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EXECUTIVE SUMMARY OF TRIBOLOGY SERIES 

Experts estimate that in 1978 over four 
quadrillion Btu of energy were lost in the 
United Sta:es because of simple friction and 
wear--enou9h energy to supply New York City 
for an ent1 re year. This translates to a 
$20 billion loss, bas~d)on oil prices of 
3bout $30 per barre1.1a Because of the 
~norm1ty of this energy loss, the Energy 
Conversion and Utilization Technologies 
(£CUT) Program in the u.s. Department of 
:nergy (DOE) initiated a program in 1983 to 
study tribology--the science of friction and 
wear--to learn more about the causes of 
these energy losses (or tribological 
"sinks") and now to reduce them. 

The ECUT Program itself was started in 
1980 to encourage research to improve energy 
conversion and utilization efficiency. The 
enonmous energy loss in tribological sinks 
has been targeted ~ the ECUT program as 
having significant potential for energy 
conservation. One goal of the ECUT Tri
bology Program is to reduce these energy 
losses by developing improved lubricants and 
more durable materials. 

To support initial Tribology Program plan
ning. ECUT conducted six surveys to gather 
three types of information about the current 
tribology problem in the U.S.: 

1. The identification of typical indus
trial sinks 

2. A survey of current u.s. Government 
t ri bo 1 ogy projects 

3. The identification of tribology R&D 
needs based on industry perceptions. 

The six £CUT-sponsored surveys are listed in 
Table ES.1. Each survey is being published 
as a separate volume with its own summary. 
This executive summary, which also appears 
in each of the six volumes, presents an 
overview of results from the six surveys and 
their implications for energy conserva
tion. The results of these six surveys and 
tlleir implications for energy conservation 
are presented in this summary. These re
sults will be used to support further re
search planning for the ECUT Tribology 
Program. 

TABLE ES.l. ECUT Surveys Reviewed in 
t hi s Summary 

1. A Review of Tribological Sinks in 
Six Major Industries. Imhoff, 
et al. PNl-5535, Pacific Northwest 
Laboratory, Richland, Washington. 

2. Reduction in Tribological Ener~ 
Losses 1n the frans~ortat1on an 
Electric Utilities ectors. 

3. 

4. 

Pinkus and Wilcock. Mechanical 
Technology Incorporated. PNL-5536, 
Pacific Northwest Laboratory, 
Richland. Washington. 

Identification of Triboloaical 
Research and Development eeds for 
lubrication of Advanced Heat 
Engines. Fehrenbacher, Technology 
Assessment and Transfer, Incor
porated. PNL-5537, Pacific 
Northwest laboratory, Richland, 
Washington. 

Energy Conservation Potential of 
Surface Modification Technologies. 
le Khac, ORR. Inc. PNL-5538. 
Pact fi c Northwest Laboratory. 
Richland, Washington. 

5. Assessment of Government Tribology 
Programs. Peterson, Wear Sciences 
Corporation. PNL-5539, Pacific 
Northwest Laboratory, Richland, 
Washington. 

6. Assessment of Industrial Attitudes 
Toward Gener1c Research Needs 1n 
Tribology. Sibley and Zlotnick, 
Tribology Consultants Incorpo
rated. PNL-5540, Pacific Northwest 
Laboratory, Richland, Washington. 

IDENTIFYING TYPICAL TRIBOLOGICAL SINKS 
AHD MECHANISMS 

ECUT's first step in collecting informa
tion about tribology was to identify signif
icant tribological sinks and mechanisms. 
This information was needed to focus re
search on key technological problems. 
Because the industry, transportation, and 
utilities sectors account for most of the 

(a) Calculations in this summary are based on a $30 figure. 
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energy consumed in the U. S., ECUT concen
t rated fi rst on the tri bologi cal energy 
sinks and mechanisms found in these three 
sectors. The report by Imhoff, et al., 
describes the most important tri bologi cal 
si nk s typically found in industry, and the 
report by Pinkus and Wilcock describes tri
bologi cal energy losses i n the t ransporta
tion and ut ilities sectors. Two specific 
st udi es assessed tribological problems in 
t he metalworki ng industry and i n the advanc
ed diesel engine. 

To i dentify areas in which tribology has a 
significant impact, the authors exami ned t he 
energy consumed, the fuel s used, and the 
primary products and processes found i n the 
transportat ion, i ndustrial, and utilities 
sect ors. Once energy losses were identi
fi ed, their magnitude was estimated. The 
estimates i nclude both friction losses (di
rect l osses) and material wear losses (indi
rect losses ) . The authors also estimated 
t he energy savi ngs potential in each sector 
and recommended some specifi c R&D programs 
to help achi eve these energy savings. 

The Industrial Sector 

Tribologi cal energy losses are pervasi ve 
t hroughout industry. Because reviewing all 
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i ndustries and industrial processes in de
tail would be i mpossible, the Imhoff, et al. 
su rvey, instead chose six representative 
i ndustries (Hi ni ng, Agriculture, Primary 
Metal s , Chemi cals/Refining, Pulp and Paper, 
and Food Processing) that appeared to have 
the most si gnificant tribological sinks and 
energy l osses. These industries were 
selected because of their 1) maj or, non
thermal energy streams (such as machine 
drives ) ; 2) high material wear rates and 
fricti on; 3) significant material trans
portation/ alteration processes; and 4) total 
energy use. 

The st udy identified important tribologi 
cal sinks in each selected industry, based 
on both friction and material wear energy 
l osses and on the tribological mechanisms 
and materials involved. Figure ES.l and 
Table ES.2 show the key results for each of 
the six i ndust ri es. 

The first conclusion from this study con
firmed earlier claims that losses from mate
rial wear are greater than energy losses 
from friction; the wear losses in five of 
t he industries were found to be more tbao 
twice as luge as the friction losses.{aJ 
The study also concluded that reducing mate
rial wear rates to improve equipment life 

Agr•culture Pu~tV Cnerruc.ala Pulp I 
Metals Rt'fonong l•l Pope< 

FIGURE ES.l. Annual Friction and Wear Losses in Surveyed 
Industries 

(a ) These fi ve industries had estimates or both fricti on and material wear losses; the sixth. 
Chemi cals/Refi ning, did not have estimates of wear losses. 



TABLE ES.2. Primary ~echanisms in Friction Energy Losses and Principal 
Materials Involved in Wear Energy Losses 

lnduSt!): Mechanisms Maurials 
Hi ni ng 3-body Abrasion Iron, Steel & alloys, 

Friction Aluminum, Rubber 

Agri cu 1 ture 3-body Abras1 on Steel, Rubber, Lubricants 
Fri ct1on 

Primary Meta 1 s Hot Rolling Steel & alloys 
lneffi c1 enci es 

Chemica 1 s!Refi n1 ng F ri ct i on. Eros i on Hot studied 
Abrasion 

Pulp & Paper Friction Steel & alloys. Chrom1u~-
Molybdenum alloys 
Grinding stones 

Food Processing Erosion. Abras1 on Steel & alloys 

and reliability would also significantly. 
improve industrial productivity. The indus
try representatives interviewed strongly 
emphasized the positive impacts that tri
bological research could have on operational 
productivity. 

Tribo1ogy in the Metalworking Industry 

In addition to the general review of tri
bological sinks in industry, ECUT sponsored 
a more specific study of tribology in the 
metalworking industry by Le Khac at D~. 
Inc. The study estimated the energy conser
vation potential of using advanced surface 
modification technologies in this indus
try. These surface modification technolo
gies .are thenna 1. chemica 1, or mechani ca 1 
treatments that reduce friction and wear at 
a material's surface without changing its 
bulk properties. The advanced surface 
modification technologies considered were 
ion implantation, laser surface hardening, 
electron beam surface hardening, and wear
resistant coating deposition. The author 
studied 70 percent of the metal-forming and 
metal-cutting machines used in the United 
States (except those associated with primary 
metals processing), identified tribological 
mechanisms, and estimated friction and wear 
energy losses. Potential energy savings 
from using surface-modified tools were also 
estimated. 

The metal-forming machines studied were 
punches. presses and forges, and the metal
cutting machines studied were turning, 

drilling, nrilling, broaching, and sawing 
machines. Models were developed to estimate 
friction and wear energy losses and poten
tial savings. The friction losses were 
estimated by adding friction losses at the 
motor drive system and at the tool-workpiece 
interface. Estimates of energy consumption 
were based on standard operating conditions 
(known friction coefficients, total working 
ti~. etc.) The indirect losses from wear 
were esti~ated based on the replacement 
costs of all metalworking tools used and 
discarded in one year. 

Based on actua 1 ex peri menta 1 or production 
data, the author estimated that the fM cti on 
losses in all U.S. ~talworking ~chines 
amount to 20.2 x 10 Btu per year, or 
$1~~.5 million. Of this energy loss. 1.8 x 
10 Btu per year, or 9\, could be saved 
using surface modification technologies to 
reduce friction. The wet~ loss was 
estimated to be 7.7 x 10 Btu per yearJa) 
Possible energy savings using surface modi
fication technolo¥~es to reduce wear could 
conserve 5.5 x 10 Btu per year. or 711. 

Finally. the author estimated that tri
bological energy losses in all u 1~. metal
working machines total 27.9 x 10 Btu. 
equivalent to 4.8 nrillion barrels of oil or 
$144 nrillion annually. More than a quarter 
of this loss could be saved using surface 
modification technologies to reduce friction 
and wear. These results are shown in 
Figure ES .2. 

(a) Using 19.2 million Btu per ton as the embodied energy in steels. 
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FIGURE ES.2. Annual Friction and Wear Energy Losses fn the 
Metalworking Industry, and Potential Savings 
from Surface Modification Technologies 

The Transportation Sector 

The transportation sector is important 
both in terms of its energy consumption (26~ 
of tota} 5u.s. annual energy consumption, or 
19 x 10 Btu, equivalent to $98 billion), 
and because of the high level of tribologi
cal losses. The Pinkus and Wilcock study 
pri marily focused on the highway fleets 
(passenger cars, buses and trucks), which 
consume 77~ of the total energy used in the 
transportation sector. The survey primarily 
addressed the conventional Otto cycle 

Total A utomotive 
Energy 

Consumptton 

engine. However, other concepts were also 
considered, such as the adiabatic diesel, 
the gas turbine, and the Stirling engine; in 
addition, the Fehrenbacher report evaluated 
tribological activity in advanced diesel 
engines. 

Figure ES.J shows the principal automotive 
tribological sinks and the estimated energy 
savings. The principal automotive energy 
sinks are caused by the mechanical ineffi
ciency of the engines and drive trains; ~st 
of the energy losses are due to frict1on. 

Potential 
Savongs Due 
to Trobology 

~= 
\.;;;/ 

t btlloon 
dollars 

Lubrocant Brakes Valve Poston Transmossoon Bearongs Otl 
Traon Assemblies Pump 

FIGURE fS.3. Potential Energy Savings Per Year for the Conventional 
Engine {Based on highway fleet size in 1976) 
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The survey by Pinkus and Wilcock revealed 
several tribological areas of particular 
concern for conventional engines, such as 
~he piston ring assembly and the long-range 
~ffect of low-viscosity oil on engine 
wear. As shown in Figure ES.3, tribological 
improvements could save 18.6~ of the total 
3nnual energy consumed by automobiles, or 
Sl4. 3 bi 11 i on. 

Research on conventional engines often 
applies to unconventional engines as well. 
Except for the adiabatic diesel, the energy 
savings possible from tribological improve
~nts to unconventional engines are less 
significant than those of the conventional 
Otto cycle engine. The major problems in 
unconventional engines are related to high
temperature tribological problems. Intro
ducing adiabatic and minimum friction en
gines into the bus and truck fleets of the 
u.s. could save up to 2.9~ of total u.s. 
energy consumption. 

This survey also revealed the difficulties 
with devising adequate performance tests to 
quantify energy losses and evaluate new 
designs and products. Laboratory tests that 
accurately reflect real-world conditions are 
badly needed. The abi 1 ity to test entire 
systems is vital, since tribological energy 
losses are often caused by complex interac
tions between all the components of a 
system. 

Advance~ Diesel Engines 

Because of the great potential for energy 
savings, the ECUT study by Fehrenbacher 
examined the lubrication of advanced diesel 
engines 1 r· detai 1 • The efficiency of these 
engines could be improved by about 10~; 
however, higher operating temperatures 
(1000°F and higher in the upper cylinder 
area ) are required to reach this greater 
efficiency. As a result, the primary devel
opment challenge for these engines concerns 
friction. wear, and lubrication of the upper 
cylinder region. In fact, tri bologi cal 
advancements in these areas are essential if 
diesel engine performance and durability 
goals are to be reached. This study assess
ed these vital tribological concerns in both 
current and future technologies and recom
mended tr1bology R&D topics for further 
advanced engine development. 

Both the mechanical design of the upper 
cylinder 1nd the chemical effects of lubri
cants and fuel determine the friction and 
wear characteristics of the upper cylinder 
region. These two factors interact in a 
complex and sometimes synergistic manner. 
The geometry of the piston, piston ring, and 
cylinder directly affect the rate and nature 
of deposit fonmation, oil consumption, and 
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friction. Efforts have been made to opti
mize the upper cylinder geometry 1n current 
di ese 1 engine techno 1 ogy; this will a 1 so be 
a critical area in future developments. 
However, problems with upper cylinder depos
its, bore polishing, and oil consumption 
still exist. This study indicates that 
these problems are caused by the chemical 
interactions between upper cylinder mater
ials, oil degradation products, and fuel 
combustion by-products. Therefore, lubri
cants, oil degradation rates, and mechanisms 
will continue to be important research 
areas. 

Although a great deal of research has been 
conducted on liquid lubricants, in most 
cases the lubricants have been tested with
out considering the tribological factors 
specific to the upper cylinder. Since the 
lubricants interact with the materials and 
environment of the upper cylinder, they must 
be developed and tested under similar 
conditions. 

The ECUT study also pointed out that fu
ture advanced engine concepts will require 
ceramic upper cylinder materials able to 
withstand the higher operating tempera
tures. New lubricants will have to be de
veloped, and solid lubricants are likely to 
play a major role. A major research effort 
will be needed in this area; again, the 
research must be conducted on a total system 
basis to be most effective. 

The study concluded that ma~ problems 
with current diesel engines will continue to 
exist in advanced diesel engines. Tribol
ogical problems in the upper cylinder region 
will be most critical in terms of engine 
performance and wear. Lubricant R&D is 
still a major research area in current tech
nology, but total system materials ~nd de
sign considerations should be emphasized. 
Advanced diesel concepts 11111 require new 
design approaches. but the tribology of the 
upper cylinder region will still be critical 
and may even be the limiting factor in 
a chi evi ng higher eng1 ne effi ci enci es. Ex
tensi ve materia 1 s R&D will be required for 
advanced designs as well, especially in 
ceramics. ceramic composites and solid 
lubricants. 

The Utilities Sector 

The utilities sector was also reviewed for 
significant tribology sinks. This sector 
accounts for roughly 28l of total u.s. 
energy consumption. ECUT's review revealed 
that tribological improvements in efficiency 
and reliability could save 2.3l of the total 
energy annually consumed by utilities, or 
about S2.5 billion. As in the transporta
tion sector, efficiency is a major factor. 



However, reliability (especially in genera
ting units) is just as important for energy 
conservation. 

The data used in these studies were pri
marily for the utilities' power plants. The 
average power plant operates at an effi
ciency (output energy/input energy) between 
30 and 40~. Mechanical losses account for 
17-261 of the total energy used. Relia
bility problems that lead to generator shut
down require using standby equipment, which 
generally has less efficient fuel consump
tion. This causes losses both in terms of 
Fuel economy, and revenue and labor costs. 
Tribological problems are estimated to cause 
as much as St of the reliability problems 
that require shutdown. Furthermore, tribol
ogy-caused shutdowns increase w1th the size 
of the power generating unit. 

The ECUT survey found several tribological 
areas with significant energy sa vings poten
tial, including gas path leakage, seals, and 
bearings on both the main turbine generator 
and on the various accessories. Different 
forms of bearing and lubricant problems 
(contaminated oils, pump problems, etc.) and 
vibrations are the leading causes of the 
plant shutdowns. 

Figure ES.4 summarizes potential savings 
from improving tribological problems in the 
electric utilities. For accessories, the 
major concern is sealing problems with 
feedwater pumps . Friction and wear are 
implicated in much of the seal and bearing 

losses . The major problems identified in 
this study wi 11 requi re research on 1 ubri
cation theory and advanced materials and 
coatings developments. 

CURRENT U.S. GOVERNMENT PROGRAMS 

The second part of ECUT's information col
lecting efforts involved identifying tri
bology R&D currently being sponsored or 
conducted by the u.s. Government. This 
information was needed to avoid duplicating 
existing research and to locate those areas 
that need more research support. The Peter
son study identified 215 current projects 
sponsored by 21 different government organi
zations. The study classified these 
projects by subject, objective, energy con
servation relevance, type or research, 
phenomena and variables being investigated, 
materials, and applications. The principal 
government sponsors include the Department 
of Defense (DOD), the National Aeronautics 
and Space Administration (NASA), National 
Science Foundation (NSF), National Bureau of 
Standards (NBS), and DOE. 

The study located these tribology projects 
initially by using 1 nformati on from litera
ture searches. Data bases used included the 
Smithsonian Science Information Exchange, 
the Defense Technical Information Center's 
Resea rch and Technology Work Unit Informa
tion System, and the Materials Science 
Abstracts of the National Technical Informa
tion Service (NTIS). The study located a 
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FIGURE ES.4, Potential Energy Savings for the Utilities 
(Based on estimates of installed capacity 
in 1983 and on an energy cost of $30 per 
barrel.} 
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total of 640 government-sponsored projects 
covering the fiscal years 1978-1983. These 
organizations were then contacted by mail, 
follo~ed by visits and/or phone discus
sion. Of the original 640 projects, 215 
~ere found to be current. A detailed de
scription of each project is included in the 
report. 

According to this study, until several 
years ago tribology research emphasized 
component development, fluid film and 
elastohydrodynamic lubrication, and concen
trated contacts. Since then the emphasis 
has shifted dramatically, and research ef
forts now concentrate on lubricants, mate
rials and coatings, and friction and wear 
mechanisms, There is still considerable 
interest in rolling contact bearings and 
seals, as well as in early failure detection 
in maintenance technology. 

The study also concluded that most current 
tribology research is related to DOD objec
tives of l onger life, low maintenance/ 
failure-free machinery, and the basic under
standing of friction, wear, materials, and 
coatings. High-temperature lubrication also 
continues to be a major objective in tMbol
oqy research; the effects of new materials 
and solid lubricants on current temperature 
limitations are also being studied. Coat
ings are receiving the most attention 1n 
general materials development. Figure ES.S 
shows a breakdown of the materials consid
ered in t~e 215 projects. 

The aut,or also concluded that current 
programs ~enerally do not emphasize energy 
or materi3ls conservation. Design predicta
bi 1 i ty an j composite materia 1 s are other 
areas that are receiving little attention. 
Finally, the study concluded that current 

Fl01d Lubncants 
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u.s. Government high-temperature lubrication 
work is the most applicable to energy con
servation goals. 

INDUSTRY PERCEPTIONS OF GENERIC 
REsEARCH NEEOs IN fRIBOlOGY 

Because transferring information to indus
tr1 es is a major part of the ECUT program, 
ECUT conducted a survey of industry perspec
tives on tribology R&D needs. This survey, 
conducted by Sibley and Zlotnick. involved 
i nterv1 ew1 ng industry contacts to discover 
what research results are needed. 

The authors held in-depth discussions with 
engineers and managers from 27 companies. 
These companies were chosen by defining 
different tribological categories {such as 
transportation, power plants. seals, gears, 
aerospace, etc.). At least one compa~ was 
then selected for each category, and two or 
three were chosen for categories that are 
particularly important to the ECUT pro
gram. The purpose of this study was not to 
produce statistically significant findings, 
but rather to represent many d1 fferent view
points and a variety of interests. 

The authors' main emphasis was on deter
mining the engineering limitations imposed 
by tribology considerations. They also 
tried to determine the type and funding 
level of current generic tribology R&D in 
each company, although only oon-proprietary 
information was available.1 4 1 

Based on the levels of generic trtbology 
R&D in the 27 individual companies, the 
authors then estimated total tribology R&D 
in each industrial segment. Although this 
approach is obviously limited, reasonably 

Ceram1cs 

Other 

FIGURE Es.s. Materials Under Consideration in the 
215 Current Govern~nt·Sponsored 
Tr1 bology Projects 

(a) "Generi C11 R&D in this case is bas1 c research that is not directed toward a specific end 
use or product. 



TABLE ES.3. Estimate of Generic Tribology R&D and Total R&D Budget 
for Representative Industries (InS") 

Total Generic 
Cl assi fi cation Com~ an~ R&o ( a) Tr1bolo9l R&o(b) 

Liquid Lubricants Mobil 188 1 

Transportation Ford 1764 1 

Aerospace Pratt & Whitney 835 0 

Powerplants Caterpi 11 ar 234 0 
Seals Crane 10 <1 

Rolling Elements TRW 10g >0 
Gears Eaton 100 >0 

Sliding Bearings Tri bon 0 >0 

Fi 1 ters Pall 7 0 

Small Mechanical Xerox 565 >0 

Ceramics Norton 26 <1 

Coatings Union Carbide 240 <1 

Forming Bethlehem 46 <1 

4124 6 

(a) From the report to the Securities and Exchange Comnrtssion 
for 1982. (Source: "Business Week," June 20, 1983.) 

(b) Based on discussions with research staff and referring to 
only company-funded generic tribology R&D. 

accurate estimates were developed of- the 
amounts of generic tribology R&D being con
ducted in each of the industrial segments. 
The results for the individual companies are 
summarized in Table ES.3. 

These authors concluded that industry 
funds only a very limited amount of generic 
tribology research. Some 'hidden' generic 
~&0 is incorporated into the companies' 
design manuals, but much of this information 
is proprietary. As illustrated in 
Table ES.3, some industry segments have 
little or no generic tribology R&D. Tri
bology research efforts are often too small 
to be likely to improve the state-of-the
art; ceramics is an example of an area in 
which the funding levels are too small to 
promote significant advances, although in
dustry has expressed considerable 1 nterest 
in this area. However, the liquid lubricant 
research budget in the transportation indus
tries is substantial. 

The industry representatives expressed 
i nterest in the ECUT Tribology Program, and 
also in obtaining a fundamental physical 
understanding of tribological mechanisms. 
The industry contacts also requested more 
effective presentations of research results, 
especially results in a form that design and 
development engineers could readily use. 

X 

Another industry concern involved developing 
more realistic laboratory tests and more 
rational performance standards. 

CONCLUSIONS 

The six ECUT surveys summarized here were 
conducted to provide an overview of the 
major tribological sinks and the current 
state of U.S. tribology research. Although 
much of this preliminary ECUT work involved 
general surveys and samplings, the overall 
picture is consistent and reveals areas of 
major concern. The findings in the general 
surveys have been largely substant1 ated by 
the two focused studies on metalworking 
industries and the advanced diesel engine. 
These results are being used to support ECUT 
Tr1bology Program planning. 

These surveys describe the current status 
of u.s. tribology R&D in 1984; the findings 
will be updated as necessary. Much of the 
information is necessarily somewhat specula
tive and theoretical, and many of the gen
eral findings have not yet been fully 
corroborated. This is due 1n part to the 
lack of previous research; improving this 
initial information should be an important 
goal of current researcll. In particular, 
identifying trfbological mechanisms should 



be empha~ i zed in order to define specific 
research projects. Further discussion with 
industry representatives is also needed. 

The five key results from these ECUT 
studies are listed below: 

1. ~dvanced tribe-materials, coatings, and 
lubricants must be developed to further 
impr-ove energy efficiency. A 1 though 
trit•ological improvements can be made 
..;itr the current technology, new and 
inn(•Vati~e materials and designs (such 
as the advanced diesel engine) are 
neeced to significantly increase energy 
efficiency. 

2. Tritological mechanisms that shorten 
equipment life and cause excessive 
dowrtime and repair should be identi
fied and studied. Initial research 
shows that these indirect energy 1 asses 
from material wear are often greater 
than the direct energy losses from 
friction. In addition to the energy 
conservation impacts, reducing these 
losses could also significantly improve 
industrial productivity. 

3. Generic tribologfcal research will 
affect all three major sectors, si nee 
similar tribological mechanisms are 
found in many different processes. 
~lthough the transportation sector has 
the largest tribological energy loss 
and the greatest potential for energy 
savings, there is significant energy 
savings potential in all sectors. Thus 
research results must be effectively 
transferred to all sectors. 

4. Meaningful performance tests and stan
dards must be developed so that new 
designs and products can be accurately 
evaluated. Laboratory tests that accu
rately reflect real-world conditions 
are badly needed. Total system testing 
is vital, since tribological energy 
losses are often caused by complex 
interactions between all the components 
of a system. 

,, 

5. Continuing conmunication with industry 
is critical to ensure that industry 
research needs are addressed and that 
the results are adequately transferred. 

These results supported the development of 
the ECUT Tri bology Program plan for 1985. 
The research program is divided into t~o 
parts. The Mechanisms component includes 
such areas as advanced tribe-materials R&D, 
identifying and characterizing tribological 
mechanisms, and developing performance test 
requirements. Projects in this area include 
developing new tr1bologfcal materials, and 
modeling and experimental efforts to 
detennt ne physical and chemical interactions 
and processes in tribological systems. 
Liquid and solid lubricants, tribologfcal 
coatings and surface modi fi cations, and 
ceramic and cennet materials are sped fie 
topics to be canst de red. The Mechanisms 
area also includes efforts to develop novel 
characterization and testing procedures and 
diagnostic tools and equipment to assess the 
performance of trt bologt cal systems. 

The second part of the research program, 
Design, includes such topics as design and 
reliability modeling of components, systems, 
and system assemblies. Industry is directly 
involved in these projects. The Design area 
will also establish a data center to gather 
and disseminate information on trtbology. 
These projects concentrate on generic t ri
bology R&D, including energy losses from 
material wear. 

Clearly, trtbology research can have a 
major impact on energy use and conservation 
in the U.S. Much of the needed research 
i denti fi ed in these studf es is 1 nnovatt ve 
and high-risk, which makes trtbology a vital 
and appropriate area for ECUT support. Thus 
the ECUT Tribology Program, w1th industry 
participation and cooperation, will continue 
its efforts to reduce the enormous energy 
losses caused by friction and wear. 





SUMMARY 

This report is part of a s~udy of ways and ~ans of advancing the national 

Pnergy CMServation effort, particularly with regard to oil, via progress in 

~he tec~no1ogy of tribology. ihe report is confined to two economic sectors: 

~ransportationt where the scope ewbra~es priwarily the highway fleets, and 

electric ut il it 1 es # Together these two sectors account for ha 1f of the U.S. 

energy C')nsumption. The goal of the study is to ascertain the energy sinKs 

attribut.l~1e to tr-ibo1ogica1 C.Of'lponents and processes and to recof"'Ilend 101'19-

range research and development (R&n) programs aiMed at reducing these losses. 

In addition to the obvious tribological machine components such as bearings, 

pisto~ rings, transmissions a~d so on, t~e study also extends to processes 

whic~ ar~ linked to tribology indirectly such as wear of ~chine parts. 

coatings of blades. high temperature naterials leading to higher cycle 

efficiencies. attenuation of vibration, a11d other cycle improvements. 

~uch of the ~ethodology used in arrivi~g at the required inforMation co~

sisted of proper literature searches and the utilization of MTr's records in 

the fiel js of energy ard conservation. However, to Ma'<e the study as compre

-1ensive lnd practical as possible. visits and interviews were arranged with 

designer;, Manufacturers and users of relevant equipment and their evaluations 

and opinions were obtained on how best to further progress and en~rgy savings 

in the vlrious areas under considera:ion. These views were subsequently inte

grated with the results of the literature search, a'ld together they constitute 

the substance of the material presented herein. 

Sin:e the conventional Otto cycle en9ine has been and is likely to remain 

the predominant pri~ mover for automobiles~ the bulk of this report is con

cerned with the convent 1 on a 1 engine. l-loweve r, due atte~t l on is aT so given to 

novel concepts such as the adiabatic diesel. the autO!'JOtive gas turbine, and 

tl'le Stirling engine. In addition to specific engine components, the study 

revealed a need for progress in so~e generic areas such as defining a statls

tlcally valid driving cycle (in place of the EPA cycle), determining the 
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valid1ty of notoring tests, and others. Of the specific automotive components 

tha: neec particular at:ention~ the piston r~rg asse~bly and the :o~g-range 

e~fect of low-viscosity oil o~ en~ine wear are the most conspicuous ite~s~ 

A detd·iled analysis of automotive vehicle performance yielded a mapping of 

:re por:ions of energy required ~or the functio'ling of variCJuS subpar~s of tr.e 

e(lgirP and drive trair. These energy shares in terrs of perce11tages of the 

fuPl energy input are given in Figure S.l. The savings achievable in these 

e~ergy si11ks via tribolo~ical progress are listed in iable S.l. Table S.l 

s1::lws a potertial ga'in of 17.5% in fuel 

crurle oii is equivalent to a savings of 

e-co'"IOI"1.Y. which at $30 

~14 hill ion per year. 

p€'r :~arrel of 

Should the 

ongoing projects on novel types of engines be successful and the expected 30% 

i''IJrnvere"~t in fue~ econc11y he act->ieved (over that ot an equivalent St eng~ne}, 

then the expected gains wou1d anount to s~e $23 billion per year. 

The ~&0 programs required to achieve these ir1provements in engine pt?rform

ct~ce are g1ven in Table S.2. Trere are 17 of these projects, Sjne o~ a baste 

nature hest to be sponsored by government agencies and some of a design and 

developrrtent nature better suited for a pooled industrial effort. They range 

from prograns which may require five years or more to establish the r1eeded 

basic infornation tCJ programs of co111ponent developnent i:~ wh~ch particular 

concepts or approaches can be demonstrated in on~ to two years. Beyond these 

achievements must come time for product development. at'ld finaily the time 

required for tt~e 1 ower loss approac'r) to enter the automotive fleet {perflaps 

five years to achieve a 5M presence in the fleet). The probability of success 

on each individual project is intuitively 50% or hetter. but a realistic esti

FJate would have to be based on f110~'e detailed and "lore definitive project 

desc ri pt ions. 

E~ECTR!C Ulll!TiES 

I~ autOFIOtive vehicies, it is sufficie'"lt to discuss col'lponent performance 

to obtain a picture of energy lost in various forms of mechanical inefficiency. 

While efficiency rema~ns a vital concept also with electric utilities yet 
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Energy In 
100% 

Energy Map mill Pus.enger Cor 

'" om EPA Cyt:lo 

Exh<JU$1 Engme Cooling lttd!Cate<f HP 

35% 30% 36% 

r 1 l l l + 
01her Piston All!W!mbly Valve Train aearings Seals Air Pumpi!'i9 Brake tiP 

Engine Frict1on 2.8% 1.3% 10% 0-!)% 6% 23% 
0.4% 

1 1 1 l l l 
I Accessories, % I 
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Po..wr Steenng - 0 5 1-+ 
fJiction 
Forces 

Tire!S AerodynamiC Drag Coohng Fan- 0.5 0.9§% 

1-. 5.5% 4.0% 
Alternator - Q_fi BlaY~~by 

0.5-%-

FIGURE S.I. Energy Required by Passenger Car Components in EPA Cycle 



TABLE s.!. Summary of Potential Savings in Automotive Tribological Losses 

Energy Conw Potent I a 1 Savings ln Pert:ent Potential Savlnss Per Y~~~r· 
surned: t of 9arrels or 1984 
Total FlHt Highway u.s. Total 

Stu ~' ... w~l2 
Crude 011. u.s. $ 

w Comp1,nent ~~ COII'IpO"l:ent Fleet Ener!:IJ' 0eJ~~an<1 .Jlil]~ons Billions Rer~ilrks 

1 Plstoo J\ssf!mhly s.o 39.2 3.1 0.61 '" "'·' 2 ,4l l!ased on SOt reduc-
tion 1n ring width 
and Skirt length 
see Table 5.3 

>< l 1rar~:sm1ss1on 8.7 '·' l.l 0,22 161 27.6 0.83 Refers to conventional 
< sntem 

3 Valve Train 3.7 " '.1 0.62 .. , 810 2.44 

' Ofl Pu"'P ?.1 10 0,4:4 0.09 " 11.0 I) .35 Shaft ~unted pump 

' Brak.es 8.1 so 4.3'5 0.67 652 lO'LO 3.JS t!s~ of re'}ener•t h<11 
braking 

6 Bn .. 1ngs 2.9 30 o.as 0.17 l2B 21.4 0,66 

1 LubtiJ.::ant '·' 1.12' ,., 142 .o 4.30 Includes 4nt!-frictlon 
add1thes 

Total 17,5 '·' ""' "' 14.3 

Savings based on high•ay fleet s1ze 1n 1976.{:'1) and M enerqy cost of SJQ per bartet uf crude oil • 



TAGLE S.Z. Summary of Recommended Research and Development 
Programs - Transportation Sector 

Pro<Jrltm 
Group ~umb~:!:.._ Group Ttt1e Program Title 

1B 

1-. 

2 . 
•. 

2-~ 
2-1 

GENERAl AUTO~T!V£ DATA 

Validity of Engine 
Ten Methods 

Docu~~~ent Auto Ener<JY 
Flow Statistics 

Component Failure and 
Wnr Rate Data 

ENG!KES - PISTON ASSEMBLY 

Piston Ring Behavior· 
hpertlllll!ntal 

Analyt1eal Model 
Piston Ring ?ara,.trte 

Behavior 

ENGINES - BEARINGS 

Suggested Support 

Potenthl 
Payoff 

(S 8/yr) 

Pooled Industrial (a) 

Govern~~ent {a) 

Govern1111nt (a) 

Joint lndustrial-
6overn~~ent 

IOoverNRnt 
Gover.-nt 

2.0 

,_, 
Main and Connecting Rod Pooled Industrial 

Burtng Hftctency 
0.66 

2C 

20 

• 

2-h 

1-

3-: 

3-.. 

·-4-< 

5-: 

5-C 

5 
• -. 

ENGINES - VALVE 111.A\II 

Use of R.E. tn Valve 
Trains 

ENGINES - OIL P~P DESIGN 

lUBRICANTS 

DRIVE SYSTEM 

Variable Oelhery 011 

'""' 
friction Reduction 

Additive 
Wear Life "i th Ltn~

Viscosity Oils 
011 Contaroination and 

Oegradat 1 on 

Transmission 
RegenHation Braking 

NON-CONVENTIONAL ENGINES 

Solid Lubri~ant 
Technolo'IY 

Tribology of Ceram1c 
i'laterials 

Piston/Cylinder Gas 
Flotation 

{a) Input cata support for other program. 

Industria~ 

Industrial 

Government 

Pooled Industrial 

Pooled Industrial 

Industrial 
Joint industrial

Govern .... nt 

Govern,.nt 

Govern""'M 

Government 
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2 •• 

0.35 

'·' 

0.8 
J .1 

2.1 

Est louted 
R&D Cost 
(I M) 

15 

0.1 

0.1 

1.5 

0.9 
0,8 

1.5 

1.0 

0,1 

0.9 

'·' 
1,5 

3.0 
5.0 

2.0 

0.9 

0.9 

llenefit 
Cost 

Rnlo 
(l 1/10) 

,,, 

750 

.. 
,., 

117 

" 

27 
66 

"" 

Probable 
Years to 
i'larket 

Injection 

,., 

5 

5 

5 

5 
7 

1D 

Priority 
~ 

• 
• 
8 

A 

8 
A 

• 

' 

A 

• 
c 

' A 

A 

' 
' 



another concept looms here as perhaps the more important aspect of efficient 

utility operation. That concept is reliability which pertains to avoidance of 

all those forms of equipment malfunctions which very often cause the shutdown 

of turbogenerator sets and the cessation of operation of the power plant. 

Thus, the tribological improvements which lead to raising plant reliability 

figure here alongside the potential gains in efficiency. A scrutiny of the 

causes of plant shutdown revealed that various forms of bearing and lubricant 

induced prohle~s like vibrations, contaminated oil, pump problems and others, 

account for up to one-quarter of the outages; furthermore, the percentage of 

trihologically induced shutrlowns rises with size of the unit so that in an 

800-f11.i unit it is nearly twice as high as in a 400-MW unit. In the accessories 

the ~ain area of difficulty is the feedwater pu~ps, particularly its sealing 

probler1. 

Figure S.2 shows the energy de~anded by the various components of a turbo

generator set and its accessories as a fraction of the fuel energy delivered to 

the boiler. As seen, the largest loss is due to gaspath leakage, followed by 

the heorings and labyrinth seals. The levels of savings possible in these 

var1ous areas are given in Table 5.3, where the total possible savings due to 

both improved efficiency and enhanced reliability amount to 2.3% of the con

sumed energy, which translates into savings of S01"'1e $2.3 billion per year. 

Table S.4 gives a listing of the R&D projects required to accomplish these sav

ings. There are, as seen, 10 of these projects, each given a priority ranking 

similar to that :Js~d in the automotive R~n plan. 

EIJROPEAN ACTIVITIES IN ENERGY CONSERVATION 

Judging hy the activity of three of the countries of EEC, France, Germany, 

(FRG) and Great Rritain, it appears that centralized planning efforts focused 

on the "cutting edge" type of R&f1 activity in tribology that can catalyze 

breakthroughs in basic f'lachine efficiency are still in their infancy. There 

is, however, a sizaDle body of work going on in the traditional areas of 

tribology. This may be the reflection of a broadly sensed feeling that 
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Generator Set and Its ~ccessori~s 



TABLE 5.3. 

r:n..,roonent oc Areil 

"ie!'JIS (G;,sp11th 

""' Li'!hvrin+C.) 

2 Rpi'lrinns 

' A.ccAssorins 

4 Rl'll i ;.,hi I i tv 

Summary of Potential Savings in the Electric Uti{~\iies 
{based on estimate of installed capacity in 1983 
and on energy cost of $30 per barrel of crude oil) 

Percent S"lv i nos Yeer I v S11vlnns 
Rl'lrrels of 14R4 

ro,..,oonent llt i I it i es Tot11l Cru<1e Oil u.s. I 
oc Arei'l Sflctor ne..,;,nr1 Rto ' 

10-12 '11 I I Ions "1illlons 

eo n.llR 0,25 IRQ 31 oro 

"" O,:?'i o.rn " 9 270 

' o. 50 n. 14 104 IR '" 
" O,fiR O,IQ 140 24 720 

significant improvements in energy utilization efficiency can be made by better 

application of present knowledge in the field, and by the results of R&D in the 

usual areas of interest. In these latter areas, industry appears to be 

assisted by substantial government participation, particularly in Germany and 

Great Britain. 

France established in 1981 an Agency for t1astery of Energy under the 

Ministry of Industry and Research. However, there has been as yet no specific 

identification of tribology as a significant field for energy research. The 

French National Center for Scientific Research has initiated some action in 

tribology, but there has been little actual funding. 

In Germany, there has been a highly focused effort for almost ten years. 

Funding at the level of several million dollars per year has been devoted to 

development of tribology. This has largely been in conventional areas, how

ever. Much of the effort bas been used to support the solution of specific 

industrial problems, and to collect, codify, and analyze the world-wide results 

of tribological work. 

In Great Rritain, the Institute of Tribology at leeds has emerged as the 

dominant center for tribology, both in research and in the training of new 

professionals. Ry whatever means, the British are continuing to contribute 

significantly in many of the traditional areas of tribologica1 research. 

However, their planning of breakthrough work in key areas significant to energy 

conservation is at a moderate level only, intermediate between the activity in 

France and Germany. 
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TAilLE s .4. SuFtmary of Recommended Researct> and Development Prograns - Utility Sector 

Ben&+ 1t "'robabla 
PoTential Est I me'ted Cost Years 1"¢ 

Pro!1r<l"' Pa~yoft RAD Cost Ratlo Mark""t Priority 
Group NuiTiber ?_roup TITle Progr1:1m Title SJQQestad ~uppor• ($ B/yrl ( S Ml o; 1/lOJ lnjec-tiQ<'l Class 

~-----

6 ~ 

6-' Aetlvs Clearance Pooled lndustr1a~l 0.91 2.5 22 •o A 
Control 

6-2 Atwadabla Seal Go"en,P~Gn't '.5 10 '· !>taterlels 

7 BfAAINGS 

1-1 Turning Gear Wear Govstmnent 0,2 ' a 
>< EHocts 
X 7-2 Hlg~ Temperature Governroont 0,5 7 c ~. 

