicated cylinder power by integration of

pressure-volume display.

(5) Calculation of the change of prognosis parameters with time.

(6) Ext rapolation of prognosis trend data.

The calculator is a built-in feature of the monitor system and is pre-

programed to handle the above mentioned mathmatical operations. Advan-

tages of this scheme are that sea trials and shakedown teats of the monitor

may indicate that some program changes to accomodate particular engine

idiosyncrasies are necessary. If so, they could be performe d with little

impact upon the monitor. Use of either hardwired electronic logic or a

minicomputer system at this point would prove to be very expensive should

changes be necessary. Changes of this sort are anticipated since all aspects

of each dat a parameter are not now well known.

f. Graph Plotter Unit - A conventional strip chart recording unit

is used to record rpm and rack position continuously at all times. The

recorder has a slow chart speed of about . 25 in. per hour. Prognostic trend

parameters are hand-plotted on the plotter at hourly intervals during opera-

tions . The prognostic trend data is listed below :

(1) Blowby f lowrate

(2) RPM/misfire ratio

(3) Heat exchanger factor

(4) Load factor

The plotter represents a time-saving device that will produce ~

satisfactory data record while not presenting an extreme burden upon the

watch— stander .

23 
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2. 4. 2 Faults Detected and Procedures

a. Faults Detected - Table 2.2 is a list of faults c ommon to each

of the diesel propulsion units. The monitor ’s capabilities in detecting these

fault s are Indicated in the adjacent columns. Automatic monitor detection

includes those fault s indicated on the warning indicator unit and usually

includes several faults under one indicator light. Manual detection techniques

include review of logged data , review of prognosis graphs , and human analysis

us ing the diagnostic unit. The analytical complexity involved in diagnosing

the fault is indicated in the next column. “Easily Diagnosed” involves items

as simple as limit checking, whereas “Complex Analysi s” involves making

several measurement s , making comparisons with normal standard s for

those parameters , and following a flow diagram to obtain the diagnosis.

For example, analysis cons idered to be complex is the comparison of

trend data ove r a long period of time.

The Remarks column deals with the state of development of the

interpretive rationale , transducers , and signal cond itioning. If the

detection technique is feasible but the data interpretation requires develop-

ment , then the term “rat ionale development” is used. If sensor develop-

ment or signal conditioning is required, then “sensor developrnen~” is

indicated in this column. “Not feasible” is explained in the bod y of the

report.

b. Procedures - The Maintenance Monitor will be utilized in

seve ral ways

24

____5__ — — -__ ———-_— -—--_ -__- —— -—-_—_ —_ - -_.—
~ ~~~~~~~~~ ~~~~~~~~~ __~~~_ _



T

IA  I~I, I .‘ . .~ — Fault I)etect ion Kffect veness Of Monitor

Automatic Manual AnaIy~ t.
Monitor sully Complex

— 
Fault Selector I)la~nosed Ana lysis 

— 
Remarks

1. Overheat X X Rationale Development
.~~. Overload X Sensor L)cvelopment
t . Defective Cylinder Seats X
4. Low Cylinder Compression X
5. Worn Rings,tiner ,pkston X

(single cy linder)
6. Overspeed X
7. Low power In one power X X l~a(tonate development

assembly
8. DefectIve main bearings X X Sensor Development

~~~~~ Defective rod bearings Not Feaptble
10. Low oil pressure X X
Il, Defective oil cooler X
12. DefectIve intercoole r X
I t . Defect ive turboc harger X
14. Fuel ln$ectlon rack out of X

adjustment
15. Defective heat exchanger X
16. Worn sea water pump X
17. Worn water pun~p X
l~~. Worn oil pump X
i q. Scaled water sck ets X
20. Defective vibration damper X

~21. High bsfc Not Feasible
* .~~~. h igh exhaust smoke Not FeasibLe
~~~~~~~ Low absolute performance Not )~

‘eastble
24. Defective valves x
.!5. Clogged fuel filter X
.~~i. Clogged oil f ilter X
27. Clogged air filter X
28. Engine timing off X
29. Abnormal combustion X
30. Valve timing defective X
.U. 1)efect(ve coolant X Require s offbosrd

test s & analys is
32. DefectIve lubricant X Requires offboard

te s ts  & analyst .

~ Not detected by th. monitor

__
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( 1) An out-of-limit alarm from the warning indicator unit prompts

the use of the data and analysis units to isolate the fault and would prompt the

review of prognosis data plots and hourly logs to determine the origin of the

problem. Necessary engine inspections are performed and maintenance

action is taken.

(2) Periodic analysis of the prognosis data trend s using the graph

plotter will indicate faults in their early stage of development and maintenance

can be sc heduled when most convenient. At this point special data can be ob-

tained using the diagnostic unit on a periodic basis to enhance the normally

plotted data.

(3) The diagnostic unit can be used on a pe riodic basis to search

for defects in the individual power assemblies. The cylinders can be examined

during standard cruise conditions and the data , along with oscilloscope photo-

graphs, recorded with the conventional data. Over a period of , say, six

months each cylinder assembly will have beer. examined at least once.

The prototype monitor system includes the hardware descri bed,

the structured diagnostic rationale , and some degree of human interpreta-

t ion. It is anticipated that the structured diagnostic rationale will be enhanced ,

refined and otherwise streamlined by SwRI during the development of the

monitor system and during sea trials.

26
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3. REVIEW OF CANDIDATE DIAGNOSTIC PARAMETERS AND TECHNIQU ES

This section revIews the parameters associated with typical diesel

eng ine problem modes , present s our selecrioa o~ the most promising candidate

diagnost ic parameters , and outline s the reasoning that underlies this selec-

tion. Finally, t he method of interpretation (or rationale) of the data fur-

‘ ishe d by these candidate parameters is discussed .

1. 1 E~~~ine i’aran~eters

Table 3. 1 is a c~ xtprehensive list of all measurable engine parameters

that have been considered during the co~irae of this study. The columns a-I-

jacent to the list indicate whether or not each parameter measurement is

deemed t~ ce ptabte in this application according to the general c riteria of

feasibility and cost effect iveness. (By “feas ibilit y” we mean t he ability to

obtain an accurate , usable measurement in the engine room environmen’ .)

A brief comment is given beside each unacceptable parameter to explain wh y

it was rejected from further consideration. Analogous comments are not

made for thase parameters that were not rejected since their signif icance

will be discussed in detail later in this section.

3. 2 Candidate Parameters

The parameters conside red to be most promising for the subject

application are presented in Table 3. 2. This list includes many oc the

pressures and temperatures currently measured on Coast Guard cutters.

The parameters are grouped under heading s that represent units of the pro-

totype monitoring system: Warning data , Trend Analysis data, and Diag-

nost ic data. Note that a given parameter may appear in more than one of

these groups , which are listed in their order of importance to the monitor.

77
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TABLE 3. 1 - Comprehensive List Of Engine Pa rameters

Acc~ptabLe Overall Parameter

* . . . Engine speed (rpm)
Torque omplex on—board measure,,i~,it ~~~~~C • ICAV Sec. 3. 3)

* , , TDC refe rence
Combustion presure

* . . . Avg. c ranking speed
* . . . Dynamic cranking speed

Avg. cranking current Not applicable
Dynamic cranking current  .   Not applicable
Avg. c ranking voltage Not applicable
Dynamic cranking voltage  .   Not applicable

* . . . Time of day
* . . . Engine hours

Cylinder liner temperature  .   Marginal value
Starting air pressure Marginal value
Engine room acoustic noise .   Not applicable

Fuel ~ y~~em Parameter

* • . . Supply pump pressure
* . . . Inlet temperature

Moisture In fuel Marginal value
* . . Transfer pump pressure
* . . . Filter pressure drop

Dynamic injection pressure . .  . Complex instrumentation and analysis
Dynamic needle lift Complex instrumentati on and analys is
Fuel return temperature Marginal value
Fuel consumption Complex on—board measurement (See

* . . . Rack position Sec. 3. 3)

Inlet_ Parameter

Humidity  Marginal value
Barometric pressure MargIna~ value

* . . . Engine room air temperature
* . . . Intake air temperature
* . . . Intake manifold air temperature
* . . . Air box air temperature
* . . . Temperature drop ac ross intercooler

Pressure drop across air filter  . Mar~ inal value
Air flowrate Complex instrumentation

* • • . Intake manifold pressure
* . . . Air box pressure
* . • • Turbocompressor pressure

Turbo w heel speed . Marginal value
Dynamic Intake manifold pres sure . Marginal value
Intake air op acity Not applicable
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TABLE 3.1 Continued

