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Preface

This book arose from a need for an automotive engineering textbook that included analysis,
as well as descriptions of the hardware. Specifically, several courses in systems engineering
use the automobile as a basis. Additionally, many universities are now involved in collegiate
design competitions such as the SAE Mini Baja and Formula SAE competitions. This book
should be helpful to such teams as an introductory text and as a source for further references.
Given the broad scope of this topic, not every aspect of automotive engineering could be
covered while keeping the text to a reasonable and affordable size.

The book is aimed at third- to fourth-year engineering students and presupposes a certain
level of engineering background. However, the courses for which this book was written are
composed of engineering students from varied backgrounds to include mechanical, aeronau-
tical, electrical, and astronautical engineering. Thus, certain topics that would be a review for
mechanical engineering students may be an introduction to electrical engineers, and vice
versa. Furthermore, because the book is aimed at students, it sometimes has been necessary
to give only outline or simplified explanations. In such cases, numerous references have been
made to sources of other information.

Practicing engineers also should find this book useful when they need an overview of the
subject, or when they are working on particular aspects of automotive engineering that are
new to them.

Automotive engineering draws on almost all areas of engineering: thermodynamics and com-
bustion, fluid mechanics and heat transfer, mechanics, stress analysis, materials science, elec-
tronics and controls, dynamics, vibrations, machine design, linkages, and so forth. However,
automobiles also are subject to commercial considerations, such as economics, marketing,
and sales, and these aspects are discussed as they arise.

Again, to limit the scope of this project, several important automotive engineering concepts
are notable for their absence. Two examples notable for their absence are manufacturing and
structural design and crashworthiness. Neither of these topics was omitted because the topics
were deemed unimportant. Rather, they did not fit the particular curriculum this book tar-
geted. In short, topics that have been omitted are not intended to slight the importance of the
topics, but choices had to be made in the scope of the text.

The book has been organized to flow from the source of power (i.e., engine) through the
drivetrain to the road. Chapter 1 is a brief and selective historical overview. Again, topics for
Chapter 1 had to be limited to keep the scope reasonable, and the intent was to show the
progression of automotive engineering over the last 100 years. Undoubtedly, readers will
find several topics absent from the historical overview. Again, the absences are not intended
to minimize the importance of any development, but to limit the size of Chapter 1.
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Chapter 2 contains an overview of the thermodynamic principles common to internal com-
bustion engines and concludes with an extensive discussion of fuel cell principles and their
systems. The differing operations of spark ignition engines and compression ignition engines
are discussed in Chapters 3 and 4, respectively. Because many diesel engines now employ
forced induction, the topic of turbo- and supercharging is discussed in Chapter 4 as well.
Chapter 5 covers the ancillary systems associated with the engine and includes belt drives, air
conditioning, and the starting and charging systems.

Transmissions and drivelines are the topic of Chapter 6. This chapter includes discussion and
analysis of both manual and automatic transmissions, driveshaft design, and four- and all-
wheel-drive systems. The steering system is discussed in Chapter 7 and includes basic tech-
niques for analyzing vehicle dynamics and rollover. The suspension system is discussed in
Chapter 8, and basic models are provided as first-order analysis tools. The suspension system
is another topic that is worthy of a textbook in itself, but Chapter 8 provides students and
practicing engineers with several references to more detailed models and analysis techniques.
Brakes and tires are the topic of Chapter 9, and Chapter 10 discusses vehicle aerodynamics.

Because computer modeling is becoming increasingly important for the automotive engineer,
Chapter 11 discusses matching transmissions to engines and provides a link to a computer
model that is useful for predicting overall vehicle performance. Chapter 12 concludes the
book with two case studies chosen to highlight the advances made in automotive engineering
over the last century. The first case study is the Vauxhall 14-40, a vehicle that was studied
extensively by Sir Harry Ricardo in the 1920s. As a point of comparison, the second case
study is the Toyota Prius, which represents cutting-edge technology in a hybrid vehicle.

The material in the book has been used by the authors in teaching an automotive systems
analysis course and as part of a broad-based engineering degree course. These experiences
have been invaluable in preparing this manuscript, as has been the feedback from the stu-
dents. The material in the book comes from numerous sources. The published sources have
been acknowledged, but of greater importance have been the conversations and discussions
with colleagues and researchers involved in all areas of automotive engineering, especially
when they have provided us with copies of relevant publications.

We welcome criticisms or comments about the book, either concerning the details or the
overall concept.

Richard Stone
Jeff Ball
Autumn 2002
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CHAPTER 1

Introduction and Overview

1.1 Beginnings

In June 1895, the Honorable Evelyn Henry Ellis arrived at Southampton from Paris and pro-
ceeded to drive his freshly crafted Panhard et Lavassor motor vehicle to his country home—
a distance of 56 miles. He thus made history as the first person to drive an automobile in
England. He also covered the distance in 5 hours and 32 minutes, excluding stops, which
gave him an average speed of 9.84 mph (Womack et al., 1991). In doing so, he entered the
history books as the first automotive lawbreaker, because the legal speed limit in England at
the time was 4 mph. This speed was mandated by what was known as the “Flag Law.” In
addition to limiting the speed of self-propelled vehicles, the Flag Law required the operator to
have a runner precede the vehicle, waving a red flag to warn pedestrians of the approach of
the vehicle. At night, the red flag was replaced by a red lantern.

However, Mr. Ellis was not by nature a lawbreaker, and his extreme speed had a purpose. Mr. Ellis
was, in fact, a member of Parliament, and by 1896, he had successfully encouraged Parlia-
ment to repeal the Flag Law. The new law increased the national speed limit to 12 mph and
dispensed with the flagman. To celebrate their victory, Mr. Ellis and several enthusiasts
organized an “Emancipation Run” from London to Brighton on November 14, 1896 (4utocar,
1996), and many of the vehicles engaged promptly violated the new speed limit.

Although the Flag Law in England gives some insight into the general public’s hesitation over
this new technology, this hesitation faded rapidly. The first automotive magazine, Autocar,
began publication in 1895—the same year as the first British auto show (Autocar, 1996). The
British automotive industry rose quickly to prominence, led by Daimier in 1896, and Ford
and Vauxhall in 1903. Over a few decades, this industry would spawn some of the most
coveted makes of cars in the world, such as Rolls-Royce, Bentley, MG, Triumph, and Jaguar.

Meanwhile, across the Atlantic, the arrival of the automobile in the United States was greeted
with a strange mixture of loathing and curiosity. The clanking, hissing monsters of the late
1800s often were met by cries of “Get a horse!” Many states also passed legislation that
required automobile operators to take their cars apart and hide them in the woods when a
horse approached (Clymer, 1950). Several states considered laws requiring drivers to stop
every ten minutes and fire a Roman candle as a warning, but no record exists that such laws
were actually passed. U.S. President Woodrow Wilson proclaimed the automobile to be
“such an ostentatious display of wealth that it would stimulate socialism by inciting envy of
the rich” (Rae, 1965). The general public’s reaction also ranged to great curiosity. In
1896, the Barnum and Bailey circus displayed a Duryea vehicle in its sideshow, and the
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vehicle received more attention than the usual sideshow fare of bearded ladies and so forth
(May, 1975).

It also is an odd fact of history that the United States had to reinvent the automobile for itself.
The Europeans had solved the problem of powering a vehicle with an internal combustion
engine in the 1880s, and France took the early lead in automobile production in the 1890s
(May, 1975). It is generally accepted that automobile development in the United States until
the turn of the century was 10 years behind the Europeans (Rae, 1965). Why this occurred is
a mystery, because the Unitd States certainly had access to European developments and the
requisite mechanical and engineering talent. One possible explanation is the daunting pros-
pect of automobile travel in a land of vast distances with poor roads.

Despite the less than enthusiastic response to the automobile, the idea slowly caught on.
Exactly who was the first to drive an automobile in the United States is a point of contention.
Frank and Charles Duryea successfully drove a single-cylinder car through the streets of
Springfield, Massachusetts, in 1893, and this is generally regarded as the first operation of an
automobile in the United States (May, 1975). This claim ignores several early experiments
that have been regarded by historians as unproductive.

One example of the misfortunes of early automotive engineers is provided by the experiences
of Albert and Louis Baushke of Benton Harbor, Michigan, and is outlined by May (1975).
Together with William O. Worth, they received a patent for a gasoline engine on June 17,
1895. Their idea was to use the engine to power a horseless carriage, an idea on which they
claimed to have worked since 1884. The local newspaper, the Benton Harbor Palladium,
caught wind of their efforts and, by November 1895, wrote that their vehicle was “ready for
tests of speed, safety, convenience, and practicability.” The Baushkes announced the forma-
tion of the Benton Harbor Motor Carriage Company, and the Palladium enthusiastically pre-
dicted fame and fortune “when these motor carriages are turned out in quantities for the
market.” A January 1896 story reported a successful test run of the vehicle at speeds of “from
1 to 23-1/2 miles per hour.”

What happened next is somewhat murky, but on February 8, 1896, the Palladium reported
that Mr. Worth claimed that the Baushkes had failed to produce a practical engine for his
carriage. The story went on to say that the earlier reports by the Palladium regarding the
performance of the vehicle were false, and that the vehicle actually had remained in the factory,
“a subject of ridicule and a spectacle of folly.” Nothing more was heard from the Baushkes,
although Mr. Worth continued his efforts in the automobile industry. He attempted another
vehicle with Henry W. Kellogg of Battle Creek, Michigan, and together they formed the
Chicago Motor Vehicle Company, with Worth as president and Kellogg as treasurer and super-
intendent. A picture of a delivery vehicle appeared on company letterhead, but no record
exists that the company actually produced any vehicles. Henry Kellogg’s 1918 obituary makes
no mention of his career as an automotive executive, further attesting to the company’s lack
of success. These unfortunate men are only a few of the early pioneers who failed in their
attempts to produce practical automobiles.