"Sabb 1 i'T" 
7-> Oi I Groove Ml xlng Gov-ernment 0.26 0,5 

7 ·' ' A 
1en~per!!lture 

7-4 Proof Tests 0t1 LO"f Pooled IndusTria! 0,8 7 B 
POIIM" LO&$ B(t!!rlnqs 

7-5 large Water Lubrl- Government 
1 ·' 

10 • cated Bearinqs 

8 ACCfSSOR I E:S -----
a-1 faed'!later Pu1110 j:{otoc Pooled Industrial OSi 1.0 " 4 

s,.s'te,s 

REUABILITY 

9-1 Conti'WIIM:nt/Fallul"e Govel"nment 0.72 O.> 10 ' A 
Stodv 

9-2 8eartn~/Seal ~nftorlnq Pooled lnd~strlal o.• 4 • 



In summary, one can say that focused efforts towards energy conservation 

via tribology are only now beginning to take root in the EEC countries of 

Europe. Continued progress in the field in this country, with continued 

attention to catalytic support in key breakthrough areas, may give the U.S. a 

technological lead in the intensely competitive areas of the automotive and 

power plant industries. 
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~IST OF SYMBOLS ANO A66REVIATIOHS 

A11T Advanced Gas Turbine 

API American Petroleu!'l1 Institute 

RHP Brake hp 

BOC Rottorn Oead Center 

~t1:=Y Rrake Mean Effective Pressure 

C Rearing Radial Clearance 

cs r:entistok.es 

CVT Continuously Variable Transmission 

n !ie<Jri ng Oi ameter 

ECE European Standard Orivi~g Cycle 

EHJ El astohydrodynami c 

F~ Forced ')raft 

FEO Friction Efficient Oil 

~HP Friction hp 

FIOD Ford Integral Overdrive 

F~1EO Friction t1ean Effective Pressure 

Gi Gas "furbi ne 

H Power Loss 

HP Horsepower~ also High Pressure 

hmin "'1ininun Film Thickness 

IC !nternal Combustion Engine 

ID Induced Draft 

IGT I~proved Gas Turbfne 
lllP Indicated hp 

IMEP' Indicated r1ean Effective Pressure 

IP Interrnedi ate Pressure 

K Rotor Stiffness 

KW Kilowatts 

Kx Steam Induced Lateral Spring Constant 

Xy Steam Induced Co1int!ar Spring Constant 

L Rearing Width (or length) 

~1J Megvjoules, 106 joules 
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MW Megawatts, 106 watts 

npg Mi 1 es per Ga non 

mpll Miles per Hour 

N Revolutions per Unit Time 

p Pressure 

' Unit Loading, (WILD) 

0 Lubricant Flow; also Heat 

R Bearing or Journal ~adius 

Re Reyno 1 ds Nur:1ber 

S! Spark IgPition 

ssu Saybo 1 t Seconds 

T Temperature 

TOC Top Dead Center 

TIT Turbine Inlet Temperature 

U Linear Velocity 

V Volul"''e 

Vt1T Vehicle Miles Travelled 

VSTC Variable Stator Torque Converter 

VRTO Variable Ratio Traction Drive 

W Load 

WOT Wide Open Throttle 

? ,c 2 
W "N 1][) 

1-Jx Latera 1 Force 

Wy Vertical Force 

s Eccentricity Ratio 

w ~otational Speed 

wn First Natura 1 Frequency 

>.~ Absolute Viscosity 
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I NTROOUCT! ON 

The stranglehold of the OPEC cartel on the production and pricing of oil 

has kept the energy market in turmoil now for over a decade. Although, at the 

present mment, the shortage of oil and the spiral of crude oil prices have 

abated, this is probably only a temporary lull, with the basic problem of suf

ficient and moderately priced oil supplies remaining unresolved. Most telling 

is the fact that the present improvement has come about largely because of the 

effectiveness of conservation measures. According to published data,(l) the 

following gains were achieved by the U.S. in 1982 vis-a-vis 1973: 

1. Automobiles traveled 90% further for the same quantity of fuel. 

2. Total consumption of automobile gasoline was reduced 4%. 

3. Consumption of fuel oil was reduced 12%. 

4. Total energy consumption was reduced 4.9%. 

5. Energy required per gross national product was reduced 19%. 

It seems then that it is the pursuit of conservation policies that can 

best guarantee for the U.S. economy the continuation of the present relatively 

favorable state of affairs. With a further improvement in the conservation 

field, t'le U.S. can limit the consequences of any potential political or eco

nomic crises with regard to energy shortages. 

The present project is a study of ways and means of advancing and further

ing the energy conservation effort, particularly with regard to oil. The 

project is, in a way, a continuation of the 00£/ASME sponsored workshop and 

study conducted in 1977, the product of which was the publication of Strategy 

for Energy Conservation via Tribology.( 2) The 1977 study embraced all four 

sectors of the U.S. economy: transportation, electric utilities, industry, and 

the commercial/residential sectors. The present effort deepens the 1977 work 

by concentrating on two sectors: transportation, where the scope is confined 

primarily to the highway fleets (excluding railroads and aircraft), and elec

tric utilities. The goal of the study is to ascertain the energy sinks attri

butable to tribological components and processes and to recommend long-range 

basic R&:J programs aimed at reducing the level of these energy losses. In 
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order to appreciate fully the range of tribological involvement in the 

machinery under discussion, it should be noted that our attention is not con

fined to the obvious tribological machine components such as bearings, piston 

rings, transmissions, etc., but extends to parts and processes which are linked 

to tribology indirectly such as wear of Machine parts, coatings of blades, 

high-temperature materials leading to higher cycle efficiencies, attenuation of 

vibration and the consequent reduction of downtime of a utility's power plant, 

and other improvements that can be achieved by progress in tribological 

technology. 

r1uch of the methodology used in arriving at the required information 

consisted of proper literature searches and the utilization of MTI's own 

records in the fields of energy and conservation. However, to make the study 

as comprehensive and practical as possible, visits and interviews were arranged 

with designers, f'lanufacturers, and users of relevant equipment and their eval

uations and opinions were obtained on how best to further progress and energy 

savings in the various areas under consideration. A list of the plants and 

organizations visited is given in Appendix A, and a record of the discussions 

is available from transcripts of the tape recordings made during the sessions 

(with the permission of the participants). These views were subsequently 

integrated with the results of the literature search, and together they 

constitute the substance of the material presented herein. 
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PART i 

A!JTOMOT:VE VcH[CLF.S 



1.0 AU'Dr10i!VE STATISTICS 

Altnough the eco~:;nic sector under consideration here is that of transpor

t3t1on, the scope of t~e s~udy is actually restricted to highway vehlcles-

passerger cars, buses and truc(s {see ~lork State:nent in Appendix A). This 

ieaves nut aircraft. t'"ains and seagoing vessels, hut as Table 1.1 shows, in 

terrns of energy consumption. autOr;JOtive vehicles consume 77% of the total and 

th,Js an inprovem~nt ir this domain would have a decisive effecc Furthermore, 

• Airp 1 an~ fuel co~sumptlon per passenger~ride is decreasing under 

comoetit':ve pressure and also because it constitutes one-third of the 

total cost of operation. 

o The off-roac engines a0rl vehicles will automatically benefit from the 

hi3hway vehicle advances. 

1.1 TH' H!f,HriAY FUC:T 

Tb.:- ultimate goal of realizing energy savings in the automotive vehicle 

has '·mel :o do with the statist~cal oattern characteristic of the distrib:.~~ion, 

usagP, :mel pr~ctic.es prevailing in the ffeld. The typical average lengtll of a 

vt-hicle 1 s ,jou:-ney, the amount of traveling done in cold and hot periods of the 

year. r.1d even t~e driving habits of drivers--all have a say as to the direc· 

:ion d'1d the Jros;)ects of achi8ving the desired energy savings. Thus, this 

hrief s~~c:iof! ccntains some of the basic data oo automotive statistics if'l the 

u.s. 

T3:Jles 1.1 and L2 and Figures 1.1 thf"ough 1.4 provide sooe re-levant data 

on t11e pattern of fuel consunption ':)y the automotive vehicle in the u.s. On 

'.:he has·s of ~he i'lfo-rmat.ion contained in the"Se sources. o-1e can state the 

fOJl014iLg; 

• In l97fi, t.:~e relative distrit~utton of the nunber of passer:ger cars~ 

trucks, and h!:ses was as follows: 

1.1 



TABLE Ll. Automotive Statistics (1916)(3) 
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TABLE 1.2. Number of Vehicles in the United States(3) 

Year 1960 1965 1970 1971 1972 1973 1974 1975 1976 

TOTAL 74,475 ,551 91,752,138 111,222,036 116.344.304 122,303,701 129,777,378 134.779,710 137,917,254 142,397,000 

Passenger car and taxi 61,683,865 75,260,847 89,279,864 92,799,052 96,859,746 101,762,477 104,857,327 106,712,551 109,675,000 

Motorcycle 574,080 1,381,956 2,814,730 3,345,179 3,797,838 4,356,502 4,966,399 4,966,844 5,110,000 

....... Truck . 11,945,477 14,795,051 18,748,421 19,802,490 21,239,163 23,232,872 24,589,078 25,775,715 27,115,000 
w 

Bus 272,129 314,284 379,021 397,583 406,954 425,527 446,906 462,144 497,000 
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• Over the decade preceding 1976, the total consumption of fuel by the 
automotive vehicle rose by 50~. The increase was roughly the same 
for passenger cars and trucks, while the consumption by buses 
remained minimal and constant. 
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FIGURE 1.2. Energy Use by Transportation(J) 

• In terms of the percentage of either the total energy or the total 

oi l quantity used by the U.S. economy, the reouireMents of transpor

tation reMained constant for the last 30 years; total energy share 

a~ounted to 25 to 26%, oil consumption stayed at 52 to 54%. 
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While the absolute price of gasoline has increased over the past 
15 years, its proportion of the total cost per vehicle mile has 
remained fairly stable. 

FIGURE 1.3. Cost of Operating a Suburhan-Baserl Automobile(J) 
(in current dollars) 

• Despite the relatively higher escalation of crude oil prices, the 

relative expense incurred by the cost of gasoline in operating a pas

senaer car has remained constant since 1960 at roughly 20 to 25% of 

total car expenses. This constancy of fuel costs for automotive 

vehicles was not due to any reduction in mileage. As can be seen in 

Table 1.3, mileage remained roughly constant. 

• The average length of a passenger car trip in the winter is around 

8 miles versus 10 miles for the summer period. The amount of travel

ing mileage done during the three winter months is about 22% of the 

total yearly mileage. 

1.2 THE EPA CYCLE 

f1uch of the discussion about the efficiency and performance of automotive 

vehicles refers to a standard designated as the EPA cycle. The specifications 

1.6 
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Spnng Wmter Summer Fall 

Season of the Year 

Spring Summer Fall W1nter 

Average tr ip length (miles) 8.5% 10.1 8.7 8.3 
Distribution of total trips 26.9% 24.8 25.0 23.3 

(percent) 
Distribution of VMTs 25.6% 28.2 24.4 21.8 

(percent) 

FIGURE 1 • 4. Average Auto~obile Trip Length by Purpose of Tr ip 
and Season l3 J 

Average 
Trip 

Length 

13.1 miles 

10.2 mi les 

8.9 miles 

5.6 miles 
4.7 m1les 

of this driving cycle, which are supposed to reflect an 11 average 11 mode of 
trav<'ling under both urban and highway conditions, are as follows: 

• Urban Oriving: Average speed 31 km/hr (19 . 2 ~iles/hr) with maximum 
sp~ed of 93 km/hr (57.7 mi les/hr) . Thirty-eight percent of the urban 

dr ving cycle is spent on idling or under closed-throttle decelera
tion. Of the total miles driven, 55% are spent in the urban mode. 
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TABLE 1.3. Miles Traveled by Automotive Vehicles 
(reworked from Table 1.1) 

Vehicles(a) 
Number in Number in 

Miles/Year(a) Mill ions Billions Year 

Total 91.7 888 9684 
1965 

Passenger Cars 75.3 706.4 9381 

Total 138.0 1330 9640 
1975 

Passenger Cars 106.7 1028 9634 

Total 142.4 1416 9940 
1976 

Passenger Cars 109. 7 1090 9940 

(a) Registered Vehicles. tlinety percent of these are in actual 
use which raises the average miles/year to about 11,000. 

• Hi~hway Driving: Average speed is 78 km/hr (48.4 miles/hr). Forty

five percent of the Miles rlriven are spent under highway condi

tions. Irlling extends only over 8% of the highway driving cycle. 

The specific time-spee~ relationships over the two driving cycles are 

given in Figure 1.5. While this seems a reasonable pattern of driving, it 

leaves out a number of very important elements which enter the notion of a 

r~oresentative driving pattern. As will be seen in later discussions, the EPA 
cycle is not considered by the automotive industry to be a valid model for 
measuring and judging automobile performance. Moreover, it does not provide a 

valid base for quantifying the levels of energy loss and possible economics in 

the operation of automobiles. The problem of cold starts can be mentioned as 

one such important factor. The energy expended on the frequent starts of an 
engine during cold periods is a substantial portion(a) of the total frictional 

energy consumption, yet the EPA cycle does not reflect this element of car 

operation. Similarly, there are other features of car operation which escape 

(a) This has not yet been quantifierl, but automotive engineers agree that it 
is substantial. 
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2.0 CONVENTIONAL OTTO CYCLE ENGINES 

A cross-section of a typical four-stroke Otto cycle engine is shown in 

Figure 2.1. The Otto engine is now over 100 years old, and up to the present 

date it remains the dominant prime mover for automotive vehicles. Most passen

ger cars operate on this conventional engine and although many attempts have 

been made over the last 40 years to replace it with a gas turbine or electric 

batteries--the conventional engine remains in the forefront in the automotive 

industry. And today, too, alternate candidates do not have enough of an edge, 
either in cost, efficiency, or structural simplicity, to offer serious 

competition to present-day Otto cycle engines. It seems likely that this will 

remain the situation in the foreseeable future. For this reason, the bulk of 

this study has concentrated on the characteristics and possible energy-saving 

techniques for this basic engine and its associated power-train. 

The only other type of power plant in major use primarily in trucks and 

buses is the diesel engine. In passenger cars, the place occupied by the 

diesel engine is, according to Wards Engine Update,< 6) ~iven by the following 
statistics: 

Year 

1981 

1982 

1983 

Diesels Sold as Percent 
of Total Car Sales 

6.0 

4.6 

2.5 

Thus, as seen, the percentage is small. Moreover, it is declining at a fairly 

steep rate. The diesel engine is discussed in Section 3.0 along with several 
other novel concepts of automotive engines. 

2.1 EHGINE CHARACTERISTICS 

The first step in evaluating the potential for ener~y savings is to have 

an inventory of the energy consumption pattern in an automotive vehicle. Since 
our interest here is in the tribological components of the engine and drive 
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FIGURE 2.1. Basic SI Engine Unit(S) 

train, and since these most often are themselves but parts of engine and 

chassis components, it is clear that it is mandatory to have as detailed a flow 
tree as possible. A major difficulty here lies in the fact that such detailed 

data are not always available or known. Another is that it is not always 
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possible to talk about a single set of numbers. As Figure 2.2 shows, the effi
ciency of an engine is a function of both speed of the engine and of its road 
l oad, and of course, also of the size and make of the engine. The figure is a 
plot of brake thermal efficiency contours of the engine as a function of load 

and speed over its entire operating range. Constant thermal efficiency lines 
rouqhly parallel the full throttle power line. The engine power and speed 

reouired for constant speed operation on a level road is shown for reference. 
Of course in normal driving, the engine operating point varies widely. The 

vari~tinn of engine speed as related to a three-speed transmission is shown in 
Figure 2.3. Acceleration or grades cause it to be above the engine load line 

and deceleration below. It is thus clear that at light loads the enoine 
operates in a relatively inefficient regime. While the efficiency, that is, 

the useful hp, varies with speed and load, the frictional losses are much less 
affected by a variation in load. Thus, as seen in Figure 2.4, while at part 
load and 1500 rpm, the frictional hp is some 15% of the bhp, at 5500 rpm the 
two items are nearly eQual. 

Because of the complexity of engine operating regimes, the general 
approach here will be to relate the analysis either to what is called "road 

conditions" or to the EPA driving cycle. No attempt is made to map the 
detailed energy flow for various driving cycles since, as discussed in Sec

t ion 2. 2, there does not as yet exist a statistically valid or representative 

driving cycle. Until a statistically valid study is made to determine automo

t ive usage in the U.S. in terms of speed, load, climate, number of starts and 
s tops and other pertinent parameters, the EPA cycle or a reasonable road load 

will be used as a basis for discussion. 

Data on the energy losses in different components of an engine are usually 
obtained not from functioning engines under ''firing" conditions, but from so
called "IT1otoring" tests. In motoring tests the contribution of each component 
i s determined by its selective removal. This test procedure does not duplicate 
the actual combustion forces, the temperatures, nor certain inertia forces, 
that are present during normal engine operation. However, these tests are 

useful on a relative basis in determining component friction and the effects of 
engine friction on overall engine performance. 
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0 4 8 

Time-seconds 

Idle • 600 rpm 

Optimum - 1500 rpm (30 mph) 

Top Speed- 3000 rpm (55 mph) 

r 3rd Gear -

12 16 20 

Flf.URE 2.3. Events During 3-Speed Transmission Upshift Sequence(B} 

2.2 TRI~OLOGICAL ENERGY SINKS 

In addition to the range of engine speeds and load conditions, one of the 
di fficul t iPs in setting down specific numbers is, the variety of sizes and 
rnakes of automobiles. References 7 through 14 all provide an accounting of the 
energy distribution. However, they are all for different vehicles and none of 
them are complete, or uniform. Since much of the data contained in these 
references are reworked to provide input for an energy flow chart, brief 
mention will be made here of the vehicle and operating conditions on which 
these references have based their data. 

2.2.1 Spectrum of Engines 

Fairly extensive data on components losses were obtained by Bishop of Ford 
l~otor Company. (g) The data were taken from dynamometer tests run on 4-, . 6-, 
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FIGURE 2. 4. Brake and Frictional MEP in a Passenger Vehicle( 9) 

an~ 8-cylinder enqine configurations ranging from 4:1 to 17:1 compression 

ratios and 0.75 to 2.5 bore/stroke ratio . Displ acements ranged from 24 in. 3 to 

125 in. 3 oer cylinder. T~e previously given Figure 2.4 from this work shows 

the fo 11 owing: 

Engine rpm 

1500 

3000 

HlEP 

16 

26 

BMEP 

107 

103 

2.6 

(Fr1EP/B~1EP) 

151. 

25'l. 



The items included here under friction are: 

• Pumping - loss due to pumping of gases past the valves and combustion 

chamber 

• Throttling - intake and exhaust losses 

• Blowby - leakaqe past piston 

• Crankcase - losses in bearings and seals, valve gear friction, and 

pump losses 

• Viscous Piston Friction - friction caused by viscous forces between 

skirt and piston rings and the cylinder walls 

• tJon-Vi scous Piston Friction - friction caused by the gas pressure and 

ring tension forces. 

With these definitions, Table 2.1 is a reworking of the data given in Refer
ence q showing the percentages of energy consumed by the six friction compo

nents. The ran~e of these losses for an automohile operating under normal road 
conditions is ~iven in Figure 2.5. 

TABLE 2.1. 

Component 

1 Valve pumping 
2 Throttling 

3 Blowby 
4 Crankcase 
5 Viscous piston 
6 Non~iscous piston 

Energy Losses in Various Fri~tional Components 
(Wide Spectrum of Engines)(9l 

Percent of Total Friction Percent of 
!500 rpm 3000 rPf'l !500 rpm 

6.0 18.0 0.90 
39.5 22.5 5.92 
9.5 5.0 1.42 

16.5 20.5 2.47 
15.5 22.5 2.32 
13.5 11.0 2.02 

100% 100% 15% 

2.7 

BHP at 
3000 rpm 

4.50 
5.62 

1.25 
5.10 
5.62 

2.75 
25% 
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2.2.2 Five Small 4- and 6-Cylinder Engines(lO) 

Figure 2.6a gives the total mean effective pressures consumed by reason
ably small automobiles, while 2.6b gives the component losses that make up the 

bulk of the total friction. According to the data given in Reference 10, we 

have for an EPA cycle the following: 

BMEP = 38 psi (262 kPa) 

FMEP = 22.5 psi (155 kPa) = 37% of IMEP 

Thus, while Ft1EP is 37% of IMEP, it is 59% of the BMEP. With this data on 

hand, one can relate the individual component losses to both the brake hp out

put and to the indicated hp ~s given in Table 2.2. 

2.?.3 Correlation of Various Sources(11,13) 

BasPd on some 25 sources dealing with automotive friction, Rosenberg of 

General r~tors Corporation,(1l) constructed the curves in Figure 2.7 for the 

pumping and mechanical losses as functions of speed. At low load factors these 

are hi~h percentages of the hp output. At 50% load, the pumping loss would 

amount to about 15S and the frictional losses to 20% of the bhp. The indi

vidual elements of the mechanical friction are given in Figure 2.8. If one 

takes an average speed of SO km/hr (30+ miles/hr) then in terms of brake hp the 

losses in these components are as given in Table 2.3. A partial insight as to 

the origins of the various levels of friction in the engine components can be 

gleaned from Figure 2.g which shows the regimes of lubrication that various 
components operate in. Thus, while the engine bearings have adequate hydro

dynamic films, the valve train components operate mostly in the boundary lubri

cation regions due to the high loadings and low sliding speeds, and may even 

expPri~nce direct rubbing contact. Piston rings, while maintaining a full film 
over most of the stroke, lose this film near the piston's top or bottom dead 

center. The coeffici~nt of friction thus may range anywhere from a low of 

0.001 for hydrodynamic operation to 0.2 for the valve seats. 
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TABLE 2.2. Energy Losses i n Various Mechanical Comfysents (Sma l l 
4- and 6-Cylinder Cars) at an EPA Cycle l 
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4.0 2.3 
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FIGURE 2.7. Major Energy Components in Automotive Cycle(11) 
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FIGURE 2.8. Losses in Automotive Mechanical Com~onents(ll) 

A similar study based on a spectrum of sources,(l3) concluded that the IHP 

efficiency is some 28.5%, which then breaks down into: 

• BHP - 18% 

• FHP - 7.2% 
• Others - 3. 3% 

2.2.4 V-8, 5.7 Liter Engine Passenger Cars Weighting 1590 kg( 7) 

This is the vehicle for which the efficiency chart of Figure 2.1 has been 

constructed. This vehicle was operated on the EPA cycle, and results were 

obtained separately for the urban and the highway parts of the cycle. The 
results are given in the diagram of Figure 2.8. In addition to the effects of 

these two modes of travel on the level of losses of the individual components, 

the following overall results may be of interest: 
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Cycle 
Urban 
Highway 

Average Speed 
31 km/hr (19.2 ~iles/hr) 
78 km/hr (48.4 miles/hr) 

Energy Input 
5.70 MJ/km 
4.67 MJ/km 

1hus, even thou9h the average highway speed was two-and-a-half times that of 
urban drivinQ, it required 18% less energy to cover the same distance. 

2.2.5 DOE/ASME Study 

Fiqures 2.10, 2.11 and 2.12 are charts taken directly from Reference 2, 
which was a result of the 1977 DOE/ASME Workshop Study on energy losses for the 

U.S. economy as a whole. The automotive accessory losses are given in Fig-
ure 2.13, where it can be seen that aside from the optional air-conditioning 

TABLE 2.3. Energy Losses in Various Mechanical 
(Summary of Various Sources) 

Component(a) 
Percent of Total 

Mechanical Friction 

1 Piston Assembly 50 
2 Valve Gear 

3 Bearings 
4 Pumps 

5 Fan 
6 Others 

Com~onent(b) 
1 Piston Rings 
2 Remainder of 
3 Crankshaft 
4 Others 

(a) Reference 7. 
(b) Reference 13. 

5 

7 

2.5 
2.5 

33 
100.0 

12.0 
Piston 20.0 

12.6 
55.4 

100.0 

2.13 

Components 

Percent 
of BHP 

10.0 

1.0 
1.4 

0.5 
0.5 

6.6 
20.0 

4.8 
8.0 
5.0 

22.2 
40.0 
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FIGURE ?.9. Friction Coefficient for Automotive Components( 7) 

compressor, the direct drive fan consumes the largest share of energy. What is 
missing in this chart is the oil pump, which likewise is a relatively large 

consumer of energy. 

2.2.6 Suoplementary Data from Interviews 

In the course of the interviews conducted on the present program, input 

was obtained for the distribution of energy within the automotive vehicle. 

What is labeled in Figure 2.11 "Other engine friction - 4.5%" was further 
broken down as follows: 

• Valve train - 1.3% 

• Bearings - 1.0% 

• Seals - 0.5% 

• Others - 1.7% 
4.5% 

F0r a small front-wheel drive car, integrated over a coMplete EPA cycle, 
Tahle 2.4 gives soMe of the major components of frictional energy sinks in 
te r~s of total ~nergy inrut. The total is 11% which, for a bhp efficiency 

of 25%, aMounts to 44% of the bhp. 
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TABLE 2.4. Automotive Friction Components(l4) Small Front Wheel 
Drive on EPA Cycle 

Percent of 
Mechanical Percent of 

Component Friction In~ut Energy 

1 Pis ton Assembly and Rods 40 4.4 

2 Valve Train 26 2.9 

3 Crankshaft with Seals 11 1.2 

4 Oi 1 Pump 12 1.3 

5 Water Pump 11 1.2 

100% 11.0% 

2.2.7 Integration of Results 

In pulling to9ether the various inputs discussed in the previous pages, 
the following is assumed: 

IHP efficiency = 35% 
BHP efficiency = 65% of IHP = 23% 

Table 2.5 then tabulates the inputs from the various references with the bottom 
line giving an average of the numbers listed. These data together with the 
more detailed information worked out in the previous paragraphs were then uti

lized in constructing the detailed energy chart of Figure 2.14. 
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TABLE 2.5. Tribological Energy Losses in EPA Cycle - Percent of Energy Input 

Pi stan Trans- Valve Oil Crankshaft 
Source Assembll mission Train Pump Axle Bearin2s Fan Assembll Others 

OOE/ ASME( 2) 3.0 1.5 1.5 0.5 

Bishop(9) 1.2 2.2 0.5 0.9 

Kovach{lO) 2.5 Water Pump = 0.1 

N 
Rosenberg(ll) 2.8 1.3 0.9 0.4 0.5 Water and Fuel Pumps = 0.1 . 

N Bidwell (7) 3.1 1.9 Accessories = 1.0 0 

Brakes = 2.0 
Aero = 4.0 
Tires = 5.5 

Parker(13) 2.9 1.1 1.15 

Baker04) 4.4 2.9 1.3 1.20 

GM(l6) 1.3 1.0 Seals = 0.5 

Average 2.8 2.0 1.9 0.9 1.65 0.7 0.5 1.10 Water Pump = 0.1 

Seals = 0.5 
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3.0 UNCONVENTIONAL ENGINES 

This section is concerned with the energy flow patterns of engines not 

operating on the conventional Otto cycle. Treated here are the diesel, the gas 
t urbine, and the Stirling engines. As pointed out at the beginning of this 

report, the number of vehicles using nonconventional engines is small and even 

the most popular design, the diesel engine, is decreasing in its share of the 
U.S. market. Except for the adiabatic diesel, the tribological aspects of 

t hese engi nes and the opportunities they offer for energy savings are of less 

si gnificance than in the conventional Otto cycle engine. As shown in Fig-
ure 3.1, the conventional engine has occasional advantages in terms of part 
load efficiency or power density and has the lowest manufacturing cost. How
ever, it ranks lowest in the efficiency of its components, the very area we are 
concerned with in the present study. Thus, given the fact of the small market 

share of these engines and of the relatively high efficiency of their compo
nents, an extensive study of their tribological elements would be out of 

prooortion to the possible results. The only engine with major component 
problems and potentialities is the adiabatic diesel engine. 

3. 1 UNCONVENTIONAL OTTO CYCLES 

The most common modification of the spark-ignition engine is the strati
fied charge engine. This relies essentially on injection of pressurized gaso

l ine fuel to obtain a more controlled pattern of combustion and thus, better 
utilization of the fuel. There is otherwise no major change in the engine and 
dr ive train arrangements and thus no major implications for the tribological 
processes involved in such an engine. Everything, then, that will be said 
about the conventional Otto cycle in Section 4.0 is applicable also to the 
modified Otto cycles. 

3.2 DIESEL CYCLE ENGINES 

The diesel cycle engine is also fundamentally not much different from the 

Otto engine except that fuel combustion is initiated not by an electric spark, 
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but by compressing the mixture. Consequently, both the peak pressures and 

temperatures in the combustion chamber are higher than for the SI engine. Some 
of the relevant features of the diesel cycle are: 

• Because of the higher initial thermodynamic state of the mixture, 

diesel cycles are more efficient than the Otto cycle. A typical 
thermodynamic balance is shown in Figure 3.2. Overall, a conven
tional diesel cycle yields fuel economies that are lOt to 15% better 
than the Otto cycle. 

Exhaust 
37.1% 

Brake Output 
35.6% 

Cooling Water 
25.5% 

FIGURE 3.2. Typical Energy Balance of a Diesel Engine{2) 
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• Frictional losses are higher than for the Otto cycle. Figure 3.3 

shows some representative values as a func t ion of speed and load. 
Using an average fuel/air ratio of 0.03 (and interpolating for the 
1500 rpm) we obtain from this figure a 4% f rictional loss at 

1500 rpm, and an 8% loss at 3000 rpm, both in terms of total energy 

input. In Section 2.2, the frictional losses in terms of BHP were 

15% at 1500 rpm and 25% at 3000 rpm. Since the hp in an Otto cycle 

lmm~mJrotal Heat Rejection to Coolant~ Exhaust-Port Heat Losses 

(·::.\:;:/ :) Frictional Heat Losses ~Environmental Heat Losses 

1000r/min 2000 r/min 3000 r/min 

0.02 0 .03 0.04 0.02 0.03 0.04 

Fuel-Air Ratio 

Increasing Load __ .,.. 

FIGURE 3.3. Frictional Energy Losses in a Diesel Engine(12) 
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was estimated to be about 23~ (see Figure 2.12) of the input energy, the two 

numbers correspond to 3.5% and 5.7~. Thus, a comparison of the losses in the 

two cycles would yield the following: 

Engine 
Speed 

rpm 
1500 

Frictional Losses 
Percent of Input 

3000 5.7 8.0 

6.0 Average 4.6 

• Diesel cycles are particularly efficient in part-load operation. 

C) 
0. 
E 
,;.. 
E 
0 
c: 
0 
(,) 

w 
Q) 
:I 
u.. 
c 
n:l .a ... 

:::» 

Thus, in Figure 3.4 where we have a comparison for the urban cycle, 
which is a part-load operation, the diesel mpg exceeds that of a SI 

engine by something of the order of 30% (for a 3000-lb vehicle). 

o With Automatic Trans. mi.ss1on l 
Otesel 

o With Manual Transm1ss1on 

- AutomatiC Transmission l 
Otto Cycle 

- - Manual Transmission 

Otto Cycle 

3000 3500 4000 4500 

Vehicle Inertia Weioht, lb 

5000 

FIGURE 3.4. Urban Fuel Economy of 1978 Diesel and SI Engine Vehicles 
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• Some negative features of diesel cycle engines are noise, higher NOx 

emission levels, higher cost, and greater vehicle weight. 

Since, in general, the engine and drive train are similar to the conven

tional Otto cycle engines, any advances and breakthroughs achieved with the 

conventional engine would also benefit the diesel engine. 

3.3 ADIABATIC DIESEL ENGINE 

The adiabatic diesel engine is an approach to increasing the efficiency of 

diesel engines ~ blocking the heat loss path to the cooling water and radi

ator. The adiabatic approach has aroused a considerable degree of interest for 

truck, bus, and off-road vehicle engines. The potential increase in fuel econ

omy of 30% or more makes it attractive for both civilian and military applica
tions. Attaining these economies appears to require the solution to a number 

of difficult high-temoerature tribological prohlems. Because their solution 
mi~ht be applicable to smaller automotive engines, the adiabatic approach is 

being considered as a possihle field of automotive transportation. Whether the 
orojected efficiency qains are achievable in the automotive field, where engine 

load requirements average a much lower percentage of the total engine power 
capability, remains to be seen. 

3.3.1 General Features 

The notion of an adiabatic diesel engine involves two critical changes in 
the engine concept which are essential to achieving large increases in engine 
efficiency. One is the basic change in which the rejection of heat to a cool
ing system is reduced or eliminated. The other is required because the resul
tant additional energy in the exhaust gases must be extracted as mechanical 
work in order to obtain the increased overall efficiency. 

Blockinq the heat flow to the cooling system results in significantly 
higher temperatures on the cylinder walls. The net result is much higher local 

temoeratures to which the lubricating oil is exposed. The best available oils 
have been run in engines with partially insulated cylinder walls in which the 

maximum oil temp~ratures are in the 600°F to 700°F range. Maximum results will 

be achieved when near complete insulation is attained with ceramic walls and 
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the local wall temperatures reach the range of 1000°F to 1200°F. This is 

beyond the range of liQuid lubrication, and will require the development of 

gas-lubricated piston/cylinder interfaces, the use of solid lubricants, and 
probably the use of some form of cross-head mechanism to re~uce the piston side 

loads. Boundary lubrication via solid lubricant transfer to the walls, or 
vapor-phase boundary lubrication seem to be areas that require exploratory 

research. 

The additional heat energy in the working gas resulting from the elimina

tion of heat flow through the cylinder walls cannot all be removed in a piston 

expansion engine of reasonable height and size. As a result, the exhaust gas 
from an adiabatic diesel contains a large portion of the additional power 

representing the increase in efficiency. The exhaust gases must therefore be 

passed through an additional expansion engine that is coupled to the main 

engine shaft or to the transmission. The commonly considered approach is to 

use a high speed turbine coupled to the drive transmission, a technique 

commonly called "turbo-compounding ... The turbocharger is retained in the 

cycle, and a possible turbocharger-turbocompound engine arrangement is shown in 
Figure 3.5. Other forms of expansion engines are being considered also; and a 

study of adding two Stirling cylinders to the main engine block for the addi

tional energy extraction is under way. 

A schematic diagram of an adiabatic engine is shown in cross section in 

Figure 3.6, where the exhaust gas temperature (inlet to turbine} is seen to be 

some 1500°F. The major problems that arise in the design and operation of an 

adiabatic diesel nearly all follow from the fact that the temperatures will be 
substantially higher than in a conventional engine, and from the additional 
work extraction mechanism that replaces the cooling system. Thus: 

• Coatings are required to protect engine parts. 

• Volatility and chemical decomposition of oil calls for special 

lubricants. 
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FIGURE 3.5. Turbocompound Diesel 

• Critical areas result at top piston ring interface and valve seating. 

• Best efficiencies are obtained at full load and thus, application to 

passenger cars is limited with best results applicable to buses and 
trucks. 

The relation between degree of engine insulation and associated cylinder tem
peratures is shown in Figure 3.7 and some of the temperatures expected in the 
critical areas for a full adiabatic engine are given in Figure 3.8. Finally. a 
typical efficiency gain of a fully insulated adiabatic diesel vis-a-vis the 
other versions is shown in Figure 3.9 where the gain in SFC is seen to be 35% 
over the conventional diesel cycle engine. 

3.3.2 Development Data 

The adiabatic engine is still in its developmental stages. Some testing 

conducted in Japan and reported in Reference 8 will be briefly summarized here 
to show the kind of technical problems and the complexity to be expected from 
this revolutionary engine. A six-cylinder, 125 mm bore, turbocharged diesel 

engine was chosen. The power turbine ran at 55,000 rpm for an engine speed of 
1800 rpm. This required two sets of reduction gears with an overall ratio 
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(a) Source: Cummins Engineering Company, Columbus, Indiana 
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FIGURE 3.8. Critical Adiabatic Diesel Lubrication Areas(a) 

(a) Source: Cummins Engineering Company, Columbus, Indiana 
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of 30.6. A fluid coupling was used to isolate the turbine from the torsional 

oscillations of the crankshaft. Ceramic coatings were employed as a means of 
insulating and protecting engine parts. A ductile case-iron piston coated with 

Zro2 was used and the cooling water was entirely eliminated. The amount of 

insulation was varied so as to obtain a range from free heat transfer to almost 
complete engine insulation. Figure 3.10 shows efficiency as a function of 
degree of insulation; at a 55% level of insulation, a BHP efficiency of 48% was 

obtained. The fiqure also emphasizes the point that turbocompounding adds as 
muc~ to the rise in efficiency as does the insulation (at 55%). Que to the 

higher temperature, the frictional losses go down as shown in Figure 3.11. 
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FIGURE 3.10. Effects of Diesel Engine Insulation and Turbocompounding(18) 
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FIGURE 3.11. Effect of Insulation on Engine Friction and Temperature(18) 

These, however, are reduced noticeably only at full load, with no change at 
idling or low load condition. At 600 Kpa of the BMEP, the savings was about 
10%. 

While the cylinder head was insulated with 1/2 - 1 mm of Zr02, the liner 
and top rings had to be spray coated with Cr2c3 and TiC to prevent wear due to 
the reduction in film thickness at the top ring-liner interface as shown in 

Figure 3.12. The rise in cylinder liner temperature in an adiabatic engine is 
shown in Figure 3.13 where top temperatures of 350°C (660°F) were reached. 

These are still reasonable levels and in the tests performed, no damage to any 
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of the components was incurred. Both mineral and synthetic oils were used, 

without undue complications. 

The effectiveness of the ceramic coating insulation is shown in Fig
ure 3.14. While the cylinder head could be kept to some 400°C and the top 
piston ring below 300°F--the exposed surface of the ceramic reached tempera
tures of 700°C and more. 

3.3.3 Levels of Possible Savings 

When the concept of the adiabatic engine is carried to its ultimate con

clusion and one dispenses with the liquid lubricant, then the gains occurring 

in the frictional losses are substantial. A sample gain for three such items 
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FIGURE 3.13. Temperatures of Cylinder Liners(18) 

as projected by Cummins, (a) is shown in Table 3.1. To put these numbers in 

more amenable form, it has been reworked into the form given in Table 3.2. As 
seen, the frictional losses can be reduced to less than a third of those pre

vailing in the turbocompound adiabatic diesel engine. 

Finally, Table 3.3 shows the potential savings that would result from the 
introduction of the adiabatic and minimum friction engines into the bus and 
truck fleets of the U.S. While in terms of total U.S. energy consumption the 

figures are 1.2~ and 1.7~, in terms of automotive fuel savings these would 
amount to 6~ and 8.5~, respectively. 

(a) Interview at Cummins Engineering Company, Columbus, Indiana. 
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3. 4 GAS TURBINES 

3.4.1 General Features 
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~ 
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The power train of a gas turbine-driven automobile contains essentially 
four major assemblies. One is the power source consisting of the compressor

turbine assembly; second are the reduction gears to reduce the high turbine 
speed to the range of vehicle speeds; third is the transmission; and finally 
the fourth, a regenerator to recover some of the high temperature exhaust. The 

power source comes in two basic varieties; the single shaft type shown in Fig

ure 3.15 and the two-shaft shown in Figure 3.16. The essential difference is 
that in the latter version the compressor is driven by a separate turbine. The 
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TABLE 3.1. Comparison of Frictional Losses in fd1abatic and 
Minimum Friction Engines (1goo rpm) a 

Adiabatic Minimum BSFC 
Turbocompound Friction Engine Improvementt 
Firin~t psi Firin9t psi Percent 

Piston/Rings 10-12(b) 2-3(b) 3-4 (c) 

Connecting Rod ann 6-8 1-2 2-3 
Crankshaft Bearings 

Oil Pumn 1. 50 0 <1 

Total 5-8 

(a) CumMins Engineering Company, Columbus, Indiana. 
(b) Portion of mean brake effective pressure consumed by given item. 
(c) ~larking backwards this yields a BHP of mean effective pressure of 243 psi. 

TABLE 3.2. Frictional Losses as Percentage of BHP for Adiabatic 
and Minimum Friction Engines (Based on Table 3.3) 

For BMEP= 
Item 

Piston/Rings 
Bearings 

Turbocompound 

4.5 

243 psi, Percent Loss 
Minimum Friction Engine 

1.5 

3.0 1.0 

Oil Pump 0.6 0 

8.1 2.5 

complexity of the speed map in the prime mover can be gleaned from Figure 3.17 
where the speeds are seen to range from 55,000 rpm to 100,000 rpm for the tur

bine, all the way down to zero forward speed for the axle, as well as a reverse 
soeed. 

There are, of course, advantages and disadvantages to a gas turbine driven 

automobile. Here we will concern ourselves only with those features of such a 

vehicle which impact the tribological elements. From this standpoint, the 
advantages are as follows: 

• fewer frictional or sliding elements (no piston rings or valve 
trains) 
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TABLE 3.3. Advanced Diesel Engines and Energy Savings on Trucks and Buses( 2} 

Ener~n: Sav I !:!9S 
Percent 

Kind of Diesel Modification Energ~ Balance Improvement of u.s. Barrels/Year 
Eng lne EH' BSFC Can~nents EfiP Exheust Cool I !:!9 Percent Consumption Ml II Ions 

Diesel 464 0.36 Diesel 0.38 0.33 0.29 

• Turbocherged I nstell ed Turbocharger 

• Attercooled Aftercooler 

Turbocanpounds 545 o.J3 Low Pressure 0.41 0.29 0.30 8.3 0.5 58 
Turbine 

w Reduction . 
....... Geers 
\.0 

Adlebatlc 639 0.28 lnsuleted 0.48 0.35 0.17 22.0 1.2 155 

Mlnlmt.n 715 0.25 Glls 0.56 0.35 Oil Cool. 30.5 '· 7 215 
Friction Lubrication 0.09 
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FIGURE 3.17. Speed Ranges in Gas Turbine Drive Automobile< 21) 

• more room for unconventional lubricants 

• easier cold starting. 

The disadvantages or potential difficulties are the following: 

• high temperatures 

• high speeds 

• potential rotor-dynamic problems 

• severe material problems 

• more complex gearing and transmission. Its complexity can be gleaned 
from the sketch in Figure 3.18. 

• fabrication problems. 

In many ways the required new technologies in the gas turbine vehicle 
overlap those of the adiabatic engine such as the need for ceramic materials 

for high temperatures; reduction gearing to bring down the high turbine speeds; 

requirement for supercharging main prime mover; and a more complex transmis

sion. This is in a way fortuitous for it leaves open the application of any 
new materials and components to either of the two vehicles. Another common 
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feature of the two engines is that both are most efficient at full load condi

tions and have poor performance at idle and low-load operation. 

3.4.2 Development Oata 

Table 3.4 summarizes some of the development work conducted during the 

last ten years or so in the field of a gas turbine-driven automobiles. Most of 

the ongoing work is concentrated on a single shaft configuration, the goal 

being a 30% improvement in fuel consumption over an equivalent compact SI 

vehicle. t1uch of the work is concentrated on the replacement of metallic by 

ceramic parts in the turbine, combustor, and regenerator. The dependence of 

power and fuel efficiency on the level of temperatures possible is shown in 

Table 3.5, the rise in permissible levels of temperature being dependent on the 

ever wider use of ceramic materials. 

The gains in fuel economy achieved by the AGT 101 and AGT 102 version of 

the gas turbine-driven vehicle are shown in Table 3.6 and Figure 3.19. As 

seen, on the EPA cycle there is an improvement of one-third in fuel consumption 

vis-a-vis the SI engine, 10% against the diesel engine (at 3100-lb vehicle 

weight). But as Figure 3.20 shows, the AGT vehicle performs poorly at low 

speed (part load) conditions. Thus, while at 40 to 50 mph steady speed, the 

Mpg is over 50, at 10 mph it is more like 15 mpg. That has much to do with the 

fact that the idling speed of a 100,000 rpm turbine is on the order of 50,000 

rpm with attendant high frictional and other parasitic losses. 

3.4.3 Tribological Elements 

Since the AGT vehicle is still in the development stage, detailed informa

tion on the losses of its tribological components is unavailable. Some general 

data are given in Figure 3.21 and Table 3.7. The information from these two 
sources has been reworked to a common base and is given in Table 3.R, and these 

data will be given in some of the specific items discussed below: 

• Internal Turbine and Compressor Losses 

In Section 8.0 dealing with steam turbines, there is a detailed 

description of the internal loss characteri stics of turbines and 
compressors. These include such things as interstage leakage, blade 
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TABLE 3.4. Development Work on Gas Turbine Driven Automobile Vehicle Weight 3100 lb(l9,20) 

~pg Turbine 
ProJected on Number Inlet Torblne 

1-P Gain EPA of Temperl!ture Speed 
Eng lne (IIIII X) Percent Cycle Shafts OF Transmlss I on rl)lll Company R8111a,.kS 

w 
Bllse Sl 90 Ref. 19.6 3-speed 1976 . 