Acceptab le Exhaust Parameter Consuent

Exhaust smoke Complex on- board measurement (See
Dynamic exhaust smoke Sec. 3. 1
Exhaust emissions (CO. CC2, O~

, NO~ . . Complex instrument, marginal
UB H) value

* . . . Individual exhaust port temperature
* . . . Exhaust stack temperatures

Dynamic exhaust gas temperature . .Complex instrumentation
* . . . Exhaust temperature before turbo
* . , . Exhaust temperature after turbo

Exhauøt back pressure in stack . . Marginal
* . . . Exhaust pressure before turbine

Dynamic exhaust pressure . . . . Marginal
C . . . Crankcase pressure
* . , . Dynamic crankcase pressure
* . . . Crankcase blowby flowrate

Crankcase blowby temperature . . Marginal value

Lubrication Parameter

* , . . Oil level
Oil condition viscosity
Oil condition wear metals ) Obtained from periodic tests;
Oil condition additive depletion ) of marginal value if taken
Oil condition oxidation concent ration) in real time

* . . . Oil pressure gallery
* . . . Oil pressure after filter

Oil pressure at top end Marginal value
* . . . Oil sump temperature

Oil gallery temperature Marginal value
* . . . Temperature drop of oil across oil

cooler
Oil debris Marginal value
Oil flowrate in gallery Complex instrumentation
Moisture in oil Complex instrumentation

* . . . Oil temperature at turbo return
Oil consumption Complex instrumentation

* . . . Bearing temperatures
Engine vibrations Complex instrumentation
Oil pressure to turbocharger.  . . Marginal value

Cooling System Parameter

* . . . Coolant level
Coolant consumption Marginal value
Coolant condition - solid s

concentration, pH Obtained from pe riodic tests
* . . . Sea water pump pressure
C • . . Coolant pump pressure
* . . . Coolant in temperature

29
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TABL E 3 .1 en~~Lud, ’J
.Acc t~~~~b~~ C~~j~in System Param&.ter (cont ’d)

* . . . Coolant out temperature
* • . . Coolant flow
* . . . Seawater temperature
* . . . Tempe rature rise of coolant across

oil cooler
C Temperature rise of coolant across

intercoole r
Water pump suction Marginal value
Combust ion Parameter

C 
• , Dynamic cylinder pressure versus t ime* . . . Dynamic cylinder pressure versus cylinder volume* . . . Apparent rate of heat release

Cumulative heat release Marginal valueFuel injection flowrate Complex instrumentationAverage cylinder pressure variations . . Marginal value
MtSCel 1aneo~is Para~~~~ r

Electromagnetic interference . . Not applicableRadio frequency interference . . . Not applicableMapping of surface temperatures . . Marginal valueRadioactive tracer wear of vario~ a
components Marginal value
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TABLE 3. 2 - The Monitor Parameters By Priority

r
Warning Indicator Data

Blowby flowrate
RPM (ICAV)
Rack position
Main bearing temperatures
Coolant flowrate
Wate r in temperature
Water out temperature
Oil gallery pressure
Turbocharger return pressure
Oil sump temperature

Trend Data

Blowby flow rate
Water flow rate
Water in temperature
Water out temperature
Rack position
Common exhaust temperature
RPM
Fuel inlet temperature
Rack position

Diagnostic Data

Water flow rate
Blowby flowrate
Misfire rate
Rack position
Cranking speed-dynamic
RPM (ICAV)
Combustion pressure (Pt , PV, AROHR)
Dynamic crankcase pressure
Exhaust port temperature s
Oil level
Top dead center
Conventional temperatures
Conventional pressures
Used oil analysis
Used coolant analysis

31
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One part of the monitor system wilt be devoted to so-called “unique”

parameters; i.e., t hose that are somewhat unconventional in nature . These

parameters are listed in Table 3. 3. The second column in this table gives

t he transducer that is required for the measurement . The most unconven-

tional of these parameters is apparent rate of heat release (AROHR), a

measurement based upon a new e lectronic circuit developed by Sw RI. A

detailed discussion of the AROHR technique is presented in Appendix C.

3. 3 Justification of Parameter Selection

Many of the parameters in Table 3. 1 have been eliminated from con-

siderat ion for the applicatio i und er stud y. In most of these cases  the reason

for elimination is obvious or , at least , not significant to the discussion at

hand. However , some of the re jected parameters are so closel y ass oc iated

with a diesel engine ’s state of performance that their elimination from the

monitor system should be discussed more fully. Also , the roles of some

other p~ rameters need to be analyzed in more detail . Therefore , this sec-

t ion is offe red as justification of our parameter selection and to inform the

reader about some conventional and unconventional parameters and their

measurement .
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TABLE 3. 3 - The Unique Monitor Parameters

1. RPM, (ICAV , CN) 60 tooth gear & proximity detector

2. Combustion Pressure (Pt , PV , AROHR) Dynamic pressure transducer (as required)

3. Top Dead Center Proximity detector in reg ister with
flyw heel marks

4. Rack Position Linear potentiometer

5. Clock Time Electronic clock chip

6. Engine Hours Mechanical counter off rpm signal

7. Coolant Flowr ate Venturi meter & pressure

8. Main Bearing Cap Temperatures . .  Thermocouple in main bearing cap3

9. Turbocharger Oil Return Temperatures Thermocouples in oil return tube

10. Coolant Analysis Lab analysis of suspended part icles
and deple tion of inhib itor

11. Crankcase Blow by Flowrate Orifice plate and differential pressure
transducer with oil debris trap and
surge tank

12. Dynamic Crankcase Pressure . . . - Fail strain gauge pressure transducer
(as required)

I
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3.3.1 Crankshaft Bearing Parameters and Their Measurement

Crankshaft main and connecting rod bearings are at once among the

critical and inaccessible of all engine components. They are critical be-

cause a bearing failure can result in severe engine damage that will require

the greatest cost and downtime to repair of any engine problem. Their inac-

cessibility means that detection of incipient or existing bearing problems is,

at best , difficult . In addition , the parameters associated with crankshaft

bearing performance and condition are few in number . A brief discussion of

these parameters and methods of measuring them will put the situation in

perspective.

The characteristic which renders a bearing unsuitable for further

service is its clearance with the crankshaft journal. If enough bearing metal

has been worn away to increase this clearance beyond a certain point , then oil

leakage from the bearing will be excessive and it will not be possible to obtain

the condition necessary f or hydrodynamic lubrication . The lack of hydrodynamic

lubrication will increase friction and lead to higher bearing operating tem—

perature , greater bearing wear rate , and , hence , to an even larger clearance.

Therefore, the situation deteriorates at an accelerated rate as the various

problem factors interact in a “vicious cycle” manner. In a relatively short

• period of operating time , catastrophic damage to the crankshaft will result.

Fortunately, there are parameters associated with the problem factors

that at least have a potential for yielding diagnostic information about the

critical beacing—lubricant-crankshaft journal interface. Ho~’ever , accurate.

reliable measurement that produces interpretable data is necessary before

this potentia l is realized in a manner suitable to practical application. The

following table and discussion summarize the situation for these parameters.
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TABLE 3.4 — Hearing Diagnostic Parameters And Measurement Method s

ttear in&_Prob lem Facto r A ssoc ia ted Parameter Measurement Method

Rate of bearing wear Amount of metal in lube Spectrometric ana l ysis
oil

Lack of hydrodynamic Oil pressure in l ower— Conventional average
Lubri cation half of bearing pressure

Hearing temperature Convent lona l average
temperature

Acoust i c  emiss ion from Not developed
contacting parts

Excessive clearance ~
‘rankshaft vibration Vibr ation signature

ana l ys is

it should be noted that app 1 ic$t ion of these parameter measurement a

range from conunonpiace (in the case ot spectrom etric oil analysis) to rare

(lot crankshaft vibration ana lysis) or non existen t (for bearing oil pressure)

in current engine maintenance pr.lct i ce .  (Of course , only spectrom etr ic anal y-

s is is uøed by the Coast Guard at th is  t ime.) Furthermore , t~~i of the measure—

ments (oil pressure in bearing and hearing temper ature) are del inite l y not

~pp l icable to connt ’c t ing rod bearings dee to  measurement d i f f  it -u I ties . white

one parameter (acoustic emissi on ) is øf doubtful utility with either type of

bearing because of a present lack of instrumentati on and test rationai~ develop-

ment . The measurement and anal ysis ~t acous ic emiss ions rena in t tworet ~~,t  liv

sib I~’ however -

Spect rent t r it’ Oi I An4ysis

Spectromt’tric analysis is net yet  an on—board test procedure - Oil

• . sampLe s must be per iodical l y obtained according to a speci f ied procedure and

forwarded as soon as possible to the oii anal ysis laboratory . There , the

metals resulting from wear of several component s (not nat hearings) art ’

identified , and the irni iv idual amounts are measured in parts per million (ppm )