Introduction and Overview | 3

Even the year in which automobile production began in the United States is debated. Some
historians declare 1896 as the first year of U.S. auto production because the Duryea brothers
produced 13 identical cars for sale to customers that year. Other historians claim that 1897 is
the rightful “first year,” as it marked the first year of major production by several producers,
including Pope electrics, Stanley steamers, and Olds and Winton gasoline-powered vehicles
(Rae, 1965).

Leaving for now the debate over whom was first to the historians, it can be safely stated that
by the turn of the century, the fledgling U.S. automotive industry was firmly established, and
public acceptance of the car was on the rise. As the new century dawned, the prospective
automobile buyer was presented with a dizzying array of choices: electric, steam, or gasoline
power. If the choice was gasoline, should it be air-cooled or water-cooled? Four-stroke or
two-stroke? Electric, friction, or chain transmission? Part of the reason for the numerous
choices is that from the turn of the century through World War I, automobile companies
sprouted like weeds in a flower bed. Unfortunately, many of them disappeared just as quickly
(Rae, 1965).

By the end of World War I, the supremacy of the gasoline-powered engine was assured, but at
the turn of the century, this was not a given. Colonel Albert A. Pope, founder of the Pope
Manufacturing Company, predicted the imminent demise of the gasoline engine because,
“You can’t get people to sit over an explosion” (Rae, 1965). The fact that the Pope Manufac-
turing Company produced an electric vehicle called the Columbia undoubtedly biased his
assessment.

Steam-powered cars had strong support at this time. Thanks to the railroad industry, there
was a wealth of experience with steam engines. The steam engine of that period also pro-
duced more power and did not require a complicated transmission, and numerous “experts”
were quite confident that ordinary people would never learn how to shift gears. The success
of the Stanley steamer also added credence to the arguments in support of steam power. How-
ever, steam power had some significant disadvantages. First, there was an ever present fear of
boiler explosions, despite the weight of evidence against such failures. A lightweight steam
engine that operated with pressures of 600 psi also required skilled maintenance, thus making
it unsuitable for mass consumption (Rae, 1965). Finally, although sources of soft water were
abundant in the Northeast, steam travel through the desert Southwest of the United States
would have required construction of a water supply infrastructure similar to the railroad sta-
tions in existence at that time (Rae, 1965).

This period from 1900 to World War I saw great strides in automotive production and design.
Ransom Olds began production of the Curved Dash Olds in 1901, and it became the first truly
successful vehicle in the United States. Henry Leland, founder of Cadillac, became renowned
for precision parts. In 1908, the Royal Automobile Club of England selected three Cadillacs
at random from a shipment of eight. The three cars were disassembled, the parts were
thoroughly mixed, and three cars were reassembled. For this, Henry Leland and Cadillac
received the Dewar Trophy, the highest award for automotive achievement (Motor Trend, 1996).
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This period also saw the application of electrics to vehicles. Several methods of ignition were
used in carly gasoline engines, including hot tubes and sparks. Until 1912, spark ignition was
provided by a trembler coil, as shown in Fig. 1.1. The system used a set of contacts that
responded to the magnetic field in the primary coil, and these contacts made and broke the
primary circuit (Johnston, 1996). The resulting action of the contacts was a sort of vibratory
motion, hence the name trembler coil. The demise of the trembler coil began in 1908 when
Charles Kettering developed the breaker point, or Kettering, ignition system shown in Fig. 1.2.
This system used cam-driven contacts to interrupt the primary circuit, which resulted in a
single spark being produced to ignite the mixture rather than the steady stream of sparks
produced by the trembler coil.
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Figure 1.2. Ketterings sketch of the breaker-point
ignition system (Johnston, 1996).
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A second major electrical innovation of this period was the electric starter. Until this time,
engines were started with a hand crank at the front of the vehicle. The process required the
operator to manually retard the ignition timing, usually with a lever on the steering column. If
the operator failed to do this, the crank handle could kick back and cause serious injury to the
operator. Byron Carter, builder of the Cartercar and a friend of Henry Leland, stopped to
assist a lady who was having difficulty starting her car. The handle kicked back, breaking
Carter’s jaw. Gangrene set in, and he died several days later (Rae, 1965). Henry Leland was
determined that such accidents would not happen again, and he directed Kettering, an engi-
neer with Cadillac, to develop a solution. Kettering’s solution was the electric starter, a
system that remains in use to this day. Obviously, the starting and ignition systems produced
by Kettering required a power source, and during this time, he also was busy developing a
generator-battery system for electrical power.

One of the biggest developments during this period was the mass production system. Henry
Ford did not invent the moving assembly line—he claimed his inspiration was a meat packing
plant where he watched hog carcasses being disassembled as they moved past workers on a
chain (Motor Trend, 1996). Nor did he invent interchangeable parts. His success was spawned
by his application of both to the manufacture of automobiles. Ford was a shrewd individual
and realized he could not implement an entire assembly line for a car all at once. Instead, in
1913, he set up a moving assembly line to make magnetos. Rather than having a single
worker spend 20 minutes assembling a magneto, he had a conveyor move the assemblies past
a series of workers, each of whom performed one or two steps in the process. Once perfected,
his assembly line could produce a magneto in 5 minutes. Ford continued to improve his
assembly line until, by October 1913, an entire Model T could be assembled in slightly less
than 3 hours. By April 1914, assembly time on the Model T had dropped to only 93 minutes.

Ford constantly looked for ways to save time. He found that he could eliminate a bracket by
extending the frame slightly. Because the bracket took a worker a minute to install, this saved
3,300 hours of assembly labor over a run of 200,000 cars. This also was the motivation
behind Ford’s statement that the customer could have any color he or she wanted, as long as
it was black. By 1917, Ford’s line was moving at such a rapid pace that production was
slowed by the time it took for the paint to dry on the body. Ford found that black Japan
enamel was the only paint that would dry quickly enough for his line to maintain its pace
(Motor Trend, 1996).

Ford’s success with the Model T was due to three factors. First, the car was designed for the
mass production assembly line. As already noted, he continually tinkered with his design to
shave time off the assembly process. As a result, by 1914, he was able to produce 200,000
cars while reducing his payroll from 14,336 to 12,880 employees (Motor Trend, 1996).

Ford’s second stroke of genius was to design the Model T for the roads of the day. Having
grown up on a farm, Ford appreciated the fact that a vehicle needed to be able to traverse
rough, unimproved terrain, which basically described most of the roads of the day. His vehicle
had a high ground clearance and a fairly flexible frame that enabled the wheels to maintain
contact with the ground in rough terrain.
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Finally, on January 5, 1914, Ford announced that the standard wage for a Ford worker was
$5 per day, and the standard shift was reduced from 10 hours to 8 hours. Ford was not being
altruistic; he was being shrewd. The 8-hour shift meant that the factory could run 3 shifts
24 hours per day instead of 2 shifts for 20 hours per day. Until that time, cars really were a
conveyance for the wealthy. With the huge wage Ford paid, he created a middle class of
consumers who could afford to buy the cars they built. Thus, he created his own market for
his product, and he became both rich and famous as a result.

While Ford was busy making a car for the common man, William Crapo Durant was busy
trying to harness several automakers into one corporation. Durant knew very little about
manufacturing in general or the car business in particular, but he was a dynamic businessman
who was not averse to taking risks. He began his career by taking control of the Buick Motor
Company in 1904 and promptly returned it to profitability (Rae, 1965). In 1908, he began
negotiations to buy four companies, including REO, the Olds Motor Works, and the Ford
Motor Company. Talks fell through when Henry Ford demanded payment in cash, but Durant
continued his quest and eventually Olds joined the Durant stable. In 1909, Durant added the
crown jewel to his mix—Cadillac (May, 1975). Durant also gained control of several lesser
companies, but his claim to fame was his success in organizing this disparate bunch of com-
panies into General Motors.

Durant made another attempt to buy Ford in 1910, and this time Henry Ford compromised on
his demand for cash. Durant needed $2 million in a hurry, and all seemed to be going accord-
ing to plan. However, at the last minute, the National City Bank of New York, which had
promised the money, withdrew the offer under the direction of its loan committee, and the
opportunity was lost. The year 1910 also saw a dip in demand for autos in general, but
especially for Durant’s collection of high-priced, low-volume Buicks, Oldsmobiles, Oaklands,
and Cadillacs. The board of directors was concerned that Durant’s policies had left GM
overextended due to its rapid expansion, and Durant was unceremoniously dumped.

Dumped, but not finished. In 1911, Durant teamed with Louis Chevrolet to form the Chevrolet
Motor Car Company (Rae, 1965). They produced a car for the masses and, by 1915, were
challenging the dominance of the Ford Model T with their Chevrolet 490—so named because
it was supposed to sell for $490. The success of the Chevrolet company led Durant to offer
the company in exchange for GM stock, which at that time was not paying dividends. With
support from the DuPont family, the deal went through in 1916, and Durant again found
himself in control of GM, where he remained until the ascension of Alfred Sloan in 1923.

1.2 Growth and Refinement

By 1920, the car was a common fixture on both sides of the Atlantic, and automakers began to
focus on improved performance for their vehicles. Cadillac had introduced the V-8 engine in
1915 (Fig. 1.3), and by 1916, eighteen companies were producing V-8s (Rinschler and Asmus,
1995). Packard introduced the straight eight in 1923, and by 1930, Cadillac introduced its
7.4L V-16. Engine performance was greatly improved with the development of the turbulent
head by Harry Ricardo shortly after World War I (Fig. 1.4). The turbulent head aided combustion
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Figure 1.4. The Ricardo turbulent head (bottom), compared to a standard L-head
of the period (top) (Rinschler and Asmus, 1995).
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and allowed engines to operate at a higher compression ratio, a definite advantage given the
low octane rating of fuels at the time. More details on the Ricardo head are given in the case
study of the Vauxhall 14-40 presented in Chapter 12.