N l!utomatlc c.n 

IGT 20 23.5 2 2350 .3-speed Wllllarws With ,.et. to 1976 
automatic DDA-Pont lac Sl engIne 

AGT-101 100 30 .36 2500 VSTC 100,000 Gltrret't/Ford 

AGT-102 90 30 36 2.300 CUT 100,000 Chrysler/ As compared to 26 mpg 
Williams tor Sl engIne 



TABLE 3.5. Variations of the AGT-101 Powertrain< 19 ) 

Reference Fuel 

CFDC (mpg) (3163 lb Vehicle) 

Cruise sfc 

t-1aximul'l rpm 

Maximum Power {hp net) 

Turbine Inlet Temperature (°F) 

Regenerator Maximum Temperature (°F) 
t~aterials 

• Comoressor 

• Turbine 

• Structures 

Mod I 
Build 1 

Gasoline 

N/Aq 

0.503 

100,000 

50 

1,600 

1,441 

2219 T6 

Metal 

Metal 

Mod I 

Gasoline 

30 

0.309 

100,000 

93.6 

2,100 

1,936 

PM Alum 

Metal 

Ceramic 

Mod II 

DR-2 
4L4 

0.329 

100,000 

100 

2,500 

2,000 

PM Al urn 

Ceramic 

Ceramic 

TABLE 3.6. EPA Performance for GT and SI Automobiles (mpg)(22) 

Cycle AGT -102 Baseline SI 

City, Hot 34 23 

City, Cold 29 22 
Highway 49 32 

Combined 35 28 

RPD 

Gasoline 

36 

0.329 

100,000 

130 

2,500 

2,000 

PM Al urn 

Ceramic 

Ceramic 

friction, windage, and others. According to Table 3.8, then, these 

losses, most of which are tribological in nature amount to about 12% 
of the input energy. 

• Seal and Flow Paths 

The outright mass leakage which qets past the shaft sealing 

ranges from 2.3% to 1.5%. To this can be added a portion of the 3.0% 

ascribed to pressure drops since with better flow paths this energy 

loss, too, could be reduced. Assigning half of these losses to tri 

boloqical causes, we obtain 3.4% as the combined loss due to il'lper
fect piping and sealing. 
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FIGURE 3.21. Energy Flow in an AGT-102 Driven Vehicle( 16 ) 

TABLE 3.7. Tribological Losses in AGT-101 Vehicle at 20% Power(16) 

Current 5-Year 
Component Technology Technolo~l 

Pressure Losses, % 9.6 7.1 

Engine Leakage, % 7.0 5.1 

Accessory and Auxiliary Power, hp 1.67 1.67 
Bearing Losses, hp 1.97 0.09 

Reduction Gear Box Losses, hp 1.62 1.62 
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TABLE 3.8. Ener9y Consumption in AGT Vehicles 

Condition Item 

75% Turbine Speed, Figure 3.21 Flow Leaks 

At 20% Power, Table 3.7 

• Bearings 

Turbine Losses 

Compressor Losses 
Accessories and Bearings 
Pressure Drops 

Heat Leaks 
Regenerator Losses 
Compressor Work 

Output Work 

Pressure Drops 

Engine Leakage 
Bearing Losses 
Gearbox Losses 

Present 
3.2 

2.3 
0.7 
0.65 

Percent of 
Input Energy 

1.5 

6.0 

6.0 

8.0 

3.0 

2.5 
9.0 

28.0 

36.0 

(100.0) 

Projected 

2.4 
1.7 

0.039 

0.65 

The use of ball bearings accounts for about 0.7% in frictional 
loss. However, the significance of the kind of bearings extends far 
beyond their energy consumption for they determine th·e 1 eve 1 s of 
allowable temperatures in the power plant. Under the condition of 
the high speeds and high temperatures, gas bearings are an ideal 
candidate to replace oil-lubricated bearings. 
the ~ydresil bearing, is shown in Figure 3.22. 
such a bearing are: 

- compatibility with high temperatures 

- reduced power losses 

- no oil supply requirements 

One such candidate, 
The advantages of 

- elimination of oil seal, and oil coking at turbine end 
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FIGURE 3.22. Hydresil Journal Bearing( 24) 

- accommodation of rotor misalignment, thermal distortion and dirt 
ingestion 

- longer life relative to other bearing systems 

- potential for development to higher speeds and turbine inlet 
temperatures. 

For an elevated temperature environment, such as a gas turbine, the air 

bearing foils are made from Inconel X-750 and a dry film coating is bonded to 

the surface of the top foil to handle the sliding contacts during starting and 
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stopping. A commercially available, bondable MoS2 foil coating and a flame

sprayed and ground chrome-carbide journal are possible candidates. 

The detailed savings due to the use of air bearings are given in Table 3.9 

which gives the results of a study which showed that 4 hp would be saved in the 

gas generator by the complete elimination of oil bearings, oil seals and oil 

pumping losses, and the substitution of an all air bearing system. There would 

be some increase in cooling air requirements, but it is believed that this need 
can be minimized. Results of development work(24) performed to demonstrate the 

viability of a compliant foil air bearings for the gas generator of an auto
motive gas turbine when operating at 58,500 rpm, 500°F (260°C) and 23.3 psi 

(16.1 x 104 N/m2) loading has yielded a saving of 1 hp, about 1% of the energy 
input. 

3.4.4 Reduction Gears 

Oue to the high-speed reduction requirements there is a need for at least 
two staqes of reduction gearing. In the AGT-102, there is a front-wheel drive 

arrangement with the engine mounted transversely above the transaxle. A 20 
to 1, two-stage reduction gear couples the two components together. A response 

TABLE 3.9. Friction Hp Power Savings with an All Air 
Foil Bearing System(24) 

Horsepower Power Savings 
Location Air oil Horsepower 

Compressor End Journal Bearing 0.1 1.1 1.0 
Main Thrust Bearing 0.5 1.6 1.1 
Reverse Thrust Bearing 0.1 0.3 0.2 
Mid-Shaft Seal 1.s<a) 0.8 
Compressor Seal 0.01 1.s<a> 0.8 
"Pumping" in Cavity (Estimate) 0 0.1 0.1 ---

Total Savings 4.oCb) 

(a) Based on complete oil film. 
(b) Additional to hp (0.74 kW) saved using air bearing at turbine. 
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assist flywheel is attached to the drivetrain at the first stage reduction gear 

where it rotates counter to the turbomachinery shaft. Accessories and auxilia
ries are driven from an idler gear in the second reduction stage. Weight is 

minimized through the use of cast aluminum for the reduction gear and transaxle 

housings. 

In the AGT-101, speed is reduced in the first planetary gear set with a 

portion of the engine power provided directly to the output shaft through the 

rotating planet carrier. Part of the power is "split" and carried via the 

first ring gear through a reversing gearset to the variable stator torque con
verter (VSTC). VSTC output power is routed through a clutch and returned, via 

a ring gear, tc the compound planet supported on the carrier. About 35% of 
engine power is routed through the VSTC under normal operation thereby minimiz

ing losses. The gearbox allows the gas turbine to operate at any desired speed 

while the g~arbox output is varied to ~atch input speed requirements. The 
estimat~d energy consumed by the gearbox is about 1% of the full energy, or 

about 3% of the output. 

3.4.5 Transmission 

The various transmissions proposed for the GT vehicle are all fairly com

plex arran9ements. These can in general be subdivided into conventional and 
CVT systems. Of the first category, the Orshansky hydromechanical transmis
sion,(l6) has had extensive development with the piston engine. It should be 

readily adaptable to the single-rotor turbine engine. Its efficiency is shown 
in Figure 3.23. 

A single-shaft engine requires some form of continuously variable trans

mission. One concept of CVT is a conventional automatic transmission with 

torque converter in which the stator vanes are variable. Such a transmission 

has been evaluated in a passenger car with a single-shaft turbine and was found 

to have acceptable shift smoothness and idle creep torque. The efficiency of a 

belt-driven CVT versus a conventional transmission is shown in Figure 3.24. 

The lower CVT efficiency is more than made up by the raised engine efficiency 

due to its running at optimum speed load ratio. 
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2.0 

Two other transmission concepts have been studied in addition to conven
tional four-speed variable stator torque converter (VSTC) automatic transmis
sions: a split power differential reduction gear with VSTC in which 50% of the 
power pdsses through the torque converter, and a split power differential 

reduction gear with a traction drive. The latter concept requires a slip 
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FIGURE 3.24. Efficiency of CVT Versus Automatic Transmission< 16 l 

clutch for start-up. Both of these concepts could also be used in conjunction 
with a conventional four-soeed automatic gearbox. The potential fuel econo~ 

improvement is as follows: 

Fuel Econo~ Improvement(32) 

Split Power VSTC 13t 
Split Power Traction Drive 24% 

The variable belt transmission was found to be the most efficient of the CVT 

types. At high vehicle speeds, it also compares favorably with a conventional 
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automatic transmission which is the logical candidate for a two-shaft engine. 

However, at low speed and power levels, the conventional automatic transmission 
is more efficient by a significant amount, Figure 3.25. This difference is 
caused by the variable belt CVT charging pump, whose power requirement (a loss 

to the system) is relatively constant and, therefore causes a larger percentage 
loss at reduced levels of transmitted power. The power loss in the transmis

sion can be estimated from Figure 3.25. At 40 mpg, this amounts to a loss 
of 14% of output power. In terms of input energy, this is close to 5%. 
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FIGURE 3.25. Input Power at Road-load for Various Transmissions(16) 
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3. 4.6 Ceramics 

As pointed out several times, the development of proper ceramics for high 

temperature applications is the key to success in the GT engine because of the 

increase in Carnot efficiency they make possible. The critical parts requiring 

such high temperature materials are given in Table 3.10 along with the test 

history of some of these ceramics. The relative advantages and disadvantages 

of these various ~aterials are shown in Figure 3. 26. The success in develop

ing, producing, and integrating these materials in the gas turbine engine will 
pretty much decide the future of the GT vehicle. 

3.5 THE STIRLING ENGINE 

3.5.1 General Features 

Similar to an IC engine, the Stirling engine works in terms of compression 

and expansion. It differs from a conventional engine in two fundamental 
respects. A heater which, conceptually, can burn any fuel supplies heat con

tinuously and externally, while the working gas (air, hydrogen or helium) 

operates in a closed system. The simplest model consists of two pistons. The 

working gas which is enclosed between the two pistons moves continuously back 

and forth, and is continuously heated or cooled. The gas passes through a 

regenerator which stores heat when the gas moves from the hot to the cold side, 

and gives off heat when the gas moves in the opposite direction. The cycle, 

referring to Figure 3.27, would be as follows: 

1 - 2 Compression 

Work is supplied by co~pressing the working gas on the cold side. 
The gas is cooled at low pressure. 

2 - 3 Displacement 

The gas is moved from the cold to the hot side at constant volume. 

The regenerator gives off stored heat and the heater adds heat to the 

gas. Pressure increases. 
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TABLE 3.10. 2070°F Engine Configuration Ceramic Pa rt Development Test 
Results 1900°F Operating Conditions 

Rls Engine 

Com2onent Materiel 
Awaiting 

Test Tested Qualified Installed Incidents Hours 
High 

Time Part 

Vane Reaction Bonded Silicon Carbide 9} 50 45 25 0 50 50 
Slntered Alpha Silicon Cerblde 9 4 4 3 0 50 50 

Blade Slntered Alpha Silicon Carbide 39 51 41 0 0 0 0 

Inner Support Reaction Bonded Silicon Cerblde 2 2 0 50 50 

Outer Support Reaction Bonded Silicon Carbide 4 0 0 50 50 

Tip Shroud Reaction Bonded Silicon Carbide } 2 0 50 50 

w Retal ner Reaction Bonded Silicon Carbide } 0 0 0 0 0 0 . Refel Silicon Carbide 4 2 2 1 0 50 50 w ...... 
Strut Shell Reaction Bonded Silicon Carbide 8 2 2 0 0 0 0 

Rete! Silicon Carbide 7 6 6 4 0 50 50 
Slntered Sl I Icon Nitride 1 0 0 0 0 0 0 

Plenum Annulus Slntered Silicon Nitride 0 0 0 0 0 0 

Regen Disk Assy Thin Wall 11 0o•c Alumina Sit Ieete 0 0 0 0 0 0 0 

Hot Seal 3 3 0 0 0 0 
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3 - 4 Expansion 

Work i s performed when the working gas expands on the hot side while 

it is heated at high pressure. 

4 - 1 Displacement 

The gas moves from the hot to the cold side at constant volume. Heat 

is stored in the regenerator. Pressure decl ines. 

Practical automotive Stirling engines work on the double-acting principle, 

which means that the pistons have two functions; they move the gas back and 

forth between the hot and the cold sides, and they transmit mechanical work to 

the drive shaft. As shown in Figure 3.28, the hot upper surface on one piston 
is coordinated with the cold undersurface of the next piston. The actual 
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FIGURE 3.27. Basic Model of Stirling Cycle 

arrangement in an automotive Stirling engine is shown in Figure 3.29. Both 

efficiency and output depend on the difference between the high and low tem
peratures of the working area. This dependence is shown in the diagrams of 
Figure 3.30. 

So•~ of the advantages and disadvantages of the Stirling automotive engine 

vis-a-vis the internal combustion engine are as follows: 

1. The Stirling Engine can be easily adapted to alternative fuels. 
Almost any liauid or gaseous fuel that is reasonably clean can be 
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Cooler 

FIGURE 3.28. Automotive 4-Cylinder Stirling Cycle 

used, such as gasoline, kerosene, diesel oil, jet fuel, alcohol, 

city-gas or hydrogen. The use of any of these fuels entails only 

minor modifications in the air/fuel system of the engine. Fuels such 

as gasoline, kerosene and diesel oil can be directly interchanged. 

2. The Stirling Engine is inherently more efficient. At a maximum tem

perature of 700°C and a minimum of about 70°C and hydrogen as a work
ing gas, an efficiency of 37~ has been achieved. By replacing the 

present metallic heating element materials with other materials that 

have higher heat resistance, such as ceramics, the temperature on the 

hot side can be raised 1000°C which would correspond to an efficiency 
of 40 to 45t . 

3. The Stirlin~ Engine has severe problems in containing the worki ng 

fluid, and preventing its contamination with oil. Also, hydrogen 

tends to diffuse through the surrounding structures. 
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FIGURE 3.30. Dependence of Stirling Engine Performance on Source and 
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4. The Stirling Engine is bigger, heavier, more costly than IC engines 
and the use of hydrogen presents some safety problems. 

3.5.2 Development Data 

Similar to the gas turbine automobile, the DOE/NASA requirement for the 
Stirl ing engine is a 30% advantage in fuel consumption over a gasoline-driven 
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FIGURE 3.31. Road Load According to EPA (1974)(16) 

engine. The development work conducted during the last five years by the MTI
United Stirling team was done on a basic vehicle having the following 
speci fi cations: 

• Curb weight 2900 lb (2725 with SI engine) 

• Test weight 3200 lb (3025 with SI engine) 

• Road load curve according to EPA as shown in Figure 3.31 
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• Transmission: Four-speed manual with gear ratios and efficiencies as 

follows: 

Mechanical 
Gear Ratio Efficiencl, Percent 

1st 3.444 92 

2nd 2.082 94 
3rd 1.388 96 

4th 1.0 99 
Rear Axle 3.0 96 

The vehicle optimization was to be conducted for the EPA cycle's average oper

ating point (AOP) which occurs at 1600 rpm with a road load of 12 kW, and the 
other requirements as shown in Table 3.11. The overall performance map for the 
Stirling vehicle is shown in Figure 3.32. By 1978, the efficiency achieved by 
the Stirling vehicle was of the same order as that of a diesel, i.e.~ a 10% 

improvement over the SI engine (a BHP efficiency of about 36%). 

By the end of 1983 the progress made with the Stirling, as shown in 

Table 3.12, yielded an EPA cycle improvement of 17% over an IC engine. Again 
it is worth noting, the higher efficiencies (27%) at full load. The particular 

distribution of the energy among the major elements of vehicle operation is 
shown in Figure 3.33. One of the major penalties in the urban cycle is seen to 

be the cold start expenditure of fuel. 

3.5.3 Tribological Losses 

In support of the Stirling Program, General Electric originally designed a 
special Stirling General Purpose Test Engine,( 26 l to test the performance of 

TABLE 3.11. DOE/NASA Specifications for Stirling Vehicles 

Power Efficiency Pressure Speed 
Point/Parameter (kW) Percent (HPa) (rpm) 

Maximum Power 67 33 15 4000 

Maximum Efficiency 29 42 15 1250 
AOP and Optimization Point 12 34.4 5.3 1600 
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TABLE 3.12. Performance of Stirling Engine Vehicle 
Engine Mod IA 

Sth1in2 
Fuel Econo~ 

~ain !: tc 
Urban(a) 21.5 19.4 10 
Highway 34.8 27.3 27 
Combined 26.0 22.3 17 

(a) Cold Start included. 
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FIGURE 3.33. Energy Map in a Stirl ing Engine Vehicle 

the various components of such a power plant. Some of the results of the tests 

are shown in Figure 3.34 and from these, Table 3.13 was constructed giving the 
individual losses for three of the major mechanical components. 

Sealing is one of the most difficult problems in developing practical 

Stirling engines. To increase the output of a Stirling engine of given size, 

the pressure of the working fluid must be increased and the seals are to con
tain these high pressures in the working space and prevent leakage to the 

crankcase. Small engines may be designed so that the crankcase is pressurized 
to the minimum cycle pressure. In that case, the piston seal is required to 
seal only the pressure difference between the working space and the crankcase 

pressures. Engines with pressurized crankcases must also have a dynamic rotary 

seal, where the crankshaft leaves the crankcase, to contain the crankcase 
pressure. 

As engines become larger, use of the pressurized crankcase becomes less 
attractive because of the size and weight of the structure necessary to contain 

the pressure. In these cases, the piston seal must contain the full cyclic 

pressure difference. Since as shown in Figure 3.35, the temperature of the 
piston rod is rather high, the seal ~ust also be able to operate in a hot envi
ronment for prolonged periods. 
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TABLE 3.13. Performance and Mechanical Losses in Simulated Stirling Engine 

Item At 1600 rpm At 3100 rpm 

BHP 16 23.5 

Efficiency, Percent 42 32 

Percent of BHP 
Scraper Rings 3.1 4.3 

Reari ngs 6.2 13.2 
Gears 1.2 2.1 

Total 10.5 19.6 

Originally a seal called "roll-sock," shown in Figure 3.36, was used, but 

as pressures approached levels of over 2000 psi it was not possible to contain 
this pressure across a diaphragm that was sufficiently thin and flexible to act 
as a rolling seal. An additional problem was the question of compatibility of 

the lubricant with the roll-sock seal. The introduction of a more conventional 

sliding seal then became necessary. 

A contemporary seal, shown in Figure 3.37, consists of several sealing 
stages aimed at separating the pressure zones and the working fluid from the 

environment, as well as to filter any hydrogen that may become contaminated 

with oil. More particularly, 

• The upper element in Figure 3.37 consists of a seal between the vary
ing working pressures in the cycle and the constant pressure within 

the seal assembly. 

• The middle element scrapes off the oil which moves with the piston
rod. The oil is then led through an oil/cage separator back to the 
sump. 

• The lower and primary element constitutes a seal between the gas in 

the seal assembly and the air in the crankcase. 
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FIGURE 3.36. The "Roll-Sock" Seal 

Some of the difficulties inherent in designing a long-lasting seal for the 
Stirling engine can be gleaned from the experience with the following two seal 
candidates tested in the late 1970s. The two were: 

• The Boeing Foot Seal - The Boeing Foot Seal design is shown in 
Figure 3.38. The seal consisted of a Teflon foot loaded by an elas
tomer 0-ring made of Viton material which is compatible with petro
leum base fluids . This seal was pressure-act uated by the upstream 
angle of the foot. For this reason, a special seal retainer was 
required to fill the triangular section not f illed by the seal at the 
upstream end of a standard groove. 

• NASA Chevron Seal - This seal is shown in Figure 3. 39. A DuPont 
SP-21 polyimide material was used because of previous successful 
experience. In this design, the Chevron sealing elements's cross
section acted as two cantilevered structural beams in flexure about 
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Time 

the apex of the geometric shape. Two such elements provided redun
dant sealing capability. This configuration was designed to maintain 
sealing pressure with the rod surface over a temperature range from 

-20°F to 300°F in both the pressurized and unpressurized conditions. 

As shown in Table 3.14, both seals failed prematurely during cyclic endur
ance testing. In addition, the excessive friction of the ~IASA Chevron Seal 
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made it unacceptable for use in automotive size Stirling engines. Thus, seal
ing for the Stirling engine remains an active probl em with many new approaches 

being tried to suit the particular demands of th is application. 
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TABLE 3.14. Test Results for Two Stirling Engine Seals( 26 ) 

Foot 
Seal 
Set 

1 

2 

3 

4 

5 

6 

0-Ring 
Type 

Vi ton 

Test 
Duration 

(Hours) l a) 

Static 

Nitrile 3.75(b) 
4.00 

Viton 1.5 

Viton 2.8 

High 2.9 
Temperature 

~itrile 1.7 

Leakage Rate (cc/min) 
Goal = 0.12 cc/min 

Sea 1 1 Sea 1 2 ---
30.0 30.0 est. 

3.5 

0.04 

1.9 

0.68 

3.35 

3.5 est. 

0.21 

1.83 

0.64 

1.44 

Failure Mode 

Excessive leakage 

Excessive leakage 
Modify measurement system 

High temperature failure 

High temperature failure 
Foot deformed 

High temperature failure 

High temperature failure 
Excessive leakage 

(a) At test conditions: 1750 psig helium pressure, 3000 rpm shaft speed and 275°F 
except as noted. 

(b) 450 rpm shaft speed . 
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4.0 ANALYSI S OF TRIROLOGICAL ENERGY LOSSES 

In the previous secti ons a general energy flow map was constructed for the 

au tomot ive vehicle with particular emphasis on the tribological energy sinks. 
In the present section a closer look will be taken at the individual tribolog

ical components or processes with a view to determining the origin of the 
energy losses, and the extent to which these losses are amenable to reduction 
or, possibly, elimination. While the pri~ary emphasis will be on the technical 

aspects of such innovations or modifications, attention will also be paid to 

the economic cost and benefits attendant on such changes . The latter will 

receive less detailed attention because such data are scarce and because a 
compl ete economic evaluation, including the impact of individual component 

modification on the performance of the vehicle as a whole, would require a 
complex and elaborate engineering and economic study, beyond the scope of the 

present project. 

Following is a list of tribological elements in a car's engine and drive 

train more or less in order of their prominence from the standpoint of energy 
consu~ption: 

• piston assembly (rings, skirts, blowby} 
• transmission 
• valve train 
o oil pump 

o braking 

• bearings 
o minor components 

seals 
air, water and fuel pumps 

power assistance: steering, windows and seats, windshield wipers 
couplings 
air conditioning compressor (if present) 

tires. 
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~/hile the above lists specific mechanical components, there are two additional 

major areas which can best be listed generically under the following two 

heaciin9s: 

• lubricants (viscometries and additives) 

• materials and coatings. 
These various components and processes are taken up and discussed indi vidual ly 

in the sections that follow. 

4.1 PISTON ASSEMBLY 

The literature on frictional and other energy losses between the sliding 

piston and cylinder walls is quite voluminous. McGeehan in a 1979 review 

article,(2B) contains a bibliography of 65 articles. But despite the pro

liferation of technical papers, it remains the opinion of t hose in industry 

that little is known of the reality of what transpires at the interface between 

piston and cylinder wall. This is not surprising given, on the one hand, the 

complex nature of the process and on the other hand, the difficulties involved 

in "live" experimental measurements, i.e., the collection of data during the 

actual firing of the engine . Two things will be attempted here: one a break

down of the total phenomenon into its component el ements and thereby an iden

tification of the sources of energy losses; and two, the definition of means 

where~y the operation of the piston-cylinder interface can be better quantified 

and ways for improvement charted. 

4.1.1 Piston Cylinder Interaction 

The nomenclature to be used here is shown in Figure 4.1. The elements 
that contribute to energy losses at the ring-cylinder interface are: 

• number of rings 

• compression rings friction; the frictional losses here are a function 

of the rings' static tension and the variable combustion gas pressure 

• oil control ring friction 

• piston skirt friction 

• blowby leakage losses 
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• oil consumption losses 

• inertia forces of piston 

• crank/connecting rod proportions. 

The frictional losses are variable over the stroke because both the com

bustion gas pressures and the piston ring velocity vary considerably over the 
engine cycle. At top dead center when the gas forces are maximum, the velocity 
of the piston ring is zero and contact occurs between ring and cylinder wall. 
At mid-stroke, piston velocity is maximum, gas forces have decreased and a 
hydrodynamic oil film separates the ring from the cylinder wall. The piston 
skirt, because of its large contact area and low loading has a hydrodynamic 
contact. 

Changes in geometry have a profound effect on performance. They are due 
to the following: 

• tension and pressure forces on the rings 

• thermal deformation (see, for example, Figure 4.2) 

• tilt of rinqs and pistons 

• manufacturing tolerances resulting in noncircularity of bore and 
nonuniformity of the piston parts 

• side forces from the connecting rod. 

In addition to oeometric and time-dependent variations, there are also 
phenomena of instability such as ring flutter due to pressure reversal in the 
lower rings as a function of crank angle. Finally, surface topography on both 
the cylinder liners and piston elements, as well as the presence of additives 
in the lubricating oil, affect the level of frictional loss. 

The ring pack for a typical spark ignition automobile engine is composed 

of three rings, Figure 4.3. The upper compression ring is commonly made of 
iron with a facing material for durability. The lower compression ring is 
typically ~ade of iron and is designed to help control oil loss through a 

scraping action on the down stroke. Although these rings provide most of the 
gas sealing, they also contribute to oil control . The oil ring assembly is 
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composed of two relatively thin steel, chrome-faced rings separated by a 
spring/expander. Pressure due to installation tension is higher for the oil 
ring assembly than for the individual compression rings by a factor of five or 

six. Diesel-ring friction tests have shown that the oil ring experiences 
larger frictional forces than do the compression rings, and it has been esti

mated that 60% of the ring friction is due to the oil ring.(lO) 

The individual friction components of the total piston assembly friction 

are portrayed in Figures 4.4 and 4.5 where it can be seen that at low veloci
ties, the nonviscous losses (tension and gas pressure forces) predominate, 
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Upper Compression Ring 
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Oil Ring Assembly 

FIGURE 4.3. Typical Automotive Engine Ring Pack 

whereas, at high sliding velocities it is the viscous shear that is responsible 

for the major part of friction. Figure 4.6 provides the blowby losses. From 
this data, one can construct the following distribution of the three major com

ponents of energy loss in the piston assembly. 

Percent of Total Friction 
1500 rpm 3000 r~m 

Nonviscous 15.5 11.5 

Viscous 15.5 22.5 

Blowby 10.0 5.0 

Total 41.0 39.0 

Averaging out the 1500 rpm and 3000 rpm data given above and using the 2.8~ 
given in Figure 2.14 for the losses in the piston assembly, Table 4.1 was 
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constructed itemizing the individual losses for the viscous, nonviscous and 
blowby components of the piston assembly. These have been introduced into the 
mapping of Figure 2.14 on the basis of Table 4.1. 

In discussing possible future modifications of the piston assembly with a 
view to friction reduction, the hydrodynamics of the ring pack are an item of 

major interest. Figures 4.7 and 4.8 show two performance items as functions of 

crank angle (i.e., their variation with time). As seen, the operating pressure 

level decreases with distance from the top ring. The fluid film thickness is 

largest at mid-stroke when the velocity is maximum, about 10 to 20 m/sec, and 
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TABLF. 4.1. Energy Losses in Piston Assembly 

Percent of Ener2y Consum~tion 
Automotive Total 

Piston Fuel u.s. 
Assembly( a) Consum~tion Ener2y 

Nonviscous losses 34 0.95 0.19 
Viscous Losses 48 1.35 0.27 
(Total Friction) ( 82) ( 2. 30) ( o. 46) 
Bl owby Losses 18 0.50 0.1 

Total Piston 100 2.8 0.56 
Assembly Losses 

(a) Averages of Table 4.1. 
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the overall variation in hmin is of the order of 1:15. As reported in Refer

ence 11. most of the oil that is lost passes between the ring and bore and not 

through the ring gap or behind the ring. Tables 4.2 and 4.3 show the tempera

tures prevailing at the interface. In a 4-cylinder engine the peak oil film 

temperature was 186°C (3fi7°F) and the average temperature at 50 mph was 144°C 

(?.9 2°F). The oil film temperature did not rise very far above the liner tem
perature of 320°F because it is extremely thin. 

Another important item is the incompleteness of the oil film under the 
rings. This is due both to the cavitation in the diverging portions of the 

fluict film; and also to oil starvation. Starvation in the compression ring at 

mid-stroke can be explained by reference to the film thickness distribution in 

Figure 4.9. Oil is supplied to the cylinder wall from the sump as splash 

lubricati on from the bearings. This means that only when the piston is 

descending, that is from 0 to 180°, does it encounter a new supply of oil. The · 

maximum theoretical film thickness that the ring can achieve with the inlet 
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full is 3.8 ~at 80° from TDC. From 180° to 360°, the piston is moving 

upwards and the ring has no new supply of oil. The maximum film thickness that 
the ring attains will, therefore, be similar in value to that which it reached 

on the preceding down stroke. If a larger film thickness is formed on an 
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TABLE 4.2. Oil Film Temperatures Between Ring and Liner 
Estimated from Ring Temperatures and Lo~al 
and Average Cylinder Liner Temperatures\28) 

Liner Temperature Average 
at TOC Only Avere~e LIner 011 Film 

Averaqe of Thrust T e~~~Pereture 011 Film Tet~~Perature 
Mean RlnQ Wrist Pin end Betveen T8f11Perature Betveen TOC 

Temperature Antlthrust Temperature TOC and EDC of at and EI>C of 
EnQine Load oc Measurements Top Rlnq's Travel TOC Only Ring's Travel 

20 bhp 
1500 rpm 125 96.6 91.8 110 108 
Road load (257) (al (206) ( 197) (231) (226) 
25 mph 

50 bhp 
3000 rpm 170 136.6 118.8 15J 144 
Road load <338) (278) (246) <J07) (292) 
50 mph 

70 bph 
5000 rpm 215 157.6 1J7 186 176 
Road loed (419) ()16) (279) <367) 048) 
80 mph 

(a) Nu~bers IS brackets are °F. Water and crankcase oil temperatures were melntelned at 
80 C ( 176 Fl. 

TABLE 4.3. 

Engine Type 
Gasoline 

Engine 

Maximum Temperature of Oil F(il~ at Top Ring Travel 
Exposed to Combustion Gases 28J 

Oil Film Thickness 
on Cylinder Walls, 

~ 

0.5 
1.0 

Peak Oil from 
Temperature 
Rise, °F 

32 
64 

Peak Oil Film 
Temperature on 
Cylinder Wall, 

OF 

352 
384 

upstroke, the ring will be starved. Only with an independent supply of oil to 
the top of the piston, could the film thickness on the upstroke approach the 
theoretical value of 11.4 ~m predicted by calculation. 

A more general picture of cavitation and starvation is provided in Fig
ure 4.10. Beyond 20°, the cavitation in the outlet became general and the 

positive pressures drop back to their values on the upstroke. The largest 
negative pressure observed was -0.78 MN/m2 (-113.1 psi) at 20° after TDC, 

Figure 4.10(H). 

4.12 



u.. 

Stroke Exper. Starved Calc. Full Calc. 
12~~~~~~~-4~~~~~~+---~--~ 

Down 4 .3 pm 3.8 pm 

Up 4.6pm 4 .4pm 

Full Inlet 

---- ...... .,. ' // Starved ' 

Full Inlet / Inlet ' 
/ \ 

/ \ 
/ 

'/ 

o~----------~~----------~------------~--------------
0 

t.d.c. 

FIGURE 4.9. 

180° 270° 

b.d.c. 

Calculated Oil Ring Film Thicknyss Distributions 
With and Without Oil Starvation 29) 

360° 

t .d.c. 

Normally, the cavitating region is maintained at a constant level equal to 
either the saturation vapor pressure if the region is closed, or atmospheric 
pressure if aspirating. At room temperature, the vapor pressure of a mineral 
oil is generally close to vacuum, while the saturation pressure is only a small 
fractio n below atmospheric. However, studies of the tensile strengths of 
liquids have shown that for short periods of time, such as shown in Fig-
ure 4.10, pressures far below the gas saturation/vapor pressures can be sus
tained before cavitation occurs. 

4.1.2 Effect of Parameters on Performance 

In order to estimate what a particular technological innovation may accom

plish in the way of reduction of parasitic losses, one must have an idea of 
what effect a given parametric variation has on the level of energy losses. 
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Table 4.4 gives a listing of the major items that are likely to affect the 

frictional losses in a piston assembly and an attempt will be made here to 
quantify their impact on the performance of the piston assembly. But, as 
pointed out earlier, it must be kept in mind that any given change will have an 

effect not only on friction, but on other aspects of performance as well. 

While it is clear that ring friction could be reduced by decreasing scraper 

rin~ pr~ssure, oil viscosity, the number of compression rings and their axial 

width, decreasing scraper ring pressure will increase oil consumption; decreas
ing oil viscosity below a critical level will significantly increase wear; 

decreasing the number of compression rings will increase blowby; and reducing 

the axial width will impair strength and present manufacturing difficulties. 

It should also be recalled that most of the recorded data was obtained 

from motoring tests or mathematical models. Real behavior of ring packs may 

conceivably be different and, thus, one of the important recommendations later 
on will be precisely the development of test techniques that would enable one 
to obtain measurements under firing conditions. 

TABLE 4.4. Parameters Affecting Piston Assembly Friction 

Component Parameter 
Rings Face shape 

Face width 

Thickness 

Number 
Loading 
Oil viscosity 
Materials 

Skirt Area 
Length 
Clearance 

Piston and Connecting Rod Inertia 

Offset wrist pin 
Kinematics 

Stroke length 
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Based on motoring tests, the following inter relationships were found 

between piston parameters and performance. 

• Ring Width and Tension. In the work of Rosenberg of Ford Motor Com
pany,{11) the engine was a single-cylinder containing four piston 

rings. Specifications for the test rings are shown in Figure 4.11. 

Design N contains rings that have 50% narrower face width than the 

standard design. Design N-L has in addition to a narrow face width 

reduced ring tension. The rings were first run individually, one at 

a time, and then the entire ring pack was run. It was found that for 

designs S and N, the summation of the individual frictions was con
siderably less than the friction for the assembled pack. Evidently 

the lower rings in the rinq pack influence the behavior of the rings 

above by reducing the amount of oil available to them. However, for 

the narrow ring width and low pressure design, N-L, the friction was 
equal to the sum of the individual rings, indicating that starvation 

of the upper rings was not occurring. In general, reduction of the 

face width and of the ring tension by one-half, each produced a 

reduction by one-half of the frictional losses. 

In the work of Reference 10, a decrease in ring face width of 

25% produced a 15% reduction in frictional losses whereas a 50% 

reduction in ring pressure reduced the friction by only 10%. 

A comparison of three-ring pack designs that were evaluated 
through engine motor friction tests are shown in Figure 4.12. 
Design A has the same ring width as the base rings but reduced ten

sion in both the compression rings and the oil ring assembly. In 
design B, both ring widths and tensions were reduced relative to the 

base design and the lower compression ring profile was modified. 
Both designs, A and B, exhibited lower motori ng friction than the 

base design, with B showing the more significant improvement. These 

results show that one-third reduction in ei ther width or tension 

nroduces respectively, savings of only 6% and 3%. 
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• Number of Rings. According to Reference 10, reducing the number of 

rings from 3 to 1 decreased friction by 33% while increasing blowby 

by 60%. However, according to Reference 19, the same reduction in 

number of rings reduced friction by only 6%. 

• Oil Viscosity. Doubling the viscosity of the lubricant increased 
friction by 50% and oil consumption by 2~.(10) 

• Ring Shape. While a highly curved face profile can result in a 

larger film thickness during the high speed portions of the cycle, 

th~ highly curved ring will have a smaller film thickness near TOC 

and ROC, Figure 4.13. These results at TOC and BOC are reasonable 

when considering the squeeze film effect since intuitively the oil 

will more easily escape from between the highly curved ring profile 

anr the cylinder wall. However, a crowned profile seems, on the 

TDC 
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whole, to improve film thickness, parti cularly at the point of maxi

mum energy dissipation (midstroke). This is also corroborated by the 

results of Reference ?8, shown in Figure 4.14 where the introduction 

of the barrel-faced piston ring which maximizes hydrodynamic lubrica

tion on both the upstroke and the downstroke also contributed to 

friction reduction. 

• Ring Material. Top compression ring faces are generally coated with 

a material which is able to resist wear and scuffing. Since such a 

ring can operate in either the mixed or boundary lubrication mode, 

the properties of this face material are of particular importance. 

Limited engine motoring friction results indicated that special top

ring facing materials such as chromium,(lO) result in lower friction 

than a molybdenum-faced ring (see Figure 4.14). 

• Piston Skirts. To reduce skirt frictional losses, skirt area can be 

reduced. This can be done either hy reducing piston length or by 

undercutting the area in contact with the cylinder. Both options are 

shown in Figure 4.15. Skirt length can have a significant impact on 

friction level as shown in Figure 4.lfi. Decreasing the skirt effec

tive length from the original design reduces friction and improves 

engine economy for both low speed-low load and high speed-high load 

operation. Thus, halving the skirt length reduced friction by about 

1()%. 

N 
c: 

' a 
a: 
w 
~ 
~ 

6 

4 

2 

~-0 
1000 

--~--

1500 

Cast- Iron 
Rectangular 

Rings 
~!,... 

.,.,"" 

:..-- - ~ ~ -
2000 2500 

rpm 

I 
r--- Chromaum 

Plated -
' 

Barreled 
Rangs 

3000 3500 

FIGURE 4.14. Effect of Ring Barreling and Plat1ng(28) 

4.?0 



3.5 in. Diameter 

Modern Pattern 

c 
It) 
N 
N 

3.5 in. Diameter 

Earlier Pattern 

a} Change in Piston Skirt Length Over the Decade 1960-1970 

Surface of Skirt Undercut 
by0.5 mm 

b) Undercut Surface in Piston Skirt 

FIGURE 4.15. Means of Reducing Friction in Piston Skirts( 10) 

In Reference 10, a piston design with reduced skirt area and 

increased piston-to-bore clearance (0.04 mm to 0.06 mm) was evaluated 
to determine the effect of reducing the area of oil being sheared 
around the periphery of the skirt. This modification had no detect
able effect in reducing engine motor friction at 1500 rpm although 
the total skirt area was nearly halved. These results suggest that 
only the shear at the loaded thrust face contributes significantly to 

piston friction. It is also conceivable that the reduction in area 

results in a thinner film thickness. This reduction in film thick

ness may offset the beneficial effects of reduced shear area. 
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Reducing the reciprocating mass of piston, pin, and rod end 

should reduce piston-to-bore loading and, therefore, the friction. 

Analytical results , which consider the effect of inertia and gas 

pressure on piston/ bore loading, indicated that a 25% reduction in 
the mass of a typical four-cylinder engine piston lowered friction by 

less than 0.1 psi (0 .7 kPa) MEP at 1500 rpm, which is about 0.1% of 

the IHP. 

• Others. Reduced side thrust has reduced viscous friction associated 
with the piston body in modern engines. The piston's side thrust 

forces have been lowered with the introduction of the 1/16 in. offset 

wrist pin for noise control. Friction-reducing design changes in the 

piston and ring have been augmented by reductions in their linear 

speed. With the introduction of short stroke engines, in which the 

stroke-to-bore ratio has been lowered from 1.3 to 0.8, piston linear 
speed and, consequently, friction as shown in Figure 4.17 have been 
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reduced at a given engine rpm. Bench tests demonst rate(28) t hat 

piston and ring friction is a fu nction of mean l i nea r speed rather 
than of rotational speed . 

4.2 TRANSMISSIONS 

In discussing automotive transmissions, t wo aspects eme rge in 
connecti on with potential energy conservation . These are: 

• potential imp rovements i n convent ional systems 

• continuously vartable transmissions (CVT) versus conventional 
transmissions . 
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4.2.1 Conventional Transmissions 

Losses in the automatic transmission are due primarily to the torque con
verter, hydraulic pumps, and friction. Like most components, automatic trans

mission efficiency is poorest under light load. Moreover the hydraulic power 

for transmission control must be available even when the vehicle is standing 
still. It is estimated that idling accounts for some 75% of the losses. On 

the urban EPA cycle, the torque converter which serves as a starting device has 
poor efficiency as a result of the large number of starts. Attempts to improve 

the efficiency of automatic transmissions include both torque converter lockup 

schemes to avoid slip once the vehicle is moving, and general reduction of 
parasitic losses in the transmission itself. A manual transmission in this 
same service has an efficiency of about 93% as compared to 73% for the 
automatic.( 7) 

Analysis of transmission losses indicates substantial benefit in decreas

in~ oil puMping power requirements which can be achieved by incorporating a 
variable capacity oil pumping system in the automatic transaxle. Also, the 
introduction of an efficient planetary final drive for the automatic transaxle 
and a helical drive for the manual can reduce losses in comparison with the 
conventional hypoid final drive required in longitudinally mounted drive 
trains. 

Potential transmission and axle gearing was analyzed in Reference 31 for 
various engine displacements and several ranges of overall ratio, as shown in 
Figure 4.18. This graph indicates that greater transmission ratio spread, 
within the limits of physical design feasibility, is highly desirable. Selec
tion of ''wide ratio" gearing for both manual and automatic transmissions 
enabled the reduction of engine displacement to achieve a further economy gain. 

4.2.2 The THM 125 Transmission 

An example of an improved transmission incorporating most of the above 
elements, labeled the THM125, is described in Reference 32. It has flexibility 
to cover a wide range of vehicle applications, because both the chain drive and 

the final drive ratios can be varied to provide the desired overall ratio. The 
THM is a three-speed auto~atic transmission which also includes a planetary 
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gear final drive and a differential. It yielded high efficiencies, as shown in 

Figure 4.19, which is attributed to the following component improvements: 

1. an optimized design torque converter 

2. efficient, quiet and lightweight inverted tooth chain drive 

3. wide ratio transmission gearing 

4. planetary gear final drive with integral differential 

5. thermally-controlled oil level system 

6. lubricating system, which is com~on to the gearbox, final drive, and 
differentia 1. 