Is
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he Si ’ •‘sul t s are plot I e~t as func t to ns ~ l e ngine operat  ing t ime , :1

t , ~ t i  ot wear t s  ~~t~ ht i s h e d  for ,i cb  weat- metal component group (sinc e a

g i VOl l  wes t - t~l0t  a t  ‘st y have mere than one potential source in an eng ine

1h~- t t s ~- t  u lne ~s of  s~~e c t t  omet r it - ana ly s i s  ~ter iv.’s from the t a c t  tha t

a l l  r it it’ at enter si~ t ion components a, ~
- oil vetted , and the pot ent i a I

t ht’retur” ex i s t s  t or ~tv tc rn inat  ion of their rates of wear. Since the ía i lure

o f  .1 ~ iven c omponent is ( t lt~- ’r et i call v 1 t~~ ’c i-dod by a stead i ly increasing

wear t . i te  over .i f a i r ly  leng t hv period el opcrat ing t ime ( say sev e ra l  hundred

hours), it is in princ ip le possible to dete ct incipient component failure t ar ¶
enough in a~Ivan~ e t~ schedule appropr iate maintenance act  ion ae~t . hence , pi~ - - -

vent :1 c a t  .- ts t r o p hic [a i l t i t i

Ihe l imit it ion 01 spec t rometr it  anal ysis is that c S t a s t  rophtc component

f a ilures ca n ansi Jo occut  suddenly or , at  t o a st  , on a t ime sca le that is too

s hort f o r  the in~ ip ient fa i lu re  t o  be de t e c t  ~~ by luh~ o i l  a n a ly s i s .  In add i--

ion , a c u t t e r  on ext ended c t  It i si or pat ro t cou I ~l ~ccumu late siver a I hundred

hours s ’t  ong Inc operat ion without being thi i to stsbm it oi l samp i OS I ot anal ys is

S t i t  h a cli ’ lay ot t Id deprive engineer log personneL of th is  I ntorrtat ion dur I

the c rut i a t  t inc bet ween the Onset of sec e I o ra ted  weat and Ic tua I component

[a lure. A t so • a mistake in the o i l  sampling procedure an render I itt, host

labor .,torv anal ysis ina~ c u ra te  and useless.

Since s pe c t r o met r i c - ana ly s i s  of hearing meta l  i s  c u r r e n t ly  t h e  only

j nd i~ at or o t ma in and rod bra r ing ond it ion , it is import ant se t  up and

operat e a r e i t  able spec t t ometr t~ an~ t y s t s  pre~r ~twc - lIt is t I ~~ca si (‘.uard i ~

attempt ing to do by tran sferring a l l lab work , dat a ana l vs i s , and ri- c o r d

kee 1i i ng t o  the 11.5 .  Navy ( )  ii Ana l y~ is i’i ogram ( NOAI’ • h owever • t hi’ p~( cot is I

problems onti m e d  in the preceding paragraph cannot he i’l iminated (or even
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minimized) in all cases. Therefore, it is advis able to consider the other -
•

parameter measurements given in Table 3 .4 .

Bear in& Oil Pressure

The general condition of hydrodynamic lubrication for a crankshaft

main b’-aring is shown schematically in Figure 3.1. Oil pressure between the

journal and bearing is greatest near the point of minimum separation in the

lower half of the bearing . When clearance reaches a certain critical value ,

leakage of oil from the bearing end becomes so great that the convergence of

the two components cannot generate an oil film that will maintain complete

separation of the two metal surfaces. Contact will then occur under some

or all operating conditions (defined by load , speed , temperature , and oil

viscosity).

Load -

____~~~~~~~~~~~~~~~~~~~

ea r 1 nq

• - Journal

Rotat ion
Oil Out ( E_~

__ Ojl In

E c c e n t r i c i t y

Converqence

Point of Minimum Separation

~max ~~ Pressure Profile

FIGURE 3. 1 - HYDRODYNAM IC LUBRICATION OF
-: CRANKSHAFT JOURNAL BEARING

The drop in oil pressure in the region of hydrodynamic lubrication

is the parameter of potential interest- . (Note that this is not the pressure

in the oil gallery that feed s the bearing. ) Deterioration of the load carry ing
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ability of the oil film or wedge will  be reilected as decreased pressure in

this region. If the clearanc e incr eases slowl y with time , hydr odynam ic

pr essure wi l l  decrease slowl y and monitoring of this pressure might prov ide

significant diagnostic and prognostic information concerning the condition

of the bearing .

Some main bearings undoubtably experience a gradual increase in clearance ,

hi’t a large number (perhaps most) o the bearings probably suffer a sudden

increase , without warning. Such a situation mi ght occur , for example , in a

hearing which was momentarily overloaded or depr ived of an adequate flow of

oil , or that expcr ienced a hi gh rate of abrasive wear for a short period of

ti nt’. A compara t ively sudden increase in clearance would result in a corn’-

s pond log quick st~ c r.’zt so in oil film pressure and would , there fort’, sitor ten the

length of t ime between the onset (and indication ) of the  problem and act ua l

hoar t t t~ fa ore . in other word s , the pt-oc~nos t it’ I oform a t ion would be sub—

stant Ia! Iv reduced——perhap s eliminated all togc ttwr——and one would ho loft with

the informa t ion that bearing fai lure was imminent. This informa t ion would

he highly cis ,’ful s i i tce complete bearing failure and cranksh af t  damage could

be avo ided, but no means would ex ist whereb y bear ing fa ilure could be accurate ly

predicted with any degree of certainty.

The measurement of this oil pressure appears to be technically feasible

for main bearings. A usual average (as opposed to dynamic), highly

damped measurement would probabl y suffice; this approach eliminates the problem

of short lifetime s for dynamic pressure transducers under conditions of rapid

cycling . It would be best if the measurement was made for each ma in bearing .

However , this would involve a complex system for only one parameter and would

add greatly to the cost . Therefore, in practice only two or three bearings
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would be inc luded; this number should prov ide an adequate picture of the

condition of all such bearings in the engine.

Bearing Temperature

Another parameter of interest (a ga in , for ma in bearing s only) is the

temperature of the bearing material itself. This t emperature is at its minimum

val ue when f u ll hydrodynamic lubrication is in effect. As the hydrod ynamit-

condition deteriorates , metal—to —metal contact occurs and bearing temperature

increases. However , the prospec t must again be faced that the temperature will

not increase gradually over a long period of t ime , but will increase suddenl y

as a result of a brief but destructive contact between the bearing and journal.

Furthermore , temperature will remain high for onl y a few minutes as bearing

metal is being worn away . Once a certain amount (corresponding to a few thou-

sandths of an inch) of metal has been removed , the flow of oil through the

greater clearance will increase , thereby carry ing away the extra heat and

lowering the temperature back to normal (or even lower).

Thus , the monitor must look for a characteristic temperature “sp ike”

that would have a width corresponding to a few minutes ’ duration , out of perhaps

thousands of hours of engine operation . The monitor would then signa l eng ine

room personnel that catastrophic failure was about to occur. The length of

t ime between warning and failure would be inversely proportiona l to the load

and speed of the engine at that particular t ime ; in any case , enough t ime

should be available to reduce load and speed to a safer level or , if desired .

to shut down the engine .

The monitoring of main bearing temperature is a relativel y straig ht—

forward matter - Thermocouples speciall y designed for this app lication arc

readi l y av a i labl e, and the design of the monitoring circuit is uncomp li cated .

Again , two or three bear ings could be instrumented to give a representative
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picture of a lt  the bearings. However , the s imp l i c i ty  of the measurement and

its apparentl y excellent cost —benefit rat I make Ins t riim .’ni at on I a II na in

bearings an attractive proposition .

Acoust ic Emission

The other parameter associated with a general lack of hydrod ynamic

lubrication is acoustic emission resulting from contact between the journa l

and bearing . Such contact occurs with both main and connecting t-od besi-ings

and , in prin c ip le , the sound signature resul t ing from th i s  contact should be

detectable by suitable transducers and anal yzable by appropriate instrument ation .

This sound can be in either the audible (to the human car) range of

about IS Hz to 20 kllz or the extr a—audible range above ~O kIl; . Recent research

has concentrated on higher—order harmonics in the range el several hundred kllz .

The reason for this is that the lower frequencies (inc l uding those in the aud i-

ble range) arc diff icult t o  ana lyte e lect ronical ly because of the “trash” in-

herent in such signals. If the sound is presented to the ear (and brain) for

anal ysis , then it is necessary to take into account the experience of the observer

in interpreting the signa l in terms of a unique eng ine ma lfunction such as bear—

ing fa ilure. Furthermore , every human perceives the same sound in a different

manner , and many people have “dead spots” in their hearing which pre~-t ~Ide hear-

ing sounds ot certain frequenc ies .