This period also saw significant improvements in braking, lighting, tires, and windshields,
and there was a dramatic shift in buyer preference toward closed cars. Until 1920, most cars
were open-topped vehicles, which had obvious negative implications for driving in bad weather.
The enclosed car isolated the occupants from rain, snow, and dust, but it also provided advan-
tages in safety. Early closed vehicles had roofs made of fabric-covered wooden frames. In an
accident, occupants sometimes were ejected through the roof (Yanik, 1996). Thus, work
began on developing a steel roof. This was no small feat, as initial attempts with flat steel
roofs produced a drumming sound when traveling. Harley Earl solved the problem by curv-
ing the roof, and GM put his invention into production as the “Turret Top” in 1935 (Fig. 1.5).
The enclosed, all-steel vehicles also prompted the first use of safety to market automobiles,
and rollover tests such as those shown in Fig. 1.6 were used as advertisements to demonstrate
the safety and sturdiness of such vehicles.

The 1930s also saw the advent of crash testing. General Motors used a test driver standing on
the running board, who would direct the car down a hill toward a wall, jumping off at the last
moment (Yanik, 1996). The only analysis that could be made at that time was to observe the
resulting damage. Of course, the main event in the 1930s was the Great Depression, which
brought a huge drop in demand for cars. Automakers were forced into a survival mode, and
many automakers did not survive this period, notably Marmon, Peerless, Duesenberg, Cord,
Auburn, Graham, Hupp, and Stutz.

Figure 1.5. Fisher Body plant manufacturing
“Turret Tops " in 1935 (Yanik, 1996).
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Figure 1.6. A4 rollover test in the 1930s, which demonstrated the advantages
of an all-steel enclosure (Yanik, 1996).

1.3 Modern Development

World War II brought a halt to auto production in the United States as automakers switched to
wartime materiel production. However, the halt was only temporary. At the conclusion of the
war, not a single U.S. factory had been bombed. The same could not be said for Europe.
Thus, American engineers in 1946 could immediately update their products, and the U.S.
factories began churning out vehicles quickly. The four-year hiatus in auto production also
created a pent-up demand for new vehicles, which spurred enormous growth in the U.S.
economy.

The 1950s found the U.S. auto industry leading the world, and the cars reflected this general
attitude. Cars were bedecked with ever more chrome trim, and tailfins rose in height until the
1959 Cadillac presented a practical limit to fin height. The Corvette was introduced in 1953
and has continued as “America’s Sports Car” to this day. In 1955, Chevrolet introduced the
now-famous “small-block” V-8. Initially, this was a 265-cubic-inch carbureted engine adver-
tised at 180 hp (4utocar, 1996). The impact of this engine cannot be overstated. Until that
point, the fastest cars also were the most expensive. Thus, a Cadillac could outrun a Buick,
and so on down the cost ladder. The small-block V-8, under the workings of a skilled engine
tuner, suddenly was enabling bargain-priced Chevys to outperform Cadillacs and Lincolns.
Even today, 1950s-era cars with small-block Chevy engines are solid performers at the track
(Fig. 1.7).

The good times for U.S. automakers continued into the 1960s, which saw the “horsepower
race” begin in earnest. As early as 1963, every manufacturer had a 426- or 427-cubic-inch
engine on its option lists and advertised horsepower ratings that climbed above 400 hp. How-
ever, these numbers were “gross” ratings, meaning that when the engine was run on the dyna-
mometer, all accessories were removed, including alternators, air conditioning compressors,
oil and water pumps, and so forth. The Society of Automotive Engineers (SAE) finally stepped
in with engine test standards and mandated all horsepower ratings to be given as SAE net. In
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Figure 1.7. A 1955 small-block Chevrolet staged at a drag strip.
Courtesy of Mr. Martin Bowe.

other words, the engine on the test stand was required to be identical to the installed engine—
all accessories and pumps were to be driven by the engine.

The 1960s also saw increased attention placed on automotive safety. General Motors pio-
neered the collapsible steering wheel column, which absorbed energy in an impact rather than
spearing the driver, and the innovation soon appeared on other makes (Yanik, 1996). Other
safety-related innovations included the clutch/starter interlock, auto-locking doors, and seat
belts. In 1962, GM developed a high-speed impact sled at its Milford proving grounds (Yanik,
1996). The sled allowed controlled simulation of accidents, and engineers at GM went on to
develop the head injury criteria (HIC) as a method of predicting when head injury was likely
to occur (Yanik, 1996).

On September 9, 1967, U.S. President Lyndon B. Johnson signed into law the National Traf-
fic and Motor Vehicle Safety Act, ushering in the era of government regulation of the automo-
bile industry. The act went into effect on January 1, 1968, and contained 19 standards covering
accident avoidance, crash protection, and post-crash survivability (Crandall et al., 1986). By
1974, the number of standards had grown to 46, but their effect was beginning to be felt, as
shown in Fig. 1.8. This figure illustrates the number of highway deaths in the United States
per 100 million vehicle miles.

Also during the postwar era, import cars began to make a showing in the United States.
Initially, the imports tended to be sports cars brought home by U.S. servicemen, with two-seat
British roadsters being a particular favorite. However, the 1970s brought new challenges to
the automotive industry in the form of oil shortages. As the price of gasoline soared, consum-
ers desperately wanted more fuel-efficient cars than Detroit was producing. Sales of imports
rose. Consumers bought them for their economy but then stayed with them for their quality,
particularly the Japanese vehicles. The Japanese auto industry made an attempt to broach the
U.S. market in 1958, when Toyota introduced the Toyota Crown. The car was woefully
underpowered, rattled at highway speed, and tended to boil over in the heat of Southern
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Figure 1.8. Highway deaths per 100 million vehicle miles
in the United States (Crandall et al., 1986).

California (Ingrassia and White, 1995). Toyota retreated from the U.S. market in 1960, but it
was far from defeated.

Toyota then looked to W. Edwards Deming for guidance. Deming was a management con-
sultant who mixed rigorous statistical and measuring methods with a management philoso-
phy that gave more power and responsibility to the workers (Ingrassia and White, 1994). The
result of Toyota’s implementation of Deming’s methods was the lean production system. The
details of this manufacturing system are beyond the scope of this text but are examined in
depth in the book by Womack et al. (1991). Nevertheless, the impact of the Japanese on
worldwide auto manufacturing cannot be overemphasized, and a brief explanation of the lean
production system is in order.

Until this point, all major manufacturers employed the mass production system. The system
depended on economies of scale and a constantly moving assembly line to produce cheap but
profitable cars. The implications of this are numerous, but for the purpose of example, a few
implications will be examined in the areas of the factory and designing the car. First, because
the system depended on a constantly moving line, parts were stockpiled in the factory to
ensure a ready supply at all times. This resulted in huge factories, with the extra space being
used to store the excess capacity of parts. Furthermore, if a particular batch of parts was
defective, the line workers were expected to attach the parts as best they could. Workers were
never able to stop the assembly line; such a prerogative rested solely with management. This
technique required a team of reworkers at the end of the line who would tear into the car to fix
any defects.
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To design and produce a car in the mass production system, several different departments
must work together, such as marketing, powertrain, chassis, and manufacturing. Within the
system, engineers would be assigned to work on specific projects, but those would not be
their only projects. Furthermore, they were still responsible primarily to their functional
chief as opposed to the vehicle project manager. Thus, the project manager on a particular
model found that he had the responsibility for developing the model but did not have the
authority required to move the process. These managers were in a position of coordinating
the efforts of a disparate group rather than managing a cohesive team.

Adding to the turmoil was the fairly sequential nature of the process. For example, the engi-
neers designing the car often would do so in isolation from the manufacturing engineers.
Thus, when the design was passed to manufacturing, it often was returned as a “no build,”
meaning that the design could not be built with current manufacturing tools. The design
engineers then would have to redesign the vehicle before passing the updated version to
manufacturing. This cycle could be repeated several times, with an accompanying slippage
in the timetable. Thus, it often would require five or more years to bring a new vehicle into
production, with an associated large increase in the cost of doing so.

To the Japanese, such practices were muda, or waste. They recognized that storing weeks’
worth of parts in the factory greatly increased overhead costs. Thus, they worked with their
suppliers so that parts were delivered to the factory “just in time.” Lean production factories
thus had only a few hours’ worth of parts available on hand. Furthermore, if a worker discov-
ered a defective part, that worker was able to immediately stop the line. Workers, managers,
and engineers would then try to discover the reason behind the defect, using a process known
as the “five whys” (Womack et al., 1991). The logic behind this was that simply passing
defects down the line was wasteful because it required a team of reworkers. A better solution
was to get to the source of the defect and fix it, thus removing the problem permanently.
Suppliers also were involved in the process because they were the ones who produced the
parts. Because the system still required a constantly moving assembly line, increased pres-
sure was placed on suppliers to provide parts with no defects, precisely when those parts were
needed. The result of this process was to produce economical cars of extremely high quality.

As for designing the car, the Japanese took the sensible step of forming teams from all func-
tional departments under the authority of the product manager. The engineers from all depart-
ments, with manufacturing, marketing, styling, and so forth, worked side by side throughout
the product development process. As a result, “no build” situations could be resolved on the
spot, significantly reducing the time and expense required to design a new vehicle. In fact, by
the 1980s, Toyota’s development cycle was down to 36 months (Womack et al., 1991). The
lean production system has since been adopted by all U.S. producers and can rightly be called
a revolution in the auto industry. Again, this short synopsis should not be construed as mini-
mizing Japanese contributions, and the interested reader is referred to Womack’s book for a
complete discussion of the lean production system.

Returning to the 1970s, U.S. automakers faced a serious challenge from the imports, as well
as increasing government regulation of fuel economy and emissions. The pace of legislation
and the solutions found by automakers to keep pace are discussed in Section 3.5.
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Another interesting facet of postwar automobile production is the divergent paths taken by
the U.S. and European auto industries. In Europe, the mainstream vehicle became smaller
and lighter and emphasized handling. In the United States, the mainstream vehicle became
large and powerful and emphasized straight-line speed and stability. One reason for this
disparity in design is found in the road systems developed on the two continents. In Europe,
the road system predated the automobile by several centuries. The roads that existed thus
were designed for pedestrian traffic or, at best, horse-drawn traffic. When the car arrived,
common sense dictated that the existing roads should be covered with asphalt. This resulted
in “narrow, winding roads, blind turns, and hidden entrances” (Olley, 1946). The nature of
the roads thus required “small, bantam-weight cars with the agility of a dancer and what is
know as ‘flashing performance’ ” (Olley, 1946).