This unique two-axis arrangement has the torque converter and oil pump/valve 

body on the engine axis and the gearbox, final drive, and differential on the 

axle axis. The drive from the converter axis to the gearbox axis is through an 
inverted tooth chain. 
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The ratios, which were optimized for vehicle performance and economy 

through computer ~odeling, are: 

First Gear = 2.84 

Second Gear = 1.60 

Third Gear = 1.00 

Reverse Gear = 2.07 

With these changes, ideal torque was reduced 30%, fuel economy increased , and 

performance was better than with other previously tested torque converters . 

A fixed capacity pump, common in current automatic transmissions, wastes 

energy in many operating conditions by pumping more oil than is needed. This 

can he avoided with a variable capacity pump, such as the one used in the 

THM 125, where the output flow is controlled t o match the need. Figure 4.20(a) 

shows a section of a variable capacity vane pu~p in which eccentricity is 

rerluced as exit pressure increases. Figure 4.20{b) shows a comparison of 
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torque losses for the THM 125 oil pump and for a fixed capacity pump of equiv

alent output. The difference is quite significant, particularly at high engine 

soeeds. 

There are two reQuirements to meet when the oil level is set in an auto

matic transmission. An oil sump must at all times have enough oil to keep the 

pump intake covered to prevent air from being drawn into the pump; yet the oil 
level should not rise so high that it comes in contact with the rotating 

parts. The low oil level condition usually occurs in cold operation. This 
condition is caused primarily by the fact that the cold oil is slow in draining 

back to the sump. If the pump intake is exposed and air is permitted to enter 
the pump, line pressure may drop enough to cause the clutches to slip. The 

high oil level condition, on the other hand, occurs mostly in hot operation. 
Rotating parts immersed in oil increase spin losses and cause foaming, which, 

if excessive, will have an adverse effect on transmission operation. 

The solution to the problem was to determine first the lowest acceptable 

oil level in the sump and then retain the excess oil volume, which increases 
with the rising temperature in a separate thermostatically controlled 
reservoir. 

4.2.3 Effect of Fluid Friction Modifiers 

The base fluids and many of the additives used to extend fluid life, 
generally have high static friction. In order to provide the lower static 
friction required by some transmissions, friction modifiers or lubricity addi
tives are used. These include fatty acids, fatty acid salts, al kyl esters of 
fatty acid long-chain alkylphosphates and alkylphosphites.(8) 

The effects of these additives are shown in Figure 4.21. Fluid A, con
taining no friction modifier, produces harsh shift quality, indicated by the 
substantial output torque dropoff occurring at clutch lockup. Fluid B, con

taining a lubricity additive of moderate effectiveness, produces a moderately 
smooth clutch lockup, which is indicated by a smaller transmission output 
torque dropoff on shift completion. Fluid C, containing a highly effective 
friction modifier system, produces a smooth clutch lockup, a result of the 

decrease in friction coefficient as the clutch slip velocity decreases. 
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F1uid degradation resulting from severe service exposure may produce sub

stant ia l changes in the frictional properties of the fluid. As a result, the 

initial good shift quality achieved by the proper balance of frictional and 

transmission factors may be lost as degradation progresses, and in some cases, 

the fri ction element itself may be endangered. 

The effect of this friction degradation pattern on transmission shift 

qual i ty is illustrated in Figure 4.22, which shows the changes in output torque 
curves resulting from service degradation in a three-speed transmission test. 
An investigation( 8} was made to determine the ability of fresh fluid to restore 

sat isfactory shifting characteristics to a transmission in which fluid degrada

tion had resulted in excessive clutch slippage. This work was carried out with 

transmissions in which slippage had increased sufficiently so as to be notice

able to the average driver. 

Fron this work, it appears that when excessive clutch slippage due to 

fluid frictional changes is discernible by the average driver, irreversible 
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clutch plate changes have already occurred . New fluid will at best only par
tially restore the transmission shifting to original performance level s. 

4.2.4 Continuously Variable Transmissions (CVTs) 

The transmission affects system fuel economy by the way it matches the 

engine speed and load to vehicle requirements. A perfectly continuous variable 
transmission could improve fuel economy by causing the engine to produce power 

near its most efficient operating speed. Figure 2.2 helps i l lust rate this 
principle. At any required power level, the speed ratio could be adjusted to 

move the engine operating point vertically to a speed which yields the best 
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thermal efficiency. The benefits are potentially oreatest at light loads in 

high power/mass cars. For a net gain, however, the efficiency improvement must 
be greater than the added transmission losses. 

Mechanical, hydraulic, and electrical continuously variable transmissions 
have been developed, but the anticipated fuel economy gains have not been real

ized. This has been due primarily to transmission losses in the light load 
range almost equal to the gains achieved.(]) Also, substantial gains in the 

efficiency of conventional transmissions have reduced considerably the attrac
tiveness of using CVT systems. Yet, CVT remains a strong candidate for improv

ing transmission efficiency, particularly the belt driven, van Doorn type, in 
place of the previously conte~plated traction type drives. This is due to the 
frequent malfunctioning of traction CVTs and the requirement for initial load
ing to 9et these drives working. To best utilize traction drives, CVT mate
rials and lubricants with higher values of friction coefficient would have to 
be developed. Solid lubricants are no solution here because fluid lubricants 
are req~ired for cooling purposes. 

Figure 4.23 shows the ideal line expressed as a power/speed relation
ship. It demands a unique engine speed for each power output. To take 
advantage of this concept, a car will need a transmission capable of trans
mitting power from the prime mover, run at a wide range of speeds, to the 

driving wheels whose speed will also vary between slow astern through zero to 
full speed ahead. 

Figure 4.23 also shows that the ratio of the trans~ission will need to be 
considerably wider than at present. The abscissa of Figure 4.23 shows the 
relationship between level road speed and engine power. At 80 km/hr for 
i nstance , the power required is 12 kW which should be generated at only 
1200 rpm for the best economy. 

4.3 VALVE TRAINS 

4.3.1 General Features 

Valve trains carry high loads over the entire speed range. At low speeds 
these are due primarily to the spring forces, while at higher speeds inertia 
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forces predominate. The configuration of typi cal automotive valve trains is 

given in Figure 4.24. These variations include the pushrod , the direct-acting 
overhead cam, the end-pivot overhead cam, and the center-pivot overhead cam. 

The predominant regime of lubrication in the valve train is boundary lubrica
tion and the major energy losses occur in the cam lifter interface and in the 

rocker arm pivot. As shown in Figure 4.24, the torque required to drive the 
valve train is lowest for the direct-acting design. This is because there is 
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only one sliding contact . The other designs exhibit higher friction because of 

the additional rocker-arm pivot loss . 

The general level of losses incurred by a typical valve train is also 

shown in Figure 4.25. As a percentage of the total frictional losses they are 

from 4% to 12% over engine speed range of 1000 rpm - 3000 rpm. Another loss 

that can be indirectly attributed to the valve train is that, being highly 

loaded and thus requiring a high viscosity oil, they reduce the options of 

using low viscosity oil and reducing friction in other components. 

4. 3.2 Losses Due to Individual Components 

One method of reducing valve train friction is to use rolling element 

bearings at the critical locations, as shown in Figure 4.26. Rolling element 

"' c. 
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co 
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0~------~------~~~~~~~--~~~--._------~~ 
0 2 3 
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FIGURE 4.?5. Valve Pumping FMEP, Percent of Total FMEP(9) 
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bearings can be used at the cam lifter interface, the rocker-arm pivot, and the 

interface between the rocker nose and the valve stem. The disadvantages are 

b~aring susceptibility to contact fatigue and the increased complexity and cost 

of the design. Figure 4.27 shows typical results obtained from a Type IV valve 

train via design changes such as reducing the friction at the ca~-tappet inter

face, r~ducing spring loads and reducing rocker arm fulcrum friction. The 

largest reduction was obtained by replacing the conventional flat face tappet 

with a roller follower tappet. The effect is greater at lower speeds where 

lubrication in the boundary or mixed mode is replaced hy rolling action. At 

1500 rpm, the valve train torque is reduced 51% by the roller follower and the 

projected vehicle fuel economy improvement is 2.q%. 

As shown in Figure 4. 28, instead of roller bearings, some improvement can 

~e obtai~ed by having oil directly sprayed onto the cam-tappet interface. The 

data of Figure 4.28 indicates that splash lubrication is not supplying the oil 

to the surface effectively. This approach would also improve cam-tappet life. 

Lower spring loads decrease valve train friction significantly. The fuel 

E~conorny effect projected in this case is about 0. 5% improvement. The decrease 

in maximum allowable engine speed experienced with lower spring loads can be 

regained by reducing component inertia and increasing the stiffness of the 

valve train. All of these improvements combined (except oil-spray) have 

Low Friction Rocker Arm 

Roller Follower 

FIGURE 4.26. Rolling Element Bearing Application to Valve Train(ll) 
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reduced the valve train torque 82% at 1500 rpm and the projected vehicle eco
nomy improvement is 4.4%. The only two changes not compatible with each other 

are the roller followers and the oil spray to the cam-tappet interface. When 
the oil spray is used with others, the torque reduction is 39% for an economy 

improvement of 2.7%. 

Additional improvements can be achieved by reducing bearing and rod 

sizes. The effect of such modifications at both low and high engine speeds are 

shown in Figure d.?.q. 

Staron and Willermet,( 33 ) of the Ford Motor Company conducted a fairly 

detailed investigation, both analytical and experimental, on the losses in the 

individual elements of the valve train. All dat a and comments below refer to 

their work. 
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Effect of Improved Cam-Tappet Interface Lubric~tiQn on 
Type l\1 Valve Train Friction (see Figure 4.?4){10) 

• Cam-Tappet. Values for cam-tappet friction calculated in terms of 

torque loss for the SAE 5W, lOW, 30 and 50 Newtonian oils having a 

boundary friction coefficient of 0.1 are presented in Table 4.5. 
Friction decreases with increasing speed and oil viscosity, as 

expected, since these factors lead to increased oil film thickness. 

• Cam Journal Bearing. Values for the cam journal bearing friction 

calculated in terms of torque loss are also presented in Table 4.5. 

Viscous friction losses were insensitive to viscosity and speed 

because the bearings are highly loaded. Boundary friction losses 

become important at 1 ow speeds. This effect is most pronounced with 

lower viscosity lubricants and accounts for the increase in valve 
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TABLE 4.5. Effects of Oil Viscosity and Speed on Friction loss( 33 ) 
(Friction Coefficient = 0.1) 

SAE 5W OIL (3.8 cP) 

Boundary Friction, N-m 
EHD Friction, N-m 

Total 

SAE lOW OIL (5.1 cP) 

Boundary Friction, N-m 
EHD Friction, N-m 

Total 

SAE 30 OIL (10.3 cP) 

Boundary Friction, N-m 

EHD Friction, N-m 
Total 

SAE 50 OIL (19.1 cP) 

Boundary Friction, N-m 
EHD Friction, N-m 

Total 

Engine 
Cam/Tappet 

Loss 
1000 2000 

4.11 

0.00 

4.11 

4.03 

0.00 

4.03 

3.82 

0.01 
3.83 

3.45 

0.04 

3.49 

3.73 
0.01 

3.74 

3.62 

0.01 

3.63 

3.28 

0.04 

3.32 

2. 77 

0.10 

2.87 

RPM 
Cam Journal 

Loss 
1000 2000 

4.90 

1. 36 

6.26 

4.22 
1.36 

5.58 

1.36 
1.36 

2. 72 

0 

1.36 

1.36 

2.58 

1.36 

3.94 

1.22 

1.36 
2.58 

0 

1. 36 
1.36 

0 

1. 36 

1.36 

train friction at low speeds. Timing belt loads further increase the 

losses when boundary lubrication occurs. 

• Rock er Arm/Fulcrum. The rocker arm/fulcrum area is a conformal con
tact. However, high loads and low entraining velocities result in 
small film thicknesses and therefore high friction. Calculated 
losses, Figure 4.30, show them to be insensitive to either engine 
speed or oil viscosity. Again, this friction can be reduced by the 

subst itution of rolling for sliding friction. The use of a half 
complement needle bearing between the rocker arm and the fulcrum 

show~d reduced friction across the active speed range as shown in 
Figure 4. 31. 
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• Ro l l er Tappets. The use of rolling elements in this part of the 

val ve train is shown in Figure 4.32. The data in Figure 4.30 showed 

thi s interface to be the major contributor to valve train friction in 

agreement with the analytical calculations. The friction model indi

cated that the cam-tappet interface accounts for approximately 51% of 
the total valve train friction at 1500 rpm. Table 4.6 makes similar 

comparisons at other speeds. This suggests that the roller followers 
el iminate most of the friction losses. 

• Cam .Journal Bearings. The calculations of Reference 33 showed that 

t he steep increase in valve train friction at lower speeds was due to 

a transition from hydrodynamic to boundary lubrication in the cam 
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FIGURE 4.32. 

TABLE 4.6. 
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Speed 
(RPM} 
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4400 

Production Valve Tram 

Low Friction Valve Train 
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Valve Spring 
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Roller Followers 
(Tappets) 

Camshaft 

Design Features of Conventional and Low Friction 
Valve Trains{33) 

Effect of Substituting Rolling for Sliding Contacts(33) 

Calculated Results 
Boundary Lubrication 

Experimental Results Component of Total 
Percent Friction Reduction Valve Train Friction 

Rocker Arm/ 
Roller Fulcrum Cam/ Rocker Arm/ 

Followers Roller Bearing Ta!:!l:!et Fulcrum 

37% 18% 38% 11% 

47% 2lt 51% 19% 

48% 13% 53% 19% 

32% 14% 42% 24% 
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journals. This effect was seen both for a 1.6L valve train (Fig
ure 4.32), and for a 2.3L valve train (Fi gure 4.33). Incorporation 

of needle bearings did not reduce friction at higher speeds. How

ever , it did eliminate the steep increase in friction at low speeds. 
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• Reduced Spring Loads. Normal forces were reduced by reducing spring 

loads. Reducing the spring load by 11.4 kg (25 lb} reduced friction 

by 17 to 25% (Figure 4.34). 

• Calibration Oil Experiments. Three calibration oils were used to 

assess the relative importance of lubricant viscosity and friction 

reducing additives in determining the level of valve train fric

tion. Oil A was a nonfriction modified Newtonian SAE 20W30 lubri

cant. Oil B was a nonfriction modified Newtonian SAE 50 lubricant. 

Oil C combined the base stock of Oil A with a friction-modified addi
tive package (Table 4.7). Viscosity had a relatively small effect on 
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TABLE 4.7. Test Oil Description 

Viscosity, Elemental Composition Measured 
eST (PPM) Friction 

Oil ito~~ 1005 Zn p f£ ~ B Coefficient 

A 
B 

c 

-- --
76.3 9.2 1308 1185 1190 141 0.1 

289.5 20.5 1767 1612 1496 169 0.1 

77.6 9.3 1243 1099 1998 998 125 0.05 

the overall friction loss, but a marked reduction in friction was 
obtained with the friction modified Oil C (Figure 4.35). It suggests 

that selection of a proper lubricant may give levels of friction 
reduction comparable to those obtainable by component redesign. 

In summary, the model calculations and experiments of Reference 33 show 
that friction losses in a valve train can be reduced by roller tappets, by 

needle bearing inserts placed in the rocker arm/fulcrum contact and in the cam 

journals, and by reducing spring tension. Friction reducing engine oil addi
tives reduce valve train friction substantially, but oil viscosity has only a 
limited effect. Both the model and the experimental results are consistent 

with the idea that the friction losses in the valve train are mainly due to 

boundary and mixed lubrication. 

4.4 OIL Pm1PS 

The oil pump types generally used in engines are the spur gear, internal

external gear, and tip sealing gear types shown in Figure 4.36 which are driven 
either at engine speed or half speed. Engines with the camshaft 1n the block 

typically have a common drive shared by the distributor and oil pump. They 
generally use spur gear or tip sealing type pumps. Theses have relatively 

small diameters which minimize friction losses between the gear 0.0. and 
housing. 
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ThP characteristics of a typical oil pump are as follows: 

• torque 0.7 - 0.9 ft/lb 

• exit pressure 35-RO psi 

• capacity 4 gpm at ~000 rpm. 

The oil delivered by the pump is used for both lubrication and cooling . How

ever, it is not clear how much of it is used or, indeed, needed for each of 

these two functions. 

Fiyure 4.37 compares the input requirements measured for these pumps. The 

data show that the half speed pumps generally have lower input torque require

ments except at very low speeds. The internal-external gear pump, which turns 

at engine speed and has a much larger diameter than the other two ( 100 mm 

versus 67 mm and 41 mm), has a rising motoring torque requirement . However, 

even for this pump, the power requirements can be considerably reduced by a 

redesigr which includes: 

• reduced diameter of gears 

• decreased internal flow restriction (without affecting capacity). 

Such changes, as shown in Figure 4.38, yield a ?6% torque reduction requirement 

at 1500 rpm yielrling a 0.6% improvement in mph. 
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FIGURE 4.37. Oil Pump Drive Requirements at 
310 Pa (45 psi) Pressure, 99°C 

4. 47 



0 . 
0 

-----~ ~ Standard Pump 

.... "' 100 mm o;a. 

Improved Pump 86 mm Dia. 

2000 3000 4000 

FIGURE 4.38 . Oil Pump Torque Reduction with Redesign(lO) 

4.5 BEARINGS 

An automotive engine has a fairly large number of bearings. A schematic 

picture of bearing locations in a 6-cylinder engi ne is shown in Figure 4.39. 

In addition, there are bearings in the valve trai n, transmission, wheels, and 

in the numerous accessories. The engine bearings are subject to variable loads 

in both magnitude and direction during any given cycle due to the varying iner

tia forces and variable combustion gas pressures. All of these bearings also 

experience variations in velocity. A typical picture of loading and resulting 
film thickness in a connecting rod is shown in Figure 4.40, in which the value 

of hmin would be of the order of 2 microns . Since power loss in a journal 
bearing is given by 

a reduction in power loss could be most effectively achieved by reducing bear

ing diameter and less so by a reduction in bearing length or oil viscosity. 

Such changes , however, lead to higher specific l oads, higher bearing tempera

tures and thinner oil films wh i ch are likely to reduce reliability and increase 
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FIGURE 4.39. Bearings in a 6-Cylinder IC Engine 

Main Bearings 
(D = 2.3 " , L = 1" ) 

Connecting Rod 
Bearings 
(D = 2.0" , L = 1 ") 

0 Wristpin Bearings 



a) Polar load 
Diagram for 
Connecting 
Rod Bearing 

Inside Surfaces 
of Bearing 

b) Eccentricity of Journal 
in Connecting Rod 
Bearing 

FIGURE 4.40. Engine Journal Bearing Load Diagram and 
Resulting Eccentricity Locus(34J 

wear and/or fatigue. Bearing diameter also controls the torsional strength of 

a crankshaft and current designs of bearings are nearly optimum from these 

aspects. 

However, there are other aspects of present bearing design which call for 

scrutiny and may lead to better efficiencies without lowering engine relia

bility and, in fact, may improve it. These are bearing grooving, bearing hous
ing design, and oil pump operation. 

At present, the engine sleeve bearings are of a circular geometry with a 

single oil admission hole located at the point of minimum load. This is not 

the optimum mode of oil admission from a hydrodynamic standpoint and it results 

in starved bearings which are denuded of oil in both the circumferential and 

axial directions . Due to starvation, the minimum film thickness is much 

smaller than predicted. 
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The other even more serious problem, as documented in Reference 34, is 
housing distortion due to flexibility of the surrounding structure and shaft. 
Worse, it may vitiate any design modification aimed at improving bearing per

formance. Observed journal center orbits are often substantially greater in 

Pxcursion than the bearing clearance. Figure 4.41, which shows the clearance 
ci rcle along with the journal center locus, gives a measure of the deformation 
takin~ place. This is the deformation of the clearance boundary and is 

Predicted 
Undistorted 
Clearance 
Boundary 

013600 Distorted 1800 
Clearance Boundary 

FIGURE 4.41. Distored Bearing Clearance Boundaries at 3000 rpm(34) 
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separate from the bodily translation of bearing shell and housing within its 

supporting structure which almost certainly also occurs. 

Two energy-related problems arise with the oil supply to automotive bear

ings. One has to do with oil viscosity, which is actually a part of the larger 
problem of viscometries discussed in Section 4.7. The other item connected 
with the oil supply is the oil pump, as discussed previously. This engine

driven pump supplies amounts of oil in excess of what the bearings require; 
also the 50 psi pressure head maintained at bearing inlet is excessive • . An 

appreciable reduction in oil pump power requirements can be achieved by reduc
ing both flow rate and discharge pressure. Since power in the oil pump is 
proportional to both flow and discharge pressure, considerable savings can be 
achieved. 

Finally, there exists the option of replaci ng all hydrodynamic bearings 
with rolling element bearings--these perhaps to be lubricated with solid lubri
cants. The tradeoff here would include the tradeoff in bearing friction as 
well as the oil pump delivery requirements. 

4.6 BRAKING 

As shown in Table 4.8, the energy loss due to braking is 2% of the energy 
input over an EPA driving cycle. This energy is completely wasted in the form 
of heat dissipation to the brake linings and often also to the cylinders and 
the tires. 

The only real way of salvaging this energy loss is via regenerative brak
ing, whereby the energy dissipation during braking is stored and then utilized 
in driving the vehicle. Since the 2% energy lost in braking represents some 
10% of the brake horsepower, that much more energy could be added to the out
put. Such regenerative braking can employ any of the following energy storage 
systems: 

• flywheel (running in vacuum) 

• battery 
• compressed air 
• pneumatic-hydraulic system. 
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TABLE 4.8. Energy Consumed by Braking 

Fuel Input Energy Consumed bl Brakes 
Cycle Ener~y (MJ/km) ~J7~m ~ercent or Tota1 

Urban 5.70 0.172 3.0 
55% 

Highway 4.67 0.016 0.34 
45% 

Combined 5.24 0.102 2.0 
EPA 

Not all of the 10% gain in BHP would, of course, be salvaged since added weight 

and parasitic losses in regenerative system components would exact their own 

toll in energy consumption. 

4.7 LUB~ICANT FORMULATION 

The type and properties of the lubricant to be used in an automotive 
crankcase are both of great importance and considerable complexity. A really 

adequate study must involve the entire engine, its design, economics, cost, and 
life, as well as the impact on wear and materials. The literature on the sub
ject is therefore quite voluminous. 

Even when the area is narrowed to the effects of lubricant properties on 

enqine friction, the field is large. This is so for the following reasons: 

• Regimes of lubrication in an engine span all possible modes from full 

hydrodynamic lubrication to EHO and boundary lubrication. Some ele
ments such as piston rings go through all three modes during each 
cycle. Thus, while bearings may benefit from low viscosity oil, the 
valve train would be harmed by it. 

• Starts and full speed operation and hot and cold climates have con
flicting requirements with regard to oil properties. 
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• Additives may be beneficial to some components and harmful to 

others. This is so because they most often convert the oil to a non

Newtonian fluid whose viscosity deteriorates with the rate of 

shear. Often there is oil degradation with t ime which is 

irreversible . 

• One of the major problems in reducing boundary friction is the number 

of additives present in automotive crankcase oils for other reasons. 
A typical crankcase oil may contain surface active additives to: 

1) depress the pour point, 2) reduce foaming, 3) control rust and 
corrosion, 4) reduce oxidation by metal deactivation, 5) suspend dirt 

particles (detergent), and 6) disperse "blowby" products (polymeric 

dispersants). In addition to the additives used, the conventional 
mineral oil base fluid contains a significant quantity of polar com
pounds sometimes called "natural inhibitors." The friction modifier 

must be compatible with all of the existing additive package and also 
must provide the friction reduction without interference from these 

other additives. 

• It is not always clear what viscosity value is to be used as a basis 

of comparison. While the sump viscosity may be the same for various 

vehicles and road conditions, the actual viscosities in the various 
parts of the engine during operation will differ widely as a function 

of both temperature and shear rate. 

In the past, low viscosity oils were frequently associated with high oil con
sumption, poor blowby control, lubricant volatility, and wear. All of these 

undesirable features can be associated with volatility of the lubricant. The 
principal problem in the formulation of conventional crankcase lubricants is 

that viscosi~y and volatility are closely interrelated (see Figure 4.42). In 

addition, most of the current multigraded crankcase oils contain polymeric VI 
improvers. There is the further complication that the VI improver also 

increases the viscosity, so that a given viscos i ty grade with a VI has a 
greater volatility than one without. 
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4.7.1 Results of ASME/DOE Study(2) 

Some data from the above study on the savings achieved with reduction in 

oil viscosity alone are given in Tables 4.9 and 4.10 and Figure 4.43. Based on 

these results and the data given by ~laus,( 36 ) reduced engine function may 

yield a national fuel savings of the order of 1~. The companion development of 

,~proved friction with additives may produce savings in fuel energy of another 

!% of th£· national energy consumption. It should be emphasized that the two 

areas (viscometries and boundary friction) are independent of each other . that 
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TABLE 4.9. Fuel Economy Improvements with Low Viscosity lubricants(2) 

Driving Cycle 

Lubricant Viscosit~ 
High Viscosity Low Viscosit' 
Engine Axle Engine Ax e 

Constant Speed 80 km/hr 

Constant Speed 80 km/hr 

Constant Speed 80 km/hr 

20W-50 

lOW 

20W-50 

90 

90 

90 

lOW 90 

lOW a ow 

lOW BOW 

City-Suburban 
(Warmed-Up) 

City-Suburban 
(Cold Start, 
4. 4 o to 17. B °C ) 

20W-50 

20W-50 

90 lOW BOW 

90 lOW BOW 

TABLE 4.10. EPA Fuel Economy Improvef~~ts with 
Low Viscosity Lubricants 

Lubricant Viscosity Combinations 
High Low 

Engine Axle Engine Axle 

lOW-30 90 lOW 75W 

Driving Cycle 

City 
Highway 

EPA 

Percent Improvement 
1.4 

3.0 
2.3 

Percent 
Improvement 

1.8 

1.1 

2.9 

o.o 

5.4 

is the savings from the two approaches should be additive, of the order of 

2%. Of the total saving of 2%, two-thirds would be achieved in the engine and 
one-third in the axle.(36) 

4.7.2 Results of European Study(37) 

Some rather extensive data on vehicle fuel efficiency boosts are given in 

the above work which was conducted mostly on the European Standard ECE Cycle, 

but some also on the EPA Cycle. The ECE test consists of runs at 90 and 

120 km/hr with a 15-cycle duration. Table 4.11 gives results for four differ

ent oil compositions along with detailed data for one particular oil, specify
ing performance separately for the city and highway portions of the EPA cycles 
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Lubricants ( 2) 

During 
Engine 

1 to 23 

EPA City Tests with 
Oils and Rear Axle 

?S well as for each individual vehicle. The latter is of interest in that it 

shows the difficulties in obtaining uniform data from different vehicles and 

al so t1at the benefits of the low viscosity and additives are much higher at 

the higher engine speeds. 

4.57 



TABLE 4.11. Automotive Efficiency as Funct1on of Lubricant 
Properties for an EPA Cycle(37 

Oil Code 

1 

2 

3 

4 

Oil Composition Rise in Efficiency, Percent 

Premium API SAE 10W40 
1 ex ZODP + FRA(a) 1/2 

1 + FRA 3 

1 with less ZDDP + FRA 2 

Reference 
3.1 

5.5 

7.0 

Sample Results for Six Vehicles with Oil Code No. 3 

Percent Fuel Economt Benefit 
Vehicle Code EPA City EPA Highway [~7\ 557~5 

K 10.2 14.9 12.0 

L 4.9 10.8 6.8 

M 3.8 10.1 6.2 

N 0.1 4.3 1.5 

0 3.6 12.1 6.2 
p 1.3 1.9 1.5 

Average 3.9 9.0 5.5 

(a) Friction reduction additive. 

The fuel economy performance of Oil Code 3 was also compared against a 
conventional nonfriction modified 10W40 oil in 6 vehicle chassis dynamo-meter 
tests. The Oil Code 3 versus Oil Code 6 performance was as follows: 

6 Car Fuel Economy Benefit, Percent 
90 KPH 2.3 
EPA Highway 

ECE 

3.0 

4.3 

The effects of VI improvers over straight oils for SAE 20 to 50 grades 

were obtained using three typical European vehicles (A, B, and C) of different 
make and capacity. Figure 4.44, shows the relative fuel consumption data in 
the ECE test mode for all the test oils in vehicle A. Similar curves were 
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cbtained in the 90 KPH test mode and for vehicles B and C in both test modes. 

Pfter approximately 1000 miles of conditioning, the friction-modified Oil 

Code 3 showed a 4.61. fleet average road fuel economy advantage. 

Table 4.1? shows the fuel economy benefit (or debit) compared to a 15W-30 

reference oil in the ECE test mode for a selection of some of the test oils in 

al l three vehicles. Tahles 4.13 and 4.14 show the three vehicle fleet average 

fuel econ omy benefit (or debit) for a selection of the test oils, with data for 

t...ro VI i mprovers. 
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TABLE 4.12. 

Test Oil 

Viscosity Influence on Relative Fuel Economy
Individual Vehicles( 37) 

Percent Fuel Economy Benefit 
(or Debit) - ECE 15 

Mult1grade oils (VII 'A') 
5W 20 

Venic1e A 

6.0 

Venic1e ~ VeFlicle C 
3.2 2.7 

5W 30 
5W 40 

lOW 30 
lOW 40 
15W 40 
15W 50 

4.6 
3.0 
3.8 
2.5 
1.5 

Reference 

2.6 2.0 
1.9 1.3 
2.0 1.7 
1.4 1.0 
0.7 0.7 

Reference Reference 

Monograde (Newtonian) Oils 

SAE 20 4.9 
1.2 

( l.P) 

(4.8) 

2.2 
(0.4) 

(2.4) 
(4.6) 

2.2 
0.5 

(0.7) 
(2.0) 

SAE 30 
SAE 40 

SAE 50 

CHARACTERISTICS OF THE TEST OILS: 

Test Oil Components: 

Viscosity Grades: 

API SE/CC and CCMC Additive Package 
Solvent Neutral 90; 130; 150; 180 and 600 
Brightstock 2500 
VI Improver A and B 

Monograde: SAE SW; 7.5W; lOW; 15W; 20; 
30; 40; 50 

Multigrade: 5W 20; 5W 30; 5W 40; lOW 30; 
lOW 40; lOW 50; 15W 30; 
lSW 40; 15W 50 

A 19-vehicle fleet test was carried out to compare the fuel economy per
formance of a premium API SAE quality lOW-40 oil with and without friction 
modification. The two oils were Oil Code 3, with friction modification, and 

Oil Code 1 referred to in Table 4.11. The tests yielded an overall average 
fuel econo~ boost of 4.6%. 
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TABLE 4.13. Viscosity Influence on Relative Fuel Economy - 3 Vehicle Average 

Percent Fuel Econo~ Benefit (or Debit) 

Multigrade Oils 

sw 20 

SW 30 

lOW 30 

lOW 40 

15W 40 

15W 50 

Monograde (Newtonian) Oils 

SAE 30 

SAE 40 

SAE 50 

ECE 15 
VII 'A' VII 'B' 

4. 0 4. 6 

3.1 4.5 

2. 5 3. 7 

1.6 

1.0 

Reference 

0.4 
( 1. 6) 

(3.8) 

3.6 

2.4 

2.3 

90 KPH 
VI I 'A I 

2.6 

2.0 

1.6 

1.1 

0.6 

Reference 

0.2 
( 1. 2) 

(2.8) 

TABLE 4.14. Viscosity Influence Q~ Relative Fuel Econo~ -
Identical Vehicles(3l) 

Vehicle 

Al 
Al(a) 

A2 
A3 

A4 

Percent Fuel Economy Benefit 
(or Debit) - ECE 15 

( 5W 40 VII 'B' Versus !S'W 50 VII 'A') 
5.4 

2.7 

2.3 

2.4 

3.0 

(a) After engine strip and rebuild with same parts. 

VI I 'B I 

3.2 

3.2 

2.5 

2.4 

1.7 

1.7 

Finally, to emphasize the particular importance of oil during cold starts, 

the fuel econo~ performance of the two conventional lOW-50 multigrade oils A 

and B were compared against Newtonian SAE 30 and 50 oils in a cold-start 
chassis dynamometer test. The results are illustrated in Figure 4.45 where 

fuel consumption is plotted on an ongoing instantaneous basis against distance 

traveled. The data showed that at start-up, both multigrade oils A and 8 gave 

lower fuel consumption than the SAE 30 and 50 oils, and that B always held an 
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FIGURE 4.45. Cold Start Chassis Dynamometer Oata(3l) 

advantage over A, the more shear stable product. After 6 kilometers, with the 

engine and oil warming up, oil A overtook the consumption rate of the SAE 30 

oil but never reached that of the SAE 50 oil. 

4.7.3 Survey of 80 Papers (1913-1975)(38) 

An extensive survey on various aspects of engi ne performance as related to 

oil viscosity and oil additives is given by Stewart and Selby in Refer-
ence 38. The dependence of fuel economy on viscosity with full or partial 
engine loading is given in Figure 4.46. An overall relationship developed on 

the basis of this chart is given in Table 4.15. Two other sets of comparisons 

with SAE 30 as a base are given in Figures 4.47 and 4.48. This data plus other 

fuel efficiency test results are summarized in Table 4.16, where the gains in 

fuel consumption are seen to reach levels of 5%. 
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FIGURE 4.46. Average Fuel Consumption Versus Oil Viscosity at 300°F( 38 ) 

TARLE 4.15. Typical Fuel-Consumption Ratios as 
Related to Oil Viscosity Grade 

SAE 
Viscosity 

Grade 

SAE 5W 

SAE lOW 

SAE 20-20W 

SAE 30 

SAE 50 

4.63 

Gasoline 
Consumption 

Ratio 

1.03 to 1.06 

1.01 to 1.03 

1.00 

0.96 to 0.98 

0.93 to 0.95 



Viscosity of Oil at 21 0°F, SSU 

FIGURE 4.47. Effect of Lubricating Oil Viscosity on Gasoline Engines(JS) 
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FIGURE 4.48. Friction Versus Oil Temperature During Warm-Up CFR-F4 Engine< 38 l 
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TABLE 4.16. Efficiency Gains as Function of Oil Properties 

Reference(a) Gain (Loss) Lubricant 

31 4j, SAE 5W versus SAE 20W/20 
(6%) SAE 50 versus SAE 20W/20 

32 2% For each 10 SSU of a 210°F oil 

34 5% Cold start driving cycle 

35 3% Cold start driving cycle 

30 5% Properly synthesized SW/20 oil 
versus conventional SAE 10W/40 

(a) These numbers are references in Stewart and Selby.< 38 l 

4.7.4 EPA and FTP(a) Standards Tests< 39) 

In these tests a sedan with "full power" equipment was tested with a num

ber of oils of varying viscosity with and without anti-friction additives. The 
kinds of vehicle and oils used are given in Table 4.17. Three conventional 

long-drain multigraded oils, differing as much as 50% in kinematic viscosity 
over the range of engine operating temperatures, demonstrated no consistent 

differences in vehicle fuel economy (see Figure 4.49 and Table 4.18). This is 
explained in Reference 39 by the argument that since the major friction occurs 

in the piston oil rings and there the friction is related to only a fractional 
power of the viscosity, a mere reduction in viscosity has little effect. Next 

under similar test conditions, the inclusion of a colloid friction modifier in 
these conventional multigraded oils demonstrated consistent improvement in fuel 
economy, generally in the 5 to 10% range. Also, low viscosity multigrade oils 
containing colloid friction modifiers were shown to provide between 4% and 7% 
fuel economy improvements over commercial type SAE 10W40 service station oil. 

Some of the more detailed results for the above tests are shown in Figure 4.49 
and Table 4.18. 

(a) Federal Test Procedures. 
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TABLE 4.17. Vehicles and Oils Used in EPA-FTP Tests(39) 

Model 

Test Vehicle Speci fications 

1977 2-door sedan 
Engine 
Equipment 

5.0 liter {305 CID) V-8 
Automatic Transmission 
Power Steering 
Power Brakes 
Air Conditioning 
Radio 

Curb Weight(a) 4300 t 10 lb 

(a) Including fuel, all instruments, 
driver, and observer. 

Test Oil Properties 

VIscosity Grade (SAE> 

VIscosity at 10°C, eSt 
Viscosity at 40°C, eSt 

~lscoslty at 100°C, eSt 
Viscosity at 149°C, eSt 

Viscosity at - !8°C, cp 
Gravity, API 

Conventional Oils (NFE ) 

IOW-40(a} 5W-30(a) 5W-20(a) 30(b) 

Fue I Eft lei ant 011 s (FEO) 

5W-30(a) 5W-20(a) 30(b) 

Flash Point, COC, °F 
Pour Point, oF 

SuI fated Ash, % 
Chemical Analysis 

Zinc, WU 
Phosphorous, WT% 

(a) API Proposal S-1. 

482.8 

97.20 

15.91 

6.96 

2480 

29.4 

405 

-35 

1.04 

0.16 

0.14 

(b) API SE Classification. 

213.3 

51.37 

10.22 

4.89 

1090 

29. 9 

405 

-40 

o.97 

0.16 

0.14 

4.7.5 Cold Start Fuel Efficiency 

151.2 

34.73 

6.68 

3.18 

1040 

30.7 

405 

- 45 

'· 10 

0.16 

o.n 

888.3 

112.5 

"·55 
4.31 

440 

r.oo 

0.16 

0.14 

229.7 
53.96 

10.47 

4.94 

1230 

28.7 

415 

-40 

1.03 

0.16 

o.IJ 

158.0 

35.33 

6.68 

3.12 

1150 

29.1 

425 

-40 

r.oo 

0.17 

0.14 

670.7 

97.77 

11.38 

4.54 

440 

1.00 

o.t6 

0.14 

Two kinds of vehicles with an in-line 4-cylinder and a V-8 engine were 
tested under cold starting condi tions according to the cycl e shown in Fig-
ure 4.50. The results are given in Figure 4. 51 and Table 4.19 where it is seen 
that, as expected, the gains with lower viscosity oils are larger the colder 
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TABLE 4.18. Improvement in Constant Speed Fuel Economy 

Miles per Gallon 
~At 30 NFE ~AE 30 rro ~Ar ~w-~o rt~ 

Oi 1 Miles I000-2500 nmo 0 500 IOOO 
Car 790 19.97 20.11 20.99 21.04 
% improv~ment(a) 0.7 5.1 5.4 

Car 870 19.71 20.72 20.55 21.30 21.07 
% improvement(a) 5.1 4.3 8.1 6.9 

Car 984 19.87 20.42 20.10(b) 20.84(b) 
% improvement(a) 2.8 1.2 4.9 

(a) Compared to SAE 30 NFE oil. 
(b) mpg on SAE 30 FEO. 

Cycle I Cy5!._e II 

80 -~· 
Road Load 

60 ,..._ 10 m1n 

40 
Road Load 

~4min-1 
20 . 
~ I+- 30 Second Idle 

I I I 
0 

I . I I l 
0 2 10 12 14 16 4 6 8 

Time After Engine Start, mm 

FIGURE 4.50. Test Cycle for Cold Starts 

the starting temperature. Also the gains were larger for the V-8 engine than 

the L-4 engine which is consistent with the higher percentage of mechanical 
friction present in the larger engine. 

4.7.6 Negative Effects of Low Viscosity Oils 

There are several undesirable side effects of using low viscosity oil. 

One is the consumption of oil in the piston assembly which, as shown in Fig

ure 4.52, goes up with a decrease in viscosity. Others are higher temperatures 
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TABLE 4.19. Effect of Friction Modifier on Fuel Economy Obtained with Two SAE 5W-10 Oils(40) 

30- to 270-Second Test lnter¥81 270- to 670-Second Test ln,erv81 ~0- to 870-Second Tes' lnter¥81 

T e~~~Per8ture 5W-JO Percent 5W-30 Percent 5W-30 Percent 
oc 5W-JO(h) (w/o tm) Improvement 5W-30Chl (w/o fml lnoprovement 5W-30(h) (w/o tm) Improvement 

-17 .s(8 l ~.16 2.87 10.1 7.55 7.19 5.0 5.95 5.57 6.8 
-23.3(8 ) 2.87 2.72 5.5 7.30 7.20 1.4 5.62 5.46 2.9 
-26.9(a) 2.65 2.47 7.~ 7.35 7.17 2.5 5.47 5.24 4.4 

""" 
-31.7(a) 2.46 2.41 2.1 7.19 7.27 -1.1 

• -n.6<b> 3.26 3.21 1.6 9.3~ 6.93 4.5 
"""" 

5.24 5.23 0.2 

6.66 6.64 3.3 
0 -23.3(b) 2.93 2.92 0.3 9. 75 8.77 11.2 6.72 6.32 6.3 

(a) V-8 engine. 
(b) L-4 engine. 
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FIGURE 4.52. Relationship of Viscosity to Oil Consumption Rate 

due to lowered film thickness in bearings and sliding contacts. But the big
gest concern is the impact of low viscosity oils on the rate of wear of engine 
parts, a sample of which is shown in Figure 4.53. The problem of wear is one 
of major significance, because even while fuel economy is improved, the 

increased wear, which would make itself felt only over a long period (exceeding 
the duration of most tests), may eventually increase friction. Even more 
important, wear may cause failures and in the end shorten the life of the 
engine. Aside from the economic cost of such failures, the need for new parts 
and engines itself involves the expenditure of energy thus impinging directly 
on the conservation effort. 

4.8 MATERIALS AND COATINGS 

There is obviously a wide field open for the introduction of new materials 

into automotive engines, which may have an impact on fuel consumption. How-
• ever, except for unconventional engines, particularly the adiabatic diesel, new 

materials and coatings would not have too much impact in conventional Otto 
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cycle engines. The main reason is that while new materials and coatings may 

raise the permissible temperature levels in the t hermodynamic cycle, one would 
have to resort to an extremely large compression ratio to take advantage of it 
and this in turn would call for large engine sizes. Since weight and engine 
size are crucial parameters, such a rise in upper cycle temperatures would not 
benefit the conventional automotive vehicle. The only possible benefit would 
be the development of specific coatings such as the chrome plated rings men

tioned in Section 4.1 that would reduce friction and wear in specific compo
nents. Such detailed studies have not yet been carried to a point where the 

benefits in terms of energy conservation could be quantified. 
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4.9 OTHER S 

Under "others" are grouped all those corrrponents which absorb a relatively 

small portion of the input energy, or for which tribological improvements would 

produce negligible savings. Some of these elements are the following: 

• The Axle. The losses due to the axles are made up of friction in the 

geat·s and bearings, plus a tire creep loss which occurs when traction 

forces are transmitted through tire/road contact (in addition to the 
free rolling loss}. However, since axle efficiency is relatively 
high, 87%, potential improvement is limited. This is particularly 

true with increasing use of front wheel drives. 