The aforementioned research into engine acoust ic  emissions of higher

frequencies has the potential to detect ma l functions . However, the feasibility

of this techn ique has not been demonstrated to be practica l or cost— i-Elec tiv e

in t ii’ Id operat ion si nc(’ the Ins t t-ument at ion is co~sl~ lox - m d  ~‘x p( -ns I v,- and the

t~na I anal vs is and t e s t  r a t i o na le  are lac king toi t he ~-u~ I nos o t lit eri ’st - In

addition , it is not known if the information that might be obta ined by this

techn ique would be any more prognostic in nature than would the simp le parameter
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of bear ing temperature. That is , the warning period pr ior to catastrophic

failure might be short (on the order of a few minutes) and hence allow time

for engine shutdown only.

Crankshaft Vibration

Crankshaft vibration signature analysis is not considered to be practical

for diagnosing or predicting bear ing problems . The reason behind this assess—

ment is that crankshaft vibration arises from fairly large unbalanced forces

act ing on the crankshaft , and the two princ ipal causes of these forces are un-

balanced firing pressures among the cylinders and a faulty vibration dampener ,

The slight vibration resulting from even several bearings operating with exces—

sive clearance and without hydrodynamic lubrication would probabl y not be detect—

able by any instrumentation system that could be termed cost—effective . In ad-

dition , there is a lack of the specialized experience and test rationale that

would be needed for operation of such a system on board a vessel.

Summary

Based on the discussion of the various bearing diagnostic parameters

given above , it is concluded that the most effective (and cost—effective)

approach involves a good oil spectrometric analysis program and continuous

monitoring of main bearing operating temperature. The former is potentially

capable of spotting incipient failure of bearings (as well as other components),

while the latter is a method of avoiding severe crankshaft damage resulting

from bearing failures that occur on a time scale that is shorter than the spectro—

metric analysis cycle time (sampling , subm ission of samp le to lab , anal ysis , and

data feedback to the ship). Main bearing hydrodynamic oil pressure is a para—

meter that , in theory, could yield important information as to bearing condition ,

but the measurement and monitoring of this parameter would require costly
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deve lopment and , in the end , might provide no better information than bearing

temperature . Ana lysis of acoustic emissions and crankshaft vibration is not

fu ll y developed and/or cost—effective at this t ime .

1.3.2 Standard Diesel Performance Measurements

In the laboratory, the three parameter measurements that are indispen-

sable in evaluating basic eng ine performance characteristics are fl ywheel torque

or power (Blip), fuel consumption rate , and exhaust smoke density (opacity).

And , in the laboratory, no fundamental problems are encountered in making these

measurements.

Typically, dynamometer beam load (in Ib) is measured by a load cell con-

nected to a digital readout. Torque and power are usually calculated from these

two quantities; however , a simple electrical circuit can be used to present torque

or power values directl y, with digital readout. Fuel consumption rate is measured

on a mass basis (lb per hour), either directly , by means of a weigh scale—and—

t imer arrangement or a l inear mass I lowineter , or indirectly, by means of a volume

I lowmeter and knowledge of temperature—compensated fuel density. Mass fuel rate

is desirable for calculation of brake specific fuel consumption (BSFC), the

pr imary measure of engine efficiency: lb of fuel consumnined per hour of useful

work delivered . Smoke opacity is measured by light—obscuration smokemeters tha t

are mounted either at the end of the stack or duct or in the duct itself.

There is little question that any diagnostic system or engine monitor would

benefit from measurement of power , fuel rate , BSFC , and smoke opacity. However ,

there are special difficulties involved in adapt ing these measurements to the

sHphoard environment of the Coast Guard . The problems have been discussed to

some extent in the Phase 1 report ; they are reviewed here for convenience.
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The use of a linear mass fuel flowmeter is definitely preferable

since it is capable of producing accurate data in the desired form (Ibm per hou r) .

The instrument is not affected by fuel density or viscosity, and the data need

no correct ion or compensation. Furthermore, this flowmeter is able to

accurately measure fuel consumption over t he large range (as much as 5t to 1)

from rated speed and load to idle. As used in the laboratory, the linear mass

ftowmeter is a commercially-available unit with a reasonable price. However ,

they have not been used on board a moving ship.

Adapting the linear mass fuel flowmeter to a Coast Guard engine is

complicatçd by t he operating conditions present when the vessel is underway.

That is, the pitch, roll, and vibration present will produce undesirable e ffects

on the operation and accuracy of the f lowmeter in its present configuration.

The problem centers around the recirculating (or “make-up”) fuel tank that

receives fuel from the main supply tank and the fuel that is retu rned from the

engine. Fuel from the main supply enters the recirculating tank through a

float-controlled valve similar to that used in a carburetor. The flow through

this valve is equal to the fuel that is consumed by the engine; hence , the con -

sumption rate displayed on the readout device is determined by the position

and movement of the float valve assembly.

It is well-known that the instrument is sensitive to motion of the recir-

culating tank and float valve. Therefore , it will be necessary to modify this

part of the flowmeter to render it less susceptible (even, perhaps, impervious)

to the effects of vessel motion. Conversations with a manufacturer of such a

flowrneter Indicates that several options are available to minimize the effect of
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motion, and that a cooperative effort might be established between the manu-

facturer and SwRI to modif y the device further and make it trul y suita ble for

shipboard measurement. However , a cons iderable effort would be needed to

adapt the unit to the Coast Guard situation.

Drive shaft-mounted horsepower transducers are currently instal led

on Class 378 high-endurance cutters. However, these transducers are re-

puted never to have worked properly and now have apparently fallen into disu se .

They are of the “contact ing” type; i.e., stra in gauges ,m re applied to the drive

shaft and the resulting electrical signals are brought out through sl ip rings

to t he readout device. The transducers became inoperative due to an oil film

on the slip rings that prevents good electrical contact. This is a common

problem with this type of transducer. Class 210 medium-endurance cutters

are not equipped with horsepower transducers. However , the amount of

exposed , access ible drive shaft is sufficient to allow most types of transducers

to be installed.

A survey of commercially ava ilable horsepower transducers has turned

up several models of the noncontacting type. These transducers , which also

u tiliz e small strain gauges mounted on the drive shaft , re ly on solid state

electronic circuitry to transmit the signal from the rotating nien-ibe r to  a

suitable receiver mounted in proximity to the shaft . An accu racy of ±1.0

percent is claimed. However , the instrument s all produce a relative torque

readings in their present configuration, although it may be possible to calibra te

them to give absolute data. Calibration would involve applying a know n tor-

sional load to the shaft and observing the transducer reading. Seve ral such
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loads that span the torque range of the engine would be necessary to verify

the accuracy and linearity of the transducer and its read-out device.

Installation of the transducer doe s not require any modification of the

driveshaft and is generally a stra ightforward procedure . However , the cali-

bration procedure appears to be a formidable problem. The chief difficulty

is to apply very large , but accu rate, pure torsional loads to the locked drive-

shaft within the confine s of the engine room. It may be acceptable to forego

onboard calibration and utilize instead the relative power data to compute and

display a relative BSFC. Thi s approach is feasible in a monitoring and diag-

nostic system that does not have to provide the absolute data required for a

laboratory-type test program. Accuracy would not be sacrif iced by use

re lative data since the horsepower transducer could be checked for linear

response characteristics before being installed on the sha ft . Howeve r, even

und er thes e conditions a subs tantial eff ort would be required to obtain these

d ata from two large eng ines.

A’~ mentioned previously, smoke opacity can be determined by either

end-of-stack or inline smokemeters. For a permanent installation on board

a Coast Guard cutter , only the inline model need be considered. The instru-

ment would be located in the exhaust duct at a point between the exhaust manifold

(and turbocharge r, if present) and the duct outlet . Readout would be by means

of a meter and/or strip chart recorder in the monitor panel. The smokemeter

could be modified to measure the average smoke opacity (i.e. , for all cy linders)

and dynamic opacity (the smoke “puffs ”) from individual cylinders. The forme r

data is best suited to continuous monitoring, while t he latter type of data would

be used to iso late a combustion-related problem to a pa rticular cylinder.
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The installation of the inline smokerneter presents no fundamental

problem; the li ght transmitter and li ght receiver (or photocell) are dia-

metrically mounted in the walls of the exhaust duct , and they must be carefully

aligned to obtain the proper output signal. Vibration of t he duct may necessi-

tate realignment , but it is uncertain how often this would be required. However,

it is known that inline smokemeters need frequent cleaning of the optical sur-

faces of soot. This is a routine maintenance item performed , say, every

50-100 hours of engine operation, and It is a relatively simple procedure

since the smokemeter itself is not removed from its mounting.