Conversely, in the United States, the car preceded the road system. Road designers thus were
at liberty to select both the preferred path between points as well as the width of the road
itself. The interstate highway system that was developed in the 1950s is a prime example.
The highways between cities were built as straight as possible and were constructed with
multiple, divided lanes, each lane being approximately 12 feet wide. Furthermore, the dis-
tances between cities are significantly longer than those in Europe. The distance covered in
driving across the state of Texas on Interstate 10 is only a few miles less than the distance
from Lands End to John O’Groat in the United Kingdom——a favored trip for cyclists because
it is the longest trip one can take within the United Kingdom. This implies that the design of
cars in the United States “departed from the qualities of nimbleness or handiness...the empha-
sis is now all on directional stability” (Olley, 1946).

Regarding the size and power of American engines, this has everything to do with what the
motorist pays for fuel. Contrary to popular belief, the U.S. driver pays approximately the
same amount for a liter of fuel as a motorist in Europe. The large price discrepancy is due
solely to the level of taxation placed on fuel by the respective governments. Figure 1.9 shows
the levels of taxation.

As Fig. 1.9 shows, the cost of a liter of gasoline is roughly $0.30 in the United States and
Europe, with the exception being Japan, where the cost of gasoline is $0.44 per liter. Another
way of looking at this data is to calculate the percentage of the fuel cost devoted to taxes, as
shown in Fig. 1.10.

As shown in Fig. 1.10, the United Kingdom has the highest level of fuel taxation, at 75%,
whereas the United States has the lowest, at 26%. Whether a high taxation level is good or
bad is a political debate and is beyond the scope of this text. From a motorist’s perspective,
the low taxation level generally is applauded. However, the drawback to the U.S. taxation
policy is that market fluctuations in the price of crude oil are drastically reflected at the gas
pump. For example, during the summer of 2001, gasoline prices in Colorado averaged nearly
$2.00 per gallon for unleaded fuel. By the fall of 2001, the price had fallen to near $1.10 per
gallon. This has a profound effect on product planners in the U.S. auto industry. When gas
prices neared their peak, the demand for large vehicles with V-8 engines dropped, with prices
for used vehicles of such size. Conversely, as the price of gasoline falls, the demand for such
large vehicles again rises. This makes forecasting difficult for any auto manufacturer, and
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Figure 1.9. Breakdown of gasoline prices, as of September 2000.
(International Energy Agency, “Energy Prices and Taxes, Quarterly Statistics”)
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Figure 1.10. Percentage of gasoline cost due to taxes, as of September 2000.
(International Energy Agency, “Energy Prices and Taxes, Quarterly Statistics ")
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one needs to look only at the U.S. auto industry in the late 1970s to understand the impact of
failing to predict market trends.

The effect of emissions legislation on American cars was a reduction in compression ratio,
which led to a decrease in performance. The market conditions of the late 1970s nearly
caused the U.S. “Big Three” automakers to go under, and Chrysler resorted to a $1.5 billion
loan guaranteed by the U.S. government to stay alive. Times improved, in large part due to
advances in technology. By the end of the 1980s, the carburetor was replaced by electroni-
cally controlled fuel injection systems. This represents the latest revolution in automotive
design—the increasing use of digital electronics to control all aspects of the functions of cars.
Today’s cars perform better than their predecessors of the 1960s, while getting better fuel
economy and producing far fewer emissions. Digital computer control has allowed the imple-
mentation of safety devices such as antilock brake systems (ABS), stability and traction con-
trol systems, and air bags. Computer aided design (CAD) and finite element analysis (FEA)
have allowed engineers to create stronger, lighter bodies that are designed to absorb energy in
an impact while protecting the occupants. One example of the advances in automotive engi-
neering is brought out by comparing the performance of new vehicles in tests such as the
standing quarter mile, as shown in Table 1.1. The performance of the average minivan today
1s comparable to the performance cars of the late 1950s. Such performance also depends on
the great advances In transmission technology and, above all, tire technology.

TABLE 1.1
PERFORMANCE COMPARISON
(MOTOR TREND, 1999)

0-60 mph 1/4 Mile

Year/Model Engine Transmission (sec) (sec/mph)

1955 Chrysler 300 331in.3  Three-Speed 10.0 17.6/82.0
300 hp Automatic

1956 Chevrolet Corvette  283in.3  Two-Speed 11.6 17.9/77.5
245 hp Automatic

1957 Chevrolet Bel Aire 283in.3  Two-Speed 9.9 17.5/77.5
270 hp Automatic

1957 Maserati 2000-GT 122in.3  Four-Speed 12.5 18.9/77 .1
150 hp Manual

1957 Jaguar 3.4 210in.3  Four-Speed 10.7 17.7/78.2
210 hp Manual

1958 Porsche Speedster 96 in.3 Four-Speed 10.1 18.3/73.7
88 hp Manual

1958 Ford T-Bird 352in.3  Three-Speed 10.5 16.8/81.3
300 hp Automatic

1999 Honda Odyssey 212in.3  Four-Speed 9.3 16.9/82.6

210 hp Automatic
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1.4 Overview

The purpose of this book is to give automotive engineering students a basic understanding of
the principles involved with designing a vehicle. Naturally, any attempt to provide a manual
for the complete, up-to-date design of a car would result in a huge book that would be
unaffordable to the average college student. Thus, this work focuses on “first principles,” be
they the principles of thermodynamics, machine design, dynamics, or vibrations, with a bit of
heat transfer and material properties added to the mix.

The book attempts to take a logical approach to the car and starts with the front end—namely,
the engine. The engine chapters (Chapters 2 through 5) begin with thermodynamic principles
and proceed through spark ignition and compression ignition engines. Chapter 5 is concerned
with the accessories driven by the engine, such as the lubrication system, cooling system, belt
drives, and air conditioning. Chapter 6 picks up at the flywheel and continues through the
transmission and driveline. Chapters 7 and 8 delve into steering systems, steering dynamics,
and suspension systems and their analysis. The complexity of these particular topics requires
the use of complex models for analysis. However, the reader is reminded again of the intro-
ductory nature of this work. Thus, all analyses in these chapters use highly simplified models
to illustrate basic principles. Direction is given in these chapters toward books of a more
specialized nature. Chapter 9 covers brakes and tires, including drum brakes, disc brakes, and
antilock brake systems (ABS). Chapter 10 introduces vehicle aerodynamics, and Chapter 11
is devoted to computer modeling of vehicle performance. Finally, the book concludes with a
chapter on alternative vehicles and provides two case studies. The first case study is of the
1922 Vauxhall 14-40, a cutting-edge vehicle in its day. This is compared to a modern vehicle
that represents current cutting-edge technology, the 1998 Toyota Prius.

In addition to providing an overview of some of the techniques used in automotive engineer-
ing, it is hoped that the student will come away from this book with an appreciation for the
automobile as a system. The modern automobile is more than the sum of its parts. Each
subsystem must work in harmony with the others, and the modern automotive market is quick
to discern vehicles that are merely a collection of independently produced parts. The engine
designer can ill afford to neglect the design of the transmission, for history is replete with
amateur engine tuners who do a marvelous job with the engine, only to promptly destroy their
driveline with their additional torque.



CHAPTER 2

Thermodynamics
of Prime Movers

2.1 Introduction

This chapter concentrates on reciprocating internal combustion (IC) engines because gas tur-
bines normally are not considered for automotive use. Although the adjective “reciprocating”
precludes Wankel engines, the thermodynamic operation of Wankel engines is no different
from reciprocating engines. This chapter concludes with an introduction to fuel cells. Enor-
mous effort is being devoted to applying fuel cells to vehicles. Therefore, it is important for
engineers not only to understand how they work, but to see how their efficiency compares
with conventional engines. The treatment of reciprocating engines covers their mechanical
operation, their representation by air standard cycles, and their ignition and combustion char-
acteristics (and thus the necessary fuel requirements), and it ends with a discussion of the gas
exchange processes. The treatment of gas exchange includes superchargers and turbocharg-
ers because these are applicable to both gasoline and diesel engines. Comprehensive treat-
ments of internal combustion engines can be found in Ferguson (2001), Heywood (1988), and
Stone (1999). Larminie and Dicks (2000) provides a good introduction to fuel cells.

2.2 Two- and Four-Stroke Engines

Internal combustion engines usually operate on either the four-stroke (one power stroke every
two revolutions) or two-stroke (one power stroke every revolution) mechanical cycle. The
four-stroke operating cycle can be explained by reference to Fig. 2.1.

1. The induction stroke. The inlet valve is open, and the piston travels down the cylinder,
drawing in a charge of air. In the case of a spark ignition engine, the fuel usually is pre-
mixed with the air.

2. The compression stroke. Both valves are closed, and the piston travels up the cylinder.
In the case of compression ignition engines, the fuel is injected toward the end of the
compression stroke. As the piston approaches top dead center (tdc), ignition occurs either
by means of a spark or by auto-ignition.

3. The expansion, power, or working stroke. Combustion propagates throughout the charge,
raising the pressure and temperature, and forcing the piston downward. At the end of the
power stroke, as the piston approaches bottom dead center (bdc), the exhaust valve opens,
and the irreversible expansion of the exhaust gases is termed “blow-down.”
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The four-stroke cycle sometimes is summarized as “suck, squeeze, bang, and blow.” Because
the cycle is completed only once every two revolutions, the valve gear (and any in-cylinder
fuel injection equipment) must be driven by mechanisms operating at half engine speed. Some
of the power from the expansion stroke is stored in a flywheel, to provide the energy for the
other three strokes.