• Ti res. The sliding losses in the tire-road interface are given in 
Table 4.20. While these are appreciable, and a large portion of it 

can be considered to be tribological in nature, not much reduction 
may be possible or even desirable since this frictional force is a 

necessary part of vehicle propulsion. Still the parasitic component 
in i t could profitably be minimized. 

• Power Assisted Processes. This area involves power steering, power 

brakes, the operation of seats, windows, doors, wipers, radio 

antennas and other similar arrangements. In most cases, the pumps 
supplying the oil for these operations work even where these func
ti ons are not required, and disengagement during idle periods would 

produce some savings. 

TABLE 4.20. Energy Consumed by Tires for an EPA Cycle(?) 

Input Energy 
C.l:cle (MJ/km) 

Ener~ Consumed bl Tires 
MJ m t of Total 

Urban 5.70 0.251 4.5 
55% 

Highway 4.67 0.306 6.5 
45% 

Combined 5.24 0.275 5.25 
EPA 
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• Accessories. The various accessories and the power required to oper

ate them have been itemized in Section 2.0. They consume something 
on the order of 1% of energy input {6% of BHP). All these acces
sories have bearings, seals and possibly al so gearing. They probably 

constitute a small part of the power consumed by the operation of 

these accessories and so here, too, more efficient bearings and seals 
would bring only small benefits. The only exception here perhaps 
would be the area of the air-conditioning compressor. 

• Pumps. In addition to the oil pump, pumps are also used for supply
ing fuel, air and cooling water. They all require only minimal 
energy inputs for the tribologically related components. 

Except for the effect of viscometries and anti-friction oil additives, most of 
the individual savings consist of relatively small percentages of the total 
fuel energy demanded by an automobile. Yet this should not, by any means, lead 

to the conclusion that they can be dismissed or that they do not offer a path 
for effective improvement in car fuel performance and energy conservation. The 
consensus of both Ford Motor Company and General Motors personnel who were 
interviewed was that efficiency improvement of the tribological components 
remains an active concern and that it is one of the practical ways of raising 

car performance. In fact, Ford and GM personnel were convinced that the suc
cess Japan has had with its automotive industry came to a large extent from its 

concern and investment in a number of seemingly small improvements which, in 
their cumulative impact, gave Japanese cars an edge in performance. Some of 
this is reflected in the following section (see Table 5.5) where, aside from 
viscometries, the combined saving potential of the various components adds up 
to some 5% of the automotive fuel consumption. 
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5.0 POTENTIAL ENERGY SAVINGS 

In Section 4 our concentration was on a quantitative examination of the 

l osses ir1 specific tribological areas and the variation of these losses with 

parametr,c changes. Here, the potential energy savings to be achieved by 

·nstitut' ng certain design or system modifications will be examined. Since for 

most areas the needed data are not complete, and often lacking altogether, much 

extrapol ation and engineering judgment will have to be resorted to in order to 

~rrive at specific numbers. Moreover, care will have to be exercised that 

while ascribing gains to a particular modification, losses incurred elsewhere 

oy such changes are taken account of, at least to the degree that the available 

data permi t such an evaluation. Since ultimately the savings are to be trans

lated into terms of national energy consumption and dollars, Table 5.1 given an 
overview of the key statistical data pertinent for such quantification. 

TABLE 5.1. Statistical 

Total U.S. EnerQy Consumption 

• Transportation 

• Highway Fleet 

Total U.S. Petroleum Consumption 

• All Transportation 

• Highway Fleet 

Barrel of Petroleum Oil 

Gallon of Gasoline 

Number of Vehicles 

Average Mileage per Car 

Gasoline Cost/Total Operating Cost 

Cost of Barrel of Crude Oil 

One Percent U.S. Energy 

5.1 

Overview (1976) 

74 x 1015 Btu 

26.1'1 

20.1% 

35 X 1015 Btu 

53.6'1 

41.3% 

5.8 x 106 Btu 

125 X 103 Btu 

142 mi 11 ion 

10,000 miles/year 

23'.t 

$30 

128 million barrels of oil 

= 3.84 billion dollars 



The basis for the quantification of the potential tribological losses will 
be the energy flow map of Figure 2.14. This map gives a simple accounting of 

the total combustion energy in the fuel put into the automotive fuel tank. 
Thus, in this accounting, the valve train consumes 1.3% of the energy content 

of the fuel and the transmission 2.0%. However, these percentages are not the 
correct basis for evaluating the impact of the potential gain. Reduction of 
the level of loss, for example, of the valve train would not only reduce the 
required IHP but also the levels of exhaust and cooling which are a necessary 
part of generating the IHP. Thus, if the valve train expenditure of energy is 
reduced by a half the gain is not 0.5 x 1.3% = 0.65% but 

100 0.5 X 1.3~ X (~) = 2.85~ 

where the 35 represents the percentage IHP resulting from an input of 100% of 

energy. With this in mind Figure 5.1 shows a diagram with IHP representing 
100% of energy, in which the various components are allocated portions of 
energy (including the necessary exhaust and cooling) required to run them. 

A similar argument holds for the components that take their energy from 

BHP. Thus if, for example, the transmission losses are reduced by a half, the 
gain is not 0.5 x 2.0% = 1% but 

100 0.5 X 2.0~ X (~) = 4.35~ 

where the 23 represents the percentage BHP resulting from a 100% input of fuel 
energy. The gain ratio here is higher because in addition to lowering the 
exhaust and cooling losses, there would also be a reduction in such things as 
air pumping, size of valve train, number of cylinders, etc., namely, of all the 
components used to produce a given BHP. Consequently Figure 5.2 shows a map
ping of the energy allocation to the various components which take their energy 
from BHP, with the latter representing 100% of power. Any percentage reduction 

in the components taking their energy from BHP would have to be evaluated on 
the basis of the numbers given in Figure 5.2. 
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Allocation of Indicated HP in a 
Passenger Car for an EPA Cycle 

Indicated HP 
1()()% 

l ' ' ' ' ' 
1.1' 

Other Friction P1ston 
Valve Tram Beari~s Seals Air Pumping Brake HP 

Engine Assembly 
3.7% 2.9% 1.4% 17.2% 65.7% 

1.1% 8.0% . 
w 

J 
l ' l l ' 1 1 

r Accessories, % 
Coast 8o Idle Other Axle Transm1ssion Braking 

Oil Pump - 1.44 4.6% 4.6% 5.7% 5.7% 11.43% 

A1r Pump - 0.26 

Water Pump - 0 .26 
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I II Fuel Pump - 0 .26 3.9% At Wheels - 27.1% 
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FIGURE 5.1. Energy Requi red by Passenger Car Component s in EPA Cycle 
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FIGURE 5.2. Allocati on of Brake HP Energy i n a Passenger Car for an EPA Cycle 



In summary 1 starting with the basic map of Figure 2.14t any saving in IHP 

fed component will have its level raised by (100/35) • 2.85$; and any component 
taking its energy from BHP will have its saving level raised by (100/23) = 

~.35%. 

S.l PISTON ASSEMBLY 

The potential gains to be achieved by varying certain design and opera
':ional parameters in the piston assembly are given in Table 5.2. The worksheet 

is based on the data gathered in Section 4.1 and the results have been calcu
lated as follows: 

• In reducing parametric changes to a common base of either -25% or 
~SOtt the corresponding losses were varied on a linear basis. 

• The average losses are based on an average of all the friction data 
available. Thus, for example, the 15% reduction in friction for a 

25~ reduction in ring width was obtained as follows: 

Parametric Friction Assumed Friction 
Change Reduction Parametric Reduction 

Ref in Ref % Change! % • • 
28 ~25 15 -25 15 

10 -33 6 -25 5 
11 -50 50 -25 25 

Total 45 

TtH: average friction reduction is thus {45/3) = 15't. 

• The "Cumulative Friction Reduction" co 1 umn represents the combined 
effects of a number of parametric c~anges. Thus the combination of 
reducing face width and ring tension by 25% yielded a gain of 24.5% 
and was calculated as follows: 
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TABLE 5.2. Reduction of Trlbological Losses in Piston Assembly 

>\s glvo't In Ref. Parameter Ch~n9o~S% ?~rameter Ch~rge ot -sci 
Pcramstor Friction Friction{;~} Cum. fric ... lon Red~cT Frictlon(a) Cum, Frlc,..lon t«Jduct 
Cha<'~qe f.leduc+lon ReducT 1M 1'~-eps Reduction RQductloo Items Reduction 

""' Parl'lrn>!rter Ref. J J ' Combined I I Comb i nilid I ---,- Rlnq Face Width '" -25 " 10 
_, 

' " " 30 30 
11 -50 50 

2 :;;:tr;q Tel'slor 7ll -so 10 
~ 10 

_, 
3 " 

. , 24,5 22 • 2 45.5 . 
"' " -50 50 

' SJ<lr1 Longth ,. -50 10 '·' to 3 7.9,5 " to 3 n~5 

" 
4 Stroke Le11qth ,. -so 55 

27 ·' 
to • 49 55 to 4 78.5 

5 Crownlnq and ChrotM P 1 t~t J ng "' 50 50 to 5 24 50 ' to 5 69".0 

6 ~. of Rl nr~s 10 3 to l 33 

7 Ylscosify of 011 10 -50 " 16,5 " 
',, Ave,.aged Y'clu.as. 



Gain per Cumulative Remaining 
Item Item, 't Gain~ 't Loss % 

J JS 15 85 

2 11 

ll't of 85't 9.5 

1 + 2 15 +9.5 24.5 75.5 

~n calculating the cumulative effects of Table 5.2 no account was taken of 

?'educing the number of rings since this may bring about a severe incf"ease 

1n blowby losses and oil consumption which may affect the gains. In this 

connection it should be pointed out that the changes in face width and 

~ing tension will likewise increase the rate of b1owby, though not to the 

same degree as reducing the number of rings. Properly speaking; account 

shou1n be taken of these negative features but. unfortunately, no quan~ 

titative data exists on the effect of b1owby when face width or tension in 

the ring is reduced. Account of these can only be taken in reducing the 

expect~d gains from the numbers gi~en in Table 5,2. Likewise oil viscos

ity is not considered here because viscosity effects are accounted for in 

the section on lubricant formulation. 

finally, the crowning and chrome plating eff~cts will also not be 

considered here since these have already been introduced in many produc

tion morels. We thus have from Table 5.2 

Amount of Decrease 
Ring Width and Tension 

Above Plus Skirt Changes 

Sa~ings 1 % 

-25't 

18.4 
36.75 

-50% 

25.7 

37.2 

With these qualifications in mind, then, Table 5.3 gives the potential 
gains to be expected from a redesign of the piston assembly in terms of 

both th0 highway fleet and U.S. total energy consumption. 
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TABLE 563~ Potential ---- Savings ln Automotive Piston Assembly 

Savin~s i1% of Savings in 
u.s. Barrels of 

Piston Highway Total 
10-12 

eetro 1 ~urn Millions $ 
Modification Anount Assembl:t neet §.!1~ Bt • 10- (1984) ----

Ri '19 Redesign( a} -zs(b} 18.4 1.47 0.29 215 37.4 1.12 

"' 
Ring and Skirt -25 36.7 2.94 0.58 433 74 .1 2.22 

• 
"' Ring Redesign -so(b) 25.7 2.06 0.52 301 52.1 1.56 

Ring and Skirt -50 39.2 3.14 0.61 466 80.5 2.41 

{a} Inc1udes reduction in ring width and tension. 
{b} Th~ number refers to amount of reduction in ring width and tension. and skirt length. 



S.2 TRANSMISSIONS 

Since the TllM-125 vehicle( 32 l provides the most detailed data on the 

component gains achievable in an automatic transmission, these will be 

!aken here to provide a model for the possible gains to be achieved in 

this ared. The scheme essentially entails the incorporation of the fol

lowing elements: 

• a drive that can be varied to provide optimum transmission~speed 

~"atio. 

• a planetary or helical gear drive 

• a variable output oil pump 

• adjustable oil level system. 

With these changes~ an improvement in efficiency as shown in Figure 4.19 can be 

achiever. This figure gives for an EPA cycle the following gains over a con

ventioncl automatic transmission 
1m. at 20 mph 

4% at 55 moh. 

Using the 55% - 45% EPA driving pattern, the average efficiency gain then 

amounts to 7.3%,. Since fro!!\ Figure 5.2 the drive train {transmission plus 

axle! requires some 15.7% of the total automotive energy consumption~ we have 

for the potential gains the following numbers: 

Re1uction in Drive Train Energy Loss 7.3% 

Rejuction in Automotive Energy Use 

Co~servation of U.S. Energy 

Conservation of Btu's 
conservation of sarre1s of Crude 011 

Savings in U.S. Dollars (1984) 

5.9 

1.13 (0.073 X 15.7) 

0.22 

161 X 1012 

27.8 million 

833 million. 



5.3 VALVE TRAINS 

From the data of Section 4.3 we learn that the greatest gains can be 

achieved by replacing sliding with rolling element contacts. The gains brought 

ahout by such changes and others would be an Bl~ total savings made up of the 

following components: 

Roller Tappets 

Other Ro 11 i ng El ernents 

Reduction of Spring Loads 

Total 

5U savings 

10% 

20~ 

81% 

An additional 10% saving can be achieved by reducing rod and beafing sizes 

(Figure 4.29). These cuMulative savings reduce the 3~7% loss of the valve 

train valve to an 0.22% share of the automotive energy. The yearly savings 

achievable are therefore as follows: 

Reduction in Valve Train Energy Loss en 
Reduction in Highway Fleet Energy Loss 3.08% 

Conservation of U.S. Fnergy 0.63% 

Conservation of Btus 465 X 1012 

Conservation of Barrels of Crude Oil 80 million 

Savings in U.S. Oo11ars i1984) 2.42 billion 

5.< LUBRICANT FORM~LA-!ON 

Tab1e 5.4 su~arizes the numbers quoted by various investigators on the 

potential savings due to a lowering of oil viscosity and the adding of anti

friction co~ponents. While the tests were conducted on the basis of different 

variations fry viscosity level and quantity of polymer addition in the oil, it 

seems that a common low viscosity oil of 5W20 or 10 W-20 oil was the new lubri

cant used by most. It was not always possible to separate the effects of this 

change to low viscosity from that of the influence of the anti-friction addi

tives; in Reference 39 it was even concluded that low viscosity per se produces 

no benefits, which contradicts the results of References 37 and 2. The average 

improvement amounts to a fuel saving of 5.6% of automotive energy consump

tion. Subject thus to the qualification that there are serious imp1icatfons to 
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TABLE 5.4. Potential Savings from Lowering Oil Viscosity 
and Adding Anti~Friction Components 

Total Savings 
Reference % Remarks 

2 10.0 SAE lOW vs 20W-50 

31 3.0 EPA cycle 

4.3 ECE cycle 

38 

131l(a) 4.0 SAE 5W vs 20W-20 
(30)(a) 5.0 SAE SW-20 vs 1DW-40 

{34 & mlal 4.5 Cold start cycle 

39 5-10 SAE-20 vs SAE 30 

Average 5.6 

(a) Numbers in parentheses refer to references quoted 
in Reference 38. 

the use of low viscosity oils~ particularly with regard to long-term wear of 

engine parts; we have the following savings; 

Reduction in automotive energy consumotion 

Conservation of u.s. energy 

Conservation of Btu 
Conservation of barrels of crude oil 

Sa>ings in U.S. dollars {1984) 

5.6% 

1.12t 

830 X 1012 

142 million 

4.321 billion 

per year 

fhE, potential savings in the other tribological areas can be briefly sum

marized here. 

• Oi1 Pump - Aside from the possible use of reduced speed pumps, the 

shttft mounted pump 1osses can be reduced by decreasing gear diameter 

aNi reduci~g internal pump friction. This, according to Figure 4.38t 

would reduce friction by over 20%~ yielding for the vehicle a gain of 

O.l %. 
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• Braking · The solution here is to use regenerative braking to 

retrieve the 8.7$ energy loss dissipated in an EPA cycle~ However, a 

rPqeneratlve brakinq system requires equipment and would involve its 

own frictional losses~ Assuming conservatively that half of the 

braking energy can be retrieved. the gain would still be 4.35% of the 
tota 1 automotive energy used. 

• Bearings -As described in Section 4.5. this is a complicated area 

and modifications are difficult to specify. in view of the severe 

distortions of bearing housing. But with a successful investigation 

of this area, it should be possible to reduce the losses in the bear

ings by a thlrd, gaining 0.85% of the automotive energy. 

5. 6 SU~1MARY 

Table 5.5 summarizes the potential gains to be achieved in the tribologi
cal arl?as of a conventional automothe vehicle. Due to lack of quantitative 

data in some of the areas, some of the gains have been pared down to a fraction 

of their potf'fltial (valve train, bearings}. ft.ccording to this summary, then, 

tre i~pact of t~e various modifications from the standpoint of energy conserva

tion, would be 111 the following order. 

• lubricant formulation 

• regenerative braking 

• valve train 
• piston assembly 

• bearings and oil pump 

• transmission 
T~e total impact is some 17-1/2% saving in automotive fue1 consumption, or a 
3-1/2% saving in the national energy consumption~ In terms of the critical 

fuel. oil, the saving would amount to some 7.4% of the petroleum consumption 
per year. 

If one assumes a realization of the adiabatic engine for trucks and buses 

whlch constitute 23% of the highway fleet, one obtains, as shown in Table 3.3~ 

savings of the order of Ln in U.S. energy consumption~ If one next assumes 
that the orojected goals of a 30% improvement in fuel consumption for the gas 
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fnf'rgy Coo~ ~~tential Savir~gs in P~rtent Potential Savln95 Per rear 
Sl.lrned: 1< of Barrels of 198~---
Total Fh·et Hi ;~hw<~y U.S. Total Crude [}J l , u.s. s 

to C'!!!.l?:onetrt Consu~!!pti oo C£!!11POOent. neet Energy OM.Jnd stu )( to·l2 "'ll H or-s S\111o'1S --·~ar~$ ----
f't ~ton A~se'l'l'>ly ••• 3(),2 '·' O.f)l Mil 00.5 2.41 Based on 501 reduc-

tiM 1 f! rlr!g WIdth 
~ru:l skirt hmgttl 
see Table 5.3 

z Transmission '·' !,] 1.1 o.n '" 27.8 0.81 Refer!\ to con~ent I on~ 1 
system 

' Yalve Tr~in '·' " 3,1 0 ,f)Z 46i:> 810 2.44 

~ 
4 Oll Pump '-' "' 0.44 0,09 " U.G n.Js Shaft moonted pump 

• - 5 Br~i:(>S '-' 50 4.35 0.87 651 109.0 3.35 Use of regerteratl ~e 
w bf'ai:1 ng 

' Rearfn<:js 2.9 " o.as 0.17 128 21.4 0.66 

1 Lubrl c11nt 5.6 1.!2 '"' 142.0 '·"' tnclu~s llnt\-frict1on 
add1thes 

l>Jhl 17.5 3.5 ""' "' 14,3 

---
Sav\ngs basea on highway flt>et stu 1n 1!H.6.(3) and on ~tgy (O!J;t of '"' per barrel ,, crude oi 1. 



turbine or Stirling engine on passenger cars wili become a reality, one obtains 

a saving of 4.4% in total U.S. consumption~ or 8.8% savings in oi1 demand. 
These and other detailed quantitative data are summarized in Table 5.6 which 

shows a saving for the total highway fleet of 11-12% in U.S. oil demand, and 5i 
to 6% in U.S. energy consumption. 

TABLE 5.6. Summary of Potential Savings wit~ Non-Conventional Engines 

Trucks l!lnd 9uses .. 
Fully lnsuteted 
Adl~botlc Engl~& 

P4ssanger Cars - Gcs 
Turbine or Stirling Engine 

Tote! 

Savrns..s, ~ ot 
u.s. 

H fgllway Totti t 0-e~Mnd 
Fleet 01! t:ners:t 

'·' '·' '·' 
22.1 ' .. 4,4 

30.6 12.2 6.1 

5.14 

Yearlt Savl~s In 
rui3eo1, IVP US. S 

Btu:< 10 .. 12 Millions Billions 

1 ~412 216 6,6 

3,659 558 17.0 

5,071 '" 21.6 



6.0 RECOMMENDED R&D PROGRAMS 

!n the preceding sections* a number of areas have been noted in which the 
rrosp~ct~ for significant energy savings in the field of automotive 

transportation warrant the expenditure of R&D funds to stimulate higher 
t!fficief'\cy vehicles. The total potential that is envisaged is set forth in the 

preceding Table 5.54 

In this section? a number of projects are drafted, each of which has a 
()irect bearing on the improved technology necessary to stimulate the design of 

~igher efficiency automotive engines. While the passenger car is the dominant 
Jser of energy in transportation~ many, if not most, of the suggested programs 

will also benefit the next largest transportation group) the truck f1eet. 

\>Jhere it seems appropriate~ programs which may be better done within the 
industry because of close coupling to specific designs are marked for industry 
or for pooled industrial support. Still others are indicated as candidates for 
joint irdustrial-government funding. 

The programs are grouped into five categories as follows: 
• gene tal automotive data 

• engines 
• 1 ubri tants 
• dr~ve systems 
• nonconventiona1 engines 

One much needed progtam has been strongly suggested in the meetings held 
with th1! automotive industry. Because it is much more general in nature than 
the spe.;ifi c programs re 1 at i ng to tri bo 1 oqy, it is discussed at this point* 
The EPA driving cycles~ City, Country and Combined, are representative of 
driving conditions in warmer areas of the United States such as Southern 
California and P1orlda. Thus they do not take into account the inefficiencies 
arising from cold starts which reduce city driving efficiency over roughly half 
the year in most parts of the country where many short trips are involved. 

Since the EPA cycle perfor~ance nu~bers are used as a guide in the development 
of more efficient engine designs, it is important that the EPA cycle be broadly 

representative of U.S~ driving conditions in order for the resultant designs to 
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have a maximum impact on tota1 U.S. energy consumption. While a prog~am to 

make the EPA driving cycle broadly representative of u.s. conditions Is 

obviously not within the scope of the Tribology Transportation R&D Program, it 
may be highly desirable to recommend its need to the appropriate group in the 

Department of Energy. 

The tribology-related programs recommended herein are summarized in 
Table 6.1. This table provides a number of factors related to each program 

which will need to be considered in selecting those for inclusion in future 
budgeted work. These factors are: 

• the type of support suggested for the program 

• the potential savings~ in billions of dollars per year. that would be 
achieved by successful completion of the program group~ as estimated 
in Table 5.5 

• the estimated R&D cost, in millions of dollars (total} 

• the estimated be~efit to cost ratio. including completion of the 
required development work (see below) 

• the probable number of years to market injection~ and 

• the overall suggested priority rating for the progr~m, taking account 
of benefits, cost and probable success~ with A the high~st. 

The benefit to cost ratio is calculated by dividing the estimated annual 
benefits (in dollars) by ten times the estimated total dollar cost of the 
research. This roughly represents the fact that development usually costs ten 
times the research to prove feasibility. However~ it should be noted that only 
the annual benefits have been used. Since benefits over some period of years, 

perhaps five or ten at least, should accrue from a given efficiency develop
ment+ the cited benefit-to-cost ratio is conservati¥e by this factor. 

A word needs to be said about the suggested Source of sponsorship, 

government or industry. The ro1e of government, in this case DOE ECUT 1 is 
envisaged as supporting advanced R&O work which will point the way for 
improvement in industrial products and thence toward more efficient use of our 
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national energy resources. Many of the programs outlined in this s~ction are 

of this advanced R&D nature. However, others cover changes in the design of 
specific engine components, such as valve trains and oil pumps. In thes~ 

cases, the direction of improvement toward greater energy efficiency is rather 
clear, and in some cases some work in the indicated direction has been 

published or discussed. These items also tend to be design-specific in many 
~~tails so that they may best be carried out under industrial sponsorship by 
individual companies or groups of companies. Research organizations. both 
commercial and academic) offer a ready means to combine the resources of the 
cornoanies of an industry to carry out generic development work. finally, DOE 
is able to oarticipate in such areas by the use of extensive cost sha~ing under 
its contracts. 

On the following pages, each program is briefly described. The Objective 
provides a brief statement of the need for the orogram and its specific role. 

The Work Statement sets forth briefly the principal elements of research or 
development needed to achieve the objective. The Technical Background refers 

the reader to appropriate sections of the report. 
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R&D TR!BOLOGY PROGRAM--ENERGY CONSERVATION 

GROUP: l~-Genera1 Automotive Data PROGRAM NUMBER: 1-1 

~!TLE: validity of Engine Test Methods 

POTENTIAL PAYOFF: Input data other programs PRIORITY CLASS: A 

LSTIMATED ~ESEARCH COST: 3 Years, at $5.0 M/Yr TOTAL: $15M 

SUGGESTED SUPPORT: Poo 1 ed lndustri a 1 

OBJECT!VE 

~~ost data on the performance and power consumption of individual 

components in an automotive engine is sought via tests in an engine that is 
"motored." i.e~, driven by an external source while measurements of power input 
and friction forces are made. The next stage of verification is "firing" type 

tests ir. an engine test cell under controlled conditions. The objective of 

this program is to extend the evaluation of changes in selected engine 

componert designs to measurements of engine energy consumption when operated in 
a car under actual road conditions. From this data would be extracted a 
reliable· frame of reference that can be used to improve the prediction of on
the-road performance from laboratory and test-cell data. 

WORK STATEMENT 

The program will obtain and compare experimental data from component 
function tests, motored tests in engines~ tests in engine test cells, and 
vehicle road performance tests for a selected series of typical power consuming 
engine :omponents. The program will contain at least the following tasks: 

1. Selection of a representative group of at least four engine 
components, such as piston rings~ crankcase bearings. oil pumps, etc. 

2. Component energy loss testing. 

3. Motored tests, with at least two conditions of component design with 
significant difference in loss characteristics. 

4. Er.gine test cell evaluations. 
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5. Road performance tests under a variety of load and temperature 
conditions. 

6. Preparation of a full technical report. 

7. Preparation and presentation of at least one technical paper on the 

results to a recognized Technical Society meeting. 

TECHNICAL BACKGROUi!D 

See Section 1.0 of this report. 
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R&D TR!ROLOGY PROGRAM--ENERGY CONSERVATION 

GROUP: 1--Gene ra l Automotive Oat a PROGRMI NliM\lER: 1·2 

liTLE: Document Auto Energy Flow Statistics 

POTENTIAl PAYOFF~ Input data other programs PRIORITY CLASS: A 

ESTIMATED RESEARCH COST: 1 Year, at $0,] M/Yr TOTAL: SO.l M 

SUGGESTEn SU0 PORT: Government 

IJRJECTI VE 

1'1 nrder to provide a sound basis for measuring tile energy savings 

potentia~ for specific improvements that would result from trihological 

artvances, it is desirahle that more rletailed information on individual 

componen:s of the engine, transmission ai'lrl chassis he determinerl and he 

1vaila~l~. The ohjective of this program is to determine the fine structure of 

t~e energy flow tree for automotive vehicles. 

WORK STATEIIENT 

The program shall comprise a thorough analysis of all available sources of 

energy loss data. Visits to~~~ sources for arlrlitional infor~ation, and 

publication in d "source hook 10 type of report. The fallowing tasks shall be 

carried out: 

1. A thorough search of the world literature relative to energy losses 

in automotive components, specifically ~ngine, chassis, and trans-

mi ~ si on components. shall he conducted covering the ITIOSt recent ten

year period. Searchbacks to earlier information shall he conducted 

whPnever appropriate from the nore recent references~ 

2. WhP.rever possihle, losses shall he classifierl according to the car 

size class to which they apply, for example, sub-compact, compact, 

mH-size; anrl front wheel versus rear wheel rlrive" 

3. The rtata for individual components and groups of components shall be 

collated together with a summary of the probahle value of the loss, 
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the tange teported in the literature, and the probable error in the 

single most likely value. 

4. An AUTOMOTIVE ENERGY LOSS SOURCE BOOK shall be prepared which shall 

contain the interpreted data§ the references used, and a narrative 

discussion of the information and its interpretation. 

TECHNICAL 3ACKGROUNO 

See Section 1.0 of this report. 
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R~D TR!BOLOGY PROGRAM--ENERGY CONSERVATION 

!T~OUP: 1-~heneral Auto'llOtive flata PROGRAr1 NUffiER: 1-3 

TITLE: Co~onent Failure and Wear Rate nata for the Automotive Vehicle 

POTENTIAL PAYOFr: Input rlata other programs 

ESTH1A:Er. RESEARCH COST: 1 Year, at $0.1 11/Yr TOTAL: $0.1 M 

~ l!GGESTEf'l SUPPORT: llovern~T~ent 

OBJECTIVE 

The scrapping of worn out or ob~olete vehicles anrl the replacement of 

i~~iviriunl parts in vehicle maintenance repre~ents a direct energy loss in 

ter:ns of the energy requirerl to manufacture the replacement parts or vehicles. 

The ohje.:tive of this program is to conduct a statistical study of the rates of 

wear and failure of various automotive components and of vehicles theMselves in 

Jrder to provide a sounrl basis for assessing the energy-saving benefits of 

increasi1g life through hetter tribological engineering. 

WORK STAW1ENT 

The program sha)1 obtain failure rate rlata on the key automotive engine, 

trans~ission an~ chassis C3mponents in order to p~epare a statistical 

evaluation of the replacement costs of wear and failure. The specific tasks 
are as follows: 

1. Secrch the literature an~ other direct and indirect sources for data 

on auto parts replacement~ and ~ew vehicle production. 

2. Analyze the rlata in terms of the nanufacturing year of the vehicle, 

ttH: nufllber of each replacement component used~ and the projected wear 

history per million cars manufactured. 

3. Es:imate the sensitivity of each co~ponent to the level of 

tribological engi~eering applied. and to the opportunity for 

im;;rovef'llent. 



4. Prepare a detailed report summarizing the data and its sources* its 
interpretation in terms of opportunity for improvement, the potential 

energy-saving value of the improvement, and the resulting change in 
the repair energy cost per million vehicles produced. 

TECHNICAL BACKGRCUNO 

See Section 1.0 of this report. 
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R&D TRIBOLOGY PROGRAM--ENERGY CONSERVATION 

r;ROUP: 2A--t:ngines--Piston Assembly 

TITLE: ?iston Ring Behavior~-Experimental 

PROGRAM NUMBER: 2-1 

'0TENTJA .. PAYOFF: Part of $2.4 B/Yr PRIORITY CLASS: A 

ESTIMATEJ RESEARCH COST: 3 Years, at $0.5 M/Yr TOTAL: $1.5 M 

SUGGEST[) SUPPORT: Joint Industrial Government 

OBJECTIVE 

Friction in the piston ring/cylinder interfaces is perhaps the predominant 
energy loss factor in an engine. Experimental techniQues for measuring the 
detailed behavior of a ring during actual operation can provide key information 
for improving the design while simplifying and reducing the number of rings~ 

The objective of this program is to develop techniques for accurate measurement 
of local ring film thicknesses, pressures, temperatures~ gas leakage (blowby}~ 

deflections and starvation; and to use this information for studies of rings in 
their operational mode. 

WORK STATEMOIT 

This nrogram shall develop advanced techniques for the measurement of 
piston ring operating parameters while in use in fired engines, and shall use 

these te,chniques for a broad initial exploration of the details of r'in9 
operati<,n. The following tasks are to be carried out~ 

1. Conduct a ltterature study to establish the experimental techniques 
a lt·eady deve 1 oped~ and to detenni ne their strong and weak points. 

2. Develop advanced techniques for the measurement of 1} film thickness 

and film shape under a ring; 2) film pressures; 3) temperatures; 
4) circumferential ring deflection; 5} starvation and gas blowby. 
Th·s shall include design and fabrication of a feasibility test rig 
and feasibility tests. 
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3. Design and build a one·cylinder (or more} test device which can be 

used for both motored and fired testing of rings over the entire 
length of stroke. 

4. Use the ring test device to conduct a study of typical ring 
performance over a range of speeds and cylinder pressures. The 
testing shall include evaluations of compression rings, oil rings and 
scrapers. 

5. Prepare annual reports providing full details on the measure~ent 
tec~nioues, designs, and ring tests. 
papers covering the key advances and 

TECHNICAl BACKGROUND 

Prepare 
results. 

See Sections 2.2~ 4.1. 5.1 of this report~ 
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R&G TRIBGLOGY PROGRAM--ENERGY CONSERVATION 

GROUP: 2A~-t:ngines:--Piston Assembly PROGRAM NUMBER: 2-2 

TITLE: Analytical ~odel of Piston Ring/Cylinder Contacts 

POTENTIAl PAYOFF: Part of 12.4 B/Yr PRIORITY Clf,SS: B 

ESTIMATEv RESEARCH COST: 3 Years, at $0.3 M/Yr TOTAL: $0.9 M 

SUGGESTEO SUPPORT: Government 

OBJECTIVE 

Friction losses in the piston ring/cylinder interfaces represent the major 

source of mechanical losses in the engine. lf ring behavior can be better 

understood, these losses may be reduced significantly through better design for 
1ower ring friction or through reducing the number of rings. The objective of 

this program is to prepare as complete a mechanical/hydrodynamic model of ring 

behavior as possible. and to make possible reliable analysis of groups of 
ri11gs. 

WORK STATEMENT 

Thi) program shall develop a complete ring package analytical model and 

<:omoare it with available experimental data, e.g •• from program 2-1. The 

principal program tasks are as follows: 

1. Det9rmine the current state-of-the-art on analytical piston ring 

models both in the USA and abroad. Based on this, 1ay out a detailed 
pla1 for further analytical development, taking advantage of modern 
comouter capability. 

2. Collect and collate the best available experimental information on 

ring behavior, and us~ as a guide to the verification of the 
analytical assumptions and results. 

3. Construct the analytical model, and prepare one or more computer 

proarams to make them viable. 
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4. Test the computer models against available experimental information, 

and revise as necessary. 

5. Prepare a complete report covering the mathematical analysis and 

recording the coMputer codes developed. Preoare technical papers 
presenting the work and the findings. 

TECHNICAL BACKGROcNO 

See Sections 2.2, 4.1 1 5.1 of this renort. 
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R&D TRIBDLDGY PROGRAM--ENERGY CONSERVATION 

GROUP: 2A--Engines--Piston Assembly PROGRAM NUMBER: 2-3 

--ITLE: Piston Ring Parametric Behavior 

POTENTIAL PAYOFF: Part of $2.4 B/Yr PRIORITY CLASS: A 

I:STIMATED RESEARCH COST: 2 Years. at $0.4 M/Yr TOTAL: $0.8 M 

SUGGESTED SUPPORT: Government 

OBJECT! VI: 

There is extensive evidence that the details of the design of a piston 

ring have a dominant influence on its performance as evidenced by overall 

enoine performance measurements. The objective of this program is to use the 

experimental capability developed under pro~ram 2-1 to measure the effect of 

ring des· gn parameters on rin9 performance. In addition to such performance 

paramete1·s as drag force, film thickness and oil flow past the ring, it is 

desired ~o determine the influence of design on gas blowby. 

WORK STA"TMENT 

Work under this program shall be conducted via the following tasks: 

1. Prepare a detailed test program that wi11 evaluate the performance 

inf·uence of ring width, ring tension, ring cylindrical conformity, 

shape of crown profile, ring surface material and cylinder material 

on t•ing friction, oil flow and blowby. 

2. Carry out the test program over a range of speeds and cylinder 

pressures typical of automotive engine operation. 

3. Analyze the results, and conduct further tests that may be indicated. 

4. Prepare a detailed report and technical papers describing the results 

and their potential application. 

'"ECHN I CAL BACKGROUND 

See Sections 2.2, 4.1, 5.1 of this report. 
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R&D TRIAOLDGY PROGRAM--ENERGY CONSERVATION 

GROUP: 2B--Engines--flearings PROGRAM NUMBER: 2-4 

TITLE: Main and Connecting Rod Bearing Efficiency 

POTEfiTIAL PAYOFF: 10.66 B/Yr PRIORITY CLASS: c 

ESTI11ATED RESEARCH COST: 3 Years, at $0.5 M/Yr TOTAL: $1.5 M 

SUGGESTED SUPPORT: Pooled Industrial 

OBJECTIVE 

The main and connecting rod bearings in an engine represent a highly 

developed component. Nevertheless, the energy consumed in the bearings is 

substantial and an appreciable reduction in bearing losses seems possible. A 

better understanding of the influence of housing distortion, cavitation and oil 

feed design could make possible reductions in viscous losses while carrying the 

heavy time-varying loads. The objective of this program is to study this area 

both experimentally and analytically with an eye to the possibilities for more 

efficient designs. 

WORK STATEMENT 

Work under this program shall be conducted via the following tasks: 

1. Prepare a computer code capable of accounting for the influence of 

housing distortion under heavy load on operating bearing film 

thickness. The code shall also handle cavitation conditions and 

predict the film boundaries resulting from any specified inlet oil 

configuration. 

2. Design and build a test rig capable of testing an engine bearing 

under simulated load and speed conditions, and capable of measuring 

film thicknesses, temperatures and bearing torque, and with the 

capability of direct visual observation of unfilled zones. 

3. Prepare and conduct a test program to explore the key design 

variables and their influence on bearing power loss and minimum 

operating film thickness. 
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4. Anaiyze the data and compare it with the analytical predfctions. 

5. Prepare a complete report including recommendations for design 

dir~ctions leading to lower loss bearings. 

TECHN:CAL BACKGROUND 

See Sections 2.2. 4.5 of this report. 
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R&D TRIBOLOGY PROGRAM--ENERGY CO~SERVATION 

GRO~P: 2C--Engines--Valve Train PROGRAM NUMBER: 2-5 

TITLE: Use of Rolling Elements in Valve Trains 

POTE'ITIAL P~.YOFF: $2.4 B/Yr PRIORITY CLASS: A 

ESTIMATED RESEARCH COST: 2 Years, at $0,5 M/Yr 

SUGGESTED SUPPORT: Industrial 

TOTAL: $1.0 M 

03JECT!VE 

Some development work has already shown the feasibility of using rolling 
element bearings in cam followers and fulcrums of valve trains as a means of 
reducing the friction energy losses in them. This design approach will also 
remove the problem in these contact areas with the use of the low viscosity 
engine oils. The objective of this program is to carry out development work on 
this section of the engine and to life test engines modified in this way to 

encourage the use of rolling element valve trains in production engines. 

WO~K STATEMEMT 

This program shall develop a valve train design using rolling ele~nt 

support at key points such as the cam follower~ the fulcrum and the 
lifter/rocker arm contacts, in order to reduce the frictional energy losses in 
the valve train. The following tasks shall b~ carried out: 

1. Select a typica1 mid-size or compact size auto engine using an L~head 

design; and another using an overhead earn design~ 

2. Design a rolling element version for each. 

3. Fabricate and install in a test rig for friction measurements. 

4. Install in the engine and measure before and after efficiency on a 

test bed. 

5. Prepare a full report~ plus appropriate technical papers aimed at 
engine designers. 
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TECHNICAL BACKGROUND 

See Sections 2.2, 4.3, 5.3 of this report. 
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R&D TRIBOLOGY PROGRAM--ENERGY CONSERVATION 

GROUP: 2D--Engine--Oil Pump Design PROGRAM NUt1BER: 2-6 

TITLE: Variable Delivery Oil Pump 

POTENTIAL PAYOFF: S0.35 B/Yr PRIORITY CLASS: B 

ESTIMATED RESEARCH COST: I Year, at $0.3 M/Yr TOTAL: $0.3 M 

SUGGESTED SUPPORT: Industrial 

OBJECTIVE 

The standard oil pump normally used in automotive engines delivers oil at 

a flow rate proportional to engine speed. As a result, when sized to deliver 

an adequate amount at idle, it delivers too much at higher speeds. The excess 

is dumped back to the crankcase by a pressure control valve, and the pumping 

energy is wasted. The objective of this program is to develop a variable 

delivery rate pump and control which will adjust the delivery rate to the 

en~ine requirements. 

WORK STATEMENT 

Work under this program shall be conducted via the following tasks: 

1. Prepare two or more conceptual approaches to oil pump flow control. 

2. Select the best two and prepare designs for pump and control. 

3. Construct and test the selected designs. 

4. Prepare a report with recommendations for efficient manufacture while 

retaining reliability. 

TECHNICAL BACKGROUND 

See Sections 2.2. 4.4, 5.5 of this report. 
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R&D TR!BOLOGY PROGRAM--ENERGY CONSERVATION 

~ROLP: 3-Lubricants P~OGRAM NUMBER: 3-1 

TITLE: Friction Reduction Additives 

POTENT:AL PAYOFF: Part of $4.3 B/Yr PRIORITY CLASS: A 

ESTif•A•·m RESEARCH COST: 3 Years, at $0.3 M/Yr TOTAL: $0.9 M 

SUGGESTED SUPPORT: :.;overnrnent 

OBJECTIVE 

The emphasis ln the long history of the development of boundary lubricant 

additives for hydrocarbon~ ester and other oils has been placed on the creation 

of S(•lid surface layers which will mitigate surface damage of the contacting 

surfaces. The current interest in increasing the efficiency of automotive 

vehicle) has brought out the energy-saving value that will attach to the use of 
1ubrica~t additives which wi11 reduce the friction coefficient in the contact 

zone. ·'he objective of this program is to find or synthesize additive 

compoun1ts which will reduce the friction coefficient in normal temperature 
heavily loaded contacts. 

W:JRK StATEMENT 

This program shall be directed toward the search for minimum friction 

additives for hydrocarbon and related oils that may be used in low viscosity 
crankcase service, and to characterization of their friction properties as a 
function of surface composition, texture, and roughness~ and of sliding speed, 
load and contact geometry. The following tasks shall be accomplished: 

1. From a literature search, identify compounds reported to have 

excnptional friction reduction capab1lity. Correlate by chemical 
structure or active group. Determine most promising active groups to 
be ·nvestigated. 

2. Q)tcin candidate compounds. lf not available, obtain by synthesis or 

by e·xtraction from crude sources. 
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3. Measure friction coefficient as a function of percent additive~ load, 

sliding speed and surface composition for each selected compound. 

4, Analyze and correlate the data. 

5. Prepare detailed reports and technical papers presenting the 

information for use by lubricant formulators. 

TEUHHCAL RACI<GRO~N[; 

See Sections 2.2, 4.7~ 5,4 of this report. 
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R&D TR!BOLOGY PROGRAM--ENERGY CONSERVATION 

GROUP: 3-Lubricants PROGRAM NUMBER: 3-2 

TITLE: Wear Llfe With Low-Viscosity Oils 

POTENTIAL PAYOFF: Part of $4.3 B/Yr PRIORITY CLASS; A 

eSTIMATED RESEARCH COST: 2 Years, at $2.0 M/Yr 

SUGGESTED SUPPORT; Pooled Industrial 

TOTAL: $4.0 M 

OBJECTIVE 

Low viscosity engine oi1s, of the SW-X type, have been shown to contribute 
significantly to increased gasoline mileage, particularly during warm-up and 

t~e city cycle type of driving. Because wear-out is an indirect but important 
energy expenditure, there is a need to determine the extent of any increased 

wear resulting fro~ the use of such oils over a long term, such as 50t000 to 
100,000 miles. in key areas such as piston/cylinder, valve train, and crankcase 

and piston-pin bearings. The objective of this program is to conduct long-term 
fleet tests to determine the long-term wear behavior of the low-viscosity oils. 