A much more difficult problem is posed by calibration of the smoke-

meter. This step should be done at intervals no longer than a few hundred

hours of engine operation. Calibration requires that two or three optical

filters of different opacity be placed in the light beam path to check both the

absolute opacity reading and linearity of the smokemeter and readout device.

Since the smokemeter and exhaust duct are a closed system, it is necessary to

remove the smokemeter from its mounting, set t he unit up on a test benc h,

and perform the calibration there. It is therefore necessary to reali gn t he

optical system when the unit is reinstalled in tne duct.

It is thought that the above procedures , pe rformed on two smokemeters

(one for each main diesel engine), would constitute an unacceptable burden on a

slip ’s engineering personnel. Therefore , we concluded that smoke opacity

data must be exiuded from the Coast Guard monitor system.

The preceding discussion of engine room measurement of fuel consump-

tion, shaft power , and smoke opac ity is only meant to bring problems associated
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w ith these measurements into perspective in regard to the proposed engine

monitor. The data are most certainly important and could be obtained if

questions of current cost effectiveness (including time utilization of engine

room personnel) and reliability could be disregarded. And it may be desir-

able to begin separate research into the problems involved. However, it

is our opinion that the solution of these problems would substantially increase

the development time and cost of the monitor.

3. 3. 3 Conventional Pressures and Temperatures

Conventional pressures currently measured by bourd on tube gauges

will not be replaced by pressure transducers for two reasons. First, the

cost of a single pressure transducer of average accuracy, with readout power

supply, cables , connectors, signal conditioning, and installation costs on a

naval vessel ranges from $1000 to $1800. When multiplied by the required

number of pr essure measurement s, the cost exceeds the elec tronics in the

monitor. Also, the pressure information needed is not dynamic and is not

absolutely necessary at all times. Hence, a gauge observed periodically is

entir ely adequate for an init ial prototype of the monitor.

In an advanced monitor , the use of pressure transducers would still

be highly selective, again based upon cost , as well as reflability. The

pressure transducer is generally unreliable unless carefull y protec ted from

the normal engine room environment of temperature fluctuations , vibrations

and moisture.

3. 3. 4 Temperature Indicator

A single indicator or readout device is suggested for all temperature

measurements. The existing thermocouples will be disconnected from their
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IndIc ator and wired to the indic.ttor supplied in the monitor , along with addi —

innal temperatur e ni,’aau rement s such .15 bearing blocks and tu rl)ocha rge r

return oil. One unit calibration will be necessary  and all t e m pe ratures

will have a common rc~ ferenc C )unet ion and the s.c ~~~~ Ii flea r I zat ion c i r cu i t

The shi p’s inst runlentation for tem peratures  will not be us ed.

3. 4 System Rationale

The met hod of the nionit or s vs I “m opt’ rat ion Bugge at a that the warning

indicator parameters and the trend par ameters  w i ll be the primary method ut

detect ing the presence and caus,~ of faults. Maintenant’ e actions can be pre —

Sc ribed when the fault has been Isolated to specific e ng tnt’ subs V s t e  n is and

components. The fault isolation or diagnosis is accom plished by using I he

remaining parameters .  The following Sect ions d et a i l use of the wa rning

i nd ica to r  pa rarnetcrs and the t rend pa ramete rs  and m d  c a t e  how faults are

t hen isolated by use of the diagnosti c parameters. F’igure 3. .~~. indi cates

this process by bl ock diagram.

1.4 . I Wa rning lndic~ttor Pa rameters

.i. Rea r in gs — If any individual main  he,, ring bloc- k t i’n~pe rati, rca

excee ds 2700 F’ t he associated warning light will blink once per second and

a corresponding audible alarm will sound at the same frequency. ‘l’hi s act ion

conti flues until the temperature falls below the preset I itni . On ce  b~l ow this

limit , the light i’ontinu~~ to burn steadi l y unti l a manual rese t hutton ( located

irma ici e the cabinet) has been actuated. ‘rh,~ reset button is access ib le by Un-

locking and opening the monitor panel. This technique insure s t hat the in-

cident will be logged by t he watch stander.
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The bearing temperatures are a function ut horsepower  at glveIl