The two-stroke cycle eliminates the separate induction and exhaust strokes, so that between
the expansion and compression processes, a scavenging process occurs. The simplest scav-
enging arrangement is under-piston scavenging, and this system can best be explained with
reference to Fig. 2.2. In the case of compression ignition engines, the fuel is injected toward

Fuel Injector/Spark Plug

Iniet Valve Exhaust Valve
Air — =\ \| / Products
(+ Fuel) —F

Connecting Rod

Crankshaft Sump

Figure 2.1. A four-stroke cycle engine.
Adapted from Rogers and Mayhew (1967).

The exhaust stroke. The exhaust valve remains open, and the piston travels up the
cylinder and expels most of the remaining gases. At the end of the exhaust stroke, when
the exhaust valve closes, some exhaust gas residuals will remain. These will dilute the
next charge.

the end of the compression stroke.

1.

The compression stroke (Fig. 2.2a). The piston travels up the cylinder, compressing the
trapped charge. If the fuel is not pre-mixed, the fuel is injected toward the end of the
compression stroke; ignition should again occur before top dead center. Simultaneously,
the underside of the piston is drawing in a charge through a reed valve.
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Figure 2.2. A4 two-stroke engine with under-piston scavenging;
(a), (b), and (c) are defined in the text (Stone, 1999).

2. The power stroke. The burning mixture raises the temperature and pressure in the cylin-
der and forces the piston downward. The downward motion of the piston also com-
presses the charge in the crankcase. As the piston approaches the end of its stroke, the
exhaust port is uncovered (Fig. 2.2b), and blow-down occurs. When the piston is even
closer to bottom dead center (Fig. 2.2¢), the transfer port also is uncovered, and the com-
pressed charge in the crankcase expands into the cylinder. Some of the remaining
exhaust gases are displaced by the fresh charge. Because of the flow mechanism, this is
called loop scavenging. As the piston travels up the cylinder, first the transfer port is
closed by the piston, and then the exhaust port is closed.

For a given size of engine operating at a particular speed, a two-stroke engine will be more
powerful than a four-stroke engine because the two-stroke engine has twice as many power
strokes per unit time. Unfortunately, the efficiency of a two-stroke engine is likely to be
lower than that of a four-stroke engine, and there is the difficulty of controlling the gas
exchange processes when they are not undertaken with separate strokes of the piston. The
problem with two-stroke engines is ensuring that the induction and exhaust processes occur
efficiently, without suffering charge dilution by the exhaust gas residuals. The spark ignition
engine is particularly troublesome because at part throttle operation, the crankcase pressure
can be less than atmospheric pressure. This leads to poor scavenging of the exhaust gases,
and a rich air-fuel mixture becomes necessary for all conditions, with an ensuing low effi-
ciency (Section 2.5).
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These problems can be overcome in two-stroke direct injection by supercharging engines
(either with spark ignition or compression ignition), so that the air pressure at the inlet to the
crankcase is greater than the exhaust back-pressure. This ensures that when the transfer port
is opened, efficient scavenging occurs. If some air passes straight through the engine, it does
not lower the efficiency because no fuel has so far been injected. Two-stroke engines are not
widely used in automotive applications, and even with two-wheeled vehicles, emissions leg-
islation is reducing their prevalence. Thus, they will not be discussed further here, but addi-
tional information can be found in Stone (1999).

2.3 Indicator Diagrams and Internal Combustion Engine
Performance Parameters

Much can be learned from a record of the cylinder pressure and volume. The results can be
analyzed to reveal the rate at which work is being done by the gas on the piston, and the rate
at which combustion is occurring. In its simplest form, the cylinder pressure is plotted against
volume to give an indicator diagram.

Figure 2.3 is an indicator diagram from a spark ignition engine operating at part throttle, with
an inset to clarify the pressure difference between the exhaust stroke and the induction stroke—
the pumping loop. The shaded area in Fig. 2.3 represents the work done on the piston by the
gases during the expansion stroke. For the change in volume shown, this is greater than the
work done on the gases during the compression process. The difference in areas at a given
volume increment will represent the net work done on the piston by the gases. Thus, the area
enclosed by the compression and expansion processes (the power loop) is proportional to the
work done on the piston by the gas. The pumping loop is enclosed by processes in an anti-
clockwise direction, and it can be seen that this represents the net work done by the piston on
the gases.

The term indicated work is used to define the net work done on the piston per cycle, but it can

either include or exclude the pumping loop. In North America, it tends to exclude the pump-
ing work. These ambiguities can be avoided by using gross and net as qualifiers:

Net indicated work, W; = power loop — pumping loop = J pdV 2.1
and
Net indicated work, W, = gross indicated work — pumping work (2.2)

This in turn leads to the definition of a fictional pressure, the indicated mean effective pres-
sure (imep), p;, which is defined by

W. =5iXV

1 S

2.3)

where V¢ = swept volume.
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Figure 2.3. The pressure—volume or indicator from a Rover M16 engine operating at
2000 rpm, with an enlargement of the pumping loop; bmep = 3.8 bar, and imep = 4.6 bar
(including the pumping work of 0.45 bar pmep). Adapted from Stone (1999).

The imep is a hypothetical pressure that would produce the same indicated work if it were to
act on the piston throughout the expansion stroke. The concept of imep is useful because it
describes the thermodynamic performance of an engine, in a way that is independent of engine
size and speed and frictional losses.

Unfortunately, not all the work done by the gas on the piston is available as shaft work because
there are frictional losses in the engine. These losses can be quantified by the brake mean
effective pressure (bmep, py, ), @ hypothetical pressure that acts on the piston during the expan-
sion stroke and would lead to the same brake work output in a frictionless engine. In other
words,

Wy =P, xVixn  or Py =W /(Vixn) (2.4)
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Figure 2.2. A4 two-stroke engine with under-piston scavenging;
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2. The power stroke. The burning mixture raises the temperature and pressure in the cylin-
der and forces the piston downward. The downward motion of the piston also com-
presses the charge in the crankcase. As the piston approaches the end of its stroke, the
exhaust port is uncovered (Fig. 2.2b), and blow-down occurs. When the piston is even
closer to bottom dead center (Fig. 2.2¢), the transfer port also is uncovered, and the com-
pressed charge in the crankcase expands into the cylinder. Some of the remaining
exhaust gases are displaced by the fresh charge. Because of the flow mechanism, this is
called loop scavenging. As the piston travels up the cylinder, first the transfer port is
closed by the piston, and then the exhaust port is closed.

For a given size of engine operating at a particular speed, a two-stroke engine will be more
powerful than a four-stroke engine because the two-stroke engine has twice as many power
strokes per unit time. Unfortunately, the efficiency of a two-stroke engine is likely to be
lower than that of a four-stroke engine, and there is the difficulty of controlling the gas
exchange processes when they are not undertaken with separate strokes of the piston. The
problem with two-stroke engines is ensuring that the induction and exhaust processes occur
efficiently, without suffering charge dilution by the exhaust gas residuals. The spark ignition
engine is particularly troublesome because at part throttle operation, the crankcase pressure
can be less than atmospheric pressure. This leads to poor scavenging of the exhaust gases,
and a rich air-fuel mixture becomes necessary for all conditions, with an ensuing low effi-
ciency (Section 2.5).
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Brake specific fuel consumption, bsfc = m¢ /W,

(2.10)
Indicated specific fuel consumption, isfc = m¢/W;

The units might be MJ (fuel)/kWh (work) or kg (fuel)/kWh (work) — 1 kWh = 3.6 MJ.

The final parameter to be defined here is the volumetric efficiency of the engine (nv); the
ratio of actual air flow to that of a perfect engine is

Yy

Vi Xn

ny, = @2.11)

where V= swept volume and n (cycle/s) will be

N (rpm)/120 for four-stroke engines
and

N (rpm)/60 for two-stroke engines

In general, it is quite easy to provide an engine with extra fuel; therefore, the power output of
an engine will be limited by the amount of air that is admitted to an engine. The relationship
between the output of an engine and its volumetric efficiency is developed in Section 2.8.1.

The volumetric efficiency is reduced by fluid friction, convective heating during induction,
mixing with the hot residual gases remaining in the cylinder, and throttling in the induction or
exhaust system.

The volumetric efficiency is enhanced by induction tuning and evaporative cooling when air-
fuel mixtures are prepared in the induction system.

2.4 Otto and Diesel Cycle Analyses

Regardless of whether an internal combustion engine operates on a two-stroke or four-stroke
cycle and whether it uses spark ignition or compression ignition, it follows a mechanical
cycle rather than a thermodynamic cycle. However, the thermal efficiency of such an engine
is assessed by comparison with the thermal efficiency of air standard cycles because of the
similarity between the engine indicator diagram and the state diagram of the corresponding
hypothetical cycle. These cycles are useful because they explain why the efficiency of both
engine types increases with load and why the diesel engine efficiency falls less rapidly than
that of a spark ignition engine as the load is reduced.
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2.4.1 The Ideal Air Standard Otto Cycle

The Otto cycle typically is used as a basis of comparison for spark ignition and high-speed
compression ignition engines. The cycle consists of four non-flow processes, as shown in
Fig. 2.4.
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Figure 2.4. The air standard Otto cycle (Stone, 1999).

The compression and expansion processes are assumed to be adiabatic (i.e., no heat transfer)
and reversible, and thus isentropic. The processes are as follows:

12 Isentropic compression of air through a volumetric compression ratio r, = V,/V,
2—3 Addition of heat Q,3 at constant volume

3—4 Isentropic expansion of air to the original volume

4—1 Rejection of heat Q4 at constant volume to complete the cycle

The efficiency of the Otto cycle is

W Qy3-Qq Q4
n o = = = 1 -
Ott Q13 Qs Qs3 (2.12)




Thermodynamics of Prime Movers I 25

By considering air as a perfect gas, we have constant specific heat capacities. For mass m of
air, the heat transfers are

Q3 =mc, (T3 -T,)

(2.13)
Q4 =mey (T, - T))
Thus,
T,-T,
Moo =1~ 2.14
T,-T, (2.14)
For the two isentropic processes 1 =2 and 3—4, TVY! is a constant. Thus,
T, Ty 4
—= =— =T
T Y (2.15)
where v is the ratio of gas specific heat capacities, Cp / Cy . Thus,
T,=Ty!?  and  T,=Tyf! (2.16)
Substituting into Eq. 2.14 gives
T,-T, 1
Notto = 1= 1 =1- ] 2.17
T @17

The value of mqy, depends on the compression ratio, r,, and not the temperatures in the
cycle. To make a comparison with a real engine, only the compression ratio must be speci-
fied. The variation in 1y, With compression ratio is shown in Fig. 2.5 with that of 1. -

2.4.2 The Ideal Air Standard Diesel Cycle

The diesel cycle has heat addition at constant pressure, instead of heat addition at constant
volume, as in the Otto cycle. With the combination of a high compression ratio (to cause self-
ignition of the fuel) and constant-volume combustion, the peak pressures would be very
high. In large compression ignition engines such as marine engines, fuel injection some-
times is arranged so that combustion occurs at approximately constant pressure to limit the
peak pressures.