~ORK SnTEMENT 

This program shall be directed toward the determination~ in long-term 

fleet d~iving tests, of the wear performance of one or more typical low
viscosity engine oils coq>ared to that of "normal" 10W40 engine oils~ The 
followi11g tasks shall be car-tied out: 

1. Oe,:ermine the fleet size necessary to achieve statistically signifi

caut results. Select the engines and vehicles to be studied and 
es~ablish the performance profiles to be used. 

2. Conduct the fleet tests. Measur-e and record oil consumption and 
other maintenance required. Oetermine wear products in drained oil 
at each oil change. 

3. Tear down the engines and measure the wear of engine bearings, 
piston/cylinder surfaces! oil rings, and valve train components. 
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4. Prepare a complete analysis of the results including the statistical 

significance and prepare a complete report and technical papers for 

presentation. 

TECHNICAL BACKGROUNO 

See Sections 2.2, 4.7, 4.7.5, 4.7.6, 5.4 of this report. 
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R&D TRIBOLOGY PROGRAM--ENERGY CONSERVATION 

GROUP: 3~Lubricants PROGRAM NUMBER: 3-3 

TITLE: Oil Contamination and Degradation 

POTENTIAL PAYOFF: $1.0 B/Yr PRIORITY CLASS: c 

ESTHIA;"ED RESEARCH COST: 3 Years, at $0.5 M/Yr TOTAl: $1.5 M 

SUGGESTED SUPPORT: Pooled Industrial 

OBJECTIVE 

Low-viscosity oil forMUlations using polymers to maintain high temperature 

viscosity and additional additives to assist in boundary lubrication~ coupled 

with the desire to reduce the number of rings to reduce friction loss, are 
increasing the probability of increased blowby into the crankcase and increased 
contam11ation of the crankcase oi1. Deterioratlon of the oil and depletion of 

its additive package from this process before the normal change period can 
impact iegatively on the total wear life of the engine. The objective of this 

program is to adjust oil formulations to minimize these effects. 

WORK ST!.TEMENT 

TOis program sha11 be directed toward the determination of oil formulation 

practicEs and additive packages which will extend oil life to greater than 

10,000 rriles in normal service in low friction-designed engines. The following 
tasks shall be carried out: 

1. fn cooperation with an automobile manufacturer, select a test engine 
model which employs or is modified to employ a low-friction piston 
ring package. 

2. Pla1 a test procedure, including the number of engines to be tested, 
whit:h will subject tOe engine to typical vehicle life usage and wOich 
wn· provide statistically significant results. 

3. Conduct engine tests~ as per Task 2~ on one or more current oi1 

formulations. 
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4. Prepare revised oil formulations that may exhibit lonqer crackcase 

life and conduct engine tests per Task 2. 

5. Ana1yze the engine life data with respect to the oi1 formulations, 

and determine the forwu1ation principles conducive to extended oil 

life in lmo~Afriction engines. 

6. Prepare a full report, and write technical paper(s} outlining the 

results. 

TECH~;CAL BACKGROUND 

See Sections 2.2. 4.7, 5.4 of this report. 
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R&D TR!BOLOGY PROGRAM--ENERGY CONSERVATION 

GROUP: 4-0rive System 

TITLE: Transmisslon 

POTENTIAL PAYOFf: $0,8 B/Yr 

ESTIMATED ~ESEARCH COST: 3 Years, at $1.0 M/Yr 

SUGGESTFD SUPPORT: Industrial 

OBJECTIVE 

PROGRAM NUMBER: 4-1 

PRIORITY CLASS: B 

TOTAL: $3.0 M 

As the automatic transmission has reached acceptance worldwide as the 
preferred method of speed control, much attention has been given to means for 
i~creaslng its efficiency. Even more, the matching of the transmission ratio 
to the 1>ptimum engine speed over the speed and power range has been recognized 
as a me.tns of gaining efficiency beyond the improvements possible by optimizing 

the transmission efficiency alone. The objective of this program area is to 

encoura9e the continuation of work on the automatic transmission efficiency, 
e.g •• a fourth speed, and torque converter lockout; and on CVT embodiments as a 
means of better matching of engine to wheel load. 

TECHN!C~L BACKGROUND 

See Sections 4.2, 5.2 of this report. 
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R&D TR!BOLOGY PROGRAM--ENERGY CONSERVATION 

GROUP: 4--0rive System-~Brakif'lg PROGRAM NUMBER: 4-2 

TITLE: Rege'lerative Braking 

?O:ENT!Ac PAYOFF: $3,3 B/Yr PRIORITY CLASS: A 

EST!~AT£0 RESEARCH COST: 7 Years, at * M/Yr 
*First year@ 0.15 M 

TOTAL: $5.0 M 

SJGGISTEO SUPPORT: Joint :ndustrial-Government 

OBcECT!VE 

One of the wajor untapped sources of energy loss ir automobiles is the 

erergy transfer to heat in the braking process. The greatest portion of this 

loss occurs during ti'1e city driving phase which in turn represents nearly half 

of the total d~iving mileage. The elimination of a major portion of this 

f~ictional energy process through the use of regenerative braking ls the 

ct-,jecti ve of this program. 

WORK STATEI1ENT 

T~is program is concerned with an examination of various techniques for 

converting venicle trarslational energy into a form of stored potential energy 

and of' using the stored energy to supplement the prime motive power. As a 

mt,lti-year prografl'l, t+,e principal tasks are as follows: 

1. Review the 1"terature on regenerative braking, conceive additional 

possible systems, and rate the systems as to the amount of additional 

equipment required and its cost and weight~ and as to the losses in 

tre regenerative system itself. Prepare a recommendation on the 

system or systems showing the greatest promise for ultimate 
application in terms of benefits and cost. 

2. >:"or the one or two most promising systems, carry out a conceptua 1 

desipn study; aPd evaluate the system in terms of its cost in large 

nuantity manufacture, its probable reliability, and its benefits in 

terns of energy savings via increased fuel mileage. 
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3. For the most promising system, design~ build and test a model of the 

system. Install the model in a compact and/or mid-size car and 
evaluate its road performance. 

4. !~stall and test the system in a fleet of cars (20)> and evaluate the 

regenerative braking system performance over a car life of 50,000 

~i1es as to benefits aod maintenance history. 

TEC~ti!CAL BACKGROUNO 

See Section 4.6 of this report. 
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R&D TRIBOLOGY PROGRAM--ENERGY CONSERVATION 

GROUP: 5--~onconventional Engines PROGRAM NU~BER: 5-l 

TlTLF.: Solid Lubricant Technology 

POTENTIAL PAYOFE: Part of $23 B/Yr PRIORITY CLASS: A 

ESTH~ATD RESEARCH COST: 5 Years, at $0.4 M/Yr TOTAL: $2.0 M 

SUGGESTED SUPPORT: Government 

OBJECIVE 

Advances in the efficiency of automotive engines, particularly in the case 
of nonconventional engines, depends on operating components at much higher 

te~v~ratures. This is required to raise the basic cycle Carnot efficiency as 
in the case of the gas turbine and the Stirling engine~ or to reduce high

temperature heat flow to cooling systems with concomitant higher local tem
peratures as in the case of the adiabatic diesel. The objective of this 

prograrr. is to extend the technology of solid lubrication and solid lubricant 
replenishment so that it can be applied succ~ssfully in long lif~. high

temperature engines. 

WORK STAltMENT 

ihe program shall extend the technology of solid lubrication in the 
fundtonental areas. of adhesion~ friction~ wear rate, rep1enishmeftt, material 
compositiont and surface texture effects. Individual programs shall address 
one or more of the following tasks: 

1. Oete~ine the friction and wear rate behavior of a series of common 
and new solid lubricants as a function of temperature (100°F to 
1100°F), load, sliding velocity~ and continuous or reciprocating 

sliding. 

?. Develop the techniques of lubricant replenishment including powder 
delivery, "stick" lubrication, and vapor delivery. 
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3. Oevelop solid lubricant compositions which will adhere to metal 
and/or ceramic surfaces. but which will not build up layers of 

excessive thickness on the component surface. 

4. With selected solid lubricant compositions, determine the role of the 
surface material to which it is applied and the role of surface 
roughness and texture to long-term servicabi1ity. 

5. Prepare detailed reports and technical papers making the results 
available to coMponent and engine developers~ 

TECHNIC~L B~CKGROUNO 

See Sectio~s 3, 4.1, 4.3, 5.5 of this report. 
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R&D TRISOLOGY PROGRAM--ENERGY CONSERVATION 

GROUP: 5--Nonconventional Engines 

TITLE: Pisto~/Cylinder Gas Flotation 

PROGRAM NUMBER: 5-3 

POTENTIAc PAYOFF: Part of $23 B/Yr PRIORITY CLASS: B 

EST!MATEJ RESEARCH COST: 3 Years, at $0,3 M/Yr TOTAL: $0,9 M 

SUGGESTED SUPPORT: Goverr.mer.t 

O~,JECTIVE 

The adiabatic cylinder concept, ir its highly insulated embodiment, must 

operate at high temperatures in the absence of conventional liquid 

lubrication. Because of tne high side loads in a conventional crank-type 

engine, even the successful use of low wear rate ceramic or solid-lubricated 
surfaces will negate much of the increased efficiency gain because of 

frictional work losses. One approach is to design for a gas film to be formed 

between the piston skitt and the cyllnder. A complex split-ring seal is 

currently under contract research. The objective of this program is to 

conceive and test simple designs which may be more practical to introduce into 
production engines. 

WORK STATEMENT 

The work under this program shall be conducted via the following tas~s: 

1. Prepare two or more conceptual approaches employing either squeeze 

film nydrodynanics or hydrostatic principles with an external air 

supp1y for the flotation of pistons in cylinders. 

2. Evaluate these concepts against practical engine considerations of 

production capability and economics. 

3. Prepare a test rig or test engine for evaluating the two best 

concepts~ including the capability of direct measurement of 

piston/cyl ir.der frictional work. 
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4. Conduct tests oP the performance of t~e selected concepts, including 
evaluatior of the exte~t and location of contact between the two 
bodies, and of frictional work. 

5. Prepare a detailed report, and a technical paper describing the 
concepts and the test results. 

TECHNICAL BACXGROUND 

See Sections 3, 4~1, 4.3, 5.5 of this report. 
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PART II 

ELECTRIC UTILITIES 



7.0 POWER PLANT STATISTICS 

In para11e1 with the data compiled for the automotive field, some basic 

statistics for the electric utilities wi11 prepare the ground for an evaluation 

of the possible improvements to be expected from tribological progress. The 
data will be confined primarily to the utilities' power plants and will concern 

itself with the following: the kind of equipment and fuels employed; the effi

ciency and reliability of the facilities which bear directly or indirectly on 

the le•Jt>ls of energy consumed by this economic sector; and finally with the 

f'lajor :;inks and problems areas that account for the bulk of discarded energy 

and pl .:'nt downtime. 

7.1 Tr~E ELECTR!C UTILITIES ANO ENERGY 

The total generating capacity of the electric utilities in the USA is 

given ln Figure 7.1. Table 7.1 shows the levels of en~rgy demanded and the 

share of the total u.s. energy consumption that these levels represent, 

Classified ~Y the kind of fuel the utilities use for the production of 

eiPctri:ity~ we have the data given in Table 7.2. Thus the slice of energy 

resourc-?s taken by the electric utilities is on the rise and 1s soon to amount 

to half of the total energy consumption. Half of that energy will be in the 

form of coal. Thus, the utilities' equipment of the future wi11 have to be 

such as to be able to handle and convert large quantities of coal and coal 
product~ .• 

7. 2 EOl.:.I :cPM-"E"N'-T -'U"S"EO'-'Bc_Y_,U'-'T_,_I L,_I:cT_,_l=ES 

The equipMent used by the utilities in terms of both kind and size is 

given in Tables 7.3 and 7.4. As seen, large stream turbines constitute the 

main prime movers. This trend~ i.e.~ the predominance of steam turbines, often 

in sizes above the 1000 MW range, has continued into the 80s, During 1981, of 

2)2000 utility systems only 514 operated diesel units and a mere 77 employed 

Jas turbines for a combined capacity of 8,000 MW~ and these operated at a 

,~educed load factor due to high fuel cost and low availabilfty. This repre

sents 1 ess than 1. 51. of the ins ta 11 ed capacity of the utilities' power p 1 ants. 
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FIGURE 7.1. Installed ;JSA Genera~ing Capability by Principal Fuel fypes< 41 l 

TABL~ 7 .1. £~ergy Consumed by Electric Utilities, 1015 Btu{2) 

Year Total u.s. Utilities % of Total -------
19l0 68.3 15.1 22 
1975 71.1 20.0 28 
;ggo(a) 133.4 49.6 37 

The ra11ge of auxiliary equipment in a modern large size power p1 ant is 

enonnous. These aux.iiiaries can be broken down into three subgroups as shown 

in Figure 7.2~ while a more detailed listing of the equipment required in an 

800 MW facility is given in Table 7.5 by way of illustration. As seen, that 
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TABLE 7.2. Kind of Fuel Used by the Utilities,% of Tota11 42 l 

Natura 1 
Coal Oil Gas Nuclear Htdro 

1963 54% 6% 22% 0% 18% 

!968 52 8 23 1 17 

1973 46 17 18 4 15 

1978 44 17 14 13 13 
l983(a) 55 6 12 13 14 
1985(b) 54 11 8 15 12 
199olbl 53 9 8 19 11 

(a) Estimate. 
(b) Projections as of April 1983. 

TABLE 7.3. Equipment Used by U.S. Utilitiesl2) 

% of 't Power 
Capacity Generation 

Kind of Prime Mover 1973 1976 

Steam Turbines 77.5 83.0 

Gas Turbines 7. 5 1. 2 
Hydro Power 14.7 15.5 

Diesel Units o. 3 o. 3 

Total 100.0 100.0 

TABLE 7.4. Size of New Units Installed in 1973(2) 

Size, MPaawatts Capacity! Gi2awatts % Total 
Below 100 0.13 0.2 
100 - 200 0.42 0.8 
200 - 500 5.19 14.0 
Above 500 31.27 85.0 
Total 37.0 100.0 
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Plant Auxiliaries 

Air/Gas Steam/Water 
i Fuel/Ash I I Systems Systems Systems 

' 

Fans Feedwater Pumps Pulverizers 

An Preheaters Feedwater Heaters Coal Handling 

Ou<;ts/Dampers Condensers Ash Handling 
Exp. Joints 

FIGURE 7.2. Categories of Plant Auxiliaries( 4l) 

equip~ent uses over 7% of the power generated by the facility; worse~ by having 

reliabi1ity problems~ the equipment often causes outages of power whose cost 
and losses exceed by far the direct expenditures of operating tl)is equipment, a 

subject discussed ~ore fu1ly in the next section. 

7.3 EFF!CoENCY AND RELIABILITY 

When discussing automotive vehicles, it was sufficient to discuss co1:1po~ 

nent performance to obtain a picture of energy lost 1n various forms of mech~ 

a~ical inefficiency or other parasitic energy sinks. However, while efficiency 
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TABLE 7.5. Typical Auxiliary Equipment in a 800 MW Coal-Fired Electric Utility 

Percent 
of Unit 

Equipment In~ut Power load 

Circula!ing Water Pumps No. 1 2, 700 kW 0. 78% 
No. 2 2,700 kW 0.78% 

Cooling Tower Fans No. 1 to 75 kW (each) 0,009% 
No. 30 2,250 kW (total) 0.17% 

Induced Oraft Fans No. 1 1,750 kW 0.22% 
No. 2 1,750 kW 0.22% 
No. 3 1,750 kW 0.22% 
No. 4 1,750 kW 0.22% 

Forced Draft Fans No. 1 2,000 kW 0.26% 
No. 2 2,000 kW 0.26% 

Primary n.ir Fans No. 1 1,000 kW 0.13% 
~lo. 2 1,000 kW 0.13% 

e>ulveriz::rs No. 1 to 450 kW (each l 0.058% 
No. a 3,600 kW (total) o. 45:t 

Cooling Tower Mal<e-up Pumps No. 1 800 kW 0.1% 
No. 2 800 kW O.l'.t 

Condensate Pumps No. 1 700 kW 0.88% 
No. 2 700 kW 0.088% 

f;oiler Misc. Pumps 200 kW 0.025$ 

Coo1inq ~ater Pump 400 kW 0.05$ 

Service and Instrument Air Compressor 400 kW 0.05% 

Soot R1ower Air Compressor 4,000 kW 0. 5% 

Coal Feeders 50 kW 0.006$ 

;ir Conditioning System 100 kW 0.013$ 
~ ~haust F.lns No. 1 to 5 kW (each) 

No. 20 100 kW (total) 0.013~ 

)~~ecipitator System 7,000 kW 0.88% 
:oa1 Hand; ing System 550 kW 0.059$ 
·\ottom Asr Handling System 650 kW 0.059% 
.( 2 Scrubber System 16,000 kW l.at 

luel Oil Supply Pump 50 kW 0.008$ 
fuel Oil Transfe~ Pump 25 kW 0.003$ 
lacuurn ?ump 150 kW 0.019% 
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TABLE 7.5. Contd 

Percent 
of Unit 

Equipment In~ut Power Load 

Cooling Tower Blowdown Transfer Pump 200 kW 0.025t 

Auxiliary Boiler Fans. No. 1 150 kW 0.019% 
No. 2 !50 kW o.019t 

Auxiliary Boiler Feed Pumps No. I 100 kW 0.013% 
No. 2 100 kW 0.013% 

Service Water Pump 150 kW 0.019\ 

Sumn Puops No. 1 to 20 kW leach) 
No. 8 !50 kW (total) 0.02% 

Screen Wash Pump No. 1 75 kW 0.009$ 

Fire Protection Water Pumps No. l 75 kW 0.009% 
No. 2 75 kW 0.009% 

Fire Protection Water Rooster Pumps No. 1 20 kW 0.0025% 
No. 2 20 kW 0.0025t 

TOTAL 7.3% 

remains a vital concept here too~ so that an improvement of D.Si in efficiency 

has been and remains a vital goal of turbine designers-·yet another concept 

looms here as perhaps the more important aspect of efficient utility operation. 

That concept is reliability which pertains to avoidance of a11 those forms of 

equipment malfunction which very often cause the shutdown of turbo·generator 

sets and the cessation of operation of the power plant. The losses and penal
ties associated with such outages are usually many times the cost of the vari
ous inefficiencies 1nherent in the equipment. 

Utilities have always used heat rates to discuss power plant performance. 

Heat rates denote the input 
the inverse of efficiency. 

oration in plant efficiency 

energy required per unit output, which is merely 

As seen from Figure 7.3, there has been a deteri

starting with the 1970s, due to ecological require-

ments and frequent cycling. The present overall heat rates of about 10,500 

Btu/kWh correspond to an efficiency of some 32t. This holds for the average 

power plant. The efficiency improves somewhat with the size of the unit, as 

can be seen from Table 7.6~ with some units reaching as high as over 40%. 

Table 7,6 is of interest also on two other counts. It shows that the various 
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FIGURE 7.3. Heat Rates for Large Coal-Fired Plants( 43 ) 

"mechanical" losses associated with the thermal cycle of the machine amount to 
17 to 26t of total energy. It is also of interest in that it shows that the 

percentage of power consumed by the auxiliaries goes up with the size of the 
unit, from 4.8% for a 250 MW unit to 7.7% for an 880 MW unit. The latter 
number is also very close to the summation quoted in Table 7.5. More than half 
of the auxiliary power is consumed by the feedwater pumps. 

The shutdown of a turbo-generator set produces losses not only in terms of 
revenues and labor costs--but also in terms of fuel economy. A shutdown of a 

main unit necessitates the use of standby equipment such as diesel units, gas 
turbines or smaller units with a correspondingly lower fuel economy. The 

equivalent availability of equipment in the industry is, as shown in Fig-

ure 7.4, on the order of 70%, and has been until recently declining, reaching a 

low of 65% in 1977 from nearly 80% in the early 1960s. 
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TABLE 7.6. Coal-Burning Steam Power Plants for 1973-1978 

Forced Induced Feedw<Ster Ettlclencles 

S ize Draft Fans Draft Fans Pumps (I) {2) (3) (4) ( 5) 

Heat Actual Ideal Inevitable Meehan. Ratio ( 5 ) Total 

1.0. 103 Pressure Temp. 103 J 103 J 103 
J Rate Eft I c. Eft I c. Losses Losses l4T Aux. 

No. kws pslg F kws Power kws Power kws Power Btu/kWh $ J • J • • 
2 ~tH) 3,b25 I ,000 14.9 1.7 15.8 1.8 36.8 4.2 9,208 37 60 40 23 57.5 7.7 

12 750 3,~50 1,010 3.0 0.4 29.2 3.9 9,830 35 61 39 26 67 
........ 21 550 2,620 . 1,005 3.0 0.55 9.0 1.65 13. I 2.4 9,.3.37 36.5 63 37 26.5 72 4.6 
0, 26 511 2,620 I ,005 4.48 0.87 8.22 I .60 15.0 2.9 7,946 43 60.5 39.5 17.5 44 5.4 

31 460 1,800 1,000 9.0 I. 95 9,565 35.5 60.5 39.5 25 63 

36 350 2,500 1,005 3.46 1.0 4.48 1.28 10.5 3.0 8.2so 41.5 60.5 .39.5 19 48 5.3 

41 250 2, 520 I ,000 1.05 0.42 3.37 1.35 7.50 3.0 9,880 34.5 62 38 22.5 73 4.8 

43 141 1,955 1,005 2.62 1. 78 None .3.00 2.1 8,910 38 61.5 38.5 2.3.5 60 

54 .38 I, 375 955 None 1.os 2. 76 12,855 26.5 60 40 2.3.5 56 



50 ~--------~--------~--------------~ 
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FIGURE 7.4. Equivalent Availability of Fossil Units Over 400 MW(43,41) 

In terms of cost, a 1% loss of availability for a unit of 600 MW and 
higher is about $125 million per year, only a little less than the loss of $160 
million per year for a loss of 1% in efficiency.(41) 

7.4 PROoLEM AREAS 

Figure 7.5 shows the major elements responsible for the roughly 30% plant 
outages. Put in order of the given percentages we have the following: 

Boiler 4.2% 
Condenser 3.8% 
Generator 3.8% 
Fouling/Slagging 2.8% 
Turbine Blades 2.7% 
Bearings 2.0% 
Pumps 1.7% 
Pulverizer 0.6% 
Fans 0.6% 

22.2% 
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When one includes the entire spectrum of outages caused directly and 

i ndirectly by the bearings, such as bearing-induced vibrations, the lube sys

tem, and problems with oil pumps, then the distribution of these causes is as 

shown in Figure 7.6. Two things stand out in this diagram. One is the steady 

i ncrease i n outages due to tribological causes with increase in unit size; and 

second, that while with the smaller units vibration was the largest contributor 

t o outages , in the rank of 800 MW and higher it was directly the bearings and 

t he lube system that caused the most outages. 

Fi nal ly, Table 7.7 shows the direct losses (about 1.5~) in generating 

power caused by the various tribological subgroups, again with the lube system 

being the largest culprit. According to Reference 45 a 0.5~ outage on 

257,000-MW generating capacity incurs a penalty of $340 million. Thus for the 

1984 generating capacity of some 730,000 MW, outages on the order of 1.5~ would 

incur l osses of $2.9 billion for the industry. A good portion of this loss is 

due to t he use of stand-by equipment of a lower efficiency than that of the 

main power plant, i.e . , a loss which can be directly translated into terms of 

an unnecessary expenditure of energy. A reduction in such outages would thus 
directly contribute to energy conservation. 
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TABLE 7.7. Tribologically Related Causes of Outages( 45 ) 

Root Cause 
Category 

Lube-Oil System 

Bearings 

Lubricant 

Vibration 

~ of 
Theoretical 
Generation 

0.521 

0.379 

0.353 

0.202(a) 

TOTAL 1.5 

Principal Root Causes 
Electrical power for back-up pumps not 
available 
Heat exchanger failures 

Vapor extractor failures 
Return oil blockages 

Mechanical errors 
Misalignment } Lead to Vibration 

High metal temperature 

High particle content 
Excessive moisture 

For which underlying causes were not 
cited 

(a) Significant portions of this attributable to bearings 
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8.0 ENERGY FLOW MAP 

The history of a given quantity of energy delivered to an electric facil

ity in the form of either coal, oil, or some other fuel until it reaches the 
user in form of available electrical power is portrayed in Figure 8.1. These 
are generic figures typical for a large coal-fired facility but though the 
individual members may shift by several percentage points, the numbers given 

are quite typical of the industry. The biggest single loss of energy, which is 
on the order of more than 50% is due to the thermodynamic nature of the steam 
cycle. Of the other energy sinks, using a straight accounting system we have 
the following hierarchy of energy expenditure, in terms of the fuel energy 

delivered to the system: 

Boiler Losses ••••••••••• 15% 
Turbine Losses •••••••••• 4% 

Accessories ••••••••••••• 4% 
Transmission Losses..... 2% 
Generator Losses •••••.•• 1% 

26% 

In terms of the energy delivered to the turbo-generator set, Figure 8.2 

gives a detailed mapping of the individual energy sinks throughout the instal
lation, including the power required by the accessories. The losses due to 

blade friction, gaspath leakage, and windage end up mostly as part of the ther
mal energy discarded and can be lumped with the thermodynamic losses to give a 
total thermal loss of some 62.5%. Table 8.1 gives a detailed accounting of the 
energy losses in the various groupings of accessories, compiled on the basis of 

the data given in Table 7.5. The accessories are driven either by steam 
extracted from certain turbine stages or directly by the turbine shaft as well 
as electrically. Exhaust losses refer to the losses in the condenser, in large 
part due to the wasted kinetic energy discharging from the last stage of the 

turbine. Modern plants tend to drive their auxiliaries mostly via electric 
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Energy Flow in Large Electri c Utility 

motors which is both simpler and less costly, and this includes the operation 
of the coal crushers and pulverizers. However, large facilities in excess of 
500 MW use mostly special turbines to drive their feed water pumps, draft fans 

and other large pieces of equipment. 
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TABLE 8.1. Power Required by Accessories in an 800-MW Coal-Fired Utility Plant 

Percentages of Output 

Pumps: 1. 67 Fans: 2.21 

• Circulating Water - 0.28 • Cooling Tower - 0.17 

• Boiler - 0. 5 • Induced Oraft - 0.88 
• Service Water - 0.02 • Forced Draft - 0.5 
• Sump - 0.02 • Primary Air - 0.26 
• Screen Work - 0.008 • Exhaust - 0.013 
• Fire Protection - 0.023 • Boiler - 0.38 
• Cooling Tower - 0.57 
• Condensate - 0.18 
• Cooling Water - 0.05 

Coal System: 0.52 Compressors: 0.56 

• Handling - 0.06 • S Air - 0.05 
• Pulverizer - 0.45 • Soot Blower - 0.5 
• Feeders - 0.006 • Air Conditioning - 0.013 

Others: 2. 95 

• so2 Scrubber - 2.0 

• Precipitator - 0.88 
• Ash Handling - 0.07 
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g.o TRIBOLOGICAL ELEMENTS 

As explained in the opening section, the role played by tribological com

ponents and processes in the field of electric utilities comprises not only the 

area of efficiency, but also the reliability of the equipment. This comes from 

the simple fact that outages caused by breakdown, or suspected imminence of 

breakdown, of the equipment are perhaps more costly in terms of dollars and 

wasted energy resources than the direct inefficiencies associated with particu

lar tribological components of the plant. Thus, the discussion here will 

embrace systems and processes in which perhaps no improvement in performance is 
expected, but whose enhanced reliability would be the primary goal. Together 

with the reduction of energy wastage they would converge toward the common goal 

of energy conservation in the electric utilities sector. 

Figure 9.1 gives a diagrammatic representation of the technical areas of a 
turbor-generator plant where reliability problems exist and where improvement 

can be expected via advances in tribological technology. While these areas 

al 
c c 

E s .2 
Q) ;; 
E ·c ... 
.9- 0 CD 

~ a. 
G) :I 0 
0) C1' .., .. ra Cll w 
0 v "' 

.., 
c: > 

.~ 
Ql 

cii ftl v " c c 1ii 
Cll 01 >- CD 0 

Cll £ Cll c .: 
Q; 

.... 
01 c: Q) 

ra E o:s ~ c: 
~ 0 w w I-

! i ! ! ! 

c 
.2 .. ;; :E .. 

~ ..0 

> E 0 ftl 
Q) 0 
cii a: 

t i 

"' Q) 

~ 
dS 
~ 

E 
Cll 

E c 
0 

! a. 
E "' > 0 (1.1 u 

GJ 
..0 ..0 
:I ·;:; 

..J 1-

i l 
Turbo-Generator Set 

Accessories 

e. Trib. Component Fa1lures 

• Vibration 

• Lube System 

• Wear 

FIGURE 9.1. Tribologically Related Areas Affecting Plant Reliability 

9.1 



will be discussed in detail in the individual sections that follow, a few 

general remarks at this point will set the diagram in its proper perspective. 

While it is clear that vibration and outright failures should be minimized, the 

purpose of the monitoring and maintenance efforts would be to alert the per

sonnel ahead of such possible failures so that preventive measures can be taken 

without plant shutdown. Also, standards are needed to guide personnel when a 

shutdown is required and when not. Thus diagnostics are a very important 

feature of reliability improvement. 

Figure 9.2 gives a listing of the tribological sinks in a turbo-generator 

set. The energy sinks due to windage, gaspath leakage and blade aerodynamic 

losses all fall within the trihological spectrum because they all occur in 

narrow spaces of the order of lubrication theory. Perhaps the only item that 

may seem to be alien to tribology is the inclusion of thermodynamic or cycle 

losses in this listing. The connection here is via the materials used in tur

bines and steam generators. Should tribology be able to supply materials and 

coatings which can withstand higher pressures and temperatures than those used 
today, then the cycle efficiency could be improved with a consequent signifi

cant salvage of wasted exhaust heat. 

9.1 TURBO-GENERATOR ENERGY SINKS 

Out of the various form of energy dissipation in a turbo-generator set, 

our interest here is exclusively in those areas which are either directly or 
indirectly linked to tribology. The direct tribological sinks will be subdiv

ided between those occurring in the turbo-generator set and those occurring in 
the numerous accessories; while the indirect elements will comprise, on the one 

hand, coatings and materials which may raise thermodynamic efficiency, and on 
the other hand, overall plant practices which may help reduce the frequency of 
tribologically related failures and plant outages. 

The several forms of internal energy loss occurring inside each turbine 

stage can be grouped as follows: 

• Stage Loss - This is the incomplete utilization of the available 
steam energy caused by various cycle deficiencies; the non-ideal 
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velocity diagram; the non-isentropic expansion of the steam; and the 

excessive exhaust velocity, though this is later utilized in the next 

stage. 

• Rlade Friction -These losses come from the internal fluid friction 

due to turbulence; from the viscous shear in the boundary layers on 

the walls of the buckets and nozzles; and the losses due to surface 

roughness or deposits of foreign matter. 

• Leakage - This loss of energy is due simply to the fact that some of 

the steam, instead of passing through the blades and performing work, 

leaks around the work-channel. 

• Windage - This is the energy loss due to the spinning of the rotor 

inside the vapor filled casing. It is made up of several components: 

the surface friction between the sides of the discs and the stagnant 

vapor; radial pumping action of the vapor in contact with the disc; 

and, with smaller units, incomplete peripheral steam admission where 

some nozzles merely churn the steam. 

Of the four forms of internal losses, the first-stage loss has to do with 

thermodynamic and structural features of the turbine. The others are areas 

that will be discussed here. 

9.1.1 Blade and Nozzle Losses 

Surface Roughness 

Of the frictional losses, the only one that is strictly speaking of a 

tribological nature is the extra energy loss brought about by the surface 
roughness of the blades and buckets. The level of loss depends on the degree 

of rouohness and on whether the flow is laminar or turbulent. For a given K/L 
ratio, where K is the projection height and L the length of the plate, the 

larger the Reynolds number, the thinner the boundary layer, and the smaller the 

roughness projections have to be to avoid an increase in loss. Since the 

Reynolds number varies throughout the turbine steam path, the low-pressure tur

bine steam path can tolerate rougher surfaces than the high-pressure turbines. 

For both a 200-MW and a 500-MW unit, Figure 9.3 gi ves the added losses due to 

surface roughness. The curve is plotted against equivalent sand grain size, as 
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well as against typical machined surface finishes and emery grade finishes. In 
test data obtained in the General Electric Turbine-Generator Development 
Laboratcry,( 43 ) a decrease in turbine efficiency of 3~ to 4~ was measured for a 
deposit thickness of about 0.003 in. This result emphasizes the fact that the 
surface roughness in high-pressure sections need not be very thick to have a 
substantial effect on turbine efficiency. 

Leakage Losses 

Steam which bypasses either the bucket or nozzle does not produce work 
and, in fact, disturbs the flow that goes through so as to further decrease the 

output. Leakage occurs as diaphragm packing leakage, bucket tip leakage, 
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bucket root leakage, and internal packing leakage. Figure 9.4 illustrates the 

several leakages for a typical wheel and diaphragm construction and drum rotor 

construction. 

Bucket Tip Leakage 

rucket tip leakage is the leakage that skips the bucket passage by leaking 

over the tip of the bucket. The amount of leakage is dependent upon the steam 

conditions of the stage, the pressure drop across the tip of the bucket 

(dependent upon stage reaction}, the axial and radial clearance, and the type 

of tip leakage control. 

Diaphragm Shaft Packing Leakage 

This is the leakage flow that bypasses the nozzle passage by leaking 

between the diaphragm of stationary nozzles and the rotor. To reduce this 

leakage, a labyrinth packing is installed. This leakage flow is dependent upon 

the stage steam conditions, the pressure drop across the stationary nozzles, 

the radial clearance, the diameter and the number of teeth in the packing. 

Bucket Root Leakage 

Wheel or bucket oovetail holes are an important factor in keeping the 

bucket root leakage loss to a minimum. Without the wheel or dovetail holes, 

the diaphragm packing leakage would flow out into the steam path disturbing the 

main stea~ flow. Bucket root leakage flow entering the steam path results in 

stage efficiency loss of 1% for a leakage flow equivalent to 1% of the main 
steam flow.( 43 ) This loss can be considerably reduced with a wheel and 

diaphragm construction (Figure 9.4a) which provides for wheel or bucket dove
tail holes. These wheel or bucket dovetail holes are sized to accommodate the 
normally expected diaphragm-packing leakage flow so that under normal operating 
conditions, little if any flow enters or leaves the steam path at the root of 

the buck~t. If, however, the diaphragm packings have a greater-than-normal 

clearance, then the wheel or bucket dovetail holes cannot pass the increased 

leakage flow. The excess flow will enter the main steam path at the bucket 
root, resulting in additional loss. 
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Other types of construction, such as the drum rotor shown in Figure 9.4b 

do not allow for the installation of wheel or bucket dovetail holes. This type 

of construction, therefore, has a sizable bucket-root lea~age penalty even at 

normal operating conditions. 

Rubbing of rotating parts with the stationary parts results in increased 

clearance and, hence, increased steam leakage. Rubbing of the packings and 
spill strips can be caused by high vibration of the rotor, thermal distortion 

of the stationary parts, bearing failure, water induction, etc. Increased 
packing and spill-strip clearances can also be caused by erosion from solid 

particles. 

Combined Internal Losses 

The combined efficiency loss due to both frictional and leakage losses is 
given in Figure 9.5. Thus, depending on the efficiency level, the total loss 

due to friction is some 4-5%, while that due to leakage is some 2-3%.<43 ) The 
frictional losses can be reduced by making more slender blades but for this to 

be practical, stronger materials are required both from the standpoint of 

strength and resistance to erosion and vibration. 

85%----------~------------------~--~ 1.0 1.5 2 .0 2.5 

Energy Coefficient 

FIGURE 9.5. Internal Losses in Turbine Stage< 43 ) 
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I 
A most comprehensive diagrammatic representation of the component losses 

internal to the turbine including, for comparison, exhaust and other miscel

laneous losses are given in Figure 9.6 for a facility with a theoretical capac

ity of some 900 MW. Since the abscissa represents the total output of the 

power plant and the ordinate the percentage loss in efficiency. the product of 

700MW, 60Hz, Single Reheat Steam Turbine 
Valve Wide Open Condition 

,-----. 

0.35 1-

0 30 >-

0 .25 f-

Definition 

Theoretical Output: Flow number x stage flow= total 
to total isotropic stage heat drop 

Loss Coeff1c1ent: Total to total stage enthalpy loss 
coefficient 

NP: Nozzle profile loss 
NS: Nozzle secondary loss 
BP: Bucket profile loss 
BS. Bucket secondary loss 
TL: Bucket tip leakage loss 
l: Nozzle leakage loss 

~ 
~ 1-

PA: Partial admission loss 
X: leakage interaction loss 
M . Moisture loss 
MC. Miscellaneous loss 

<3 PA 
:E 0.20- LV: Leaving loss (for reference) 

~ -
u Tl 
Ill :, I Ill 

.3 - High Pressure 

0 Sect1on 
0.15 f-

1 
Intermediate 1 Low Pressure Section 

1 Pressure Section 1 
I I r Stage Number I 1 

~ MC 16L81 ... -~ I 
BS ~ 

BP ~ I I I 
L MC 0 : I r-1~ 

0.10 1- L MC ~ ~~ f:"" I ~~Mc~-
NS TL L MC~ 9b I f.::\ M 

1--- TL ~~L-MCMCMCI!af~~-~ X ~5<'- @ 0) 
~ s f-.- TL TL ~ L X L ~~ TL ~ MC_ t:'._Mc: ::Mc"" 8 BS 1--~ TL ~ ...b. l 1 ..h. L L- MC ,.....L 

0.05 1- : BP rn::!!. BS 1-- TL Tl I!; 2!: Tl TL TL BS TBLS f[ ~--h- .....IL 
~~TP BS esiBS~'BStss hn! ·as -es- BS 

NP NS NS --t§:f-cm! BP BP BS BP BP BP 

LV 

M 

MC 
TL 

BS 

BP 

1--- NS NS £ NS NS BP BP BP NS MS 1---- BP BP NS 
1-- jNS NS NS NS NS NS NS NS .,. NS_..._--~ 

NP NP NP NP NP NP NP NP NP NP NP NP NP NP NP NP NP NP 
o~_.--~T-~_.--~~--~~~--~~~~--~~~~--~~--~~~~~~----~~ 

0 100 200 300 400 500 600 700 800 900 

Theoretical Output (MW) 
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the abscissa as a fraction of the 900 MW and of the ordinate yields the losses 

of each of the elements listed. By a rough evaluation we obtain from Fig-

ure 9.6, the following levels of losses: 

frictional losses - 3~ 

leakage - 2~ 

These numbers are close to those provided by Figure 9.5. As a matter of inter
est, the exhaust losses from Figure 9.6 amount to some 2%, nearly 90% of which 

occurs at the exhaust to the condenser (stage 19). 

9.1.2 Seals 

While the interstage construction of the nozzles and blades contain seal

ing arrangements for separating the upstream from the downstream side, these 
seals have been referred to as gaspath leakage and treated as internal turbine 

losses. The seals considered here are the large seals used on the main turbine 
shafting. The bulk of these are labyrinth type seals, the basic mechanism of 

which is shown in Figure 9.7. Ideally, the kinetic energy increase across each 

annular orifice should completely be dissipated in the inter-tooth chamber but 

in actuality some velocity is carried over into the next shape. 

The factors that affect rate of leakage in a labyrinth seal are: 

• number of teeth - though after six teeth, the effect is minimal 
• pressure ratio cross stages 

• shape of teeth, which affects discharge coefficient 

pt 

._,__~-~-~ ---1-~ 
-.::- Expanding Jet 

Kinetic Energy 
Acceleration _...,..._ ___ ---i~ 

Dissipation 

FIGURE 9.7. Model of Labyrinth Seal 
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• clearance between teeth and shaft 

• concentricity and potential rubbing. 
The energy considerations in labyrinth seals involve frictional losses, rate of 

leakage, and seal life and reliability. Additional elements are the pressure 
and temperature characteristics of the seal which may enable the running of 

nore effici ent thermodynamic cycle. Of the above factors, the main loss in 

labyrinth seals is due to leakage. 

9.1.3 Bearings 

Figure 9.8 illustrates a typical arrangement of large-size steam turbine 

bearings, and other component parts. The generator unit, not shown, is direct

connected to the output shaft of the LP cylinder and its rotating member is 

similarly supported. Total length of the shafting may be in excess of 100 ft, 

and the individual cylinder shafting is usually supported at each end by jour

nal bearings. The shafting is axially supported and located by a thrust bear

ing usually placed between the HP and IP cylinders. The thrust bearing is 
double-faced, with one side active, the other inactive. The bearing housings 

are supported on pedestals and concrete foundations. The thrust bearing hous

ing is either securely anchored to its foundation or to other connecting 

cylinders which are axially anchored; the axial location of the rotor with 

respect to the stators is defined by the thrust bearing. 

In a typical installation the lubrication system is physically located 

some 30-40 ft below the elevation of the rotor. Also indicated is the shaft 

driven main pump supplying oil to all the bearings. 

Together with the generator there are about a dozen journal bearings and 
two thr~st faces. These bearings can be up to two feet in diameter and they 
consume about one half a percent of the turbine output. The particular losses 

in some other than fossil plants are given in Table 9.1. These relatively high 
losses are due to the large (l/D) ratios at the journal bearings and the turbu
lent conditions under which most of these bearings tend to operate. The 

penalty for turbulence in bearings can be seen from Figure 9.9, where at a Re = 
3,000 the power loss is double that prevailing at laminar conditions. 
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TABLE 9.1 . Fluid Film Bearing Losses in Utilities 

%of Power Million 1012 Btu/ Year 
Type of Utility Output kWh/year Energy Out 

Steam Turbines 
Foss i1 

Nuclear 
Hydroe 1 ect ric 

Gas Turbines 

Total 

Total Electric Energy Production 

0.45 

0.22 

0.3 

0.7 

6600 

460 

900 

170 

8130 

2,030,000 

8 ~--------------------------------------------~ 

7 

6 

23 

1.6 

3.1 

0.6 

28.3 

7770.0 

1 ~----~--~----~--_.--~_.~~~_.~------~ 
1 Q3 1.5 2 3 4 5 6 7 2 

Re 

FIGURE 9.9. Power loss in Turbulent Bearings 
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9.2 ACCESSORIES 

The accessories, as we have seen, consume about 10% to 15% of the power 
output of a utility to support the power plant and its services. As an esti

mate, one-tenth of that power may be dissipated in tribological components such 
as bearings, seals, gears, roller and other frictional elements. Thus, the 
total level of energy consumed or tribological elements would be on the order 
of 1% to 2% spread among a wide array of machine components. For this reason, 

the scrutiny here will be brief when efficiency is considered; more attention 
will be given to those factors that may affect plant reliability. 

g.2.1 Fans 

Fans are primarily used in connection with the operation of the furnace 

and steam generator. They are classified as fo l lows: 

• Forced Draft Fans supply ambient air to the windowbox for combustion. 