0condit ions of rpm and oil temperature. Meaning ful measurement s are

obtained at ~ :1~~re 5Ot~ load at rated speed . A small tempe rature shift

(abou t 2 - 40 
~~~~ is observed in the case ot gii.i~1 bearings between a load change

of 5U”~. to lOO”~ . As a bearing begins to  wear , a s light inc rease in bea ring

temperature at load conditions is expe ri enc ed, but it is difficult t o detect

until the onset of sever (catastrophicl wear. Fi gure 3. illuat ra tes  t h i s

principle. As bearing wear reaches the critical point , the temperature

increases rapidly. Normally the temperature will fa l l  back t o  near normal

as the bearing clearance is significantly inc rease d or as th~ bearing surface

is w i ped away. If the lubricant flow to  the bearing is r e s t r i c t e d , th en a

gradual tempe rature increase can be detected we ll in advance of (he rapid

temperature rise associated with the destruction of the bearing surface .

The rationale in detection or predict ion of bearing failure is based

upon the critical temperature at which the strength of the fini~~hcd meta l

bearing surface deteriorates. This temperature is cut i relv dependent upon

the metallurgy of the bearing material, Most bearing mater ia ls  ha ve

relatively low melting points and tend to lose their material strength near

the li quid phase temperature. 1’he two bearing fa ilure mechanisms , loss

of lubricant or presence of abrasives , cause t he bearing ol t m a t  c lv  t o  1ai I

in a thermal sense. In one instance , loss of lubricant th rough flow blockage

or pump fa ilure upsets the bearing heat balance and causes a temperature

inc rease which reduces the oil viscosity and causes ( tool  small bearing

c learances at the load point . In the case of ahrasi~’es in t he oil , the bearing

‘itt
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c learance at the load point is worn away relatively slowly. This results in

progressively highe r temperatures in the bearing, as t he clearance geometry

is altered, bearing leakage is increased and the clearance at the load point

become s smaller.

b. Engine Overheat - Thiø is an Indication of the occurrence of either

excess ive oil sump or coolant temperatures. The temperature measu rements

are referenced by both speed and rack position in order to avoid the occurrence

of false alarms. This method of alarm will allow valid overheat indications at

part load as well as at full load conditions, without an instance of ambiguous

data. A load factor is computed electronically us ing rack position and the

speed of the engine. The measured value of coolant temperature out of the

engine and oil sump temperature is compared to their correct limit values at

specific load and speed conditions ,

The cause of the overheat condition can be isolated by examining the

engine temperature s and pressures at the particular speed and load condition.

In the event of an overheat the alarm blinks at one second intervals until the

condition no longer exists. Aft e rwards , the light stays on until reset by t he

watchstander.

c. Lubrication - The lubrication warning light indicates loss of oil

pressure by blinking once per second . If oil pressure goes back into tolerance

the ligh t stops blinking , but continues to burn until reset. The oil pressure is

compensated to a standard value using both oil temperature and engine speed

parameters. Figure 3.4 illustrates the map of possible oil pressures at

various conditions of speed and oil temperature. A simple comparison limit
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cannot be applied to all cases. When engine speed exceeds a particular value,

a single low oil pressure comparison limit can be established without ambig-

uity. Note that at speeds below this value the low limit is dependent upon

both oil temperature and engine speed. The compensation is again included

to eliminate false alarms being issu ed from the monitor.

d. Overload - The overload warning light is actuated when the normal

maximum rack position throughout the speed range of the engine ha~ been

exceeded. This indicates an overfueling condition and will lead to high thermal

stresses in the engine, fuel dilution of oil, excessive fuel consumption, and

fuel deposit formation on rings. A precursor of this condition would be in-

dividual fuel injection pump misadjuatments or plugged injectors resulting

in low power output from one or more power assemblies. In this instance

the governor will increase the rack settings of all injection pumps in order

to attain the desired speed at the load condition. Essentially, the “good”

power assemblies will be subjected to overload conditions.

Subsequent examination of exhaust port temperatures and ICAV data will

indicate the low power output cylinders. Use of the diagnostic unit with the

combustion pressure transducer will allow pinpointing the fault to compression ,

fuel injection , or aspiration problems .

Should the turbocharger fail to deliver the required amount of boost

air, then a similar effect would take place. The governor will increase the

rack positions beyond normal to compensate for the lack of power caused by

the low boost pressure . Examination of the logged data will indicate that

boost pressure and exhaust temperature are low in the same bank of cylinders.

Further examination of the air and exhaust temperature data would isolate
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the specific turbocharger failure mode: worn compressor , worn turbine ,

or defective bearings. Should the turbocharger failure be due to a bearing

problem, then a thorough examination of the engine lubrication system would fl
be in order.

e. Misfire - The misfire warning light is an indicator of relative

power output magnitudes from the individual cylinder assemblies. Figure

3. 5 illustrates the information as it would appear on an oscilloscope screen

for a six— cylinder eng ine . Any defect that would cause low power in an

individual power assembly will disrupt the signal as indicated. Low compres-

sion, poor aspiration and defective fuel injection are typical faults that can

be detected. The fault s range from total loss of power to slow and incorn -

plete burns.

As the electronic circuit detects instances of misfire during normal

operation, the indicator light will blink. If the misfire is synchronized and

occurs at all times, such as in the case of a completely plugged injector

nozzle, then the indicator light burns continuously.

The special parameters indicator unit displays a running average of

the ratio of misfires to revolutions and is logged and recorded data. If the

watch stander does not see the misfire indicator working, he can review the

plotted misfire ratio data trends and come to conclusions about the engine

condition. If either the trend data or the warning light indicate a seve re

misfire condition, then the diagnostic unit is used to isolate the cause of the

problem. Examination of the instantaneous cranking speed (CN) during

starting will detect compression defects. The cylinder pressure transducer

applied to the cy linder petcocks of a few cylinders will confirm the lack of
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compression Indicated by the cranking speed analysis. Should compression

be defective, an analysis of the dynamic blowby pressure will isolate the

cause to either upper end or lower end faults. If no compression fault is

detected , then the ICAV signal is reviewed to locate the defective cylinder.

Once located, PV and AROHR data can be displayed using the cy linder

pressure transducer in both a good cylinder and the suspected cylinder.

f. Blowb y - The blow by indicator light functions w henever the crank-

case blowby gas f low rate e~ c. eds a preset limit established for the eng ine.

This is used ~o indicate an excessive wear .~ondition in the piston, rings,

and line r section of the engine or broken rings and burned pistons. The

flowrate ~atue is compensated for both oil temperature and engine speed to

prevent false alarms. The blow by data is evaluated at a toad range from

about 50-to 100-percent power . The blowby flovrate has been observed to change

normall y with changes in engine load for some engines. Othe r engine s ec-

hIb(t more significant changes in bloivby flowrate with engine speed than with

engine load. This behavior is thought to be a function of ring design. The

method of compensation of the blowby data may be diffe rent depending upon

engine type. However, the diagnostic rationale ror blowby flowrate is the

same for all engines. High blowby indicates worn pistons , rings, or liners ,

or in rare instances a lubricating oil problem involving defective lubricant

or poor oil distribution. The blo~~by f lowrate is plotted for trend anal ys is

purposes. An exceeded limit or a definite trend towards an out-of-Limit con-

dition woutd prompt diagnostic evaluations using the dynamic crankcase

pressure techniques desc ribed in the earlier misfire section.
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3. 4 .Z  Trend Analysis Parameters

a. BlowbLFlowrate Trend - Blowby fl owra te t rend analysis is a

straightforward observation of the blowby f lowrate versus time from one-

half engine load to full load. The blowby t rend can be e~ trapolated in ~ime

to allow judging when the blo’~ by wi ll be out of tolerance and a detriment- to

eng ine life . If a high rate of increase is observed prior to e~ccee ding the

limi t , then some diagnostic investigation as outlined in the previous sections

should be made to d etermine the causes and hopeful ly perf orm ma intenance

to correct the problem. 
F

b. Mis f i re  Trends - Misfi re  t rends are logged in the fo rm of a ra ti o of

engine revolution, to misfires. The ratio gets smaller as th~ misfire becomes

more apparent and eventually is synchronized with eve ry  cycle. The use of

trend analys is on this parameter is justified since the misfire could occur

only at high load s in the initial stages. The data is high speed and is thfficult

to i.splay in a quantitative manner othe r than by plotting.

Fault isolation techniques outlined in previous sections are used to

isolate the misfire and initiate maintenance or adiustments to eliminate the

cause of the misfire. An example of this would be misfirin,~ due to a stick-

ing fuel injector nozzle. The misf ire might occur at low speeds occas io-~ally,

but not at load conditions. If detected early the nozzle could be removed ,

cleaned and replaced before a tip burned beyond repair or before a 4 ota 1

misfire developed and caused loss of power , overfueling of the remaining

cylinders , or eccessi ve oil consumption.

c. Heat Excha
~~!~~Factor Trend - This is a computed factor based
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upon the cooling system parameters of coolant temperature and coolant flo-N

rate. The theoretical heat rejected ~o the coolant can be computed using the

folloaing equation: Heat rejection to coolant = Rack Pos. x RPMx K, where

K = (Temp of fuel obs.) (reference obtained from work—up table for the
(Temp . of fuel ref.) (fuel density)

engine . The heat transferred from the engine to the heat exchanger

is equal to the theoretical heat rejected to the coolant and can be calculated

from the fo ’lo~~ing equation. Heat transfer from engine (Mcoo iant)(C p)(t~ t),

where Mcoolant is the coolant flow rate measured by flowmeter ,

Cp is specif ic heat of coolant ,

At is the temperature rise across engine

There should be virtuall y no difference between these two calculated

values. They are calculated and the differential is plotted periodicall y. If

the differen tial incr eases in time, then there is an effect within the cooling

system that is reducing the heat transfer effectiveness. This could be scaled

water jackets, loss of pump output , or hi gh sea water temperatures.

The increasing heat exchanger trend prompts diagnosis of the cooling

system to isolate the fault. It may be that the trend will be observed long

before there is an overheat condition indicated. The fault isolation of the