The four non-flow processes constituting the cycle are shown in the state diagram (Fig. 2.6).
Again, the best way to calculate the cycle efficiency is to calculate the temperatures around
the cycle. To do this, it is necessary to specify the cutoff ratio or load ratio, o
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Figure 2.5. The air standard cycle efficiency for the Otto cycle and diesel cycle
at different compression ratios (Stone, 1999).
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Figure 2.6. The air standard diesel cycle (Stone, 1999).
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0=V3/V, (2.18)
The processes are all reversible, and as with the Otto cycle, the compression and expansion
processes are assumed to be adiabatic (i.e., no heat transfer) and thus isentropic. The pro-

cesses in the diesel cycle are as follows:

-2 Isentropic compression of air through a volume ratio V;/V, , the volumetric
compression ratio r,,

2-3  Addition of heat Q53 at constant pressure while the volume expands through a
ratio V3/V,, the load or cutoff ratio o

34 Isentropic expansion of air to the original volume
4-1 Rejection of heat Q4 at constant volume to complete the cycle

The efficiency of the diesel cycle, N gieqel > 1S

W _Qu-Qu_q_ Q41
Q23 Q3 Q23

Ndiesel = (2.19)

By treating air as a perfect gas, we have constant specific heat capacities. For mass m of air,
the heat transfers are

Qg3 =mep(T3-Tp)
(2.20)
Qqy=me, (T - T))

Note that the process 2—3 is at constant pressure. Substitution of Eq. 2.20 into Eq. 2.19, and
recalling that y is the ratio of gas specific heat capacities (cp / cv) , gives

1 T,-T,

. =1—-=
MNdiesel ¥ T3 _ T2

2.21)

For the isentropic process 12, TVY! is a constant; therefore,

T, =Tyrd ™! (2.22)
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For the constant pressure process 23,

T V-
—3 =—==( thus T3 = OLI‘\Y_ITI (2'23)
T, V,

For the isentropic process 3—4, TVY! is a constant
-1 -1
T _(v) (e
T3 V4 Iy,

Y-l y-1
o | o
Ty =(—) Ty = oy l(r—) T, =T, (2.24)

I.V v

Thus,

Substituting for all the temperatures in Eq. 2.21 in terms of T using Eqs. 2.22 to 2.24 gives

TR ol -1 ] al -1
Ndiesel v OLr:,Y—l—r\y—l r\}’_l v —1) (2.25)

At this stage, it is worth making a comparison between the air standard Otto cycle efficiency
(Eq. 2.17) and the air standard diesel cycle efficiency (Eq. 2.25).

The diesel cycle efficiency is less convenient. It is not solely dependent on compression
ratio, r,, but also is dependent on the load ratio . The two expressions are the same, except
for the term in square brackets
ol -1
v(a-1)

The load ratio lies in the range 1 <« <r, and thus is always greater than unity. Consequently,
the expression in square brackets is always greater than unity, and the diesel cycle efficiency
is lower than the Otto cycle efficiency for the same compression ratio. This is shown in
Fig. 2.5, where efficiencies have been calculated for a variety of compression ratios and load
ratios. There are two limiting cases. The first is, as a—1, then Ng;eqe] = Moo -

The second limiting case is when a—r, and point 3—4 in the cycle, and the expansion is
wholly at constant pressure; this corresponds to maximum work output in the cycle. Figure 2.5
shows that as the load increases, with a fixed compression ratio the efficiency reduces.
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However, because the compression ratio of a compression ignition engine usually is greater
than for a spark ignition engine, the diesel engine usually is more efficient. Because the
diesel cycle efficiency depends on the load ratio, it is worthwhile to estimate the values that
this variable can take.

The load ratio is found by considering the work done by the cycle and using this to find the
imep of the air standard diesel cycle.

The net work in the cycle,

Whet = Qo3 — Q4p =imepx Vg (2.26)

where the swept volume (V) can be expressed as
Vo=(r,— 1)V,

Rearranging Eq. 2.26 and substituting Eq. 2.20, and using Eqgs. 2.22 to 2.24 for the tempera-
tures, gives

imepx V = m[cp (T3-Ty)—c (T4 —Tl)]

=mc, T [y(ar\}’-l _ r‘}/—l ) _ (ay _ 1):] (2.27)

Note also the equation of state

p;V; = mRT,
and that
Vi=5V,
gives
imepx V, (r, —1)=(pr, V2 /R)c, [y((xre,(—l -y ) - ((xy - 1)]
As

cv/R:cV/(cp—cv)=1/[(cp/cv)—l}:1/(7—l)
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then

mep= (\(—11))1(?v —1)[(0“3—] _rVH)_aY_I] (228)

Consider an engine with a compression ratio of 15, and evaluate the imep for a range of load
ratios (assuming y=1.4):

o 1.0 1.5 2.0 2.5
imep/p; 0.0 3.49 6.67 9.63

Thus, for a typical diesel engine, the load ratio is in the range 2.0 to 2.5 at full load. An
inspection of Fig. 2.5 shows that the air standard Otto cycle efficiency at a compression ratio
of 10 to 1 is comparable with the diesel cycle efficiency at a compression ratio of 15 to 1 with
a load ratio of 2. Of course, a spark ignition engine does not have instantaneous combustion,
nor does a diesel engine have constant pressure combustion. Therefore, for both types of
engines, the efficiency will fall between that predicted by the Otto cycle and the diesel cycle.
For this reason, a dual cycle can be analyzed, in which some of the heat is added at constant
volume, and some of it is added at constant pressure. The efficiency of the dual cycle falls
between that of the diesel and Otto cycle efficiencies, and the complexity of the analysis is
difficult to justify when practical engine efficiencies are, in any case, approximately half the
ideal cycle values.

2.4.3 Efficiencies of Real Engines

The efficiencies of real engines are below those predicted by the ideal air standard cycles for
several reasons. Most significantly, the gases in internal combustion engines do not behave
perfectly with a ratio of heat capacities remaining at 1.4.

The fuel-air cycle efficiency allows for the non-perfect thermodynamic behavior of the gases
(the heat capacities are allowed to vary with composition and temperature, but not pressure)
and the effect of dissociation at the high temperatures encountered in engines. In Fig. 2.7, the
equivalence ratio is defined as

¢ = stoichiometric air-fuel ratio/actual air-fuel ratio
where stoichiometric means the quantity of air just sufficient for complete combustion.
Consider a spark ignition engine with a compression ratio of 10, for which the Otto cycle
efficiency predicts an efficiency of 60% and the fuel-air cycle predicts an efficiency of 47%

for stoichiometric operation. In reality, such an engine might have a full throttle brake effi-
ciency of 30%, and this means 17 percentage points must be accounted for, perhaps as follows:
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Figure 2.7. Variation of efficiency with compression ratio for a constant-volume fuel-air

cycle with 1-octene fuel for different equivalence ratios. Adapted from Taylor (1985ay).
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The finite speed of combustion accounts for the rounding of the indicator diagram in Fig. 2.3,
which is in contrast to the constant volume heat addition of Fig. 2.4. Figure 2.3 also shows
that for three successive cycles, there is quite a significant variation in the maximum pressure
(28-37 bar), but that the variation in the imep (which is proportional to the enclosed area) is
much smaller. Ifall the cycles had the largest value of imep, and there were no cycle-by-cycle
variations in combustion, then the engine efficiency would be higher.

The exhaust blow-down process also leads to a rounding of the indicator diagram, because
the exhaust valve starts to open before the piston reaches the end of its stroke. This can be
seen more clearly in the inset of Fig. 2.3. Also, even at wide open throttle (WOT), work still
will be done by the piston to overcome fluid friction in expelling the exhaust gases and induct-
ing the fresh charge.

2.5 Ignition and Combustion in Spark Ignition
and Diesel Engines

Spark ignition (SI) engines usually have pre-mixed combustion, in which a flame front initi-
ated by a spark propagates across the combustion chamber through the unburned mixture.
Compression ignition (CI) engines normally inject their fuel toward the end of the compres-
sion stroke, and the combustion is controlled primarily by diffusion. More specifically,

a. The fuel is injected and starts to vaporize and mix with air.

b. At the end of the ignition delay period, the flammable mixture formed during the delay
period ignites and burns very rapidly (giving the characteristic diesel knock).

c. After the period of rapid combustion, the combustion process is governed by the rate at
which the air and fuel mix—diffusion (controlled) combustion.

For most hydrocarbon fuels at ambient conditions, the maximum laminar burning velocity is
less than 0.5 m/s. The density ratio between the burned and unburned mixture is approxi-
mately 5, but the resulting laminar flame speed of approximately 2.5 m/s is not sufficient for
combustion to complete in the available time. In all internal combustion engines, turbulence
increases the effective flame front area, so that the turbulent buming velocity is at least an
order of magnitude higher than the laminar burning velocity. Fortunately, the turbulence
intensity increases approximately linearly with engine speed. This means that an engine can
operate over a wide speed range, with the turbulent combustion period occupying an almost
fixed crank angle period (in the region of 30° ca) at full throttle.