Normally there are two FD fans per boiler. The rotor is usually 
airfoil design for high efficiency. 

• Induced Draft Fans draw the gas from the furnace and discharge it to 
the stack. The normal location in the system is after the preheater 

and precipitator. Scrubber booster fans are also induced-draft type. 
Thev usually are located after the wet scrubber and thus are exposed 

to wet corrosive gas. Most boilers have two induced-draft fans. 
When scrubber booster fans are used, there may be two or more per 
boiler. Induced-draft and scrubber booster fans are subjected to 
severe erosion conditions. Induced-draft rotors generally are of the 
airfoil type for best efficiency. However, some installations are of 
radial tip or radial blade designs for better resistance to erosion. 

• Primary Air Fans supply air to the pulverizers for transporting the 
coal to the burners and/or providing the primary combustion air. 

They are generally airfoil type for best efficiency. 

• Gas Recirculating Fans take gas from the economizer outlet and 

re-introduce it to the furnace, usually near the bottom. They are 
subjected to high temperatures (normally 700° to 800°F) and to severe 

erosion conditions. For these reasons, the rotor design is usually 

radial tip or radial blade with blade liners. 
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The location of these fans in the furnace-boiler system is shown in 
Figure 9.10. 

The failures of fans attributable to various specific causes are given in 
Table 9.2. As seen, in all cases of fans, bearings constituted the largest 

cause of failure, except in the induced fan category where bearings occupied 
second place. In all classes combined, bearings account for one-quarter of all 
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FIGURE 9.10. Furnace Boiler Draft System(46) 
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TABLE 9.2. Summary of Centrifugal Fan Problem Areas According 
to Applications( 47 ) 

NUMRER OF FANS 

Foundation 

Pedestals 

Bearings 

Shaft 

Hub 
Centerplate/Sideplate 

Blades 
Housing/!3oxes 

Inlet Dampers 
Inlet Vanes 

Dampers (Isolation) 
Coupling 

Variable Speed Drive 
Motor/Turbine 
Turning Gear 

Controls 

Ductwork 
No Problems 

1D t ( a } FD " 

30 100.0 239 1DO.O 

65 19.1 

12 3.5 

66 19.4 

11 3.2 

17 5.0 

15 4.4 

93 27.4 

34 10.0 

14 4.1 

32 9.4 

4 1.2 

4 1.2 

13 3.8 

17 5.0 

6 1.8 

11 3.2 

25 7.4 

67 19.7 

1 0.4 

4 1. 7 

79 33.1 

1 0.4 
6 2.5 

11 4.6 

12 5.0 

6 2.5 

2 0.8 

3 1.3 

11 4.6 

3 1.3 

14 5. 9 

16 6.7 

0 0 

6 2.5 

10 4.2 

118 49.4 
Note: Many fans had more than one problem area. 
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(a) Percentages based on number of fans in each application. 
(b) PA: Primary Air, GR: Gas Recirculation. 
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fan breakdowns. Table 9.3 gives a survey of the kind of bearings involved in 

particular failures. As seen, the rolling element bearings performed poorly. 

Bearing Type 

Sleeve 

Rolling Element 

t of Fans 

88.9 

6.1 

9.16 

t Fai 1 ure 

87.2 

9.4 

Ratio 

-1.0 

1.54 



TABLE 9.3. lost Generation in Fan$ Due to Different Bearing and 
Lubrication Systems(46l 

Bearing Type 

Sleeve 

Rolling Element 

Hybrid :sleeve 
combined with 
rolling element) 

Lubrication 
Ststem 

Oil Ring 
Circulating 

Total 

Oil Ring 
Circulating 

Total 

Oil Ring 
Circulating 

Total 

Total All Fans 

Percentage 
of Total Fans 

in Survet 

73.7 
15.2 
88.9 

0 
6.1 
6.1 

3.6 
1.4 
5.0 

100 

Percentage 
of 299 Percentage 

Events Caused of Total of 
by Bearings 2,723,170 MWH 

and Lubrication Lost 

68.8 72.3 
18.4 8.7 
87.2 80.9 

0 0 
9.4 16.1 
9.4 16.1 

1.7 0.1 
1.7 2.8 
3.4 2.9 

100 100 

Finally, Table 9.4 gives the type of breakdown involved that caused the 

outage cf the fan. Of the bearing failures, the major categories are: 

• overheating - 27% of total 

• vibration - 20% of total 

• lube system- 14% of total. 

9.2.2 Feedwater Pumps 

Feedwater pumps are the largest pieces of equipment in a utility after the 

turbo-generator set. The size and operating parameters of feedwater pumps are 
given in Table 9.5. They are the third largest cause of plant shutdowns. In 
1981, the cost to utilities of shutdowns due to feedwater pump failures 
amounted to $400 million.(41) 

A more detailed accounting of the cost due to feedwater pump breakdowns is 
9iven in Table 9.6. The main causes of these breakdowns are given in 

Table 9.7. As seen, the direct tribological elements are responsible for the 
following percentages: 

• seals - 27.8% 

• wear rings- 10.7% 

• bearings - 3% 
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TABLE 9.4. Lost Generation Attribyted to Bearings and Lubrication System 
for All Fans in Survey( 46l 

Cause 
Bearing Failures 

Vibration Related 
No cause given 
Pedestal / support failure 
Debris buildup 
Direct vibration 

Subtotal, vibration related 

Overheated (no cause given) 
Involving motor/driver failure 
Lubrication system failure 
Lubricant leak 
Lubricant contamination 
Insufficient cooling 
Design 

Subtotal, bearing failures 

Lubrication System (without a bearing failure) 

Lubrication system failure (undefined) 
Leaks 
Seals 
Vibration related 
Contamination 
Oil pressure 
Wrong viscosity 
Insufficient cooling 

Subtotal, lubrication system 

Bearing Overheated (without a bearing failure) 

Alignment 
Unknown 
Design 
Inadequate cooling 

Subtotal, bearing overheated 

Total Bearing and lubrication System 

9.18 

Lost 
Generation 

MWH 

549,278 
100,025 

6,go3 
2,065 

658,271 

741,746 
488,367 
188,777 
166,661 
24,866 

5,107 
333 

2,272,128 

132,450 
78,846 
41,702 
21,064 
13,881 
6,444 
2,000 

481 
296,868 

61,480 
40,893 
32,482 
19,319 

154,174 

2,723,170 

Percentage 
of 

Total 

20 
2.7 
0.25 
0.08 

24 

27 
18 
6.9 
6.1 
0.91 
0.19 
0.01 

83 

4.9 
2.9 
1.5 
o. 77 
0.51 
0.24 
0.07 
0.02 

11 

2.3 
1.5 
1.2 
o. 71 
r-

100 



TABLE 9.5. Functional and Design Parameters of Main Boiler Feed Pumps 
{Fossil Units 600 MW or Larger) 

Parameter 

Design 
Total Oynamic Head 
(TDH) - ft 

Design Flow (gpm) 

Design Suction 
Pressure 
(psi) 

Design Discharge 
Pressure 
{psi) 

Design Suction 
Temperature 
(OF) 

Design Speed 
(rpm) 

Size 
(hp) 

Subcritical Units 

Range 
Typictl) 
Value a 

6,500 - 7,700 7,700 

5,500 - 16,000 11,500 

120 - 220 211 

2,700 - 3,260 3,164 

300 - 360 360 

3,600 - 6,000 5,200 

9,000 - 28,500 24,000 

Supercri tical Units 
Typi ct6) 

Range Value 

10,800 - 12,500 10,950 

5,000 - 22,000 6,940 

160 - 450 320 

4,200- 4,760 4,500 

340 - 414 363 

3,600 - 6,000 5,500 

13,000 - 66000 22,500 

(a) Typical values for subcritical boiler feed pumps based on modern 
800-MW plant with two 50% pumps. 

(b) Typical values for supercritical boiler feed pumps based on modern 
750-MW plant with two 50% pumps. 

The total is 41.5%. When one considers that vibration and shaft damage often 
occur due to bearing and stability problems, it is safe to say that tribologi
cal i nadequacies are responsible for at least one half of all feedwater pump 
probl ems of which the seals are the most critical item. 

9.2.3 _:oal Handling Equipment 

The function of a pulverized-coal system is to pulverize the coal, deliver 

it to the fuel-burning equipment, and accomplish complete combustion in the 
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TABLE 9.6. Cost of Lost Generation Oue to Feedwater 
and Fossil Generating Stations( 41) 

Pump Problems at Nuclear 

Lost Equivalent Equivalent Cost of 
Generation Full Full Power Lost 

Unit Oue to Power Hours MW-HRS Hours Genera-
Calendar Feed Pumps Lost Oue to Lost Per Lost Per tion Per 

Unit Tz:2e Years (MW - HRS} Feed PumEs Unit Year Unit-Year Unit- Year 

Nuclear 227.4 4,134,893 5691 18,200 25 $440,000 

Fossil 107 5,639,000 7147 52,700 67 $1,000,000 

Note: 
(1} Figures represent replacement power costs of $24 and $19 per t1W-HR, 

respectively, for nuclear and fossil generation as reported in "1978 
Economic Survey Results: Nuclear Power Generation Costs Stable, Relia
bility Improved," Atomic Industrial Forum Inc., May 14, 1979. These fig
ures represent the total cost differential of producing power at the bus 
bar, assuming that the replacement power is generated by oil-fired units. 

TABLE 9.7. Pump Failure Rankings(41) 

Pump Fai 1 ures 

Cavitation, unstable 
head curve, impeller 
breakage, vibration 

Seals 
Wear rings 
Axial balancing device 
Shaft broken/damaged 

Journal bearing 
Thrust bearing 

Feedpump 
Outages 

650 

602 
155 
337 

77 
209 

58 

Average 
Hours 

Outage 

48 

32 
48 
16 
48 

8 
8 

Hours 

31,200 

19,264 
7,440 
5,392 
3,696 
1,672 

464 
69,128 

% of Grand 
Total 

45 

27.8 
10.7 
7.8 
5.3 

2.4 
0. 57 

Relative 
Ranking 

1 

2 

3 
4 

5 
6 
7 

furnace with a minimum of excess air. The basic equipment components of a 

pulverized-coal system, shown in Figure 9.11, are: 

• raw-coal feeder 

• pulverizer fan, also known as the primary-air fan, arranged as a 

blower (or exhauster} 
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.... -.............. . ., ... ... 
Raw Coal 
Bunker 

Bin 
Gate 

Cold (Tempering) Air 
from Forced Draft Fan 

Hot Air 
Damper 

Pulverized Fuel 
Burners 

Pulverized Fuel 
and Air Piping 

Hot Air from 

Boiler 
Front Wall 

Primary 
Air Fan Basement Floor ~ 

FIGURE 9.11. Direct-Firing System for Pulverized Coal 

• pulverizer arranged to operate under pressure (or suction). 

Tables 9.8 and 9.9 give summaries of the problem areas generic to the pulveriz
ing units. As seen, the major causes of difficulties are: 

• wear of grinding elements 
• oil contamination 
• gearboxes 

• seals 
• bearings. 

Some of these, such as wear or seal problems, were reported as problem areas by 

nearly all surveyed plants. Thus, tribological difficulties are the key causes 
of outages caused by the coal handling system. 
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TABLE 9.8. Causes of Pulverizer System Breakdowns{ 4B) 

Bowl Mills Roll-Race PfanetlziiiQ Roll &Ill-Race 8111/Tu~ 
Units 40 1 9 7 6 
Mil Is 276 S9 52 M 18 

Probleoo /.rae Modlllcotfons Probl.,. /.rea Mod It I cat lolls Probl• ArM Mod i tl c otfons Probl• Area ModIfIcatIons Probl• ArM 
IS4flla)--

.......... ____ 
Orin ( 14f) (67f) "711 (6711 
Train 

Oil 011 011 011 
Cont•lnatlon Qe&l"bcw Cont•lnatlon Cont•lnatlon Cont•lnatlon 

low-1 air seal air !>-ring l4o details- low seal air Increased 1001 seol air IM:raasad no details 
C11Pf6ftv probl- geerbcw no seal In air SNI air 
IVU longer a cooler supp 1 y C898C lty (U I cepeclty lUI 

probl• water Nil 
b\Wned SMIS frequent oil extra large 

analysis tllrust beer- lu~ oil 
!every t110 lft9S lost filters IUl 
110nthsl 

syntllet I c oil 
lubricant lUI 

Excessive E><cesslve 
Shaft Wear and 
Bna~..!_ __ Breekage 

III!Pro~r roll sprl ng cooo- low speed nw design 
edJushtent COMpression shefts IMIUI 

reduced IMI 
10 geers larger gear • ~arlrtgs reset rolls syst• IM/UI N 
N IM/UI 

Urtderslzed larger beer-
targ.- ~ar- drl"e treln lngs IMIUI 
lngs lUI 

Grinding nSf) EKcell- 12911 Jllolls I I~ I E>tces- I 15fl Exces-
Area slve .... Crack I~ slwe !Mar slwa .... Ul!l 

roll s/rlngs Hard faced Nw •terlal ~lndlng no details bell/rlno - •terlal no details 
rolls 114/Ul el-ts on balls In-

cr .. sed tor 
liners NIH&I"d EKcasslve batt.- grind 

BrM!!!I! lUI 

20t chro.. thriiSfl"'l h I gil carbon 
surface failure st .. I lUI 

lhlgller t-
1..-ger s lie strength 
IIIIer& IMI then Ml Ilardi 

Mill Skids 

110 details 



TABLE 9.8. (contd) 

eo.tl ~Ills Roll-Rae• Pie net I zIng RDII BIII·Race 811 II rrube 
un its 40 7 9 7 6 
Mi l ls 276 59 52 '6 18 

Probl .. Are Mod It I cations Probl • Are Modi IIC~Sflons Probl .. Are Modi IIC~Stlons Probl..,. Are Mod It ICISf Ions Probl.,. Are 

Air (29~1 Exces-
Syst .. C 1.5~1 Exces- s lve 'lleer (67Sl Exces-

slve Weer (coel type) slve W•r COS I n3~> 

class I tier cera• I c II n- pu lv.,. I zer cera• I c II n· class I tier cerarolc II n- no de'la I Is 
l rg lUI housing I "9 added syst.,. lng CM/Ul 

(M/UI 
IIIUltlport vanes reset 
outlet CWUI throat dl fteren't 

lnser"ts thr011t d.-
signs CMIUI 

slope plates T-1"'0 over-
ley (U) 

classltl«" cer.,.lc brick 
M/U I 

swl ng valves IIOdlfled 
valve - 1 
etld plate 
CM/UI 

Mill Fires 

~ 
& Explo- CIOSl 
slons ens> Liners eo.• .-.rea (tiS I COS I 

N coel lln..-s r..- lowered "''II *> details lb details lb detells w ac<:UIIIulatlon IIIOVed CUI outlet t.p. 
CU) 

flat sur-
feces el 1- Pyrite Plow 
lnated (U) Bl"e~e 

I erg«" s'la In-
leu st .. l 
Spl" I ngs used 
(10 

As so-
elated 
Soller < llS> 129SI 1.3:5SI <66Sl 
Probl .. s SI•IIS'!!i Slelllll~ Sl•s&'!!!l Slelllll~ COS I 

overs f zed frequent oversized oversized No det1011s oversized 1110nltorlng 
particles fineness particle~ particles particles furnace ex-

testing IMIUI due to .cces- It 1'•per-
stve class!- atur"e (U) 
fl«" -r a11d 
vanes sizing 

Cal I I - denotes S Uftlfs ..,lch l'eve l'ed associated probiM areas. 
(b) Ill - •IKifectur«" SU9!1H1'ed IIOCII flcetlon; U - utility IIOCII f lcetlon. 



TABLE 9.9. Pulverizer Problem Areas on a Station Basis 

Press 
Press. Suet ion Sue ti on Deep Planetizing 

Bowl Bowl Bowl Bowl Roll-Race Roll Ball-Race Ball Ball/Tube 
Number of 

Stations 22 10 7 1 7 9 7 3 3 

Number of Mills 146 82 40 8 58 52 56 18 9 

Problem Areas Associated with Mills (Station Basis) 

Prob 1 em Area 

Gearbox 12 8 2 0 1 8 6 0 2 

Bearings 11 8 3 0 0 6 6 3 2 

Shafts 14 6 2 1 0 4 0 3 0 

Seals 10 6 2 0 3 4 7 3 2 

\0 Grinding . 
N Elements 8 4 2 0 2 9 1 0 1 
~ 

Motor 2 0 0 0 0 1 2 0 1 

Classifier 1 0 0 0 0 6 0 0 1 

Pyrite System 3 0 1 0 2 0 0 0 0 

Excess Wear 8 3 1 0 2 7 3 3 1 

Excess Breakage 4 3 4 1 0 7 0 0 1 

Mi 11 Fires 6 5 2 0 5 1 0 3 1 

Mill Explosions 0 0 2 0 3 0 0 3 1 

Slagging 3 2 0 0 2 3 6 0 0 

Trash(a) 
Separators 4 4 2 0 4 3 0 0 0 

Crushers(a) 4 2 1 0 2 0 0 0 0 

(a) Anc i 11 ary equipment associated with the mill. 



9.2.4 Lube Oil System 

The lube oil system in modern power plants utilizes three independent 

methods for pumping oil to the bearings and other parts, as shown in Fig-

ure 9.12. The primary pumping system consists of the main shaft and booster 
pumps. The hydraulic turbine-driven booster pump, mounted in the main oil 

tank, provides the required suction pressure for the main shaft pump. The lat
ter is mounted at the turbine end and is driven by the turbine shaft. This 
primary pumping system is self-sustaining at speeds about 80% rated speed. 

During startup and shutdown operations, the motor driven suction pump develops 

the necessary suction pressure for the main shaft pump. 

A separate AC-motor-driven turning gear oil pump serves as backup for the 

primary pumping system, as does the DC-motor-driven emergency oil pump, which 
comes into action when AC power is not available. All pumps are of the centri
fugal t)pe and, except for the primed main shaft pump, take suction directly 

from the main oil tank. 

In many plants, hydrostatic lift pockets are provided in the bearings for 

supporting the shaft when it is running at turning gear conditions, i.e., some
where from 5 to 20 rpm. A pumping system for this operation is shown in Fig

ure 9.13. The oil tank is designed to adequately remove air entrained in the 
lube oil and to permit the settling of particulates. Two full-size coolers, 

arranged in parallel, control oil temperature. 

The two major causes of lube system inadequacy, leading to plant outages 
are contamination of the oil with particulates and water, and pump failures due 
either to improper power switching or crew negligence. Free water in oil 
(emulsions) may impair oil circulation, remote rust and corrosion, and 
interfere with lUbrication. Particulates may cause abrasive wear of bearings 
and seals, plug oil lines, and result in faulty control functioning of those 
units where the control and lubricating oil systems are common. The outages 
caused by oil contamination are shown in Figure 9.14. In addition, there were 
~earing outages which were not forced, i.e., preventive outages. 
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FIGURE 9.12. Lube Oil System Schematic(ll) 
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FIGURE 9.14 Cumulative Forced Outage Megawatt-Hours due to Contaminated Oil 
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9.3 GENERIC PROBLEMS 

As ~entioned earlier, many difficulties encountered in the operation of 
electric power plants that may seem unrelated to tribology can, in fact, be 
traced to phenomena that are of a tribological origin. Their elimination or 

attenuation may not improve plant operational efficiency, but their contribu
tion to plant reliability can, indirectly, yield significant energy savings for 
the utilities. 

Vibrations 

The major modes of rotor vibration that are attributable at least in part 

to tribological causes are the following: 

• Rotor Unbalance Vibration. A typical calculated and measured unbal
ance vibration on a 350-MW unit is shown in Figure 9.15. While the 

origin of this vibration is mechanical in nature, the intensity of 

0.25 
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IO"C 
Q) :I 
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I 
I 
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,I ., 
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Rotational Speed rpm 
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FIGURE 9.15. Unbalance Resp?nsy of a 350-MW Steam-Turbine and 
Generator Unit 50 
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vibration once it occurs depends very much on the damping charac
teristics of the numerous bearings supporting the rotor. Both the 
kind of bearings used, their loading, operational conditions, posi
tion, degree of misalignment, and others, all have an effect on the 

amount of damping and thus, on the amplitudes of vibration. The 
bearings also affect the rotor's natural frequencies. An example of 
the pronounced difference in response produced by different bearing 
designs is shown in Table 9.10 where a vibration caused by loss of 
part of a bucket produced peak to peak amplitudes of 87 mils using a 
conventional sleeve bearing, but only 38 mils using a tilting pad 
design. While the amplitude was reduced below one half, the level of 
transmitted force decreased to about one quarter. 

• Oil Whirl. Unlike the unbalance vibration, oil whirl is a self 

excited vibration originating in the bearings. While the unbalance 
vibration frequency is synchronous, oil whirl frequency runs from 

about 0.47 to 0.5 of the running frequency. An example of the 
different stability characteristics of various bearings is shown in 

TABLE 9.10. Dynamics of Low-Pressure Steam Turbine with Loss of a 
last-Stage Blade (N = 3600 rpm) 

Case 1: 

Rotor Supported 
on Fixed-Arc 
Journal 
Bearings 

Case 2: 

Rotor Supported 
on Pivote>d-Pad 
.. ourna 1 
E.eari ngs 

Peak-To-Peak 
Journa 1 

Vibration 
{mi 1 s) 

87 

38 

Peak Dynamic 
Bearing 

Force (lbs) 

184,000 

46,700 

9.29 

Dynamic Force 
Transmissibility 

3.68 

0.93 

Bearing Min
imum Oil
Film Thick
ness (mils) 

0.1 
(Indicates 
severe bah
bit wiping) 

2.0 
(Indicates 
maintenance 
of non
contracting 
full-film 
lubrication) 



Figure 9.16. The upper parts of these curves represent unstable 

zones and the lower part represents stable zones. Taking the example 

of a rotor-bearing system whose operating point is 110", this point 

will move in the direction "O+A 11 as the rotational speed of the rotor 

increases and will eventually cross the stability limit curve. The 

(1) Elliptical 

4.0 

(2) 

(1) 
c: 

3 
' 3 2.0 
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0 +-------------~----~------~ 
0 0.4 

w 
2 

=-P(-c) 
pN R 

(2) Elliptical wrth 
Circumferential 
Groove 

D = 20", (UO) = 0.6. (C/ R) = 1.3 X 1Q·3 

0.8 

(3) Tilting Pad 

FIGURE 9.16. Oil Whirl Stability Characteristics of Three Bearing Designs 
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crossover point represents the limiting stable speed of this rotor

bearing system. The point also moves in the direction of "O+B" by 
changing other bearing parameters such as load, oil temperature and 

clearance ratio. Low unit loadings on the bearings are usually the 
most common cause for oil whirl (low loads !TlOve the line along "0+6" 

in Figure 9.16) and most turbo-generator bearings are overdesigned in 
that respect. usually for reasons of high bearing damping. But other 

elements of the rotor design and operation can cause oil whirl such 

as the unloading of one or more bearings due to rotor-bearing mis

alignment. This misalignment can. as shown in Figure 9.17. be of two 

sorts. Part (a) in this figure shows the shape of a typical rotor as 

it deflects due to its normal bending mode. Due to this misalign

ment. some of the bearings will be underloaded. The other form of 

unloading journal bearing and one which is more serious and very 
often causes severe problems. is the mode portrayed in part (b). 

Here, even assuming a parallel rotor, a shift in foundation and 
pedestals causes some of the bearings to be partly or completely 

unloaded, and in some cases to be loaded sideways or even on top. 
with serious consequences to the dynamic characteristics of the sys

tem. Additional change in bearing loading can result from bearing 

wear incurred during prolonged turning gear operation. 

• Steam Whirl. Steam whirl is an instability caused by steam forced 

generated in the small clearances between stationary and rotating 

components of the machine. The destabilizing forces might lie in the 

dynamic behavior of the labyrinth seals or in the unbalanced torque 
force of the turbine blades. These forces can be generated when a 

rotor is displaced by a distance "e" from the equilibrium point by a 
lateral force Wx perpendicular to the displacement and a radial force 

WY parallel to the displacement. The dynamics of such a system can 
be represented(SO) by: 

[
t:Fx] ~[-wyte,wx1e ][ .... x] = [-ky kx] [xJ 

tF - -W /e -W 1 -k k y y X' ye X y -

where ky and kx represent flow induced spring constant. 
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The results for tilting pad and elliptical bearings are shown in 
Figure 9.18. The results show that the laterally induced forces, Wx, 

have a significant effect on steam whirl stability, whereas the force 

in the direction of the rotor displacement has only a minor effect. 

Again, the tilting pad bearing is superior to the conventional 

design. 

• Others. Several other tribologically induced vibrations can come 

from the stick-slip bearing behavior during turning gear operation; 
from the improper switching of oil pumps; and from rubbing of rotor 

against seals, or of turbine blades against the shroud. 

9.3.1 !:oatings 

There are several areas where special coatings may protect turbine parts 
from innerent operational hazards and thus boost the reliability of the power 

plant. One of these is the use of abradable blade tips to avoid the damaging 
effects of contact between the blades and the shroud. This is detrimental on 

at least two accounts: it increases interstage leakage and it may lead to 

steam whirl. Presently used abradable materials on shrouds are not fully 

successful due to wear and erosion. Moreover, present polymer materials are 
good only to 500°F. For temperatures up to 1400°F, felt metal and honeycomb 

structures are often used but then distortion becomes a problem. Thus, new 
materials are needed. Also, new systems for controlling the clearance need to 

be developed, systems which keep the clearances moderately large during non
vital operation of the turbine and conserve the tight clearance requirements 
for vital phases of operation. 

The other area for use of coatings is in the reduction of erosion in tur
bine nozzles. This form of hard particle erosion is due to the loss of iron 
oxide particles from the interior of boiler tubing and high temperature pipe 
systems into the steam turbine blade path. These oxides enter the steam tur
bine nozzle and blade passages at high velocity and abrade the finely machined 

surfaces. The changes in flow passage dimensions affect the heat rate, and 
degrade component reliability. The situation can be improved by the use of a 
metallurgically bonded coating.(S3) No change in dimensions or surface finish 

need occur after process application, somethinn which constitutes a serious 
problem with conventional plasma spraying. 
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FIGURE 9.18. Effect of Steam Exciting Forces on Rotor Stability 
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9.3.2 Monitoring and Diagnostics 

Th~ aim of diagnostics, i.e. of utilizing a system which would anticipate 
and give warning of impending difficulties in the operation of the power plant 

involves essentially three areas, namely: 

• Criteria - This relates to a set of standards with regard to plant 

operation which specify, in a quantitative way, when and when not a 

given component is on the verge of failure or exceeds permissible 

operational limits. 

• Monitoring - This deals with the installation of a set of instnuments 
that would record, on a continuous or periodic basis, the vital signs 

of the various components involved. 

• Diagnostics - This deals with the proper evaluation and diagnosis of 
the received data leading up to the crucial decision of whether or 

not to order a plant shutdown. 

While computerized on-line monitoring is useful, periodic monitoring has the 
advantage in that it can be run on a small budget. Even with periodic monitor
ing, th~ volume of data generated is large and the ability of operators and 
engineers to make meaningful evaluations is strained. 

In a given power plant, the turbine-generator is the most critical piece 
of machinery and the one to which innovative, advanced monitoring and diag

nostics tools should be applied. For example, automated monitoring of bearing 
oil film pressures, temperature, shaft orbit and shape, acoustic signals for 

rubs, torsional vibration, and blade vibration all could be accomplished by a 
suitably configured minicomputer system. The reduced output of all these sen
sors could be integrated with the output of standard, installed sensors to 
yield an overall picture of the state of health of the turboset. 

As an example of some of the modern techniques available for bearing diag
nostics one may mention the work of Reference 54. Figure 9.19 shows a diagram 
of the method of acoustic emission analysis used to obtain a bearing damage 

diagnostic. The one-channel AE system consists of an AE sensor, an amplifier, 

an envelope detector, a rinqdown counter, an event counter, an energy counter 
and a R.t1.S. meter. Acoustic emission signals are monitored and recorded with 
a data recorder. 
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10.0 POTENTIAL ENERGY SAVINGS 

Figure 8.2 provides an energy flow map for the turboset, including its 

accessories. This flow chart is a simple energy accounting, similar to that 

provided in Figure 2.14 for the automobile. However, as explained in detail in 

Section 6.0, any savings in a particular component would save also an equiva
lent portion of the thermodynamic losses, since less power would have to be 
generated initially. Since the thermodynamic losses amount to 60~, the useful 
turbine energy amounts to 40~, and thus any saving in a portion of the 40~ 

would be supplemented by an even bigger saving in the thermodynamic losses. 
Thus if gaspath leakage {shown in Figure 8.2), which amounts to 0.5~, were to 
be cut in half, the saving would amount not to 0.5 x 0.6~ = 0.3~ but to an 
additional {60/40) x 0.3% = 0.45~. yielding a total saving of 0.75~. Thus, in 

general, the energies required by the various components (including the wasted 
thermodynamic losses) are the values given in Figure 8.2 multiplied by a factor 
of 1 + 60/40 = 2.5. With this as a background, Figure 10.1 was constructed 
which gives the actual energy requirements by the various components and 

auxiliaries of a turboset system. 

The tribological areas in which direct energy savings can be achieved by 

reducing losses embrace gaspath leakage, seals, and bearings on the main turbo
generator; and the same areas on the various accessories. The losses in these 

areas in terms to input to the turbine are 1.5% for gaspath leakage, 0.25% for 
shaft sealing and 0.5% for the bearings. 

We shall next assume that about 10% of the power required for the accesso
ries is spent on tribological components, so that the energy spent here is 1~ 
of the input. The improvements possible in the various areas are as follows: 

• Gaspath Leakage and Seals 

As discussed in Section 9.1, the use of abradable blade tips and 

new coatings may make it possible to tighten the leakage paths to 
reduce the leakage losses to half their present level. Thus, the 

savings in the internal and external leakage would amount to 0.75% of 
input energy. 

10.1 



-0 
• 
N 

Internal losses 

Blade Friction 
3.75% 

Gaspath leakage 
1.5% 

Windage 
1.0% 

Exhaust losses 
3.0% 

(Average) 

Bearings 
0.5% 

Turbine 
100% 

Generator 
85.25% 

Seals 
0 .25% 

Accessories - % 

' Feedwater Pump I 0 . 75 

~------r-·
Cooling Water Pump 1 0.5 

= Othe< Pumps - ~.2;
Forced Draft Fan I 0 .5 

------+---
Compressors I 0 .5 

-------+--
Others l 2.25 

Induced Draft Fan I 0 . 75 

~------,--
Primary Air Fan 1 0 .5 ---- __ ,. __ 

Other Fans I 0.5 

----- --r-·-
t--------+1 Coal System I 0 .375 

-·so~~b;:- -~~7-; 
------~--

Precipitator I 0. 75 

-;,;::---!o;; 

FIGURE 10.1. Energy Required by Turboset Components and Auxiliaries 



• Bearings 

This area is open to considerable improvements in both effi

ciency and reliability. A special study of this area is contained in 
Reference 55. After considering a number of options for low power 

loss journal bearings, the designs chosen were those shown in Fig
ure 10.2. Both the 3-pad and the basket designs were evaluated 
against a prototype used in present-day installations. All the 
calculations were made for the standard conditions of loading, speed, 
and oil viscosity, with the proviso that the minimum film thickness 

rerrains the same. The power loss savings achieved by those designs 
are given in Table 10.1. 

For the thrust bearings, the new design, schematically portrayed 

in Figure 10.3, consists of a free-floating disc inserted between the 
runner and stationary element. The disc rotates at half runner speed 
and forms two hydrodynamic films. By making each film half the 
thickness of an equivalent single film, the ratio of (hp/load) is 

reduced by SOt to 65%. To assure that such a bearing will not adhere 
to either the moving or the stationary surface, particularly at 
start-up, the configuration provides a self-generated lift-off force 
at the sticking interface. 

The reduction of power loss achieved with the optimized floating 

disc configurations for both large and small thrust bearings is shown 
in Table 10.2. The savings achieved in the thrust bearings result, 
to a large degree, from a reduction of the number of pads. In this 
respect, there is some parallel between the approaches taken for the 
thrust and journal bearings, namely that in both cases, the large 
savings in power loss come from a reduction in bearing area. 

• Accessories 

Assuming that levels of savings similar to those on the main 
turbogenerator can be achieved on the seals and bearings of the 

accessories, an additional saving of 0.5% of energy input can be 
achieved. 
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FIGURE 10.2. Low Power Loss Journal Bearings(55) 
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TARLE 10.1. Savings with the New Journal Bearings(SS) 

Bearing ( !OO~P16) Savin9s, '.t .!max• oF 
Reference 15.4 Ref. 177 
3-pad design 7.2 53 222 

Basket design 7.0 55 222 

Thr JSt 

FIGURE 10.3. Floating Disc Thrust Bearing< 55 ) 

The next area of savings is that due to increased plant reliability. In 

Section 7.4 we have seen that the penalties due to tribologically induced loss 

of generating power is $2.9 billion. There is no breakdown available on the 

particulars of this cost, but a large portion of it is due to the use of stand
by equipment which is much less energy efficient than the main power plant. 
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TABLE 10.2. Savings with the New Thrust Bearings( 55 ) 

Bearing ~ Savings, % Tmax' oF 

OD = 32 in. 

Reference 8.6 Ref. 150 

New 3.0 65 171 

OD = 48 in. 
Reference 14.2 Pef. 178 

New 5.1 65 196 

This use of inefficient equipment translates into a direct waste of energy. 
Assuming that 25% of the $2.9 billion is due to the lower efficiency of the 
stand-by equipment, and assuming that outages due to tribological elements can 
be eliminated by an improvement of their performance, then a yearly saving of 

$725 million in energy resources can be achieved. 

Table 10.3 summarizes the above in terms similar to those given for the 

automotive sector. As seen, the total possible savings via tribology is about 
2.3% in the utilities' fuel bill which translates into a yearly saving of about 
$2.4 billion. 
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TABLE 10 .3. Summary of Potential Savings in the Electric Utilities(a} 

Yearly Savings in 
Savin~s t of Barrels of 

Component Utilit1es u.s. 
Btu X 10-12 

Crude Oi 1 1984 u.s. $ 
ID Component or Area or Area Sector Total Demand Mi 11 ions Millions 

1 Seals (Gaspath & 50 0.88 0.25 180 31 910 
Labryi nth) 

2 Bearings 50 0.25 0.07 52 9.0 270 .... 
0 3 Accessories 5 0.50 0.14 104 18.0 530 . 
--...! 

4 Rel hbil ity 25 0.68 0.19 140 24 720 --
TOTAL 2.3 0.65 476 82 2,430 

(a) Savings based on estimate of installed capacity in 1983,< 41) and on energy cost of $30 per barrel 
of crude oil. 
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11.0 RECOMMENDED R&D PROGRAMS--UTILITY SECTOR 

lr the preceding sections discussing the Utility~ or Power Generator 

~.ector, cf the economy~ several areas have been pointed out and described ln 

w~ith the- prospects for significant energy savings would warrant the expendi ~ 

ture of r·&o funds as a means of stimulating improvements in power generation 

nachinerr. The nature of this industry is such that improvements leading 

toward ro•liability (reduced downtime) are at least as important as improvements 

:hat may lead toward greater thermodynamic efficiency. The total potential 

t.hat may be achievable is set forth in Table 10.3 in the preceding section, and 

is about t2.4 bi11io~ per year. 

In this section~ a number of projects are suggested, each of which has the 

Jotential either to increase efficiency or to increase reliability~ or both. 

A.s was t1e case with the TranS?ortation Sector, some of the suggested work may 

best he ;;lone within the industry because of close coupling with specific 

designs, while other R&D work is more generic in nature and will be better 
acceoted and more effectively accomplished if done under government sponsor~ 

shio. ihe programs are grouped into five categories as follows: 

• seals 
• bearings for turbine~generator 

• accessories 
• re1ial:Ji1ity 

All of the tribology-related programs are summarized in Table 11.1. Here~ 

the oven~11 factors related to each program are summarized, and all programs 
related to each of the groups listed above are collected together. Table 11.1 
presents those 

budgeted !'<'Urk. 

factors beari~g on the 

These factors are; 
inclusion of each program in future 

• th1! type of support suggested for the program 

• the potential savings, in billions of dollars per year~ that would be 

ac!1leved by successful completion of the program group, as estimated 

in Table 10.3 

• th0 estimated R&D cost, in millions of dollars {total) 
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TABLE 11.1. Sunnary of Recommended R&D Programs--Utility Sector 

Potential Est'd. Benefit Probable 
Program Payoff R&D Cost Cost Ratfo Yrs. to Mkt. Priority 

Humber _Gro~p~.!.!! ~fro~_c~~---~ .?__~!_!!~~_'!__~~ _t$B/y_cL _l!M_I_ _!!1/10) lnjectfo:~ clus 
------~ 

Seals 
6-1 Active Clearance Pooled Jndastrlal 0.91 '·' " 10 A 

ContrQl ,_, Abradable sea1 Governmtnt 1.5 10 • l'later1ah 

7-l 
~ear1n£!S 

Turn1ng Gear Wear Government 0.1 5 • Effects - 1·1 High Te.perature Gc~rn~~ent o.s 7 c - "Babb1ttn • 
N 1·3 011 Groove Mfxing Governrrwmt 0.26 0.5 7 •• 3 • Temperature 

7-4 Proof Tests on Low Pooled Industrial 0.8 1 • Power Lo~s Bearings 
7-5 Luge Water Lubr1- Gover'fliRnt 1.5 10 • c;,ted ~ar1ngs 

Accessorfes 
8-1 Feedw,te:r ""' Rotor Pooled Industrial 0.53 1.0 53 • Systems 

·-· 
_ReHaMHt~ 

Contamlnant/Failure Gove~nt 0.3 3 • Study 0.72 10 
9-2 $earing/Seal Monf ~ Pooled Industrial 0.4 4 • torfng 



• the estimated benefit to cost ratio to completion of the development 

(see below} 

• the probable number of years to market injection 

• the overall suggested priority rating for the program, taking into 

acc·)unt the levels of benefits§ cost, and probability of success) 
wit1 A the highest priority rating. 

The benefit-to-cost ratio is calculated by dividing the estimated annual 

benefits (in dollars) by ten times the estimated total dollar cost of the 

research. This roughly represents the fact that development usually costs ten 
times the research to prove feasibility. However, it should be noted that only 
the annual benefits have been used. Since benefits over some period of years, 
perhaps five or ten at least, should accrue from a given efficiency develop
ment, tne cited benefit-to-cost ratio is more conservative by this factor~ 

On the following pages, each program is briefly described. The objective 

provide~ a brief statement of the need for the program and its specific role. 
The Work Statement briefly sets forth the principal elements of research or 
develoor1ent needed to achieve the objectiv'e. The Technical Background refers 
the reader to appropriate sections of the report~ 
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R&D TRIBOLOGY PROGRAM--ENERGY CONSERVATION 

GROUP: 6--Seals PROGRAM NUMBER: 6-1 

TITLE: Acti¥e C1ea~ance Control 

POTENTIAL PAYOFF: Part of $0,9! B/Yr PRIORITY CLASS: A 

FS71MATEO RESEARCH COST: 2 Years, at $ 0,5 M/Yr TOTAL: $2,5 M 

SUGGESTED SUPPORT: Pooled Industrial 

OBJECTIVE 

Leakage through the clearances between blade tips and shroud in the steam 
turbine, and between rotor and stator elements in labyrinth steam seals. is a 
significant cause of loss of energy because the clearances must be large enough 
to handle a variety of operating conditions under which the rotor changes its 

position ln the bearings. The objective of this program is to develop reliable 
means to 01 Servou the stationary member so as to reduce the running clearances 
sigr>ificantly. 

WORK STATEMENT 

This program shal1 develop and evaluate a prototype of active control of 
clearance in steam turbine blade tip seals and labyrinth interstage seals. The 
following tasks shall be accomplished: 

1. Develop a number of concepts for adjusting the position of the sta~ 

tionary seal member based on measurement of the position of the rotor 
at the seal location and use of this information to move the station
ary member inward or out·~ard to ho1 d a predetermined value of clear
ance. 

2. Develop a number of concepts for measuring the position of the rotor 

at each seal location, appropriately averaging these valuest and mov~ 

ing the rotor in the support fluid film bearings so as to maintain 
the rotor centered in the seal clearance spaces. 
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3. Analyze the concepts developed in Tasks 1 and 2 as to their mer1t 

based on reliability, probability of success. ease of implementation~ 

and Cifficu1ty of development. 

a, Se1~ct the two most pr~ising concepts for demonstratlon. 

S~ nesign, construct and test reduced scale models of each of the two 

selEcted systems. 

6~ Pre~·are a detailed report analyzing the designs and theit perform

anct·. and recommending the course of further work. Prepare technical 

pap1:rs describirg the results. 

TECHNICAl. RACKGROUNO 

See Sections 7.4, 9.1.2) and 10.0 of this report. 
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R&D TRIBOLOGY PROGRAM--ENERGY CO~SERVAT!ON 

GROUP: 6--Seals PROGRAM NUMBER: 6-2 

TITLE: Abradable Seal Materials 

POTENTIAL PAYOFF: Part of $0.91 B/Yr PR !OR !TY CLASS: 

ESTIMATED RESEA~CH COST: 5 Years, at $ 0.3 M/Yr TOTAL: $1.5 M 

SUGGESTED SUPPORT: Government 

OBJECTIVE 

Leakage of steam through the clearances of blade tip seals and labyrinth 
seals represents a significant source of energy loss in large steam turbines. 