cooling system involves analysis of the conventional pressures and temper-

atures along with consideration of the coolant condition. Each element of the

coo ling system has a temperature differential measurement that can be observed.

The water pump has both pressure and flow rate information for its checkout .

Sea water temperature can be used with the heat exchanger temperature rise

to isolate the cause of reduced heat exchanger performance.

59

______ _________ ~~~~~~~~~~~~~~~~ ~~- -.A~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —- - - - - — _ -~--- -- - 5 - -~- -.-—-—-——— -—- ——-5 —— — ---- --- . ~‘----—-----—-- —- -—-—- —— — — - - —----— —----



--5-

d. Efficiency Factor Trend - An overal l performance efficienc y fac tor is

needed to monitor the overall performance of the engine , especiall y re~ta rding 
r

parasi ti c losses tha t may not be de tec table by any othe r monitored parame~crs ,

at least in the early stages of deterioration. One example of this would be

high fr ic tion in rod bearings , blower bearings , valve train , pumps and fuel

injection equipment . Combustion air pumping losses can also conSitute a

parasitic toss and can be made up of several slight faults such as air f ilter

restriction , reduced intercooler efficiency, and valve leakage.

The measurement of eng ine output torque, spee d and eng ine fuel con-

sumption would allow calculation of brake specific fuel consumption (BSFC),

an ideal overall performance and efficiency factor that could be compared to

established limit s and would indicate performance deterioration. Previous

discussions indicated that we will not measure fuel flow or torque due to the

problem of transducer complexity and reliability.

Rack position multiplied by rpm and a density correction factor based

upon fuel input temperature is an approximate substitute for conventional fuel

flow measurements. A computed value based upon average exhaust temperature,

engine speed, and oil temperature can be derived for a substitute brake horse-

po~Ner figure. Some development of this relationship may be necessary to

accomo date diffe rences between the various engines used by the Coast Guard.

The two calculated quantities are used to derive an efficienc factor which is

then plotted and observed for deviations over long periods of time:

Efficiency factor Fuel Consumption (Calculated)
Brake Horsepower (Calculated)

Both of the calculated values used in the efficiency factor are functions
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of eng ine condi tion, and are not considered as an exact representation of

brake specific fuel consumption. The parameter is intended to serve only

as an indicator of changes in several of the parameters that are indicative

of performance deterioration. The efficiency factor serve s this purpose by

being sensitive to performance deterioration, and it is a comprehensive way

of prompting further diagnosis using the dynamic parameters and the con-

vent ional temperatures and pressures.

I
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4. PROGRAM PLAN FOR DEVELOPMENT OF PROTOTYPE MONITOR SY STEM

1)evelopment of the prototype diagnostic system will be accomplished

in the following manner:

I. Measurement techniques for the candidate parameters will be

incorpo rated into i ndiv idual modules , one for each parameter. These modules

will utilize preliminary electrical circuits (breadboa rds) that can be easi l y

modifi ed, if necessary.  Appropriate readout devices (meters , gauges ,

di gital displays) will be incorpo rated in each module , or , where needed ,

preLiminary data wilt be read out on a chart recorder or osci l loscope .

~~ . The pre-prototype instrumentation will be evaluated by use w ith

two larg e, med ium speed d iesel eng ines available at SwRI: a two-stroke

cyc le , blower-scavenged EMD .~- 567 and a four-stroke cycle , turbocharged ,

six-cylinde r Enterprise. A ser ies of tests - with the test engine operating

both normally and with selccted induced malfunctions - - will be conducted

over a wide range of speed-load values so that the instruments ’ responses

can be optimized for the medium speed eng ines. Such optimization will

probabl y ent ail relatively minor modification of the c i rcui ts.

3. The (possibl y) modified instrumentation will then be used in a

similar series of tests with actual Coast Guard cut ter  eng ines . It would be

preferable to conduct tes ts  with both Fairbanks-Morse ard Alco engines since

they are of primary interest to the Coast Guard. The acquisi t ion of data

f r om in-service engines , in their normal operating env ironment , would

be especially valuable In this evaluation. Furthe r sli ght modification of

the Instruments may be necessary  during these tes ts .
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4. Results of these tests will be analyzed to establish the diagnostic

significance of the parameter measurements. Criteria used to establish this

s ignificance will include the unambiguousness and consistenc y of the measured

parameter change when the associated malfunction is present , and the abilit y

to interpret the data according to a set rat~ona1e.

5. Next, two prot otype synthesized systems , cons isting of the selected

parameter measurement instrumentation in final design form, will be designed

and built. Prime consideration in the design of the synthesized systems wilt

be the integration of the units into the existing phys ical and operational engine

room situation on the selected cutters. Instruction manuals will be written to

explain system operation, check out , and any required maintenance procedures.

The rationale needed by Coast Guard personnel to interpret the data will also

be provided.

6. The s ynthesized systems will be installed on two cutters designated

by the Coast Guard. It is recommended , howeve r, t hat one cutter be of the

WMEC 210B class (Alco 251 engines) and th~ other be of the WHEC 378 class

(Fairbanks 38TD8-l/8  engines) . The engines are of different designs , and the

cutters have different mission profiles. Hence , the prototype systems would

be involved in highly contrasting application and this situation would be

desirable in evaluating their performance and design.

7. The data from the two systems will be recorded either by recording

devices or by hand, according to the design of the prototypes and analyzed in

depth by SwRI program personnel. The analysis w ill indicate operational

status of the instrumentation and transducers and will be used to determine
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which parameters are most (diagnostically) si gnif ic ant on a long-term basis.

This information will, in turn, indicate how the prototype design should be

modified to achieve the final system. A maximum of six (6) months is

allotted for this trial period and data analysis; the length of time could be

somewhat less if the test vessels are under high utilization.

8. The final step in the program will be to prepare a final report

that will aimmarize findings, draw conclusions and make recommendations

for the finalized diagnostic system. Also included in the repor t will be

engineering design drawings and wiring diagrams for the system, cost

analysis for construction, installation and maintenance of the final design,

and examples of ways in which the capabilities of the un~t may be upgraded

as the stat e of the art advances.
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r

5. MASTER PROGRAM AND COST SCHEDULE S

r

Task No. Task Description

1 Design and construct preprototype individual instrumentation

modules for each recommended candidate diagnostic

measurement. Performance period: ti ree (3) months.

Employ modules to make parameter measurements with

available (at SwRI) large medium-speed diesel engine s

in normal operation and with induced malfunctions.

Optimize instrument performance by design modifica t ion ,

if needed. Performance period~ three (3) months.

3 Employ modified instrumentation to make measureme nts

w ith selected Coast Guard cutter engines in normal

ope rating and induced malfunction modes. Performance

period: four (4) ~~onthe .

4 Evaluate test results from Task 3 to finalize candidate

measurement tec hniques and electronic circuit designs.

Establish basic rationale for data interpretation.

Performance period: three (3) months .

S Design and build two (2) prototype synthesized systems

and perform check-out at SwRI. Performance per iod:

three (3) months.

— 
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6 Install prototype systems on two (2) selected Coast

Guard cutters. Check out installation and instruct

crew members in system operation. Performance

period: two (2) months.

7 Analyze acquired data to determine its diagnostic

significance and system performance. Performance

period: six (6) months.

8 Prepare final report to summarize program and to

make recommendations for design of final d~. gi~~s t i c

system. Report will also contain an upd a i-! rationale

for interpreting data and updated cost est i for

construction and installation of final syster -

the present time, the estimated cost of a m~- i lor/

diagnostic system similar to that presented in this

report is approximately $55 ,000 per ship) . Performanc e

period: three (3) months.

Total period of performance is 23 months. These tasks and their

timing within the total performance period of the program are shown in

Figure 5. 1. Note that monthly progress reports and major program reviews

every four months are scheduled to keep the sponsor informed. The major

reviews are envisioned to include meetings between Coast Guard and SwRI

personnel at Coast Guard Headquarters , Southwest Research or , possibly,

on board the cutters equipped with the prototype monitors.
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Table 5. 1 present s a breakdow n of estimated cost of the program

outlined above. This figure, $288 ,454 , includes labor , mater ials , travel

and services, and is figured according to the overhead and fee (or the existing

subject contract (DOT-TSC-920).

TABLE 5.1 - ESTIMATED PROGRAM COSTS

Task Duration Labor Labor Travel Mat ’l Serv Total

t4os. Months Hours Dollars Dollars Dollars Dollars

1 3 1 ,284 25 ,854 —— 15 ,000 40,8)4

2 3 1 ,500 29,382 —— 5,000 14 ,382

- — 3 4 1,252 22 ,750 12 ,000 5 ,000 ~~,75u
4 3 1,064 26 ,556 —— — —  26,556

5 3 3,57 2 71 ,304 —— 20 ,000 91 ,304

6 2 556 10,550 6,000 -— 16 ,550
7 6 1,320 23 ,388 6,000 —— 29 ,388

8 3 396 7 ,670 -- 2 ,000 9.670

Total  10,944 217 ,454 24 ,000 47,000 288,454

L‘ 
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Present Hariware Coafi&urations

Al. Carry-On “Suitcase” Equipment- usually a compact, self-

contained system with variou s degrees of data acquisition and processing

ttLtoiflation.

a. Carried -on with system and placed on eng ine

b. Permanent ly install ed on engine and accessible to moaitor

thro~igh a centrally located connector pa-uet.

C. A combination of built-in sensors and carry-on sea~ ors.

Usually these configurations are for Iiagnos~ic pu rpo3es ,

where several similar engines are  serviced 3f a single

crew of technicians. By virtue of the fact that it is portable,

it cannot be used as a real-time monitor except in special

cases w here the sydtern is left connected to a machine or

engine for some time to obt ain data.

A2. ~~~-Board Monitor Pan~j~~or Moflitor Board - a junct ion box

placed on or near  the engine with sensors placed on the engine an-I whose

leads ru-i to the monitor panel. Power supplies and sensor signal condi-

tionIng is located in the monito r panel. The panel has visual displays for

the engine operator; some have printed outputs. Usually per formance,

status and diagnostic information Is displayed. Alarms are installed.

Sometimes, manned coMrols and automatic controis are ntegrated into

the monitor board.

The monitor panel located at the machine can output selected .nfor-

mation to remote locations such as control rooms , bridge , maste r control

boards , and so forth.
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A3. Monitor Panel with Auxiliary Diagnostic Equipment - This system