The ignition delay period (compression ignition engines) and the early burn period (the transi-
tion from a laminar flame front generated by the spark to fully turbulent combustion)
occupy an almost constant time period. This means that as the engine speed is increased, the
fuel injection or ignition must be advanced. In spark ignition engines, the early burn period is
dominated by laminar combustion because the flame front is small compared to the turbulence
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scale, and the turbulence will cause displacement of the flame kernel, as opposed to wrinkling
of a larger flame front.

Whether combustion is pre-mixed (as in SI engines) or diffusion controlled (as in CI engines)
has a major influence on the range of air-fuel ratios (AFRs) that will burn. In pre-mixed
combustion, the AFR must be close to stoichiometric—the AFR value that is chemically
correct for complete combustion. In practice, dissociation and the limited time available for
combustion will mean that even with the stoichiometric AFR, complete combustion will not
occur.

Most hydrocarbon fuels have close to a 2:1 hydrogen/carbon (H/C) atomic ratio. Because the
mass of the carbon atom is 12 times that of the hydrogen atom, slight variations in the H/C
ratio have only a small effect on the gravimetric composition of the fuel. Thus, for most
hydrocarbon fuels, the gravimetric stoichiometric AFR 1is close to 14.5:1. (Note that when
liquid or solid fuels are being used, the AFR is invariably gravimetric, and frequently this
must be inferred. With gaseous fuels, it is common to use a volumetric or molar AFR.)

With pre-mixed combustion, the AFR must be close to stoichiometric because the air-fuel
mixture is essentially homogeneous. In contrast, with diffusion combustion, much weaker
AFRs can be used (i.e., an excess of air) because around each fuel droplet will be a range of
flammable AFRs. With AFRs approaching stoichiometric or rich of stoichiometric, diffusion
combustion will become very incomplete—diffusion processes are comparatively slow, and
it is impossible for full utilization of the oxygen in the air. The consequential incomplete
combustion is characterized by the formation of soot and a smoky exhaust. Typical ranges for
the (gravimetric) air-fuel ratio are as follows:

CI (diesel) 18 <AFR < 80
SI (gasoline) 10 <AFR <20

The permissible range of AFRs has a major effect on the way the output of SI and diesel
engines can be regulated. Diesel or compression ignition (CI) engines can make use of qual-
ity governing, in which the air flow is unthrottled, and the quantity of fuel injected is varied.
In contrast, SI engines can achieve only a small variation in output by means of AFR control;
thus, it is necessary to reduce the flow of air (as well as the fuel) by throttling. The pressure
drop across the throttle plate dissipates work that has been provided by the piston. This is
illustrated by Fig. 2.3, which shows the indicator diagram from an SI engine operating at part
load. The pumping loop in Fig. 2.3 has an area that equates to a pumping mean effective
pressure (pmep) of 0.45 bar. The engine is operating at

a net imep of 4.6 bar,
for which

bmep = 3.8 bar (full-load bmep would be approximately 10 bar)
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Therefore,

fmep = 0.8 bar
As the load is reduced at constant speed,

a. The pmep will increase, and
b. The fmep (principally a function of speed) will remain almost constant

Thus, these two losses will become a bigger fraction of the engine output as the output is
reduced, and the mechanical efficiency will fall. Ultimately, when the bmep is zero, both the
brake efficiency and the mechanical efficiency will become zero.

In the diesel engine with no throttling, there will be a negligible change to the pmep, and the
brake and mechanical efficiencies will fall less rapidly as the load is reduced. Indeed, as the
load is reduced in the diesel engine, the combustion becomes more rapid, and the air-fuel
ratio becomes weaker (Fig. 2.7). Both contribute to an increase in the indicated efficiency.
The limit on the AFR with a diesel means the bmep will be limited to approximately 7.5 bar
for a naturally aspirated diesel engine (compared with 10 bar for an SI engine). In a diesel
engine, there is a limited amount of time for mixing of the fuel and air. If there is any unburned
fuel, this will be a source of particulate emissions. Thus, the fueling is limited to approxi-
mately 80% of the stoichiometric value in a diesel engine, whereas with a homogeneous
charge engine, a mixture rich of stoichiometric can be used to give the maximum output.

To summarize, diesel engines have a higher maximum efficiency than spark ignition engines
for three reasons:

1. The compression ratio is higher.
2. During the initial part of compression, only air is present.
3. The air-fuel mixture is always weak of stoichiometric.

Also, the fall in part-load efficiency of a diesel engine is moderated by the following:

1. The absence of throttling
2. The weakening air-fuel mixture
3. The shorter duration combustion

The relative efficiencies of a spark ignition engine and a diesel engine are shown in Fig. 2.8,
which uses data from a Rover K series spark ignition engine and a Volkswagen turbocharged
Lupo diesel engine. A midrange speed has been chosen for each engine, which encompasses
the maximum efficiency for each engine. Figure 2.8 also shows that turbocharging can more
than double the output of a diesel engine because the bmep can be seen to be approximately
16 bar.

The influence of the AFR on spark ignition engine efficiency or its reciprocal, the brake
specific fuel consumption (bsfc) and output (bmep), at full throttle, is shown in Fig. 2.9. For
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maximum bmep, the mixture should be approximately 10% rich of stoichiometric; this gives
the “best oxygen utilization.” If any more fuel is added, it acts as a diluent. With a stoichio-
metric mixture, dissociation means that there would be approximately 1% oxygen in the
exhaust. The minimum bsfc occurs approximately 10% weak of stoichiometric. Weakening
the mixture increases the indicated efficiency until the combustion stability limit is reached.
However, because the bmep is falling, the fmep becomes more significant (i.e., the mechani-
cal efficiency falls), and the result of these two competing effects is a maximum brake effi-
ciency (or minimum bsfc) at approximately 10% weak of stoichiometric.

The data from a fixed throttle setting (such as Fig. 2.9) can be cross-plotted to give the fish-
hook curves of Fig. 2.10. A comparison of points A and B indicates that the fuel consumption
at part load is minimized by a weak mixture with a slightly more open throttle. When full
throttle is reached, the output can be increased only by making the mixture richer. This
accounts for the fall in efficiency of the spark ignition engine in Fig. 2.8 as its maximum
bmep is reached. The slight fall in diesel engine efficiency as maximum load is reached in
Fig. 2.8 is due to the combustion becoming less efficient.

As the throttle is progressively closed, the inlet manifold pressure falls, and the exhaust residu-
als level at the end of the exhaust stroke increases. This leads to a reduction in the range of
flammable air-fuel ratios. Emissions legislation does not give a free choice on the air-fuel
ratio, but discussion of this is in the next section.
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Figure 2.10. Fishhook curves from a four-stroke spark ignition engine
with varying throttle but constant speed (Stone, 1999).
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2.6 Sources of Emissions

2.6.1 Simple Combustion Equilibrium

The exhaust from internal combustion engines leaves at a comparatively low temperature
(well below 1500 K). At these temperatures, the reaction rates are comparatively low, and the
composition of the products will not change much with further cooling. In other words, the
products of combustion are not at equilibrium, and for the exhaust from internal combustion
engines operating rich of stoichiometric, both carbon monoxide and hydrogen will be present.
The relative proportions correspond to the equilibrium of the water—gas reaction at a tem-
perature of approximately 1800 K.

COZ +H2 <:>CO+H20

It will now be shown that this can be a useful way of estimating the exhaust gas composition,
perhaps as the first guess in a more comprehensive equilibrium analysis.

Consider now the combustion of an arbitrary fuel (C,HgO,Ng) with air (assumed to be 79.05%
nitrogen). If the products of combustion are limited to carbon dioxide (CO,), carbon monox-
ide (CO), water vapor (H,0O), hydrogen (H,), oxygen (O,), and nitrogen (N,), then the gener-
alized combustion equation with air can be written as

79.05
CoHOyNg +A (0 +B/4~ y/2){02 t oo Nz} -
(2.29)

31C02 + 32CO + a3H2O + a4H2 + 8.502 + a6N2

where the excess air ratio (A, which is equal to 1/¢ ) is unity for stoichiometric reactions, and
greater than unity for weak mixtures.

Four atomic balances can be written:

C balance: o=a;t+a, (2.30)
79.05

N balance: 8+7»(0c+[3/4—7/2)2><—=236 (2.31)
20.05

H balance: B=2a3+2ay (2.32)

O balance: Y+A(o+B/4—7/2)2=2a;+a, +a3 +2as (2.33)
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With six unknowns and only four simultaneous equations, then two further equations are
needed. A convenient simplification is to assume no oxygen in the products of rich combus-
tion, and no hydrogen or carbon monoxide in the products of weak combustion. In other
words,

Rich mixtures (A < 1): as=0 (2.34)
Weak mixtures (A > 1): ay=ay=0 (2.3%)
Stoichiometric mixtures (A = 1): ay=ay=as=0 (2.36)

For rich mixtures, another equation is required, and this is provided by the water—gas
equilibrium:

CO, +H, & CO+H,0 (2.37)

for which the equilibrium constant is K

dpds
K=—===35
2y (2.38)

Simultaneous solution of Eqs. 2.30 to 2.36 and Eq. 2.38 yields the results summarized in
Table 2.1.

For the rich products of combustion in Table 2.1, the compositions have been written with
variable a, included. This now can be eliminated by the use of the equilibrium defined in
Eq. 2.38 to give a quadratic equation in which the solution required is

TABLE 2.1
SIMPLIFIED PRODUCTS OF COMBUSTION

Species | Weak (A > 1) Rich (A < 1)
C02 1 a (X—az
CO 2 0 as
H>0O 3 B/2 v+A(a+B/4-v/2)2-20+a,
Ha 4 0 B/2-y—h(0+B/4-2/2)2+20—a,
02 5 (h=1)(0+B/4-v/2) 0
N2 6 A(a+B/4-v/2)79.05/20.95+8/2  r(c+PB/4~7/2)79.05/20.95 +§/2
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O<a2<a

_ —b+vb? —4dac

- (2.39)

ay

where

a=K-1
b=(-2K+2AK -2A+2)a+(-K+AK-A)B/2+(1-A)(K~1)y

c=0K(1-X)(20+B/2-7)

Solution of Eq. 2.39 requires a knowledge of the equilibrium constant (K), and this can be
found in many tabulations, such as Howatson et al. (1991). If the constraints of no carbon
monoxide being present with weak mixtures and no oxygen being present with rich mixtures
are removed, then it is necessary to consider an additional equilibrium, namely,

co+%o2 & CO, (2.40)

This leads to simultaneous polynomial equations that invariably must be solved iteratively to
satisfy both energy and equilibrium equations.