Various approaches to reducing the clearances to reduce these losses incur the 
oossibi1ity of rubbing between the stationary and rotating members. Present 

materials usable in the high temperature steam atmosphere do not cut away 
smoothly with the result that larger gaps may be torn open or catastrophic 
failures may reQuire expense teardowns for repair. The objective of this pro

gram is to develop materials which will exhibit good rub-away propetties in 
order to make possible effective closer clearance seals. 

wllRK STATE~IF.NT 

This program shall develop and evaluate a series of materials in order to 
obtain compositions which can rub in a steam atmosphere against typical blade 
and rotor ~terials without tearing or seizing to create the need for teardown 
of the steam turbi~e. The following tasks shall be carried out: 

1~ Through llterature research and contacts with turbine and seal 
experts. select a number of materials which may be anticipated to 
perform well in steam atmosphere rubbing at high velocity. 

2~ Build or make available a high speed rub test rig capable of repro

ducing the rub speeds, temperatures and steam atmosphere of typical 
large steam turbines. 

3. Evaluate the performance of the selected materials. 
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4. Based on Task 3, evaluate the relation between composition and per

formance and develop concepts for better perforning materials. Pro

cur~ test samples of these compositions~ 

5. Eva 1 uate the new compositions in the test rig. 

6, Prepare a detailed report including an analysis of the data~ the 

ind"cations of materials which may be sutcessfult dnd recommending 

f ur':her work which may lead to success fu 1 CDfl'lpos it ions~ 

7. Prepare techoical papers presenting the results. 

iECH!'iiCA_ RACKGRO\JND 

See Sections 7.4, 9.1.2, and 10.0 of this report. 

I!. 7 



R&D TRIBOLOGY PROGRAM~-ENERGY CONSERVATION 

GROUP: 7--Bearings 

TITLE: Turning Gear wear Effects 

POTENTIAL PAYOFF: Part of $0.26 B/Yr 

ESTIMATED RESEARCH COST: I Year, at $ 0.2 t1/Yr 

SUGGESTED SUPPORT: Government 

OBJECTIVE 

PROGRAM NUMBER: 7-1 

PRIORITY CLASS: B 

TOTAL: $0.2 M 

During the very low speed turning gear operation when a steam turbine is 

on standby or cooling down. wear of the babbitt bearings may occur at the bot
tom of the bearings. There has been some evidence also of displacement of the 

babbitt so that the revised shape is not a simple "fitted bearing" worn area in 

the 1oact carrying portion of the bearing. The implications of such wear pat

terns to the dynamic behavior of the rotor may be critical to successful per

formance. as may the capability of the bearing to carry heavy loads under 

extrene conditions. The objective of this program is to examine babbitt bear

ings to determine typical wear patterns, and to determine the influence on full 

speed bearing performance. 

WORK STATEMENT 

This program shall investigate the nature of wear and displacement patM 
terns in very low speed operation of babbitt bearings, and the influence of 

these patterns on full speed bearing dynamic and overload capabilities. The 

following tas~s shall be carried out: 

1. Make available a test rig capable of tes-ting a model babbitt bearing 

of about 6-in. diameter, with loads and surface speeds typical of 

large turbine-generator bearings~ 

2. Measure the bearing profile accurately before and after operation for 

extended periods at typical turning gear surface speeds. Repeat to 

rtetermine repeatability. Also repeat under a variety of low speeds 

and typical loads. 
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3. Revise a computer code capable of analyzing full scale turbine

genErator type bearings with provision for adiabatic and turbulent 

operation so that typical worn or displaced profiles may be intro

duCE"d. 

A. Lsir1g the conputer code of Task 3, detennine the influence of turning 

ged1' pro~'"ile operation O'l the dynamic stiffness and damping proper

t~e'. of the be<!rings, ~md on its ability to carry overload safely~ 

5. Prepare a detailed report describing the work and its implications to 

turi)i ne generator reliability~ Ptepare and present appropriate 

pap,Jrs. 

ToCHNlCA_ RACKGROUND 

See Sections 7.4~ 9.1.3, 9.2. and 10.0 of this report. 
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R&D TRIBDLOGY PROGRAM--ENERGY CONSERVATION 

GROUP: 7--Bearings PROGRAM NUMBER: 7-2 

TITLE: High Temperature "Sabbittu 

POTENTIAL PAYOFF: Part of $0.26 B/Yr PRIORITY CLASS: c 
ESTmATED RESEARCH COST: 5 Years, at $ 0,1 M/Yr TOTAL: $0,5 M 

SUGGESTED SUPPORT: Government 

OBJECTIVE 

For a century, babbitt lead-tin alloys have been ideal materials for bear

ings based on their compatability with shaft steels and their ability to embed 

dirt and nrevent it from creating major bearing rlamage. Its major limitation 

is the low 275-300°F temperature which has been found to be the safe upper 

limit for bearing maximum film temperature~ In large steam turbine bearings 

this factor limits the unit loading that can be used so that wider bearings are 

used with correspondi~g higher power losses. The objective of this program is 

to search for bearing material compositions with comparable cornpatability and 

dirt tolerance. and with temperature capability of 400°F or higher. 

WORK STATEMEtH 

This program seeks to develop new bearing material compositions having the 

desirable properties of babbitt and also having an operating temperature capa

bility over 400°F. The following tasks shall be carried out: 

l. Review the literature for results of work on 11 SOft 11 bearing mate

rials~ and correlate observed behavior with composition. 

2. Based on the review of Task 1 and on avallable metallurgical infor

mation, conceive of compositions which nay have the desired proper

ties. Mixtures of organic polymers with metallic or ceramic 

mat~rials may be included* 

3. Obtain samples of the new compositions. 
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4. !Jsing a test rig capable of rubbing the new "babbitts" against stee1 

at appropriate 1oads and speeds in the presence of turbine oil, test 

the perforrtance of each over a range of temperature from lOO"F to 

500cF with and without the addition of hard dirt particles to the oil 

feec. 

5. Prepare a detailed report including the rationale for the test 

alloys. the results of the tests, and recommendations for the poten

tia application of one or MOre of the compositions. orepare appro

pf"i,lte technical papers for presentation and publication. 

fECHNICA_ BACKGROUND 

See Sections 7.4. 9*1.3, 9.2, and 10~0 of this report. 
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R&D TR!BOLOGY PROGRAM--ENERGY CONSERVATION 

GROUP: J --Bearings PROGRAM NUMBER: 7-3 

TITLE: Oil Groove ~1 i :d ng ~emperature 

POTENTIAL PAYOFF: Part of $0.26 S/Yr PRIORITY CLASS: A 

ESTINATED RESEARCH COST: 2 Years, at S 0.25 M/Yr TOTAL: $0,5 M 

S~IGGESTED SUPPORT: Govern!l1€nt 

OBJECTIVE 

The dynamic stiffness and damping coefficie~ts of fluid film bearings 

supporting large steam turbine rotors are directly proportional to the inlet 

viscosity to t~e film and hence to the inlet oil temperature. Many large 

turbine bearings are sensitive to these coefficients and their effect on the 
dynamic stability of the heavy rotors. The correct inlet oil film temperature 

for a given oil feed condition and bearing design is not predictable based on 

current knowledge except for information on very similar situations. The 

objective of this program is to determine the correct techniques for determin

ing the mixing effect of the oil feed groove where fresh oi1 and hot carryover 

oil mix in order to irr.prove predictability of the dy11amic behavior of bearing 

designs. 

WORK STATEMENT 

This prograrr, shall include the following tasl<s: 

1. Using the most capable available bearing computer codes~ analyze the 

thermal and fluid conditions in the inlet oil feed groove of typical 

large bearings. 

2. t~ake available or modify a test rig capable of testing model size 

{1/3 to 1/5 size) bearings under speed and load conditions correctly 

simulating fu11 scale bearings. The rig and test bearing shall be 

capable of measuring temperatures both in the bearing groove and in 

the both halves of the bearing during operation~ and of measuring 

flow velocities over the cross section of the inlet feed groove~ 
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3. Carry out a series of tests varying the size bearing simulated~ the 
typical load ranges, and the temperature and pressure of the oil fed 

tG the oil i11let groove. 

4. Analyze and correlate the experimental and analytical results, and 
~Od'fy t~e computer code to improve its predicting capability. 

5. Pre11are a detailed report iru:luding the analyses and tlle results of 

fit<.ing the analysis to the experimental behavior~ Prepare technical 

pap1~r(s) covering the findings. 

TECH~!C.~'- BACKGROUNO 

See Sections 7.4, 9.1.3, 9.2. and 10.0 of this report. 
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R&D TRIBOLOGY PROGRAM--ENERGY CONSERVATION 

GRO"JP: 7-~Bearings PROGRAM NUMBER: 7-4 

7ITLE: Proof Tests on Low Power loss Bearings 

POTEiHIAL PAYOFF: Part of $0.26 R/Yr PRIOR !TY CLASS: B 

ESTH1ATfO RESEARCH COST: 2 Years, at $ 0.4 M/Yr 

SUGGESTED SUPPORT: Pooled Industrial 

TOTAL: S0.8 M 

OBJECTIVE 

The fluid film bearings used in large turbine-generators usually operate 

Tn the turbulent regiDe and so have power losses that are a significant power 
drain on the eQuipment. Under work sponsored by the Electric Power Research 

Institute. analyses of turbulent bearings have been carried out leading to 

design proposals for bearings having roughly half the power consumption of the 
CQnventional journal and thrust bearings of large turbine~generators. The 

objective of this program is to verify the predicted performance and to solve 
the problem of scavenging oil from interpad spaces as ca11ed for by some of the 

proposed designs. 

wCRK STATEflENT 

This experimental orogram shall accomplish the following tasks: 

1. Sunply or adapt a test rig capable of testing models of large fluid 

fi1m bearings under conditions simulatin~ full scale turbine opera
tion. Similarity in Somerfeld Number and Reynolds Number, as well as 
clearance ratio and length/diameter ratio is required. 

2. Prepare desfgn drawings for and fabricate test bearings as follows: 

a reduced area journal bearing; a low power loss type tilting pad 
bearing; and a floating disc thrust bearing. 

3. Conduct performance tests at speeds, loads and inlet oil temperatures 

simuldting full scale turbine-generator bearings. Te5t over a range 
of loads and at three or more inlet oil temperatures, measuring power 
consumption) bearing temperatures~ and oil outlet temperature. 
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4. A:1a1yze the test results and compare with the predicted results. 

S. Prepare a detailed report including recoMmendations; and prepare 

technical paper{s) presenting the findings. 

TE CBN [CAl BACKGROIJND 

See Sections 7.4~ 9.1~3, 9.2. and 10.0 of this report. 
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R&D TRIBDLDGY PROGRAM--ENERGY CONSERVATION 

GR011P: 7--Bearings PROGRAM NUMBER: 7-5 

TITLE: Large Water Lubricated Bearings--Feasibility Study 

PnTENT!AL PAYOFF: Part of $0.26 B/Yr PRIORITY CLASS: B 

ESTIMATED RESEARCH COST: 1 Years, at $ 0.1 M/Yr TOTAL: $0.1 M 

S0GGESTEO SUPPORT: Government 

OBJECTIVE 

The oil system of large turbine-generators is a major cost and maintenance 

item 1 and oil contamination by dirt and water is responsible for a significant 

fraction of system outage. Water lubricated bearings could make possible a 

much simpler supply system and provide a clean filtered lubricant supply. 

Beari~g system seals would become simple water-steam separators. On the other 

hand~ a water system would require changes in both shaft and bearing materials 

with unk~own problems~ and the hearing design would require adjustment to the 

lower viscosity lubricant. The objective of this program is to study the 

feasibility of such a system and to recomMend whether further experimental work 

would be justified. 

WORK STATEMENT 

The feasibility of using water lubrication for large turbine-generator 

bearings shall be examined with respect to the following tasks: 

1. Determine the changes in bearing design required to accommodate the 

lower viscosity of water and its different lubricity characteristics. 
Typical large turbine bearings shall be used for this study which 

shall include both journal and thrust bearings. 

2. Examine the corrosion aspects of the change to water lubrication, and 

determine the types of material which would be expected to be 

successful for both shaft, bearing and housfng applications. 

3. Examine the system aspects~ and the means for assuring reliability of 

the water supply, as well as means for recirculating if desirable. 
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4. Prepare a report presenting the results of the feasibility study 

together with reco~nendations on the desirability of developing the 

water bearing for turbine application. 

TtCHNICAL RACKGROUNrl 

See Sections 7.4, 9.1.3, 9.2. and 10.0 of this report. 
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R&D TR!BOLOGY PROGRAM--ENERGY CONSERVATION 

GROUP: 8--Accessories PROGRAM NUMBER: 8-1 

TITLE: Feedwater ~ump Rotor Systems 

POTE~T!AL PAYOFF: $0.53 8/Yr PRIORITY CLASS: A 

ESTIMATED RESEARCH COST: 2 Years, at $ 0.5 M/Yr 

SUGGESTED SUPPCR': Pooled Industrial 

TOTAL: n.o M 

OBJECTIVE 

Outages on boiler feedwater pumps are a frequent cause of plant shut

downs. Seals and bearings have been a consistent trouble spot for this all~ 

important accessory. Alsn important are the shutdowns due to serious vibration 

whic~ can be traced to the influence of both bearings and seals on rotor 

dynamics~ The objective of this program is to conduct a detailed review of 

feedwater pump designs with a view to redesign of the rotor/bearing/seal 

system. 

WORK STATEI4ENT 

The following tasks sha11 be accomplished: 

1. Determine the principal feedwater pump suppliers, and work with them 

to determine the designs and design features that are relevant to the 
rotor/bearing/seal system design. 

2. Analyze the systems and their components with respect to individual 

perfor~ance. potential reliability. and tendency to encounter rotor 
dynafl'li c prob 1 ems.~ 

3. Develop improved design approaches for components and/or rotor 

systems, and work with one or more of the manufacturers toward adopt

ing and testin0 out the revised designs. 

d Prepare a report covering the details of the work and its results~ 
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7ECHN!CAL BACKGROUND 

See Section 9.2 of this report. 
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R&D TR!BOLOGY PROGRM'--ENERGY CONSERVATION 

GROUP: 9--Reliability PROGRAM NUMBER: 9-1 

TITLE: Contaminant/Failure Study 

PQTE!IT!Al PAYOFF: Part of lO. 72 B/Yr PRIORITY CLASS: A 

ESTIMATED RESEARCH COST: I Year, at $ 0.3 M/Yr TOTAL: $0.3 M 

SUGGESH'O SUPPOIH: GovernMent 

OBJECTIVE 

Dirt anrl water contamination in tlle lubricating oil of large turbine

generator systews is res?onsible for numerous plant shutdowns, particularly 

from hearing wear a~d shaft scoring. ~nowing t~is, plant engineers monltor oil 

quality frequently and spend 1nuch plant shutdown time in the flushing of oil 

systems following any operatlon in which the system is exposed to external 

contaminatton. ~he obj~ctive of this program is to determine experiMentally 

the specific effects of dirt, lts particle size, hardness and quantity, on 

bab1itt hearing wear and on shaft scoring. 

:<ORK STATE~ENT 

The following tasks shall be accomplished: 

1~ Supply or mcdify a test rig capable of passing lubricant through a 

babbitt bearing or section of a bearing under controlled load and 

speed cMditions. An oil supply system shall be used which can 

i~ject contro11ed quantities of dirt of specified composition and 
part~r;lc size dist~"ibution~ 

2. Prepare a •1uli'ber of babbitt bearing specimens and shaft section 

specimens for test. 

3. Conduct a planneO series of tests to determine quantitive1y the 

effect of dirt conte~t in the oil on surface da~age in ter~s of wear 

rate and surface MOrphology. 
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4. Preoare a detailed report on the findings, together with recommenda

tion on li~its of dirt contamination below which long life bearing 
and shaft surfaces should be found. 

,-ECrlN! CAL BACKGROUND 

See ~ection ?.3 of this report. 
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R&D TRJBOLDGY PROGRAM--ENERGY CONSERVATION 

GROUP: 9--Rellabllity PROGRAM NUMBER: 9-2 

TITLE: Rearing/Seal Monitoring 

POTENTIAL PAYOFF: Part of $0.72 B/Yr PRIORITY CLASS: B 

ESTHiA'TD RESEARCH COST: 2 Years, at $ 0.2 M/Yr 

SUG~ESTEO SUPPORT: Pooled Industrial 

TOTAL: $0.4 M 

OBJECTIVE 

Large turbine-generator sets are usually continuously monitored by accel

erometers located at strategic locations on the machine. Shutdowns are trig
gered, often automatically, when vibration levels become too large. The search 

for the cause would be helped by information on the dynamic behavior at each of 
the many bearings in the set. The purpose of this program is to establish 
criteria for determining specific bearing dynamic problems and to de~e1op 

si~ple reliable means for determining the magnitude and direction of the load 

on a fluid film journal bearing. 

WORK STATEMENT 

This program shall accomplish the following tasks: 

1. Determine the magnitude of the orbit of the journal center which is 

acceptable from the standpoint of safe bearing operation~ 

2. Conceive and develop means for determining the magnitude of the load 

on a f1uld fi1m~ and its direction~ based on simple and reliable 
meastwements. (One method that has been suggested is to use measure

ments of two or more pressures in the bearing fi1m.) 

3. Demonstrate the method of Task 2 on a model bearing. 

4. PreparP a report detailing reliable neans for instrumenting a tur~ 

bine-generator fluid film bearing so that its dynamic behavior, and 

the share of the load it is carrying, can be determined continuously 

as one means of antictpati~g dynamic problems. 
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TECHNICAL 8ACKGRCUNO 

See Section 7.3 of this ~eport. 
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PART III 

BRIEF EUROPEAN STUDY 



12.0 ENERGY CONSERVATION AND UTILIZATION TECHNOLOGY IN EUROPE 

As an extension of the work under this program in the economic sectors of 

transportation and power generation a task was added to make a brief assessment 

of energy conservation and utilization technology in Europe. Because of the 

relatively limited resources which the United States government can apply to 

the tribological nspects of ECUT when compared to the large levels of needs and 

opportunities, it was desirable to become familiar with European efforts in 

order to avoid duplication. 

Based on our knowledge of the literature, meetinq attendance, etc., 

France, West Germany and Great Britain were selected as the most likely sources 

of F.CUT activity in Europe. In each country a key organization and a key 

individual were identified as having a broad knowledge of the domestic 

activities and plans in the field of tribology. The following persons were 

interviewed: 

Country 

France 

Germany 

Great 
Britain 

Person 

Prof. ~1. Godet 

Dr. H. Czichos 

Organization 

Mechanical Contacts laboratory, HlSA, lyons 

Bundenstalt fur Material-prufung {BAM), Berlin 

Prof. D. Dawson Institute of Tribology, University of leeds, 
leeds 

As might be expected, there were major differences among the three coun
tries in their approaches to the activity and planning for work in tribology 

with the objectives of energy conservation and utilization. Each is niscussed 
in turn i~ the following sections. 

11. I FRANCE--PROF. ~1. GODET 

Information on the level of activity in France relating to energy con

servation through tribological research was obtained during an interview with 

Professor Maurice Godet of INSA, Villeurbanne, lyon, France. 
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france has two central agencies which could eventually become involved in 

tribological research aimed at energy conservation. One of these agencies is 
the Agencie Francais for Master of Energy (AFMEl~ This agency was started in 

the 1981-82 fiscal year under the ~itterand government. It is part of the 
Ministry of Industry and ~esearch and has an engineering orientation. 

Its functlon is to sponsor research or other appropriate activity aimed at sav
ing energy .. 

The AFME, to Godet's knowledge, has not yet identified the important 

fields ir. which energy saving research should be conducted. There has not yet 
been any specific identification of tribology as a significant field for 

research. The ~FME functions by receiving and evaluating proposals for th~ 
funding of research. 

:he second organization is the the Centre Nationale de 1a Recherche 
Scientifique (CNRS) The CNRS has initiated some action in tribology, but there 

has been little actual funding of work in the field. It could recomMend 
appropriate action to the Ministry of Industry and Research which could then be 

pas5ed on to the AFME. 

The co'1clusior. is that planning activity directed toward tribo1ogical 

research for energy conservation in France has not yet reached the desired 
1 eve l • 

12.1.1 Professor Godet 1 s Personal ihoughts and Recommendations 

Professor Godet believes that high temperature operation and high tempera
ture bearings are the key to improving machine efficiency. This seems clear in 

engines for transportation, and in other farms of power equipment~ He had no 
particular conments regarding improving efficiency in electric utilities, com
menting that almost a11 of the work in this area is carried on within the 
Electricite' de France (EOF) organization~ 

o~ a more fundamental note, he feels that basic work on the detalled mech
anisms of friction and wear should be valuable in the development of improved 

tribological high temperature materials. However~ he does not see a reasonable 
relationship between trihological research on ceramics conducted at modest 

{near room} temperatures and the requirements for high temperature operation in 
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heat engines such as diesel engines, gasoline engines and turbines. An example 

of this is the operation of pin-on-disc research often conducted at room tem

perature on ceramics. 

He feels that work directed toward reducing the friction coefficient and 

the wear rate between ceramic pairs at high temperatures is useful, because 

there otobably will always be some rubbing interaction between ~ovfng parts. 
However* he feels that in the development of high temperature machinery, where 

temperatures are too high for the use of liquid lubricants, there should be a 

basic principle of designing for surface separation even at high loads. For 

example, this might be done using hydrodynamic or hydrostatic air films through 

appropriate machine design, thus reducing the level of contact loading drasti

cally. The use of solid 1ubricants would then permit the carrying of any 
temporary contact loads without excessive friction or enerqy loss. 

12.2 .GE~MANY IFE~ERAL REPUBLIC OF)--PROF. H. CHCHOS 

The BAM organization is roughly the equivalent of the u.s. Bureau of Stan
cards. The department of BAM managed by Dr. Czichos, Special Fields of Mate~ 

rials resting, has been active since the 1950s in areas such as the fundamen
tals of lubricant properties, mixed lubrication~ friction and wear, and surface 

coatings. In addition BAM has monitored (through contracts) work at universi
ties and s~1ected companies. 

Fron 1961 to 1969, funding in the area of tribology was from the DFG 
(Deutsc~c Forschungs Gemeinschaft) 1 the equivalent of the u.s. National Science 

foundaticn. Work. wa-; carried out in the fields of wear~ friction, and lubrica
tion, dnc run by BAM and universities. 

In !976, the German Tribology Society asked tne BMFT (Bundesmisteruum fur 
Forschun~ und Technologie} to involve government, universities and industry in 
' study of tribology and the work required to advance furtner tnis field. BMFT 

then funded a study to report on the following: 

• the importance of the subfields 

• their relevance to 1ndustry and the Economy 
• those fields where research is needed 
• specific proposals. 
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The objective was a report somewhat similar to the ASME/DOE report on 

"Strategy for Energy Conservation Through Tribology. 11 

In 1978 BMFT made the decision to establish a Tribology Program, and 

funded BAM's participation in the program. There have been some 170 proj

ects over the past six years. A total of 46 million OM has been expended. 

A majority of the projects have been with industry, with industry sharing 

the cost of the work on a 50/50 basis. The objectives have been as 

fo 11 OWS: 

• to increase product reliability and safety 

• to foster programs where the results can readily be transferred to 

industry 

• to reduce production costs 

• to generate or promote new designs 

• to improve performance in terms of speed, accuracy, etc. 

• to conduct failure analyses 

• to improve material selection. 

Collective books are issued containing the project reports at the rate of 

one or two per year. Some six have been published up to this time. In addi

tion, BASE TRIBO, a tribology index comprising a bibliographic data base of 

titles covering the worldwide literature on Tribology, i.e. Friction, Lubrica

tion and Wear, in all aspects. 

Areas of concentration of the programs are given in Tables 12.1 and 

12.2. Table 12.2 also gives the percentage of papers that have been published 

worldwide in each of these subfields in the years 1977 and 1978, based on a 
total sample of 9000 papers. 

Some sixty percent of the BMFT industry-shared projects have been con

cerned with resolving some immediate problem in the industry or in the particu

lar company. Thus the expenditure rate on what might be termed advanced R&D in 

tribology has averaged about three million dollars per year. This appears to 

have been spread rather broadly over a wide range of tribological problems. 
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TABLE 12.1. Tribology Programs Pursued by BAM in West Germany 

Research Areas 

Surface Treatment 

t1a,Jufacturi ng 

Ab rtasive Wear 

Me1suring and Testing Techniques 
EHl 

Design 

S1iding Bearings 
Performance of Tribological Systems 

t•li xed Lubrication 

Sliding Bearing Materials 
Lubricants fot Combustion Engines 
Diesel Engines {lifetime Improvement) 

Per-centage 
Of Projects 

20.9 

13.8 

10.1 
8.4 
8.4 

7 .a 
7.8 

7.2 
5.4 

4.8 

3.0 

2.4 

Most of this work is only indirectly linked to advances needed to make more 
efflcier·t engines dfld manufacturing processes. Thus, there appears to be no 

duplication of ODE ECJT plans now being formulated in the U.S.A. 
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TABLE 12.2. Percentages of Papers Published in Various Tribological 
Areas During 1977/78; Worldwide Sample of 9000 Papers 

Area of Aeplication 

~achine elements (bearings, transmissions, 
clutches, brakes. seals} 

Machinery (engines, pumps, hydraulic systems, 
textile machinery, printing machinery) 

Specific industries (mining, agriculture, 
forestry, power plants) 

Manufacturing processes, tools 

Vehicles, traffic 

Precision engineering 

Electrical engineering 

~achine Elements 

Sliding bearings 

Toothed gears 

Sa11 and roller bearings 

Friction drives 

Crank and cam drives 

Clutches a,d brakes 

Seals 

Other 

12.3 GREAT RRlTAIN--PROF. D. DOWSON 

R&o 
Pro!lram 
34.2 

19.0 

12.6 

10.1 

8.9 

6.3 

6.3 

2.6 

Percentage 
R&D International 

Program literature 

28.2 23.8 

23.3 16.0 

19. 1 6.5 

12.0 25.7 

ll.8 25.2 

4.0 1.3 

1.5 1.5 

Percentage 
International 
Literature 

41.1 

13.5 

23.2 

0.4 
0.4 
7.3 

12.3 

1.8 

Some sixteen years ago, the British Government funded the foundation of 

three tribology centers. One was located at the University of Leeds, one at 

the AtoMic Energy Research Centre at Risley. and one at University Co11ege, 

Swansea~ in Wa1es. As government support was reduced over the years, the 

Institute of Tribology at Leeds has bee11 by far the most successful in terms of 
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recoqnition and accomolished work. Both Prof. Oowson and his associate Dr. 

Chris Taylor are in close touch with the British technical community in 
tribo1ogy. For this reason they were contacted for information on the approach 
in Great Britain to energy conservation and utilization through advanced 

tribo1ogy, and on the level of planning on this subject. 

In 1he meeting Prof. Dawson pointed out that even though there is no 

organized government-led leadership in steering tribology R&D in Great Britain 

toward energy conservation, apart from certain aspects of Research Council 

•nitiations, much work i'S going on in the field having a bearing on energy 
.:onserva·:ion or machine efficiency. Most of the work is judged Dy its direct 

benefit ·:o industry. Some of the specifics mentioned are: 

• t.. g~owing emphasis on materials, and particularly on the reclamation 
of ·naterials for re-use 

• Wor< on net-shape forming as a means to conserve materials and the 
energy cost of wasted materials 

• A rapidly growing interest in ceramics (discussed further be1ow) 

• Ind1Jstrial work on CVT transmissions~ flywheel storage for buses, use 
of gear boxes to better match load requirements to the optimum engine 

;peed, with some emphasis on propeller drives for aircraft. 

There is a strong interest in the tribological properties of ceramics and 
there is a Department of Ceramics at leeds. An EEC 3-year program on high 
temperature toughened ceramics is underway in which there is some effort on 
tribolo9y. Some work is also underway in the U.K. on the high temperature 
lubrication of ceramics in the temperature range of 500°to 800° C. The 
emphasi~ is on fluorides. Industrial work ts underway on ceramic cam and cam
follower designs~ At leeds~ wear evaluations of ZrQ toughened ceramics are 
being conducted. 

The Science and Engineering Research Council is supporting research work 
related to Combustion Engines via grants-in-aid. The following is a quote from 

an SERC communication to Or. Taylor: 
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~~~n.Applications for grants from academic institutions are unsolici
ted but the Engineering Board of the Council has a selective approach 
and a proportion of its funds are devoted to topics deemed to require 
special promotion. 

"Such a topic is combustion engine research which lies witl-jin the 
ambit of the Board's Machines a~d Power Committee. A Specially Pro
noted Programme was launched in the autumn of 1980 covering a11 
aspects of reciprocating engine research but identifying the 
following as requiring particular consideration: 

(a) small high speed direct injection Diesel engines, 
(b) lean burn, high compression ratio, high turbulence spar~ 

ignition petrol engines, 
{c) direct injection stratified c~arge spark ignition engines, 
(d) combustiop studies. particularly alternative fuels. 
(e) basic studies in auto:natic control, including improved sensor 

and actuator technology, 
(f) turbochargers and engine/turbomac~inery interaction, 
(g) design and structural analysis, 
(h) tribological aspects. 

"The program!fle is expected to hst for five years. and a mid-tenn 
review is ir hand which nay lead to a modification of the priorities 
listed above. The current level of support is about 1M pounds per 
annum. Close coop~ration between acadenic institutions and with 
industry and gover11nent departments is encouraged •.•• 11 

T~e current researc~ areas at Leeds Institute of Tribology, reflecting a 

broad interest in the field~ are as follows~ 

• EHl!a) -contact along the long axis of the contact ellipse 

entrainment at an arbitrary angle (non-aligned discs) 

simultaneous solutio~ for rolling~ sliding and squeeze film 
effects in EHL 

• oil flow through a sing1e feed hole--definirg the cavitation 
bourJda ri es 

• cam and tappet lubrication 

• oil ring bearings (a new area) 

• taylor vortex flow 

(3) tlastohydrodynaMiC lubrication. 
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• piston ring analysis and design 

• human joints--use of ceramics and cefamic coatings 

• f1a~.h tempefatures. 

12.3.1 General Comments 

We were referred to the excellent paper by H. Peter Jost and J. Schofield 

~~ntitled Energy Saving Through Tribo1ogy: A Techno-Economic Study presented as 

.J MemorLtl Lecture to nark the twenty-fifth anniversary of the formation of the 
fribo1oqt Group of Institute of t1echanical Engineers on February 4, 1981, and 

~ublishel in Yo1ume 195 No. 16 of the Proceedings. The key conclusion is that 
" .••• by the application of mainly known tribological knowledge together with 

some R~D effort. energy and energy associated savings in the UK on the order of 
468-700 nill ion pounds Sterling per annum aT'€ possible and that the centre of 

gravity for such savings lies in the areas of transportation, other areas of 
savinqs being the metallurgical, manufacturing and power generation 

industries. Added to these (direct savings) must be consequential savings in 
materials, maintenance~ labor and especially avoidable outage of machinery 
(whether power plant, rolling ni11s 1 motor cars or washing machines)." 
(~nderlining added for etnphasisl. 

ThE general approach in the DK seems to be consistent with this general 

thesis~ namely that we are far from applying our present knowledge of tribology 
in an erergy-effective manner and that progress in advancing the general uoder
standin9 of ttibological processes will be fruitful. Absent at the moment is 

evldencE· of a planned central iz.ed effort to encourage and support a concerted 
attac~ on a few perceived roadbloc~ problem areas in tribo1ogy which, if 
resolved would clear the way for major advances in the efficiency of energy 
usage in transportation and industry. 

12.4 Sllt'I1ARY 

Judging from the glimpse that has been possible into the activity in three 

of these three Europear countries., France, Germany {FRG)~ and Great Britain, it 
appears that cent:ra1ized plal'lning efforts focused on "cutting edge" R&D 
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activity in tribology that can catalyze breakthroughs in basic machine effi

ciency are still in their infancy. There is, however, a sizeable body of work 

going on in the traditional areas of tribology. This may be the reflection of 

a broadly sensed feeling that significant improvements in energy utilization 
efficiency can be made by better application of present know1edge in the field, 
and by the results of R&D in the usual areas of interest~ In these latter 
areas~ industry appears to be assisted by substantial government participation. 

particularly in Germany and Great Britain~ 

In 1981 France established an Agency for Mastery of Energy under the 

Ministry of Industry and Research. However, there has been as yet no specific 

identification of tribology as a significant field for energy research. The 

French National Center for Scientific Research has initiated some action in 
tribo1ogy, but there has been little actual funding. 

In Germany~ there has been a highly focused effort for almost ten years. 

Funding at the level of several million dollars per year has been devoted to 
develoome~t in tribology. This has largely been in conventional areas, how

ever. Much of the effort has been used to support the solution of specific 
industrial problems, and to collect, codify and analyze the worldwide results 
of tribo1ogical work. 

In Great Britain. the Institute of Tribology at leeds has emerged as the 

dominant center for tribology both in research and in the training of new 
professionals. By whatever means, the British are continuing to contribute 
significantly in many of the traditional areas of tribologica1 research. 
However, their planning of breakthrough work in the key areas significant to 
energy conservation is only at a moderate ievel, falling between the activity 
in France and Germany* 

To conclude, focused efforts towards energy conservation via tribo1ogy are 
only now beginning to take root in Europe. Continued progress in the field in 

this country, with continued attention to catalytic support in Key breakthrough 

areas, may give the U.S. a technological lead in the intensely competitive 

areas of the automotive and power plant industries. 
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APPEIID!X A 

STATEMENT OF WORK 

Identification of Research and Development needs 
in Tribological Aspects of Energy Conservation 

in Transportation and Utilities 

'he Seller shall perform the following tasks. 

Task 1. Ide<itify Long-Term -:-ribo1ogical Research and Development Needs in the 

Transportation Sector. 

Any and all infornation on long-term tribo1ogica1 research and development 

needs ir the transportation sector shall be identified. Only automotive 

(i~c1Jding trucks and buses) applications shall be considered. Tribo1ogica1 

aspects of the engines, drive trains, and the remainder of the vehicle struc

ture sh<ll be addressed. Specific tribological conditions, present or 

expectel;, ln the major tribologically important components of the three subsys

tems sht1l1 be identified. Whenever appropriate, it should be pointed out where 

tribclo<JiCal advances are needed or desirable to achieve the designated 

conditions. 

In~ormation shall be supplied on the following engine types: 

• cu1·rent and advanced Otto-cycles 

• :::u'"re11t diesel cycle 

• ga·; turbines 

• adfabatic diesel 

• ml1imum friction eng1ne 

• Stirling engine. 

Arf or a11 of the following tribological conditions shall be. identified: 

• sp.eed 

• load 

• materials 

• temperatures 
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• environment 

• lubricants 

• life cycle. 

Task ?~ !dentify Long~Term Tribological Research and Development Meeds in the 

Utilities Sector 

Any and all inforMation on long~term tribological research and development 

neerls in the utilities sector sha11 be identified. High-speed turbines shall 

be given special emphasis. and other systems may be considered as we11. Spe

cific tribological conditions in major tribologically important components of 

present and advanced systems shall be identified. The same conditions listed 

in Task 1 shall be listed* Whenever possible, it should be pointed out where 

tribo1ogical advances are needed or desirable to achieve the designated 

conditions. 

Task 3. Reports and Deliverab1es 

3.1 QUARTERLY PROGRESS REPORT 

A brief report, simply indicating the status of the work and not results, 

shall be subnitted by close of business on the fifteenth, or the first working 

day thereafter, of the fourth month after the initiation of the subcontract. 

3.2 SUMMARY REPORT 

A final draft of a summary report shall be submitted by close of business 

on the last day of the sixth month after subcontract initiation. An initial 

draft shall be sub~itted by close of business on the last day of the fourth 
month after initiation. The ORNL technical manager shall respond by close of 
business on the last day of the fifth month with changes and/or comments to be 
incorporated in the fina1 draft~ 

The above reports should be delivered to the ORNL technical manager of the 

ECUT Tribology Project at the address below. 
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Or. Coseph A. Carpenter, Jr. 
'-1anager ~ Tribology Project 
DOE Energy Conversion and Utilization 

Technologies IECUT) Program 

Building 4508, Room 109 

Oak Ridge National Laboratory 

Post Office Box X 

Oak Ridge, Tennessee 37830 
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APPENDIX B 

LISTING OF CONDUCTED INTERVIEWS 

~nterviews in the Area of Transportation 

1. Cummins Engineering Company~ Columbus, Indiana. Interview conducted on 

September 23, 1983. Present were: 

1. !. Kubo 

2. J. G. Crofts - Engineering Accounts Executi~e 

3. J • •• Patten - Director, Materials Engineering 
4. G. L. Stan - ~anager, Metallic/Ceramics Materials Development 

5. P. A. Bennett - Director, Fuels and Lubricants 

2. rorj Motor Company, Dearborn, Michigan. Interview conducted on September 

28, 1983. Present were: 

1. s. Gratch - Director, Chemical Science Laboratory 

2. E. Korcek: - Research Laboratory 

3. A. jainiee - Research Laboratory 
4. . Glidewall - Research Laboratory v. 

5. P. Will ermet ~ Research Laboratory 
6. L. L. Tiny - Research Laboratory 

7. '· Baker . Fuels and Lubricants 
B. G. Chui - Fuels and Lubricant 

Attached is a letter from R. Baker on frictional losses in an automotive engine 
which is cited as Reference [9] in the report. 

3. General Motors, Warren> Michigan. 
1983. Present were General Motors 

oersonnel: 

1. ~arl Heffner - Engine Research 

2. Don Sieg1a - Engine Research 

Interview conducted on September 29, 

Research Laboratory the following 
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3. 

4. 

5. 

6. 

7. 

8. 

9. 

I C. 

John Bierlein - Fluid Mechanics 

Butch DeHart ~ Fluid Mechanics 

Jim Mattavi ~ Fluid Mechanics 

Dick ~osenberg - Fluid MPchanics 

Fred Rounds -Fuels and Lubricants 

Jim Spearot 

Ed Miller 
- Fuels and 
~etall urgy 

M. Rashid - Metallurgy 

Lubricants 

11. Lou Hewko Power Systems Research 

Interviews conducted in the area of Electric Uti1ities: 

4. Detroit Edison! Detroit, Michigan. Interview conducted on September 28, 

19B3 with Dr. M. Moaveni, 

5. westinghouse Electric Corporation, Orlando§ Florida. Interview conducted 

on October 14~ 1983. Present were: 

1. P~ W. Viscovich -Manager, Turbine Programs 
2. L. F. Hackstie ~ Service Engineer 

3. J. Qureshi -Materials Engineering 

4. L. D. Kramer - Manager, Materials Energy 

5. ~- E. Warner - Developmental Engineering 

6~ A. F. LeBreton - Developmental Engineering 

6~ EPR!~ Palo Alto, California Interview conducted on October 27, 1983 with 

T. H. McCloskey~ Manager, Steam Turbines Coal Combustion Systems Division. 

7. General Electric Companyl Schenectady, New York. Interview conducted on 

February 3, 1984 with J. r~angant Manager. Steam Turbines, and A. Missarta. 
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Dorald F. \lilcock 
-lJology & TE<Cf:'1o1cgy !·1uage8cnt 
·iJclock, lnc. 
· :E·nec ta.dy, ~iew '!'or'< 12309 

:?o.:-oo Rotunda O<:~e 
O!!a'tlorr>. lvhchiqan 48 12: 
M,,!in\) Ad:l<it15: 

p 0 9,;._. 2053 
:;le-a•oo<n. ~'chn;~an 48121 }05J 

:c~o<;:c-t:l 'lfe t{;o papers tnat r'1ay be of scn:1e help to quantify r:Jechanica1 
1ir::t1·1n dlstribt.tioi'J. SAE e?0085 des:.:ribes typical tear~dcvm studies. 
rd SAE 33C1G5 ex~a•1ds en valvetrairy friction. 

can offer you the fo:lowing breakdmvn inte']rated over :he E:PA 1-ietro cycle 
- r & sra.ll, fr<Jnt-14hcel Crive v~hicle: 

r:ecranical friction 11S of fuel energy 

• l'iston asse~bly & rods 40~ 

• ·:a"vetrain 26% 

IU 

• Jil pump 12~ 

., .;a '::er pump 11% 

~GO! of mechar;ical frictio'l <0:·1CfjY ~oss 

I hope tbis will be usafu1 in your study. 

a 

J('eoJ~ 
R. E. Ba<:er 

; ~ closu;e 
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APPENDIX C 

CONVERSION TABLES 

LIST OF SPECIAL CONVERSIONS 

\ barrel of petroleum oil (5.6 ft 3) = 5.8 x I06 Btu = 42 gallons 

106 barrels of oil = 5.8 x 1012 Btu 

1015 Rtu • 172 x 106 barrels of oil 

1 ft 3 of natural gas ~ 103 Otu 

1 ga11o• of gasoline = 125 x 103 Btu 

I lb of coal = lC to 13 x 103 Btu 

1 hp 42.5 Rtu/min = 0.7457 kW 

1 ir. "' 2.54 em 

1 kW = 10 3 watts = 1.341 hp = 56.9 Btu/min 

1 km = ;}.621 nile 

1 mile = 1.6093 km 

1 kW-hr = 3413 Btu 

1 ~tu = 252 calories 

105 Pascals= 1 atm.= 14.7 psi 

megawatt ~ 106 watts = 103 kilowatts 

1 gigawatt ~ 109 watts = 106 kilowatts 

1 u.s. gallon= 0.134 n3 = 0.0044 m3 = 3.8 liters 

106 : million = mega 
lOQ "'hflliofl 

1012 = trillion 

1015 =quadrillion 
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Accele,..ation 

Energy-Work 

Fore~ 

Pol"er 

Pressure 

Velocity 

Viscosity 

lJolume 

£9nversion Chart to SI Units 
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i n/sec2 
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lb m/ft 3 
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Calorie 
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w~tt-hr 
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ft (in.) 

1b m 

ft-ibf/sec 

" 
at"' 
ln. Hz {5C"F 

lr:. H20 {60"F) 
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O.OOSOB 
1,.. ./se: 
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lb-sec/in.2 
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Hter 
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0.0254 

0.0929 

0.000645 

16.02 

515.38 

1058.7 

1.356 

3,600.0 

lo- 5 

9,807 

4,44S 

0.305 

(0.0254} 

0.4536 

1.356 

74~.7 
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3,.376.8 

248.8 

41 .as 
ti ,894. 76 

133.3 

0.447 

m/sec 

0.0254 

~c ,. ste. {"F~32} 

w-3 
6.894.7 

0.0283 

0.0044 

1.639 X 10-S 

:o-3 
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Quantity in 
Sl Units 

m/se~ 2 

m/sec2 

,1-

m' 
k9fl'/m3 

~gf/m3 

joule, (N-nl 

Joule 

JOUle 
jo!.lle 

Newton :tg·g) 

Newton 

Newto11 

Meter 

>g 

V~att 

\illatt 

Pascal {N/m2} 

Pascal 

Pascal 
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Pascal 

Pascal 

rn/ sec 

m/Si!!C 

•c 

Pascal-sec 
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