is the same as that mentioned in AZ. above , but with elect ronic connectors for

the output of critical parameters. Special analytical tools are hooked up to

the monitor when in-depth diagnosis is needed. Typical example would be a

monitor panel indication that engine speed was non-stable or erratic. An

oscilloscope could be connected to the monitor panel and display the rpm

signal dynamically and also show top dead cente r reference marks. This ap-

proach serves to reduce monitor panel cost and complexity. Another example

involves the relocation of a pressure transducer normally mounted in the

monitor panel for blowby pressure. If a misfire is suspected, the transducer

can be disconnected from its panel location and placed directly in communi-

cation with the crankcase to measure dynamic crankcase pressure. Again,

an OSCi11OSCO?e is used to analyse the engine data in synchronization with the

TDC reference marks to isolate the defective cylinder. This technique allows

a high reliability remote sensor location for most of the time and allows short

term, direct engine placement of the sensor when needed.

A4. Console Mounted Monito1~~ystern - The monitor board can be

mounted with engine controls and convent ional operational instrumentation in

a standard electronics console and interfaced with a minicomputer. This

system could be located in the main engine control room. It is an advanced

system design that requires considerable knowledge of the engine data and

control characteristics. Systems like this have been prototyped and arc

designed to perform predictive functions regarding the remaining life in a

machine or the estimated time to failure . Most of the diagnostics involves

considerable data processing and uses truth tables or logic trees. Safety

alarms and shutdowns are integrated into the ship controls in some prototypes.
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Sensors in this system are usually roate d to local junction boxes near

the machinery being monitored, The junction bo:ces can perform intermediate
signal conditioning tasks using simple electronic circuitry or microprocessors.

The preprocessed sensor information is then transmitted in digital format to

the control room console. This system is a logical expansion of the on-board

monitor panel described in AZ. above. The watch standers can observe engine

information at the main console location or they can observe a limited amount

of data in unprocessed form at the local monitor boards (j-box).

Control functions, data processing, decision making and prognost ica-

tion adds some cost to the hardware of monitor systems , but most of the cost
is involved with software development and the prerequisite engineering studie s
that define the relationships between parameters and the failure and operational

modes.

A5. Degree of Automation - The various hardware configurations

discussed above can have degrees of automation. The systems can be totally

manual, which means human observation and inte rpretation of the data. An

example of this approach is an automotive instrument cluster with gauges. A
slight amount of automation may include pressure and temperature limit switches ,
similar to automotive “idiot lights ”.

Semi-automatic features involve the use of pressure t ransducers with

signal conditioning capable of displaying the electronic signal converted to

engineering unit s . Once the data is converted to an electroni c signal, it can

be used in electronic circuits that turn on lights , provide warnings and alarms ,
and othe rwise inform the operator of a change in engine status. Also, the
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signal can be compensated, corrected or referenced to other parameters.

Once corrected , the signal can be compared to a predetermined limit which

if exceeded will cause the appropriate alarm.

Automatic methods usually employ a computer processor for data

signal conditioning, compensation, filtering, referencing and comparison

to standard limits in a digital mode rather than by th e analog methods employe d

in most “semi-automatic ” monitors. More automation implies use of compute r

memory for the purpose of making long-term trend analysis and subsequent

prognosis. Still more automation would involve not only predetermined limits

for comparison, but also a logical analys is network of many data channels in

order to arrive at a diagnosis. The next step in automation would involve the

display of instructions or course of action to be taken by the observer.

An almost total transfer of knowledge and skill from the observe r to

the monitor requires the monitor sys tem to assume control of the engin e,

in addition to its data acquisition, data processing, monitoring, diagnosis ,

prognosis and instructional tasks. Systems like this are being built for

shipboard use that will have collision avoidance capability, optimal navigation,

power plant optimization, and maintenance scheduling based upon selected

sensor data. The Navy is also suggesting mission planning, using predicted

machinery endurance and the mission profile as inputs. The Navy proposal

is for those low miss ion, essent ial combat ships that will have reduced manning

in maintenance functions. The comprehensive shipboard monitor will be

observing all major machinery and equipment.

The key problems in achieving this high degree of shipboard maintenance

monitoring has been outlined recently by a joint industry and military task force.

They are listed below in order of priority:
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1. Increase sensor enduranc e to prevent the sensor from

becoming a major maintenance item itself.

2. Enhance the technology and data base for many kinds of

machine s so t hat the minimu m numbe r of sensors are

applied, thus reducing system cost and increasing system

reliability.

3. Develop appropriate hardware.

4. Develop appropriate software.

4
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APPENDIX B

Existing Data Logging On WMEC Z1OA And Z1OB Cutters

I-
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EXISTING MEASUREMENTS ON 210B CLASS CUTTERS (Alco Engines)

Daily -

1. Run lube oil viscosity test on all operating MDE’s. (Test utilizes

a viscosity comparator which compares samples of used and new oil)

2. Run diesel engine cooling water test.  (Consists of tests for

chromate concentration , alkal ini ty , and chloride content.)

Underway -

Record hourly readings of the following parameters:

1. Shaft speed (RPM) by tac h. gen.

2. Crankcase pressu re by U-tube manometer

3. Fuel transfe r pressure by gaug e

4. Lube oil pressure by gauge

5. Seawater cooling pressure by gauge

6. Fresh water (coolant) pressure by gauge

7. Lube oil temperature by TC

8. Coolant in temperature by TC

9. Coolant out temperature by TC

10. Seawater temperature by TC

11. Lube oil level by sight glass

I 2. Lowest and highest exhaust temperatures by TC

I 3. Combined exhaust temperature (before and af ter  turbo) by TC

14. Intake manifold pressure by gauge

I S . Exhaust backpressure by U-tube manometer or gauge
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EXISTING M E A S U R E M E N T S  ON .~10A CLASS CUTTERS (Cooper Besseme r Engines)

Dail y -

1. Lube oil viscosity test conducted as on .~I0B cutters.

2. No information on frequency of cooling wate r  tes t .

Unde rway -

Record hourly readings of the following parameters:

1 . Shaft speed (RPM) by tach. gen.

2. Engine room air temperature by TC or thermometer

3. Seawater in temperature by TC

4. Seawater temperature from oil cooler by TC

5. Seawater temperature from coolant heat exchanger by TC

6. Fresh wat-~ r (coolant) in and out temperatures by TC

7. Lube oil temperature in and out of engine by TC

8. Lowest and highest exhaust temperatures by TC

9. Combined exhaust temperature (at turbo? ) by TC

10. Seawater pressure from pump by gauge

11. Coolant pressure to eng ine by gaug e

12. Lube oil pressure before and after filter by gauge

13. Lube oil pressure at engine (gallery ? )  by gauge

14 . Fuel pressure before and after filter by gaug e
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I APPENDIX C

I

Discussion Of Apparev~t Rate Of Heat Release (AROHR)
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In muc h engine work of the research and development var iety,  the

combustion pressure transducer is a primary tool. Certain combustion events

are , howeve r, difficult to discern from a pressure trace , primarily because

the piston motion produces pressure changes independent of c ombustion,

and subtle combustion-related effects are sometime s obscured. For instance ,

the degree of burning that occurs during the expansion stroke can not be very

well determined from an inspection of the pressure trace.

As an alternate to the combustion pressure transducer , anothe r pro-

cedure is to digitize the pressure data and compute the cumulative heat release

or the rat e of heat release. This operation is now done by many laboratories

through the use of high-speed digital data acquisition and electronic coniputa-

tion of values derived from these data. This method is a very powerful one

but entatis a considerable capital investment.

For various types of engine experimentation conducted at SwR I , pressure-

time or pressure-volume records provided less information than was required,

and di gital data acquisition with computer manipulations was not cost-effective .

In such cases, the Analog Heat Release Computer has proven to be an effective

de~rice. This instrument receives analog cylinder pressure information from

a high-speed pressure transducer along with cy linder volume input s from a

signal generator attac hed to the engine c rankshaft. It then performs analog

computations upon these inputs and produces an analog signal proportional to

instantaneous heat release rate , integrated heat release , and other pa rameters.

In this case , “heat release ” is defined by the first Law of Thermod ynamics

applied to the mass of gas in the engine cylinder:
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Q - W + t~U

where

W — f P d V

and

- C~ t~T

This defines Q as the net heat added to (by combustion) and subtracted

from (by heat losses) the cylinder gas to produce the measured pressure

history during the cycle.

Because the instrument is an analog device , the heat release data is

produced in real time and may be displayed or recorded simultaneously with

other measured engine parameters. A more detailed description of the

instrument is given as follows:

Instrument Input S~g~nals

• Cylinder pressure - Scale factor adjustable, normally 100 psi/volt.

Cylinder volume - Obtained from Tetronix P/N 015-0108-01 function

generator (or equivalent) attached to the crankshaft .

Instrument Output Signals

Cylinder pressure - Measured cylinder pressure plus atmosp heric

pre ssure (adjustable).

Cylinder volume.

Degrees crank angle - This signal is in the form of one pulse eve ry 10° CA.

Piston displacement from TDC .

Cycle work; cumulative and Instantaneous.

Integrated (cumulative) cycle heat release.

Instantaneou s cycle heat release.
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Adjustments and Calibration

Adjustable cylinder presrure gain.

Volume signal adjustable for engine displaceme nt and clearance volume.
Adjustable gas specific heat ratio. 

-
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APPE N D I X  D

New Technology
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This report is a au~~~ry of existing techniques for the

diagnosis of diesel engine faults. However , a unique concept is

proposed (Section 3) that combines many known techniques into a

monitoring system for the main diesel engines of the U.S. Coast

Guard cutters to determine the cause of location of a fault that

exists in an engine. The unique electronic circuitry and display

devices (described in pages 48—61) present engine performance

parameters useful in both diagnosis and prognosis.

I-
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