The variations in the composition of the major exhaust species from a spark ignition engine
are shown in Fig. 2.11, for which further explanation is needed concerning the NOXx (nitrogen
oxides) and HC (unburned hydrocarbon) emissions.

The main elementary reaction oxidizing CO to CO, is

OH+CO —CO, +H

However, Gardiner (2000) notes that this reaction is slow compared to other radical reactions
involved in combustion processes. In consequence, as the cylinder contents cool and reaction
rates fall, the oxidation of carbon monoxide will lag behind its equilibrium value, and the
carbon monoxide will appear to have frozen at the equilibrium value for a higher temperature.
The carbon monoxide emissions lie between those predicted for equilibrium at peak pressure
and the equilibrium values at exhaust valve opening. They tend to be closer to the maximum
pressure values for rich mixtures, and closer to the exhaust valve opening values for weak
mixtures. The CO emissions can be modeled by specifying a “freezing” temperature at which
the equilibrium concentration is evaluated. More accurate models should include the kinet-
ics, and these are reviewed in detail by Heywood (1988). However, the main determinant of
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Figure 2.11. Spark ignition engine emissions for different fuel-air
equivalence ratios. Courtesy of Johnson Matthey.

carbon monoxide emissions is the air-fuel ratio. In multi-cylinder engines operating at stoichio-
metric, the inter-cylinder variation in air-fuel ratio can have the biggest effect on the carbon
monoxide emissions. This can be illustrated by a simple example, a two-cylinder engine
operating with an overall stoichiometric mixture:

Case A.  Both cylinders are stoichiometric; then the exhaust will contain approximately
0.84% CO.
Case B. Each cylinder is operating 5% away from stoichiometric (one rich, the other lean);

then the exhaust will contain approximately ([1.90 + 0.22]/2=) 1.06% CO, which
is comparable to the equilibrium CO level at maximum pressure.

Thus, for overall stoichiometric operation, inter-cylinder mixture maldistribution is likely to
be as significant as correctly modeling the CO kinetics.
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2.6.2 Unburned Hydrocarbons (HC) and Nitrogen Oxides (NOx)
in Spark Ignition Engines

The remaining emissions to be discussed are the HC and NOx. Figure 2.12 illustrates the
sources of these.

Quench Layer on

Wall, Source of HC ‘ %0y, \

1 ) .
Outer Edge of N p v Crevices with
Quench Layer, Q y/ / 2 7 g ;\ Unburned Fuel,
Source of CO, 3 (] Source of HC
Aldehydes Burned Gas,
Source of NO Flame Front,
N /j Source of CO

Figure 2.12. Source of emissions in a spark ignition engine.
Adapted from Mattavi and Amann (1980).

The unburned hydrocarbon (HC) emissions arise from several sources:

a.

Short-circuiting, in which unburned mixture flows into the exhaust during the valve over-
lap period.

Oil film and crevice absorption/desorption. Absorption (and flow into the crevices) occurs
as the cylinder pressure rises, and desorption (and flow out of the crevices) occurs as the
pressure is falling, by which time the burned gas temperature can be too low for complete
oxidation to occur in the available time.

Misfire (failure to ignite), or partial burn—either because combustion is too slow or started
too late, or because the flame front was extinguished by high rates of strain.

Poor mixture preparation during transients. With a cold start, an over-rich mixture must
be used to ensure a flammable air-fuel mixture, but fuel droplets inducted into the cylin-
der will not all be fully oxidized. As an engine warms up, this tendency will be reduced
rapidly. However, during load-changing transients, there is a tendency (even with fuel-
injected engines) for rich and weak air-fuel ratio excursions.
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Hochgreb (1998) provides an excellent overview of emissions from spark ignition engines,
with a critical review of the mechanisms by which all emissions are formed, and with full
details of submodels for use in engine simulations, including the various modes of hydrocar-
bon absorption/desorption. Approximately 92% of the fuel is oxidized during propagation of
the flame front. Of the remaining 8% (which has been absorbed into crevices and so forth),
approximately half will be oxidized after being desorbed into the burned gases in the cylinder.
This leaves approximately 4% of the fuel entering the exhaust port, where approximately half
will be oxidized. Thus, approximately 2% of the original fuel enters the catalyst. With an
oxidation efficiency of 95%, only approximately 0.1% of the original fuel leaves the engine
as unburned hydrocarbons.

The mixture of nitric oxide (NO) and nitrogen dioxide (NO,) is referred to as NOx. Nitric
oxide usually is by far the most dominant nitrogen oxide formed during combustion. How-
ever, subsequent further oxidation in the environment leads to nitrogen dioxide, and the nitro-
gen dioxide reacts with the non-methane hydrocarbons in the presence of ultraviolet (UV)
light to form photochemical smog. Thus, although the major part of NOx will be NO, when
emissions are calculated on a specific basis (e.g., g/MJ, g/kWh), it is assumed that all the
nitric oxide is oxidized to nitrogen dioxide.

Nitric oxide is formed in flames by three mechanisms: thermal, prompt, and nitrous oxide.
The thermal mechanism is based on the extended Zeldovich mechanism.

0+N, & NO+N (2.41)
N+0, < NO+0 (2.42)
N+0OH < NO+H (2.43)

Equations 2.41 and 2.42 were identified by Zeldovich (1946). Equation 2.43 was added by
Lavoie et al. (1970) because it contributes significantly—this was identified by spectroscopic
means. The rate constants for the thermal mechanism are slow, and NO formation (and decom-
position) is significant only when there is a high enough temperature (say, above 1800 K) and
sufficient time. Thus, the thermal NO mechanism is assumed to occur in the hot combustion
gases, in which it can be taken that all other species are in equilibrium. In other words, the
combustion reactions are assumed to occur very quickly compared with the thermal NO mecha-
nism, so that the NO kinetics can be decoupled from combustion. The short time during
engine combustion means that there is not enough time for equilibrium levels of NO to be
attained; therefore, predictions of NO emissions must be made from kinetically based models.

Measurements of NO in the burned gases do not extrapolate to zero at the flame. This
implies that NO is formed in the flame, by the so-called prompt mechanism. The prompt
mechanism is significant when there is fuel-bound nitrogen, or when the combustion tem-
peratures are so low as to make the thermal mechanism negligible. The prompt mechanism
is governed by
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CH+N, — HCN+N (2.44)

The nitrous oxide mechanism is important at low temperatures and depends on a termolecular
reaction, where M denotes any other molecule

N, +0+M -5 N,0+M (2.45)

with the subsequent decomposition to nitric oxide. Correa (1992) notes that the nitrous oxide
submechanism is significant with lean (A > 1.6) pre-mixed laminar flames.

It can be shown that the rate of NO production is given by

aNo] 2R, {1 —([No] /[No]e)z}

dt  1+([NO/NOJ )R/(R,+Rs)

(2.46)

where the equilibrium concentrations are denoted by [ 1., and the three reaction rate variables
(R, Ry, and R;) are defined by

R; =kj [O],[N;], =k7[NO][N], (247)
R; =k3[N],[0,], =kz[NO] [0], (2.48)
R;=k; [N],[OH], =k35 [NO]e[H]e (2.49)

The thermal NO differential equation (Eq. 2.46) can then be solved simultaneously with any
other equations that are defining the combustion process.

In spark ignition engines, there is negligible fuel-bound nitrogen, and it is usual to consider
only the thermal NO mechanism. The combustion process is modeled by dividing the cham-
ber contents into a minimum of two regions: the unburned gas and the burned gas, separated
by a thin region. It is assumed that the combustion process occurs instantaneously and com-
pletely. Subsequently, the burned gas is assumed to remain in thermodynamic equilibrium for
the following species: CO, CO,, H,0, H,, OH, O, N,, and O,. Also computed is the equilib-
rium value of the nitric oxide (denoted here as NO,). The kinetically controlled value of the
nitric oxide level can then be computed by solving Eq. 2.46 (denoted here by NOx). The NO
kinetics have been decoupled from the combustion reaction, and this is acceptable because
the hydrocarbon oxidation kinetics are orders of magnitude faster than the NO formation
kinetics.
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Figure 2.13 shows the output from a spark ignition engine simulation, in which a single burned
gas zone has been assumed. The pressure rise (initially due solely to the piston motion) leads
to isentropic compression of the unburned gas because no heat transfer has been allowed.
When combustion starts, the burned gas temperature is plotted, and the changes in burned and
unburned gas temperatures both reflect the change in pressure. The equilibrium NO (NO,)
“appears” immediately after the start of combustion, and its strong temperature dependence
means that it rises rapidly to a maximum (corresponding to py,, and Ty, 14,), and falls rapidly
as the pressure and temperature fall. The kinetically controlled value of the nitric oxide
(NOx) starts at zero and always lags behind the equilibrium value (NO,). When the burned
gas temperature has fallen to a temperature of approximately 2000 K, the NO kinetics are so
slow that the kinetically calculated value of the nitric oxide (NOx) remains almost constant,
(The composition is said to “freeze.”) As the burned gas temperature falls, the equilibrium
value of the nitric oxide decreases rapidly to a level that is much below that of the kinetically

predicted value.

The formation of nitric oxide (NO) requires both a high temperature and oxygen. As the
mixture is weakened from stoichiometric, two competing effects occur: first, the oxygen
concentration in the burned gas rises, but second, the temperature falls. The overall result
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Figure 2.13. Simulation of spark ignition engine combustion with a single burned zone,
showing pressure (P), burned gas temperature (T